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nanocrystals by organic ligands

strongly influences the properties of
these so-called quantum dots (QDs). First of
all, the organic ligands control the size and
shape during synthesis, by accelerating or
inhibiting crystal growth at certain facets."?
By varying the reaction conditions, in which
the organic ligands play a dominant role,
nanocrystals can now be synthesized in a
wide variety of shapes such as spheres,®*
rods,” 7 rings,® multipods,®”° stars and
octahedrons,®"" cubes,®'? and so on. Next,
stable dispersions of these colloids are a di-
rect result of the capping molecules, avoid-
ing irreversible aggregation and fusion of
the nanocrystals due to van der Waals inter-
actions. Most semiconductor nanocrystals
are coated with hydrophobic ligands di-
rectly after synthesis, making them well
soluble in apolar solvents. The nanocrystals
can be transferred to more polar media
such as ethanol or water by simply ex-
changing the hydrophobic ligands by hy-
drophilic or even charged ones,*'*'* which
is a crucial step for making QDs
bioapplicable." "7 Finally, the fluores-
cence of quantum dots is strongly depend-
ent on the degree and type of surface pas-
sivation by organic ligands. For example,
CdSe QDs synthesized in a trioctylphos-
phine/trioctylphosphine oxide (TOP/TOPO)
mixture by the early synthesis route pro-
posed by Murray et al. have a quantum yield
(QY) of 5—15%, while the addition of hexa-
decylamine (HDA) to the reaction mixture,
as first reported by Talapin et al.,® increases
the QY to over 50% and can yield QDs with
a QY near unity."®'® In another example

S urface passivation of semiconductor
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ABSTRACT The exchange kinetics of native ligands that passivate CdSe quantum dots (hexadecylamine (HDA),
trioctylphosphine oxide (TOPO), and trioctylphosphine (TOP)) by thiols is followed in situ. This is realized by
measuring, in real-time, the decrease in emission intensity of the QDs upon addition of hexanethiol (HT) which
quenches the emission. The effect of adding an excess of native ligands prior to thiol addition on the capping
exchange is studied to provide insight in the bond strength and exchange kinetics of the individual surfactants.
Temperature-dependent measurements reveal faster kinetics with increasing temperature. A kinetic model to
describe the time-dependent measurements is introduced, taking into account the equilibrium between native
ligands before thiol addition and describing the evolution of surface coverage by all ligands over time. The model
allows us to extract the quenching rate for a single thiol ligand (0.004 ns ") as well as exchange rates, equilibrium
constants, activation energies, and changes in Gibbs free energy for replacement of the different native surfactants
by HT. The analysis reveals that the substitution half-time of HDA by HT (72 s) is much shorter than for TOP (5 h) or
TOPO (2.5 h) under the same conditions. The temperature dependence of the kinetics shows that the activation
energy for exchange of HDA/TOPO by hexanethiol (1.6 kl/mol) is much smaller than for TOP (20.9 kJ/mol).

KEYWORDS: quantum dots - ligands - exchange - spectroscopy - thiols -
quenching

closely related to the topic of this work, the
fluorescence of CdSe QDs is shown to be
quenched after exchanging the native
ligands with thiol ligands,?°~2* while the
same thiol ligands enhance the fluores-
cence of CdTe QDs.>***
Despite the evident importance of cap-
ping molecules for both the fundamental
understanding of QD properties and devel-
opment toward applications, the number of
detailed investigations on the surface passi-
vation by organic ligands is limited. Early *Address correspondence to
NMR and XPS studies on the surface cover-  >meijerink@uu.nl, r.koole@uu.nl.
age of CdSe QDs revealed that most of the  geceived for review May 28, 2008
surface was coated by TOPO ligands. Note and accepted July 22, 2008.

that these QDs were synthesized by the Published online August 12, 2008.

early TOP/TOPO route without the pres- 10.1021/nn8003247 CCC: $40.75
ence of amines.?®?” Other groups have uti-
lized the influence of ligands on the © 2008 American Chemical Society
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Figure 1. Absorption (A) and emission spectra (B) of CdSe QDs dispersed in toluene, after addition of a varying number of

hexanethiol molecules per QD.

fluorescence properties of CdSe QDs to investigate the
ligand exchange at the surface. It is generally found that
primary amines enhance the QY of CdSe QDs, in par-
ticular, when the QDs have undergone several purifica-
tion steps.?' 232822 A quantitative study of the emis-
sion enhancement and quenching upon ligand
exchange with amines and thiols, respectively, resulted
in estimates for the binding constants for amines and
thiols ranging between 2 X 10*and 1 X 10° M~ ' 212229
In another study, the luminescence quenching of CdSe
QDs due to thiol adsorption was shown to be signifi-
cantly smaller in case the surface is mainly terminated
by Se, and these Se-rich QDs required passivation using
an excess of TOP to obtain a high QY (up to 50%).3°

Molecular simulations provide another tool to study
ligand adsorption. Some simulations have been per-
formed to determine the structure of the capping layer
on gold nanocrystals passivated by thiol ligands.' 33
CdSe QDs capped by TOPO were considered by
Rabani,>* describing the surface packing and dipole
moment of the cluster. Moreover, it is known from
simulations of a bare CdSe QD that surface rearrange-
ments take place to minimize the dipole moment.?*3°
Quantum chemical calculations have shown that the
binding energies of amines, phosphine oxides (e.g.,
TOPO), and acids are different for different facets, which
is crucial for the size and shape control during nano-
crystal growth.®

Previous work investigating the influence of ligand
exchange on the emission of CdSe QDs focused on
equilibrated samples, using steady-state
measurements.?’ ~ 23 Little attention was paid to the ex-
change kinetics, which can be assessed by measuring
the change in emission of CdSe QDs upon ligand ex-
change in situ, as is shown in this work. In a recent pub-
lication, the desorption and adsorption of alkylamines
on CdSe QDs was followed over time by emission mea-
surements.”® The approach in that study differs from
this work in the sense that the desorption kinetics of
one type of ligand (amines) was studied by dilution ex-
periments, making use of the fact that the emission in-
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tensity of CdSe QDs decreases when amine surfactants
leave the surface. Breus et al. have recently reported a
study on the ligand exchange of native ligands on
CdSe/ZnS core/shell QDs by water-soluble thiolated
ligands. The decrease in emission intensity as a result
of this ligand exchange was studied over time, albeit
with a limited number of data points with a focus on
the long time regime (first data for 2 h after thiol
addition).”

In the present work, we investigate the exchange ki-
netics of the three commonly used native ligands (HDA,
TOP, and TOPO) on CdSe QDs by hexanethiol (HT), by
measuring the decrease in emission intensity due to
thiol adsorption as a function of time. The experimen-
tal conditions and time scale at which ligand exchange
takes place allow us to follow the exchange process
with a high accuracy and reproducibility. By changing
various parameters such as native ligand concentration,
hexanethiol concentration, and temperature, detailed
information about the ligand exchange kinetics is ex-
tracted. A self-consistent model is developed to obtain
values for reaction rates, equilibrium constants, and ac-
tivation energies for ligand exchange.

This paper is divided into four sections. First, the in-
fluence of adsorbed thiol ligands on the optical proper-
ties of CdSe QDs is discussed. In this section, measure-
ments on equilibrated samples are considered, that is,
where the thiol ligands were added 3 days prior to the
optical measurement. Second, we introduce a new ap-
proach to study the ligand exchange of thiols on CdSe
QDs, by monitoring the emission of the QDs in real-time
after addition of thiol ligands. These experiments were
conducted with different concentrations of native
ligands, and the results are discussed qualitatively. In
the third section, a model is introduced which allows
for a quantitative analysis of the results from the sec-
ond part. In the last section, temperature-dependent
measurements are discussed and analyzed by the same
model. In this way, we obtain the activation energies
and changes in Gibbs free energy for the ligand ex-
change of native ligands by thiols.
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Figure 2. (A) Normalized integrated emission intensity (/,,,,,) of dispersions of CdSe QDs in toluene as a function of the number of added
thiols per QD. The dotted line connecting data points serves as a guide for the eye. (B) Surface coverage (0, of thiols on a QD (times
a constant a), as a function of the number of thiols/QD, extracted from the data displayed in (A). Solid line is a fit of the data by a Lang-

muir isotherm (see eq 3), with fit parameters « = 8.7 and K, = 0.0018 [—] (corresponding to K, = 2600 (mol/L)~" in absolute units).

RESULTS AND DISCUSSION

Equilibrium Measurements. In this section, the changes
in the optical properties of CdSe QDs upon addition of
hexanethiol will be discussed. In all samples described
in this section, thiols were added to the QD dispersion 3
days prior to the optical measurements. This ensures
that the ligand exchange had reached equilibrium, as
will be shown in the next section. Figure 1A displays the
absorption spectra of a dispersion of the as-synthesized
CdSe QDs that were used for all experiments described
throughout this paper. When an excess of effectively
2000 hexanethiol (HT) molecules per QD is added to the
dispersion, a minor red shift is observed in the absorp-
tion spectrum (inset Figure 1A). We refer to an earlier
publication for a detailed discussion on the origin of
these small spectral changes that are observed upon
addition of thiol ligands to dispersions of CdTe or CdSe
QDs.8 The emission spectrum in Figure 1B shows a nar-
row emission band around 542 nm (full-width at half-
maximum of 36 nm, or 150 meV). The quantum vyield
(QY) of the QDs is high (~40%), which is in agreement
with the absence of defect-related emission that is of-
ten observed at the red tail of the emission spectrum of
low QY QDs. The high quality of the CdSe QDs allows
for a detailed and sensitive study of the influence on the
optical properties upon capping exchange with thiols.
Removing an excess of ligands from the CdSe QD dis-
persion by (multiple) washing steps usually decreases
the QY significantly (up to a factor of 10), due to the par-
tial removal of passivating ligands. We have therefore
used the as-synthesized QDs without any purification
steps, which is an important difference between the
present work and previous reports where ligand ex-
change on CdSe QDs was (quantitatively)
studied.?’ ~%3?° In case the decrease in emission due
to the adsorption of thiols is to be studied, it is benefi-
cial to start with an as high as possible quantum yield
(i.e., no purification steps). On the other hand, a low QY
is required (i.e., multiple purification steps) in case the
increase in emission intensity is monitored due to, for
example, amine adsorption.”® By using a dilution of the
unpurified as-synthesized QDs, we also take advantage
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of the fact that the concentration of native ligands
(HDA, TOP, and TOPO) is accurately known (in contrast
to a dispersion of purified QDs).

Figure 1B shows the effect on the fluorescence prop-
erties of the CdSe QDs upon addition of hexanethiols
in a range between 0 and 2000 HT molecules per QD.
Besides a minor red shift, the emission spectra clearly
show a quenching as a result of the HT addition, even
at a concentration of effectively 20 HT/QD. Emission
quenching of CdSe QDs as a result of the addition of
thiol ligands has been studied extensively before,?' 23
and the origin of this quenching was ascribed to the
trapping of photogenerated holes in the QD to a
higher-lying HOMO level of thiol ligands.*® This trap-
ping induces an additional nonradiative recombination
pathway for the exciton, resulting in a lower overall
emission QY. This effect can be quantified as follows:

T r
rad — QY(O) % rad

QY(B,) = QY(0) X
thiol rtot l—‘lrad + Ns . e'(hiol -T

trap

(1)

where QY(0) is the quantum yield in the absence of thi-
ols (~40%), and (I',,) is the total decay rate of the exci-
ton, which can be written as the sum of the radiative
decay rate of the exciton (I',,4) and the total trapping
rate. The total trapping rate is defined here as the trap-
ping rate of one adsorbed thiol molecule (I',,,,) times
the number of adsorbed thiols, which is the product of
the total number of surface sites per QD (N,) and the
surface coverage by thiols (yior 0 = 0400 = 1). It is as-
sumed that the trapping rate of an adsorbed thiol
ligand is constant and similar for different binding sites
on the QD surface. This assumption is made to limit
the number of variables in the model. In practice, the
guenching rate per thiol may vary between different
binding sites, but this will not affect the modeling of the
change in emission intensity of the ensemble of QDs.
Emission spectra as shown in Figure 1B were re-
corded for a large series of dispersions with HT/QD ra-
tios ranging between 0 and 2000, again after 3 days of
equilibration time. Figure 2A shows the normalized
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Figure 3. (A) Short time and (B) long time regime of the time-dependent decrease in emission intensity of CdSe QDs in toluene upon
addition of different concentrations of thiol ligands. Reference dilution measurements (without thiols) are shown in black. All emission
spectra were recorded for 0.1 s, and the normalized (to the value before injection) integrated emission intensity is plotted as a function
of time.

emission intensity of the CdSe QDs as a function of the
number of thiols per QD. The normalized emission in-
tensity (I,o,m) is defined as the integrated emission in-
tensity of a sample, normalized to the integrated emis-
sion intensity of the dispersion without thiols (/,). The
emission intensity rapidly drops within the range of
0—100 HT/QD, after which it gradually decreases to a
value of approximately 0.1. It is important for the mod-
eling section below to translate the emission intensity
into surface coverage. Normalizing and rewriting eq 1
yields

1
WOhior = 7 — 1 2)

Inorm

where a is a constant defined as a = NI, ,/T'aq. Note
that the derivation of eq 2 is similar to the derivation
of the Stern—Volmer equation, which is used to de-
scribe the emission intensity of molecular
emitter—quencher pairs. The data displayed in Figure
2A can now be plotted in terms of surface coverage as
a function of the HT concentration (see Figure 2B). Simi-
lar to previous work,?'*? the data can be well fitted by
a Langmuir isotherm

K\ Cthio

o— (3)
T+ K Ciol

O4io1 =

with the effective Langmuir constant K. The meaning
of K_ will be discussed in modeling section below. To il-
lustrate the difference between eq 2 and the linear
model used in previous work,?'?*? we compare for both
methods the titration midpoint (TM): the thiol coverage
at which the emission intensity is half of the total de-
crease in emission intensity (QY(0+,,) = 0.5(QY(0) +
QY(1)). If a linear relation is assumed, then 6, = 0.5,
whereas eq 2 yields 6, = 0.09 in our case (for o = 8.7).
The value for a8 extrapolates to ~9 for infinite thiol
concentration when the surface coverage by thiols
(Bnion) is @approximately 1 (total surface coverage). This
can also be deduced by simply filling in a value of 0.1 for
1 in eq 2. Assuming a total number of cadmium sur-

norm
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face sites (N,) of ~125 per QD (based on 0.2 nm? per
cadmium site?® and a particle diameter of 2.8 nm), and
taking a literature value for the radiative decay rate
(T,.q) of 0.05 ns~" (1 =~ 20 ns)*® for CdSe QDs emitting
at 540 nm, it follows that the trapping rate per thiol
ligand (I',,,) is of the order of 0.004 ns™".

Time-Dependent Measurements. All experiments de-
scribed above involved equilibrated dispersions of CdSe
QDs to which thiols were added 3 days prior to the op-
tical measurements. In this section, the emission inten-
sity of the QD dispersion upon addition of thiols is fol-
lowed in real-time to obtain information on the ligand
exchange kinetics. This was realized by sequentially
measuring the emission spectra of the CdSe QDs be-
fore, during, and after the addition of thiols. In all ex-
periments, 0.5 mL of a toluene solution containing the
desired amount of HT molecules was rapidly injected
through a septum into a dispersion of ~2 nmol of CdSe
QDs in 2.5 mL of toluene. In this manner, the decrease
in emission intensity as a result of thiol addition could
be recorded in situ, while the presence of oxygen was
reduced to a minimum. To validate the experimental
procedure, several reference experiments were con-
ducted by injecting pure toluene (without HT) into the
QD dispersion. In the short time window, this dilution
was found to be highly reproducible within seconds
(see Figure 3 and Figure S1A in the Supporting Informa-
tion). The emission intensity decreases to 83% of the ini-
tial intensity, which is in excellent agreement with the
dilution factor (2.5 mL/(2.5 mL + 0.5 mL) = 0.83). A
sharp increase of 10—20% is observed at the time of in-
jection (set to t = —1 s), which is ascribed to scatter-
ing of the excitation beam in the disturbed dispersion
during injection. It can be seen that the injection and di-
lution process is very fast (1—2 s), and the subsequent
emission intensity is constant over time in the short
time window. These reference experiments show that
the decrease in emission intensities upon thiol addition
(see below) can be directly ascribed to quenching by
adsorbed thiols, even on very short time scales (viz. sec-
onds).

www.acsnano.org
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Figure 4. Time-dependent measurements of the emission intensity of CdSe QDs upon addition of 2000 HT/QD. The decrease in emission
intensity for QD dispersions with a 10- or 100-fold excess of HDA (A and B), TOP (C and D), or TOPO (E and F) is compared to the standard
experiment where no additional ligands were added prior to the injection of HT. Left and right panels show the evolution of the emis-

sion intensity on the short and long time scale, respectively.

The evolution of emission intensity of the CdSe
QDs upon addition of thiols is plotted in Figure 3, to-
gether with the reference measurement (no thiols).
Four experiments were conducted in which effectively
400, 2000, 4000, and 8000 thiols per QD were added to
the dispersion. In the short time window (Figure 3A), a
sharp decrease in emission intensity is observed within
the first minute. In the long time regime (Figure 3B),
there is still a significant decrease in emission intensity
between 1 and 12 h. Clearly, the system needs at least
12 h to equilibrate. Both in the short and long time re-
gime, it is apparent that an increase in the concentra-
tion of added thiols results in a faster and eventually
larger decrease in emission intensity. The experiment
of 400 HT/QD was carried out for only 30 min and is
therefore omitted in Figure 3B. These experiments
show that there is a very fast initial ligand exchange
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with the native ligands, followed by a slower process
that takes up to 12 h.

The gradual decrease in emission intensity observed
for the reference measurement in the long time regime
(Figure 3B) may be ascribed to a slow photo-oxidation
process. To investigate the possible influence of photo-
oxidation in the kinetic measurements, we have per-
formed similar experiments in the glovebox as a con-
trol or reduced the intensity of the excitation beam (by
blocking the light source in between measurements).
We found a similar final emission intensity for these
control experiments compared to the kinetic measure-
ments. Therefore, we ascribe the decrease in emission
intensity in the long time regime predominantly to a
slow adsorption process of thiols, and not to photo-
oxidation. Nevertheless, it should be noted that the
photo-oxidation process may slightly affect the out-
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come of the quantitative analysis that is described in
the modeling section below.

Figure 3 clearly shows that the ligand exchange of
the native ligands of CdSe QDs by thiols is not a simple
first-order process. This is not so surprising since the
CdSe QDs are initially coated by a combination of
ligands (HDA, TOP, and TOPOQ), each of which will have
a different binding constant and exchange kinetics. In
addition, the exchange kinetics may also be dependent
on the particular facet of the nanocrystal to which a
ligand is bound. Therefore, it may be expected that the
replacement of the native ligands by thiols is more
complex. To obtain more insight in the exchange kinet-
ics, several experiments were carried out where an ex-
cess of one of the native ligands was present. In each
case, the exchange kinetics (i.e., the evolution of the
emission intensity after thiol addition) was investigated
after adding a 10- or 100-fold excess of one of the na-
tive ligands. The excess of ligands was added at least 3
days prior to the thiol addition, to allow the system to
equilibrate. It is stressed that the addition of excess
ligands did not influence the initial QY of the QDs, in
contrast with previous reports.?’ ~23 This is simply be-
cause in our case the QDs were not subjected to any pu-
rification step, thereby maintaining the high QY of
40% which is not affected by the addition of excess na-
tive ligands. Figure 4 shows the decrease in emission in-
tensity of these samples after addition of effectively
2000 HT molecules per QD, and the results are com-
pared to the “standard” experiment where no excess
ligands were added (but also 2000 HT/QD). The in situ
measurements of 10- and 100-fold excess HDA and 10-
fold excess TOPO were carried out for 2 h only. For clar-
ity, these curves are interpolated to the end value which
was measured after 12 h (dotted lines).

In case an excess of amine ligands (HDA) is present
in the QD dispersion, the decrease in emission inten-
sity is significantly faster as compared to the standard
experiment, especially on the short time scale (Figure
4A). On the long time scale, it can be seen that the fi-
nal emission intensity in case of an excess of HDA is
slightly higher compared to the standard experiment
(Figure 4B). The faster decrease in emission in the case
of excess HDA is counter-intuitive because one would
expect the ligand exchange by thiols to slow down in
case more native ligands are present in the mixture. On
the other hand, the slightly higher end value of the
emission intensity after 12 h is what one would expect
at a higher concentration of competing ligands. When
an excess of TOP is present, the decrease in emission in-
tensity becomes significantly slower, especially in the
short time regime (Figure 4C). Remarkably, the final
emission intensity is largely influenced by the TOP
ligands and up to a factor of 5 higher in case of a 100-
fold excess (Figure 4D). Again, these results may seem
surprising because TOP coordinates to Se surface sites
of the quantum dot?” and, therefore, is not expected to
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directly influence the adsorption of thiols to QDs. Fi-
nally, the presence of additional TOPO slows down the
ligand exchange with HT on the short time scale (Figure
4E) and results in a slightly higher end value of the emis-
sion intensity. The effects of TOPO are smaller than the
effects of HDA or TOP, but in line with an intuitive
ligand exchange mechanism between TOPO and HT.

The observations described above can be explained
by the following qualitative model. First, TOP binds
strongly to Se sites on the QD surface,?” and because
of the bulky nature of this molecule (three octyl chains
pointing sideways),?"?®° it sterically prevents the ad-
sorption of other ligands on neighboring surface sites.
In case of a 100-fold excess of TOP, a higher coverage by
TOP is expected, which reduces the number of Cd sites
available for other ligands (HDA, TOPO, or HT). The
smaller number of HT adsorbed on the QD surface af-
ter equilibration explains the higher emission end value
in case of a 10- or 100-fold TOP excess (Figure 4D).

Further, it is clear from Figure 4a that amines are rap-
idly exchanged by thiols, which can be ascribed to the
weaker bond strength of amines to Cd sites*' and faster
kinetics due to the relatively small surface area occu-
pied by HDA as compared to TOP or TOPO. Addition of
a 100-fold excess of amines initially causes the replace-
ment of both TOPO and TOP by HDA during the 3 day
equilibration period. Considering that the exchange
rates of both TOPO and TOP by HT are much slower
compared to those of amines due to their bulky size,
the higher initial surface coverage by amines in case of
a 10- or 100-fold HDA excess explains the faster de-
crease in emission intensity on a short time scale (Fig-
ure 4A). On the long time scale, however, the excess of
amines naturally causes a slightly reduced equilibrium
coverage of HT as compared to the standard experi-
ment (Figure 4B). Returning to the case of an excess of
TOP, the much slower decrease on the short time scale
(Figure 4C) can now be explained by the replacement of
HDA by TOP; the subsequent ligand exchange of TOP
by thiols is much slower than the exchange of HDA by
thiols. As mentioned above, this replacement of HDA by
TOP is caused by the steric hindrance imposed by TOP
ligands (bound to Se sites) on HDA ligands that are at-
tached to neighboring Cd sites.

A similar reasoning holds for the slower initial de-
crease in emission intensity in case of prior equilibra-
tion with an excess of TOPO (Figure 4E); TOPO initially
replaces the amines from the QD surface and is then
slowly replaced by HT. However, the final emission in-
tensity after 12 h in case of a 100-fold TOPO excess (Fig-
ure 4F) is much lower than that observed for an excess
of TOP (Figure 4D). This indicates that the bond
strength of TOP to the Se sites (hindering thiol adsorp-
tion) is larger than the TOPO—Cd bond strength and
competes with thiol adsorption.

Model. In order to obtain quantitative information
from the kinetic experiments described in the previous
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section, a model for the ligand exchange is introduced
in this section and shown to be able to explain the ex-
perimental observations. In our model, the QD surface is
assumed to be completely covered with capping mol-
ecules. This does not imply that ligands are perma-
nently bound to the surface, but that the time between
desorption of a ligand and adsorption of another one
is much shorter than experimental time scales. Other-
wise, it would be impossible to accelerate the exchange
of HT on a short time scale by increasing the concentra-
tion of another ligand (HDA). We therefore suggest a
competition model consisting of three reactions

k+
HT + X* == HT* + X (4)
ke

where X denotes a native ligand (HDA, TOP, or TOPO);
“«" describes the adsorbed state; and ky, and ky are the
forward and backward substitution rates of X, respec-
tively. We do not take into account the differences be-
tween surface areas occupied by a small surface area
(HT, HDA) and a bulky (TOP, TOPO) ligand, and all sur-
face sites are assumed to be equal. We also neglect the
dynamics of the exchange between native ligands dur-
ing the experiment. However, the model does account
for the equilibrium between native ligands before thiol
addition and at the end of the experiment (because
they are in equilibrium with HT).

Note that the exchange of HDA or TOPO follows a
different path than the exchange of TOP. In the case of
HDA and TOPO, a surfactant on a cadmium site is ex-
changed by another ligand with a stronger binding
headgroup, whereas TOP bound to selenium leaves
the QD surface, creating space for an incoming thiol
molecule to adsorb to an adjacent cadmium site.

The substitution constant is given by Ky = kx /kx,
and large values of K, imply a large final coverage with
HT. For example, if a QD was initially coated only by
the native ligand X, then Ky would be the equilibrium
constant between X and HT. It is apparent from Figure
4 that k;ip, is the largest forward rate, while K;p is the
smallest substitution constant. The effective Langmuir
constant in eq 3 follows directly from this model (see eq
S5 in Supporting Information):

1
K= 1 1 1 (5)
KropCrop T KropoCroro T KipaCripa

where cy is the concentration of the native ligand X.
From the measurements in the long time regime dis-
played in Figure 4B,D,F, it becomes clear that TOP binds
much stronger than TOPO or HDA. Therefore, the con-
tribution of K;gpCrop to the denominator of eq 5 is
much larger than the other two. The value for K was
determined to be 0.0018 from the equilibrium measure-
ments in Figure 2B and eq 3. Thus, we obtain the first
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Figure 5. Fitting of the in situ measurements of 2000 HT/QD addition to
samples with 100-fold excess (compared to concentration after synthesis)
of HDA, TOP, and TOPO. Solid curves represent normalized intensities from
Figure 4 transformed to coverage using eq 2 (« = 8.7). Dashed lines repre-

sent the four-parameter fit to the model defined by eq 6.

estimate Kop =~ K Crop = 2.51 (assuming 1400 TOP
molecules per QD; see Methods).

Equation 2 was used to transform the normalized in-
tensity /,,om iNto coverage 0,1 measurea- We have fitted
the measured curves in Figure 5 to the following equa-
tion:

O(t) = exp(At) - ©(0) (6)

where A is a matrix containing the exchange rates and
concentrations of all ligands involved, defined in eq S10
in the Supporting Information, and O(t) is the vector
containing the surface coverage by all ligands at a given
time (). The surface coverage ©(0) before thiol injec-
tion (t = 0) corresponds to the equilibrium of native
ligands before HT addition (see eq S9 in the Support-
ing Information). Equation 6 describes the collective
time evolution of the surface coverage by all ligands af-
ter HT injection. Note that we can reduce the number
of parameters in the model by setting the concentra-
tion of excluded components to zero. We refer to the
Supporting Information for derivation of eq 6 and fur-
ther details.

The fit was performed using a MATLAB script based
on the deterministic derivative-free routine fminsearch.
This routine was used to minimize the objective func-
tion

tmax

F(rates, concentrations) = f (Ont moder() —
0

eHT,measured(t))zdt (7)

with respect to the rate constants, where 6,1 ,qei(?) iS
the coverage computed using eq 6. A test for the qual-
ity of the fit is the agreement of the Langmuir constant
obtained by filling in the values of the obtained substi-
tution rate constants in eq 5, with the value for K, ob-

tained from Figure 2B and eq 3 (K, = 0.0018). The fit-

ting range t,,,, is set to 1.5—2 h. We did not use the full

max
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TABLE 1. Substitution Rates and Constants and
Substitution Half-Times (at 2000 HT/QD) for Different
Native Ligands Obtained from Fitting the Corresponding
Measurement for 100-Fold Excess of Each of the Native

Ligands

X K [(s - mol/L)™"] k¢ Is - mol/L)™"] K I-1 t,
HDA 75 0.017 445 72s
TOP 0.03 0.005 5.6 5.0h
TOPO 0.06 0.001 493 2.5h

time range for two reasons: the measurements may be
affected by photo-oxidation on longer time scales, and
the signal-to-noise ratio becomes worse for high HT
coverage due to the lower emission intensity.

The six parameters ky and ky (X = TOP, TOPO, or
HDA) were fitted using eq 6 to the measured curves in
three independent steps. To avoid overfitting, we only
fitted four parameters in each step. The equilibrium be-
tween native surfactants before thiol injection is ac-
counted for in eq 5 and eq S9 in the Supporting Infor-
mation. During the first step, we fitted the curve with
the 100-fold excess of TOP to obtain values for ki, and
ktop, While the other two rates are a combination of
the exchange rates of the other ligands (TOPO, HDA)
by HT. Next, we fitted the curve with the 100-fold ex-
cess of TOPO, neglecting the presence of HDA (e.g., by
setting its concentration to 0). However, the presence of
TOP was accounted for. As a result, we obtain kigpo
and kropos the fitted rates for TOP are in the same or-
der as those obtained by fitting the 100-fold TOP excess
curve. Similarly, we obtained the rates for HDA, assum-
ing no TOPO is present. Also, in this case, the rates for
TOP were similar to those obtained previously. Figure 5
shows the surface coverage by HT as a function of time
together with the individually fitted curves. As one can
see, the latter nicely reproduce experimental data. The
rates obtained from fitting can be found in the Table 1.

The values for kx support the qualitative conclu-
sions described above: the exchange of linear amines

121
1l —HT 2000 (measured)
—HT 2000 (model)
80-8- —HT 2000 (model, adjusted)
Soef
~
0.4t
0.2
0% ) ; 6 8 10 12
t[h]

Figure 6. Time-dependent decrease in emission intensity upon thiol addi-
tion (2000 HT/QD) measured (black) and reproduced (blue and green) for
the experiment without excess ligands. The blue curve was generated us-
ing the corresponding ligand concentrations and fixed rates from Table 1
and transformed into normalized intensity using eq 2. The green curve was
obtained by fitting the experimental data (black) using eq 6, with all six
rate constants as variables.
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by HT is 2 orders of magnitude faster than the ex-
change of branched TOP and TOPO. To illustrate the
time scales, we provide substitution half-times

_ In(2)

Tt
kx Cr

172

at the “standard” thiol concentration of 2000 HT/QD.
These are the times required to replace half of the
ligand X from the QD surface by HT when no other cap-
ping molecules are present and the reverse reaction
does not take place. We see that while the replacement
of the amine is very fast (within minutes), the replace-
ment of branched surfactants TOP and TOPO can last
hours. Interestingly, the half-time for amine replace-
ment is close to the desorption half-time for octylamine
(70 s), as was recently determined by another

group.”®

The values for Ky confirm that TOP binds stronger
than HDA and TOPO and indicate that TOPO binds
stronger than HDA. This suggests that the rates for
HDA might even be underestimated due to TOPO
present on QDs in the experiment with 100-fold amine
excess, while TOPO was neglected during fitting. An es-
timate Kpa > 300 (calculated as the ratio between
the Langmuir constants for thiols and amines) from a
previous publication®? is in a good agreement with our
value of 445. The value K,,p, = 2 reported by Bullen et
al?' is inconsistent with our observations (Figure 3A,B)
since for such a small value the replacement of HDA by
thiols would be negligible in the 100-fold HDA excess
measurement, which is not in line with the observed
large drop in emission intensity.

We assessed the quality of the model and the fit-
ting procedure by generating the curves using six pa-
rameters from Table 1 for the “standard” measurement
where no excess ligands were present. It is important to
note that these experimental data were not used for fit-
ting and thus provide a suitable tool to test if the pa-
rameters obtained from fitting the 100-fold excess
curves can reproduce the emission decay curves under
“standard” conditions (no excess of native ligands). The
results are shown in Figure 6. The reasonable agree-
ment between the generated and measured curves
supports the model. Deviations on the short time scale
indicate that the forward substitution rate of amines is
indeed underestimated, as explained above. In addi-
tion, we have fitted the experimental curve using eq 6
with all six rate constants as variables. The resulting
curve fits the experimental data very well, as can be
seen in Figure 6. Importantly, the values obtained for
the six rate constants did not deviate more than a fac-
tor of 2 from the values listed in Table 1. This shows that
the rate and equilibrium constants obtained from our
model are consistent and within an acceptable
accuracy.
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1.2r The Arrhenius equation was used to re-
1 —% = —%90 late a reaction rate k and the activation en-
—T ; +5O ergy Eact:
0.8F —T = +12O
—T =+21° —Eac/RT
g —T =+431° k=kye (8)
00.6
&7
0.4- where k, is the kinetic prefactor and R
the universal gas constant. Similarly, the
0.2f equilibrium constant K is related to the
. . . . . change in Gibbs free energy AG® by
S 500 1000 1500 2000
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Figure 7. Time-dependent measurements of the emission intensity of CdSe

K= o AG/RT )

QDs upon addition of 2000 HT/QD at different temperatures. All emission

spectra were recorded for 0.1 s, and the normalized (to the value before in-
jection) integrated emission intensity is plotted as a function of time.

Temperature-Dependent Measurements. To determine
the activation energies for ligand adsorption and de-
sorption, time-dependent measurements of the ligand
exchange were conducted at various temperatures, by
adding 2000 HT molecules per QD at T = —10, —2, 5,
12,21, and 31 °C. The results are shown in Figure 7. As
expected, the ligand exchange is slower for lower tem-
peratures. The initial intensity increases with decreasing
temperature from 31 to —10 °C by ca. 30% (not shown).

We used again eq 2 to calculate surface coverage 6
from the intensity /.- EqQuation 1 suggests that the
dominating temperature-dependent term in QY(6) is
QY(0), which cancels by normalization. Each of the
curves in Figure 7 was then fitted with only four param-
eters to the model described in the previous section.
The first rates ky and ky describe the exchange of TOP
(“slow” component), while the other two combine the
exchange of HDA and TOPO (“fast” component). The
starting parameters for the fit were created by fitting
the “standard” measurement (at room temperature) on
a long time scale. Because of the short time range (30
min) of the measurements, the long term properties of
the system must be accounted for in a different way:
the term (K. — K__measurea)” Was added to the objective
function (eq 7). Here K| is the Langmuir constant from
eq 5, and K| casurea (=0.0018) is the value obtained
from Figure 2B and eq 3.

In Figure 8A, we plot logarithms of the
four rates versus the inverse temperature,
while Figure 8B shows the equilibrium
constants. The excellent linear correlation of the data
is another justification of our model and fitting proce-
dure. Note that for the linear fits in Figure 8B the point
Ky = 1 at infinite temperature (i.e., point (0,0)) was
added to the data set. However, the regression lines
were not forced to go through the origin.

The activation energies E, ., and Gibbs free energy
changes AG® are summarized in Table 2. £, is the acti-
vation energy for the forward reaction, while E,_, is the
activation energy for the reverse reaction. It should be
noted that all values lie in the order of thermal fluctua-
tions at room temperature. The activation energy is low
for the “fast” exchange of HDA/TOPO by HT. The activa-
tion energy for the reverse process can be interpreted
as the energy required for removing a thiol from the QD
surface, that is, the dissociation energy of a single thiol.
For the exchange of TOP, E,_, is larger than the one for
HDA/TOPO, which makes it a slow process. It was dis-
cussed above that TOP binds stronger than the other
native ligands, which is consistent with a higher disso-
ciation energy. As expected, the activation energies for
the exchange of HT by any of the native ligands are
high since they are dominated by the dissociation of a
strongly bound HT molecule. The estimate of 14—21 kJ/
mol is in the same order as the one determined for
binding of thiolates on CdSe QDs in aqueous solution.*?
For the exchange of a thiol by TOP, an additional con-

A2 o A 4.5-
A 4P

.—,.-14_ o k’l—“OPO/HDA o k:rrOPO/HDA O ks O Kion 3‘:»
g_ Los
g &— o - < 2 * Ktop
=] b —9 =15

-18r 1
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+ KTOPO/HDA
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Figure 8. Arrhenius plots of the substitution rates (A) and substitution constants (B) from the temperature-dependent measurements.
The point (0,0) was added to the data set in (B), to which the regression lines were fitted. Regression slopes are summarized in Table 2.
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TABLE 2. Gibbs Free Energy Changes and Activation
Energies the Substitution Reactions As Regression Slopes
from Figure 8

X AG’ [k)/mol] . [k)/mol] Eqcc [k)/mol]
HDA/TOPO —99 1.6 139
TOP —24 209 23.0

formational and/or surface diffusion is required (be-
cause it binds to Se sites), which may explain the higher
activation energy compared to HDA/TOPO.

CONCLUSIONS

By recording the decrease in emission intensity of
CdSe QDs upon addition of thiols in situ with a high
time resolution, we were able to follow the kinetics of
the ligand exchange of the native ligands (HDA, TOP,
and TOPO) by hexanethiol (HT). From the relation be-
tween the emission intensity of CdSe quantum dots and
the number of alkyl thiol ligands adsorbed at their sur-
face, the surface coverage by thiols can be calculated.
The quenching rate per adsorbed hexanethiol molecule
was found to be 0.004 ns™'. Adding an excess of HDA
to the QD dispersion prior to HT injection results in
faster exchange kinetics, whereas the addition of TOP
or TOPO has the reverse effect. We conclude that the
exchange of amines by thiols is very fast compared to
TOPO. The addition of amines prior to thiol injection re-
sults in a QD surface that is predominantly covered by
amines, leading to a faster overall ligand exchange. TOP
binds strongly to selenium sites and sterically prevents
the attachment of thiols to cadmium sites. TOP thereby

METHODS

Anhydrous toluene (99.8%), trioctylphosphine (TOP, 90%),
trioctylphosphine oxide (TOPO, 99%), hexadecylamine (HDA,
90%), and hexanethiol (HT, 95%) were purchased from Aldrich.
Rhodamine B was supplied by Exciton. Dimethylcadmium
(Cd(Me),, 99.99%) and selenium powder (99.99%, 200 mesh)
were obtained from ARC Technologies and Chempur,
respectively.

The synthesis of CdSe nanocrystals was carried out by the
high-temperature organometallic synthesis as reported in detail
by de Mello Donegd et al.'® In short, a solution of the precursor
materials Cd(Me), (0.28 g) and selenium (0.79 g) in 10 mL of TOP
was quickly injected into a three-neck flask containing a pre-
heated mixture (300 °C) of 10 g of HDA and 20 g of TOPO. Upon
injection, we allowed the temperature to drop to 165 °C during
5 min, followed by 6 min heating time to 240 °C, at which tem-
perature it was kept for 4 min. After this, the reaction mixture
was allowed to cool down to room temperature. The resulting
CdSe QDs were 2.8 nm in diameter (as determined from TEM)
and had a QY of ~40%. The QY was determined by comparison
of the integrated emission intensity of a reference dye
(Rhodamine B in ethanol, QY = 90%) with the emission inten-
sity of the CdSe QDs, correcting for the absolute absorbance
value at the excitation wavelength (400 nm). The raw product
was diluted in a 1:1 ratio with anhydrous toluene to obtain what
will be called the stock dispersion of QDs.

All samples were prepared in a nitrogen purged glovebox
and transferred to a sealed quartz cuvette for optical measure-
ments. For the equilibrium measurements, 10 p.L of the stock dis-
persion of CdSe QDs was added to 2.5 mL of toluene, after which

A‘“ﬁ%\@) VOL.2 = NO.8 = KOOLE ET AL.

slows down the ligand exchange and causes a signifi-
cant shift in the equilibrium. The strong affinity of the
bulky TOP molecule to the QD surface may be an impor-
tant factor in controlling the growth kinetics of CdSe
(and related) QDs.

The conclusions are confirmed by a kinetic model
that takes into account the equilibrium between
ligands before thiol addition and describes the surface
coverage over time. The exchange of HDA by HT is
found to be 2 orders of magnitude faster than that for
TOPO or TOP. An equilibrium constant of ~500 is found
for amine exchange by thiols (i.e., a highly forward reac-
tion), whereas a 10- and 100-fold smaller value is ob-
tained for the equilibrium constants of TOPO and TOP,
respectively. Temperature-dependent in situ measure-
ments display slower kinetics with decreasing tempera-
ture. The data were fitted using the same model, from
which the activation energies for the exchange of HDA/
TOPO (1.6 kJ/mol) and TOP (20.9 kJ/mol) by thiols could
be extracted. The binding energy of thiols to the QD
surface is estimated to be between 14 and 23 kJ/mol.
The changes in Gibbs free energy are —9.9 and —2.4 kJ/
mol for the thiol exchange of HDA/TOPO and TOP, re-
spectively. The results provide insight in binding and ki-
netics of ligands at the QD surface for some of the
commonly used ligands for surface passivation of CdSe
and CdTe QDs. In view of the prominent role of ligands
on the (opto-electronic) properties and stability of QDs,
the results are important for a better understanding
and control in the synthesis of QDs and for tailoring
their properties by ligand exchange.

0.5 mL of a solution with the desired quantity of HT in toluene
was added. The samples were allowed to equilibrate for 3 days
in the dark in the glovebox, after which the absorption and emis-
sion spectra were recorded. The size-dependent calibration
curve of the extinction coefficient of CdSe QDs at the first ab-
sorption peak (empirically determined by Yu et al.**) was used
to calculate the concentration of the QD dispersions. In this man-
ner, we measured that the QD concentration of the samples
thus obtained was ~0.7 wuM (~2 nmol QDs in 3 mL of toluene).
This concentration was used to compute that the 0.5 mL solution
corresponding to 2000 HT molecules per QD in the final mix-
ture requires an HT concentration of 8 mM.

For the time-dependent measurements, a dispersion of 10
wL of CdSe stock dispersion in 2.5 mL toluene was transferred
(in the glovebox) into a quartz cuvette that was tightly sealed by
a septum. The cuvette was placed in the sample holder of a spec-
trofluorometer (see below), after which 0.5 mL of an HT solu-
tion in toluene was vigorously injected with a syringe (prepared
in the glovebox) through the septum of the cuvette, into the QD
dispersion. A few seconds before injection of the HT solution,
the recording of emission spectra was started. This was per-
formed using a monochromator and CCD camera (see below)
with a high repetition rate so that 10 emission spectra per sec-
ond could be measured. During the first 3 min, the emission
spectra were recorded sequentially with a repetition rate of 10
spectra per second, directly followed by 2 h (or 30 min) of mea-
surements with a 10 s time interval, followed by a last series of
measurements over 10 h with a 100 s time interval. The reference
measurements (injection of 0.5 mL of toluene containing no
HT) were carried out in the exact same manner. The samples con-
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taining an excess of ligands were prepared by adding 10 L of
CdSe stock dispersion to 1.25 mL of toluene, to which 1.25 mL of
a toluene solution containing the desired quantity of HDA, TOP,
or TOPO was added. The dispersion was allowed to equilibrate
for at least 3 days in the dark (in the glovebox), after which the
optical measurements were started upon injection of a 0.5 mL HT
solution in toluene. From the amounts used in the synthesis, it
can be calculated that 10 pL of the stock dispersion of CdSe QDs
contains 5 wmol HDA, 3 pmol TOP, and 6.5 pmol TOPO, which
corresponds to, respectively, 2500, 1400, and 3200 ligands per
QD (in the standard dispersion). These numbers were used to cal-
culate the amount of these native ligands that was needed to
obtain a 10- or 100-fold excess compared to the concentrations
in the standard dispersion.

For the temperature-dependent (real-time) measurements,
the sample holder of a Spex Fluorolog spectrofluorometer was
replaced by a 1 L glass beaker filled with ethanol. The element of
a thermostat was placed in the beaker to obtain a constant tem-
perature, tunable between —20 and +31 °C. The cuvette was
partly plunged in the ethanol and tightly fixed, and the ethanol
was gently stirred for an efficient heat exchange with the cu-
vette, but avoiding turbulence that would cause fluctuations in
the excitation/emission intensity. The syringe containing the HT
solution to be injected in the QD dispersion was brought to the
same temperature as the cuvette prior to injection.

Emission spectra were recorded using a 450W Xe lamp as ex-
citation source and a double grating 0.22 m SPEX monochroma-
tor (of a SPEX Fluorolog) to select the excitation wavelength of
406 nm. Emission was collected through an optical fiber leading
to a 0.3 m monochromator (150 lines/mm, blazed at 550 nm)
and detected by a liquid nitrogen cooled Princeton Instruments
CCD camera (1024 X 256 pixels). Absorption spectra were mea-
sured on a Perkin-Elmer Lambda 16 UV/vis spectrofluorometer.
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