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ABSTRACT The exchange kinetics of octylamine between a free state and a state
bound to the surface of CdSe quantum dots is analyzed using nuclear magnetic
resonance (NMR) spectroscopy in solution. On the basis of 1D 'H and DOSY and
NOESY spectroscopy, we find that all octylamine molecules present interact with
the CdSe quantum dot surface, although the octylamine resonances and diffusion
coefficient resemble those of free octylamine. This indicates that these NMR
observables are a weighted average of a free and a bound state, implying that the
overall octylamine exchange rate is fast as compared to the intrinsic NMR time
scale. A lower limit on the first-order desorption rate constant of 50 s~ follows
from DOSY measurements as a function of the diffusion delay. This result is
compared with literature data based on the quenching of the CdSe photolumine-
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SECTION Nanoparticles and Nanostructures
igands provide physicochemical functionality to colloi-

L dal nanoparticles (NPs). Used during synthesis to con-
trol nucleation and growth, they end up as a monolayer
covering the NP surface and stabilizing the NP colloidal
dispersion. After synthesis, they can be exchanged by others,
and this has proven to be a powerful method to functionalize
colloidal NPs, with the aim of, for example, raising their photo-
luminescence quantum yield," rendering them biocompati-
ble and bioselective®” or enhancing their conductivity for
applications in electronics*” and photovoltaics.® In line with
the increasing importance of NP ligands, a number of studies
have addressed the interaction between ligands and NPs, and
at the same time, a number of experimental techniques like
nuclear magnetic resonance spectroscopy (NMR),”~ ' infra-
red spectroscopy,'" or photoluminescence spectroscopy "'~ '*
were developed to investigate ligands bound to colloidal NPs.
An interesting model system in this respect is CdSe quantum
dots (O-CdSe) stabilized by alkylamines. It has been shown
by a number of authors that alkylamines strongly enhance
the Q-CdSe photoluminescence (PL).""'*'®> On the basis of
this, the increase or decrease of the Q-CdSe PL intensity has
been interpreted in terms of an increased or reduced surface
coverage by alkylamines, which means that the PL quantum
yield is used as an indirect probe of the ligand surface
coverage.'” As a result, a number of adsorption isotherms
and rate constants for desorption have been published. With
desorption rates ranging from 0.01 to 1.5 x 10~ *s™ ", ""'# all
of these studies point toward a dynamic yet relatively strong
binding of alkylamines to Q-CdSe. This contrasts with the
fast exchange rates determined in a NMR spectroscopy
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study on Q-CdTe stabilized by dodecylamine (DDA) and on
Q-ZnO stabilized by octylamine (OctA).'® In both cases, the
QDs are observed to be dynamically stabilized by alkyl-
amines, with an overall exchange rate exceeding 100 s '
for Q-CdTe. In contrast to PL spectroscopy, NMR can directly
address the ligands. Apart from simply identifying and
quantifying colloidal NP ligands, it also enables a direct
assessment of their exchange behavior, which is classified
as fast, intermediate, or slow relative to the relevant NMR
time scale. Given the discrepancy in the exchange rates of
alkylamines for Q-CdSe, based on PL,'? and Q-CdTe, based
on NMR,'®we present in this Letter a NMR study of Q-CdSe
stabilized by OctA that focuses on the ligand exchange
regime.

CdSe ODs were synthesized in a mixture of hexadecyl-
amine (HDA), trioctylphosphine (TOP), and trioctylphosphine
oxide (TOPO), with dimethylcadmium and TOP-Se as the Cd
and Se precursors, respectively.'” Two samples were studied,
with average QD diameters of 4.4 (sample A) and 3.9 nm
(sample B). The 'H NMR spectrum of the singly washed stock
solution (see Experimental Section) shows mainly unbound
TOPO (Figure 1). The presence of phosphorus-containing
species is confirmed by a >'P NMR spectrum, where we observe
signals at 21.2 and 42.4 ppm, corresponding to TOP-Se'®
and TOPO,” respectively (see Supporting Information). The
a-CH, protons of HDA, which are located at 2.5 ppm in a
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Figure 1. 'H NMR spectra of Q-CdSe capped with the original
ligands in toluene-dg (bottom) and after pyridine ligand exchange
in CDCl5 (top). Apart from the resonances of trioctylphosphine
oxide (TOPO) between 1.0 and 1.6 ppm, the bottom spectrum
shows resonances attributed to residual toluene-ds () and CH,Br,
(O), which was added as a concentration standard. The resonances
inthe top spectrum are attributed to residual CDCl5 (}), hexane (¢),
which results from the sample preparation, a pool of labile
hydrogens (a), CH,Br, (O), which was added as a concentration
standard, and finally pyridine. The pyridine resonances are num-
bered according to the inset. No trace of TOPO remains. From
the figure, we conclude that the pyridine exchange completely
removes the original ligands.

reference solution of HDA in tol-d8, are not observed in the
CdSe QD sample. This indicates either the absence of HDA or
the strong broadening of this resonance caused by the
binding of HDA to the Q-CdSe surface.

To exchange these initial ligands for OctA, we follow Ji
et al.'? and use pyridine exchange as an intermediate step.
Using deuterated chloroform (CDCl5) as a solvent, no reso-
nances are observed in the aliphatic region (0.8—2.0 ppm) of
the '"H NMR spectrum (Figure 1) after this exchange, except
for those arising from hexane at 0.85 and 1.23 ppm, which is
now used as a nonsolvent to precipitate the QDs. Instead,
three somewhat broadened pyridine resonances appear in
the spectral window from 7 to 9 ppm. A pool of labile hydro-
gens at 3.16 ppm is also present in the '"H NMR spectrum,
possibly due to a minor contamination with water. Phos-
phorus-containing compounds were not observed in the *'P
NMR, indicating the efficient removal of TOPO and TOP-Se,
present in the original sample (see Supporting Information).

The broadening of the resonances already suggests that
the pyridine is bound to the Q-CdSe. The interaction of pyridine
with the colloidal NPs is confirmed by 2D nuclear Over-
hauser effect spectroscopy (NOESY). In NOESY, cross relaxa-
tion by dipolar coupling of neighboring protons leads to
intense, negative cross peaks (NOEs) for large molecules,
such as tightly bound ligands, while small molecules like
free ligands only develop weak, positive NOEs. Importantly,
ligands that only bind temporarily to the NP surface yield
strong, negative NOE cross peaks similar to tightly bound
ligands.'® The 2D NOESY spectrum of pyridine-capped
CdSe indeed shows these strong, negative NOE cross peaks
for the pyridine resonances, which means that pyridine
effectively acts as a ligand (see Supporting Information).
However, diffusion-ordered spectroscopy (DOSY) on the
pyridine-capped Q-CdSe yields a single diffusion coefficient
of 2.11 x 10~ m?/s for the pyridine resonances. For free

W © XXXX American Chemical Society

2578

pubs.acs.org/JPCL

I(aun)

Foes

8 6 | 4
H 6 (ppm)

Figure 2. '"H NMR spectra of OctA (bottom) and Q-CdSe/OctA in
CDCl5 (top). Resonances are attributed to residual CDCls (),
methanol (#), which was used during the ligand exchange, CH,Br,
(O), added as a concentration standard, and OctA (numbered
according to the inset). For the peak assignment, see the Support-
ing Information. A comparison of both spectra shows that the
OctA resonances in the Q-CdSe/OctA dispersion are only slightly
broadened and shifted with respect to free OctA resonances.

pyridine, we found a diffusion coefficient of 2.20 x 10~°
m?/s in CDCl5 (see Supporting Information). This decrease
byamere 4 % in the presence of the QDs and the absence of
a slow diffusion component (on the order of 1071° m?/s)
suggest a dynamic adsorption/desorption equilibrium,
where the bound pyridine is in fast exchange with a large
excess of unbound pyridine present in the sample. The
excess of free ligand is of course not unexpected as we have
added 40—60 uL of pyr-ds to prepare a stable suspension of
Q-Cdse for the NMR measurements. This implies that on
average, 2.2 X 10° ligands are present for each QD. Assum-
ing a typical ligand density of 4 nm™2,'® this yields an
estimated free/bound ligand ratio of 900:1.

Despite the large excess of pyridine, the 'H NMR spectrum
of sample A in CDCl5 after the OctA ligand exchange demon-
strates that the pyridine ligands are efficiently removed
(Figure 2). Note that, in the preparation of the samples, it
was crucial to prevent the precipitate from drying out com-
pletely. Consequently, methanol, which was used as a non-
solvent, is observed at 3.47 (CHs) and 2.34 ppm (OH). The
OctA resonances appear at 2.69, 1.47, 1.30, and 0.89 ppm,
and they are slightly broadened as compared to free OctA.
The amine protons of the OctA most probably contribute to
the pool of labile hydrogens at 2.34 ppm. In the 2D NOESY
spectrum (Figure 3a), strong, negative NOE cross peaks are
observed between the different OctA resonances. As in the
case of the Q-CdSe—pyridine system, these negative cross
peaks demonstrate that the OctA ligands spend time on the
surface of the QDs. The labile hydrogens at 2.34 ppm also
have negative NOE cross peaks with the OctA resonances,
probably because the OH group of residual methanol and the
NH, group of OctA both contribute to this resonance. From
DOSY, we obtain a single diffusion coefficient for all OctA
resonances. It amounts to 1.29 x 10~° m*/s for sample A and
1.24 x 10”7 m?/s for sample B. These values are merely 18
and 22 % slower than the diffusion coefficient of free OctA in
CDCl5 (1.59 x 10”7 m?/s, Figure 3b), respectively, yet they
considerably exceed the value expected for a particle with a
hydrodynamic diameter of 4—5 nm. Similar to Q-CdTe/DDA,'®
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Figure 3. (a) Typical NOESY spectrum of Q-CdSe/OctA in CDCl5
using a 600 ms mixing time. Cross peaks (NOEs) starting from the
diagonal o-CH, peak are indicated in the spectrum, where the
numbers refer to the labeling introduced in Figure 2. The observa-
tion of strong negative NOEs demonstrates that OctA interacts
with the Q-CdSe. (b) DOSY spectrum of free OctA (red) and
Q-CdSe/OctA (blue) in CDCl5 using a diffusion delay of 50 ms. In
the presence of Q-CdSe, OctA diffuses slower, yet the measured
diffusion coefficient is larger than expected for tightly bound
ligands. The combination of NOESY and DOSY points toward a
fast adsorption/desorption equilibrium between free and bound
OctA.

the 1D '"H, NOESY, and DOSY results all point toward a fast
exchange of OctA between a free and a bound state, with an
excess of free OctA. This excess of free OctA is confirmed by a
quantitative '"H NMR spectrum. In the case of sample A, we
calculate that on average 3000 ligands are present for each QD.
Using again a ligand density of 4 nm™2,'® this corresponds to a
free/lbound ligand ratio of about 12:1. Importantly, due to the fast
chemical exchange, the slightly broadened OctA 'H resonances
represent exchange-averaged signals that are impossible to de-
convolute to quantify the ratios of bound and free ligands."*

To demonstrate that every OctA ligand in the dispersion is
involved in the exchange process, we analyzed the buildup of
the NOE cross peak intensity as a function of the NOE mixing
time. These buildup curves are described by

Ins(t)

= ce R4
1xa(0) (

_e—Rc[)

(1)

Here, Ixp(?) is the intensity of the NOE cross peak between
resonance A and B at time ¢, and Ia4(0) is the initial intensity of
the diagonal peak of resonance A, in this case associated with the
a-CH, resonance. Ry is the overall T; longitudinal relaxation rate
describing the return to equilibrium, and R is the cross relaxa-
tion rate, giving rise to the NOE transfer. The prefactor C is the
relative intensity that the NOE cross peak would attain if no
longitudinal relaxation occurred. As such, it measures the frac-
tion of the initial spin polarization of resonance A that is
transferred to resonance B. By summing up this prefactor over
all possible final resonances, we can estimate what fraction of
the ligands is involved in the exchange process. Indeed, if no
exchange takes place, the NOESY cross peak intensity will only
be due to the fraction of bound ligands (f). Starting then from the
excitation of the o-CH,, the polarization from these 2 a-CH,
protons is transferred to all 17 other protons. Hence, a frac-
tion 17/19f of the initial spin polarization of the a-CH, will
be transferred. Considering the 12:1 free/bound ligand ratio,
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Figure 4. Open circles: buildup of the intensity of the NOE cross
peaks as a function of the time span allowed for cross relaxation
(mixing time t,,). Full lines: best fits of the experimental data to
eq 1, obtained using a fixed T; relaxation time of 2.5 s. The
subscripts denoting the respective peak intensities refer to the
labels introduced in Figure 3a.

Table 1. Parameters Obtained from a Fit of the NOE Buildup
Curves to Equation I, Keeping the Transversal Relaxation Time
(T,) Fixed at the Values Indicated®

T, =25s T, = 30s
C 1/Rc (s) C 1/Rc (s)
Loy 0.52(6) 2.2(3) 0.40(4) 1.6(2)
I 0.12(1) 0.91(8) 0.10(1) 0.78(7)
Iy 0.26(3) 1.8(2) 0.21(2) 1.4(2)
I 5 0.02(1) 3(1) 0.012(6) 2(1)

“Prefactor C gives the fraction of the initial spin polarization which is
transferred from one resonance to other. R¢ is the cross relaxation rate
giving rise to the NOE transfer. As the sum of the prefactors is close to
unity, we conclude that each OctA ligand in the Q-CdSe/OctA dispersion
is involved in the rapid exchange process.

estimated from the quantitative NMR spectrum, we should
observe a polarization transfer of 6.6% in this case. On the
other hand, under conditions of fast exchange, all molecules
spend time on the QD surface during the NOESY mixing time.
Thus, all ligands contribute to the NOESY cross peaks, and a
polarization transfer of 89 % (i.e., 17/19) may be expected.

The parameters resulting from a fit of the NOESY buildup
curves to eq 1 depend on the actual value of the T, relaxation
time, which itself is hard to determine from the NOESY buildup.
Therefore, we measured T, independently for all OctA reso-
nances(2.69,1.47,1.30,and 0.89 ppm), yielding values that
varied between 2.5 and 3.1 s. As a result, we used fixed
values of T, 2.5 and 3.0 s, to fit the NOE buildup curves
(Figure 4). Apart from the transfer to the CHs group (I5.5), this
leads to well-defined fitting parameters (see Table 1), yield-
ing an upper and a lower limit on the polarization transfer of
about 90 and 70 %, respectively. As outlined above, these
high values confirm that essentially every OctA ligand in the
Q-CdSe/OctA dispersion contributes to the negative NOE
cross peak and thus spends time on the QD surface.

The disadvantage of a situation of rapid exchange in NMR
is that it only yields a lower limit on the overall exchange rate
Ronsoft, Which is defined for bimolecular exchange as'®

{4 Xbound)
Xfree

Ronjott = Rott < (2)
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Table 2. Diffusion Coefficients (D) Obtained from the DOSY Mea-
surements Using Different Diffusion Delays (A)*

A (ms) 100 50 20
D (m?ls) 1.292 + 1.315 + 1315+
0.015 x 10° 0.024 x 107 0.029 x 1077

“As a single, constant diffusion coefficient is obtained for delays
down to 20 ms, we conclude that the exchange rate Ron/ofr Strongly
exceeds 505 .

Here, Rog is the first-order rate constant for desorption, while
Xpound aNd Xfree denote the molar fractions of bound and free
ligands, respectively. Lower limits on Ronjoi are most easily
obtained from the DOSY spectra, where the transition
between rapid and slow exchange — characterized by the
appearance of two diffusion coefficients — occurs when the
exchange rate is comparable to the inverse of the diffusion
delay A. We therefore performed DOSY measurements with
a A of 100, 50, and 20 ms. This always resulted in a single,
constant diffusion coefficient, which demonstrates the oc-
currence of fast exchange in all cases (see Table 2). Given the
excess of free ligands (Xfree/Xpound = 0.08), we conclude that
the first-order rate constant Roe 0f OCtA desorption strongly
exceeds 50 s~ '. After reducing the temperature down to
—40 °C, which is above the freezing point of CDCl5 (—64 °C)
but below the freezing point of neat OctA (—5 °C), still no
component with a small diffusion coefficient appeared in the
DOSY spectrum (A = 100 ms). Hence, even at these low temp-
eratures, the fast dynamics persists, with a kg exceeding 10s™ "

Summing up, the combination of 1D 'H spectroscopy,
DOSY, and NOESY clearly shows that OctA molecules are
dynamic ligands for Q-CdSe, exhibiting a rapid exchange
between a bound and a free state with a desorption rate
constant faster than 50 s~ '. This result is in line with previous
work on the stabilization of Q-CdTe by DDA, yet it is at odds
with a number of literature studies on the thermodynamics
and especially the Kinetics of alkylamine exchange based on
changes in PL quantum yield, which reported much slower
ligand dynamics. Clearly, our results show that the relatively
slow exchange rates deduced from studies of the PL intensity
dynamics, with reported half-lives of 70 s up to 110 min,"'?
cannot reflect the simple desorption of alkylamines. Indeed,
an exchange rate of 50 s~ ' or more implies that the entire
ligand shell is refreshed at least 3500 times in a time span of
70 s. This indicates that the observed relationship between PL
intensity and bound or free alkylamines is more complex than
a mere proportionality between intensity and surface ligand
coverage. The results reported here stress the importance
of using direct analysis methods to address the interaction
between ligands and colloidal NPs. In this respect, NMR
spectroscopy has the advantage that it is an in situ technique
that may give information on the kinetics and the thermo-
dynamics of ligand exchange. If the exchange rate is faster
than the inverse of the typical NMR time scales, it provides a
lower limit on this exchange rate. However, as these condi-
tions lead to averaged NMR observables, an accurate deter-
mination of the concentration of free and bound ligands is
difficult, and thermodynamic information, such as adsorption
isotherms and binding energies, is difficult to obtain. If the
exchange rate is slow on the NMR time scales, bound and free
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ligands can be observed separately. In the case of ligands
forming a dative or dipolar bond, adsorption isotherms and
binding energies can be determined under these conditions,
as was shown for Q-InP/TOPO."?

EXPERIMENTAL SECTION

Q-CdSe were prepared in a mixture of TOPO, TOP, and
HDA. The synthesis is described in detail elsewhere.'” The QD
size is determined from the spectral position of the first
absorption peak using the sizing curve of Jasieniak et al.*°
After synthesis, the QDs were washed once with methanol,
dispersed in HDA, and kept under nitrogen. For the NMR
experiments, the dispersions were purified by mixing them
with toluene, precipitating with an excess of methanol, and
redissolving the precipitate in toluene to produce a stock
solution. For both samples, the particle concentration ¢y was
determined from the absorbance at 350 nm, using published
values for the absorption coefficient.*° Pyridine exchange was
done following the procedure of Ji et al.'> For NMR measure-
ments, pyridine-capped particles were precipitated once
more with an excess of hexane and dissolved in CDCls. In
this last step, it was necessary to add a small amount of
pyridine (40—60 uL) to the sample and sonicate; otherwise,
the precipitated QDs did not dissolve in CDCls. For the
subsequent OctA exchange, the sample was precipitated,
and the precipitate was dissolved in 100 uL of OctA and
350 uL of chloroform. The solution was sonicated for 10 min
and precipitated by adding an excess of methanol. This OctA
treatment was repeated once more. The final precipitate was
dissolved in 750 uL of CDCl5 to prepare a sample for NMR
measurements. All 'H NMR spectra were collected using a
Bruker Avance DRX 500 spectrometer ('H and '°C frequencies
of 500.13 and 125.76 MHz, respectively) equipped with a 5 mm
TXI probe (maximum Z-gradient strength of 0.535 T m™ ). The
temperature was set to 298 K unless mentioned otherwise.

SUPPORTING INFORMATION AVAILABLE More detail on
the experimental procedures and NMR spectroscopy ('H, DOSY,
NOESY, and >'P). This material is available free of charge via the
Internet at http://pubs.acs.org.
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