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Pulsed field gradient nuclear magnetic resonance (PFG NMR) experiments have been used to examine ligand
exchange between poly(2-(N,N-dimethylamino)ethyl methacrylate) (PDMA) (Mn ) 12 000,Mw/Mn ) 1.20,
Nn ) 78) and trioctylphosphine oxide (TOPO) bound to the surface of CdSe/TOPO quantum dots (QDs). We
show that PFG1H NMR can quantify the displacement of TOPO by PDMA through its ability to differentiate
signals due to TOPO bound to the QDs versus those from TOPO molecules free in solution. For CdSe QDs
with a band edge absorption maximum at 558 nm (diameter 2.7 nm by transmission electron microscopy),
we determined that, at saturation, 8 polymer chains on average displace greater than 90% of the surface
TOPO groups. At partial saturation, with an average of 6 polymer chains/QD, each TOPO displaced requires
28 DMA repeat units. Assuming that one Me2N- group binds to a surface Cd2+ for each TOPO displaced,
we infer that only about 3% of the DMA units are directly bound to the surface. The remaining groups are
present as loops or tails that protrude into the solvent and increase the hydrodynamic diameter of the particles.

Introduction

Fluorescent colloidal semiconductor nanocrystals, also known
as quantum dots (QDs), are the subject of intense research
because their size-dependent optical properties lead to applica-
tions in novel linear and nonlinear optical devices,1-8 in
catalysis,9-11 and as biological tags.12-14 These materials are
normally synthesized by an organometallic route involving high
temperature and consist of an inorganic core surrounded by a
shell of capping ligands. These ligands, which consist of a polar
head groups and an organic tail, serve three main functions.
First, the polar head group passivates the surface of the QDs
and can lead to material with high photoluminescent quantum
efficiencies. Second, the organic tail provides colloidal stability
in solution, preventing aggregation and growth. Finally, func-
tional groups associated with the tail can serve as sites for
binding the QDs to surfaces or the covalent attachment of
biomolecules. The incorporation of QDs into devices or into
biological systems often requires strategies for the manipulation
of the ligands bound to the QD surface to make them water-
soluble and biocompatible.

While many research groups have used ligand exchange as
an approach to modifying the properties of colloidal QDs, the
tools for studying the exchange process remain limited. This is
particularly true for the case in which one uses the pendant
groups of polymers as multidentate ligands for these QDs.15-17

Polymers can provide robust colloidal stability over a broad
range of solvents. They can carry ionic or reactive functional
groups for incorporation into end-use applications. A wide range
of different homopolymers and copolymers are amenable to
synthesis, providing a wide scope for ligand engineering. Thus,
there is an urgent need for better tools to study the interaction
of polymers with colloidal QDs solutions.

In this paper, we explore the use of pulsed field gradient1H
NMR (PFG NMR)18 to study polymer-ligand exchange for
CdSe QDs prepared in the presence of a mixture of trio-
ctylphosphine (TOP) and trioctylphosphine oxide (TOPO) after
purification to remove excess ligand. These QDs often have
photoluminescence (PL) quantum yields in the range 2-8% and
limited long-term stability, due to slow ligand dissociation
accompanied by particle aggregation. Because of difficulties in
distinguishing between the1H NMR resonances of TOPO and
TOP associated with the QDs, we will refer to the material as
CdSe/TOPO, keeping in mind that the particle surface may also
contain TOP ligands. In the past, we have shown the polymer
poly(2-(N,N-dimethylamino)ethyl methacrylate) (PDMA) un-
dergoes ligand exchange with CdSe/TOPO in toluene solution
to yield CdSe/PDMA with very different solubility properties.17

The polymer renders the particles soluble in a variety of polar
organic solvents (ketones, alcohols such as methanol, toluene,
and tetrahydrofuran (THF)) but insoluble in simple alkanes,
which are effective at dissolving CdSe/TOPO. The polymer can
also lead to an increase in PL quantum yield, but that is not a
topic of consideration in this report. A curious feature of the
CdSe/PDMA particles is that they do not form colloidal
solutions in water, even though PDMA itself is soluble in water.
While there may be several reasons for this behavior, one
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possibility is that some tightly bound TOPO ligands, which can
be detected by1H NMR, render portions of the surface
hydrophobic. This problem can be overcome by the use of
multiple exchanges and a more hydrophilic polymer, a poly-
(ethylene glycol)-PDMA diblock copolymer.17d

An important challenge is to determine the amount of polymer
bound to the particle surface. In 2006, we published a report17c

showing that this information could be obtained using size
exclusion chromatography (SEC) if the polymer contained a
single chromophore at one end. The SEC column can separate
the colloidal QDs from unbound polymer, and adding known
amounts of QDs to a well-defined polymer solution with a small
excess of polymer led to a decrease in the peak area for the
polymer that could be interpreted quantitatively. In this way,
we learned that CdSe/TOPO QDs with a diameter of 4.0 nm
could bind on average 12 molecules of PDMA ofMn ) 6700,
Mw/Mn ) 1.2, andNn ) 43. These experiments, while effective,
were cumbersome and time-consuming. Here we show that this
type of quantitative information is more readily obtained using
PFG NMR.

PFG NMR, as described in numerous learned reviews,18 has
been widely and successfully employed to measure the self-
diffusion coefficient (Ds) in a host of circumstances, including
those of colloids and polymers, whether linear, cyclic, star-
branched, or rodlike. Through the Stokes-Einstein expression,
1/Ds is directly related to the hydrodynamic radius (Rh) in
solution. PFG NMR is also attractive because it can be used
for mixture analysis even in regions of the spectrum where
resonances from different components overlap. For example,
Johnson, Murray, and co-workers19,20have used diffusion-order
NMR spectroscopy (DOSY), based on the PFG NMR technique,
to determine theRh of alkanethiol-stabilized gold clusters. Ribot
et al.21 investigated laurate-capped CeO2 colloids, and Hens et
al.22a measuredDs values of TOPO-capped InP colloids using
PFG NMR. These results confirmed that PFG NMR is a
plausible method to characterize the hydrodynamic dimensions
of nanometer-sized metallic and semiconductor nanoparticles
in solution. Hens et al.22b also used integration of TOPO methyl
resonances of the InP/TOPO dissolved in toluene-d8 to show
that the TOPO ligands desorbed from the surface as the solution
was diluted. From this information, they were able to determine
the binding isotherm for the ligand on the QDs.

In this report, we describe the characterization of CdSe/TOPO
QDs in chloroform-d solution using the PFG NMR technique.
We demonstrate, first, that PFG1H NMR readily determines
the dimension of different sized QDs. Second, we show that
PFG1H NMR spectroscopy differentiates TOPO ligands bound
to the QDs surface from those free in solution, based on their
different self-diffusion coefficients. This permits us to examine
quantitatively the polymer-ligand exchange process, in which
linear PDMA homopolymers displace TOPO from the QDs
surface. We generate, thereby, a measure of the number of DMA
monomer units required to displace one TOPO from the QDs
surface and the fraction of such monomer units interacting with
the QDs/bound PDMA.

Experimental Section

Materials. TOPO-capped CdSe QDs (CdSe/TOPO) were
prepared through an established organometallic approach at high
temperature23,24 in a mixture of trioctylphosphine (TOP) and
trioctylphosphine oxide (TOPO) and purified to remove excess
phosphine ligands by precipitation in methanol (ACP, 99.8%)
followed by redispersion in toluene (ACP, 99.8%). One sample
with a band edge adsorption at 558 nm was purified by three

successive precipitation-redispersion steps, whereas two other
CdSe/TOPO samples lost colloidal stability if more than one
cycle was attempted. Oleic acid-capped PbS (PbS/OA) nano-
particles were prepared by the standard method as described
previously.25 The PbS/OA particles were also purified by three
successive precipitation-redispersion steps using methanol and
toluene. Chloroform-d (D, 99.8% with 0.05% v/v TMS,
Cambridge Isotope Lab. Inc.) was used directly as received.
CuIBr (98%, Aldrich) was washed repeatedly with acetic acid
and ether and then dried and stored under nitrogen. 1,1,4,7,-
10,10-Hexamethyltriethylenetetramine (HMTETA) (97%), 2-(N,N-
dimethylamino)ethyl methacrylate (DMA) (98%), and triethy-
lamine (99.5%) were purchased from Aldrich and used without
further purification. The initiator 1-pyrenemethyl 2-bromoisobu-
tyrate (Py-BIBB) was synthesized as described previously.17c

THF was purified by distillation from sodium plus benzophe-
none.

Synthesis of Poly(2-(N,N-dimethylamino)ethyl methacry-
late) (PDMA) Homopolymer. CuIBr (0.092 g, 0.64 mmol) and
HMTETA (0.30 g, 1.28 mmol) were placed into a 50 mL
Schlenk flask fitted with rubber septa and degassed by three
freeze-pump-thaw cycles. In another flask DMA (6.0 g, 38.16
mmol) and Py-BIBB (0.121 g, 0.32 mmol) were mixed under
stirring and purged with N2 for 30 min to remove oxygen. The
mixture was then transferred to the Schlenk flask to initiate the
polymerization with a two-end needle under N2. The polymer-
ization was maintained at room temperature for 30 min. The
mixture became very viscous, and the polymerization was
terminated by immersing the flask into a liquid-N2 bath. Then
the mixture was diluted with approximate 150 mL of THF and
passed through a column of basic aluminum oxide to remove
the copper catalyst. After most solvent was evaporated, the rest
of the solution was precipitated inn-hexane. The solid product
was dissolved in THF again and precipitated inn-hexane, and
this process was repeated for 4 cycles. Finally, the resulting
polymer was dried at 40°C under vacuum for 3 days. Yield:
60%. The monomer conversion was measured by gravimetry.
The absolute molecular weight was obtained by end-group
analysis using1H NMR (Mn ) 12 000). The molecular weight
distribution (Mw/Mn ) 1.20) was measured by size exclusion
chromatography (SEC) with THF containing 2% triethylamine
(v/v) as the eluent, and polystyrene standards were used to
generate the calibration curve.

Sample Preparation.CdSe/TOPO QDs, with a band edge
adsorption at 558 nm, were prepared for NMR measurements
by first removing the toluene solvent under vacuum at 60°C,
followed by dissolving the dry residue in CDCl3 to achieve a
QDs concentration of 5 mg/mL, equivalent to 1.0× 10-7 mol
of QDs/mL. The concentration of CdSe/TOPO was calculated
through the Beer-Lambert law (c ) A/(εL)),26 and the extinction
coefficient (ε) of CdSe/TOPO QDs was determined by the
empirical equationε ) 5857d2.65 (d is the diameter of the CdSe/
TOPO QDs measured by TEM). Ligand exchange was per-
formed in CDCl3 at 20°C by stirring a mixture of PDMA and
freshly purified CdSe/TOPO for 3 days.

NMR Spectroscopy.All NMR spectra were recorded on a
Varian Infinity 500 MHz NMR spectrometer using a Varian 5
mm double resonance liquids probe. All spectra were recorded
at a sample temperature of 20.0( 0.5 °C. ProtonT1 relaxation
times were measured using a standard inversion recovery
protocol. ProtonT2 relaxation times were measured from the
delay time dependence of the intensity in the Carr-Purcell-
Meiboom-Gill (CPMG) echo experiment.
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1H NMR diffusion measurements were performed at 499.78
MHz using the stimulated echo (STE) pulsed field gradient
(PFG) procedure,27 with a square field gradient pulse of constant
duration (δ) equal to 5 ms and a variable gradient pulse
amplitude (g). The field gradient pulses were applied along the
longitudinal (z) direction exclusively. Typical acquisition pa-
rameters were as follows: a 90° pulse length of 16µs; a spin
echo delay (τ2) of 10 ms; a longitudinal delay (τ1) of 200 ms;
a recycle delay of 5 s; a spectral width of 10 kHz and a 4K
data size, corresponding to an acquisition time of 1.6 s. The
phases of the radio frequency pulses were cycled as described
by Fauth et al.28 to remove unwanted echoes. Spectra were
processed with an exponential multiplication equivalent to 5
Hz line broadening prior to Fourier transformation and were
referenced to tetramethylsilane. Gradient strength was calibrated
from the known diffusion coefficient of HDO at 20°C.29

Data Analysis. In the stimulated echo (STE) pulsed field
gradient (PFG) NMR sequence (see Figure S1 in the Supporting
Information), during the first gradient pulse of magnitudeg
(T/m) and durationδ (s) nuclear spins are encoded with a phase
shift Φ ) γgδz, whereγ is the particular magnetogyric ratio
andz is the spin’s displacement along the direction of the applied
field gradient. In the absence of diffusion during the diffusion
time ∆ ) τ1 + τ2 the second identical gradient pulse produces
an equal rephasing of the magnetization and, consequently, an
unattenuated echo forms. If diffusion occurs during the delay
time ∆, then the rephasing is incomplete and the resulting echo
is attenuated proportionately. In STE PFG NMR for the case
of unrestricted isotropic diffusion of a single species the
stimulated echo intensity (I) decays according to

whereDs is the isotropic self-diffusion coefficient, whileT1 and
T2 are the longitudinal and transverse relaxation times, respec-
tively. Experimentally, either the gradient pulse amplitude, or
its duration, or the diffusion time may be incremented progres-
sively. To extract diffusion coefficients from such experimental
data the resonance intensity ln(I/I0) is plotted versusk ) [(γgδ)2-
(∆ - δ/3)] such that the diffusion coefficient corresponds to
the slope. In the STE PFG NMR sequence∆ ) τ1 + τ2 so that
for situations whereT1 > T2 the experimentally accessible
diffusion time is limited byT1 rather thanT2, which confers
the ability to employ longer diffusion times, thereby facilitating
diffusion measurements for cases of slower diffusion, or lower
gradient strengths, or lowerγ nuclei.

For the case of overlapping resonances from independently
diffusing species undergoing slow exchange on the time scale
of the diffusion measurement, such as the TOPO free in solution
and bound to the QDs surface, the diffusive decay is a sum of
exponentials

wherefi is the fractional intensity contributed by speciesi (Σfi
) 1) having self-diffusion coefficientDsi and longitudinal and
transverse relaxation timesT1i andT2i, respectively.

For the purpose of fitting eq 2 to experimental data, the
relaxation times of each component must be determined
independently. For a two-component fit, initial estimates of the
self-diffusion coefficients are obtained from the smallk and large
k decays, and then the overall STE PFG NMR intensity decay
is simulated using eq 2, assuming initial values for the relative

populationsfi. The relative populations and diffusion coefficients
are then refined based on aø2 error analysis in which the
diffusion coefficients are fixed while varying the relative
populations. The diffusion coefficients are then varied iteratively
until a global minimumø2 was obtained, withø2 is defined as

whereN is the number of differentI/I0 values andn the number
of variable parameters, where typicallyN ) 20 andn ) 3.

From the diffusion coefficient one may calculate the hydro-
dynamic radius of the diffusing species,Rh, using the Stokes-
Einstein equation

wherek is the Boltzmann constant andη is the solution viscosity
at the measuring temperatureT. The viscosity is readily obtained
from the same STE PFG NMR data set if the solvent, of known
molecular radius, exhibits a proton resonance.

Results and Discussion
1H NMR Spectra. We begin by presenting in Figure 1 the

1H NMR spectrum of TOPO, CdSe/TOPO, the polymer PDMA,
and a CdSe/TOPO/PDMA mixture in chloroform-d solution.
For TOPO itself, distinct resonances a, b, and d are observed at
1.56, 1.65, and 1.38 ppm, respectively, for CH2 protons and
resonance e at 0.88 ppm for the terminal CH3 group. The
remaining CH2 groups c yield a set of superimposed resonances
at around 1.28 ppm. When bound to CdSe/TOPO QDs, these
proton resonances are not significantly shifted relative to TOPO
free in solution but instead are all broadened, an effect attributed
to the close-packing TOPO ligands on the surface of nanopar-
ticles.30,31 PDMA free in chloroform-d solution exhibits well-
resolved resonances readily assigned to particular methylene
and methyl protons, as shown in Figure 1, among which the
amino methyls at 2.28 ppm are especially noteworthy, as is the
fact that no PDMA resonances occur in the region of the proton
spectrum occupied by the TOPO methylene groups c. As shown
in the bottom spectrum, when PDMA is added to CdSe/TOPO
QDs, the TOPO resonance c is readily resolved from the PDMA
resonances. This means that in the PFG NMR diffusion
experiment it will be possible to independently and simulta-
neously monitor the diffusion of PDMA and TOPO.

Diffusion Coefficients and Particle Diameters.In Figure
2 we plot the decay of the STE PFG1H NMR resonance c of
the TOPO methylenes for a solution of 5.0 mg/mL (1.0× 10-4

M QDs) CdSe/TOPO in CDCl3. A typical STE PFG1H NMR
spectral data set from which the intensities were obtained is
shown in Figure S2 in the Supporting Information. This sample,
with a band-edge absorption maximum at 558 nm, had been
purified of excess free TOPO by three precipitations from
toluene into methanol. The linear signal decay for CdSe/TOPO
is characteristic of a single diffusing species, and from the slope
we calculateDs(CdSe/TOPO)) 2.40 ((0.05) × 10-10 m2/s. In a
parallel experiment on TOPO free in CDCl3 (not shown), we
obtainedDs(TOPO)) 7.55 ((0.05)× 10-10 m2/s. The lower curve
in Figure 2 is the signal decay for a 5.0 mg/mL solution in
CDCl3 of CdSe/TOPO QDs to which an additional 2.8 mg/mL
TOPO was added. One sees a nonlinear decay which can be
fitted to a sum of two exponentials as per eq 2 with diffusion
coefficients of 8.59× 10-10 and 2.40× 10-10 m2/s, i.e., close
to those of the corresponding free TOPO and CdSe/TOPO QDs.

I ) I0 exp(-2τ2/T2) exp(-τ1/T1) exp[-(γgδ)2(∆ - δ/3)Ds]
(1)

I/I0 ) Σ fi exp(-2τ2/T2i) exp(-τ1/T1i) exp(-kDsi) (2)

ø2 ) [1/(N - n)] ∑
i)1

N

{[(I/I0)i,exp- (I/I0)i,calcd]/(I/I0)i,exp}
2

(3)

Ds ) kT/(6πηRh) (4)
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From this experiment, we learn that the two TOPO populations
diffuse as independent entities without exchange on the diffusion
time scale (∆) of the experiment.

The curve fitting with eq 2 requires knowledge of the
individual T1 and T2 relaxation times. Their values measured
for the purified CdSe/TOPO QDs and free TOPO are listed in
Table S1 in the Supporting Information and reflect one’s
expectation that the TOPO mobility decreases upon binding to
the QD surface. Note that the spectral acquisition conditions
provide for full relaxation of the CH2 resonances of both TOPO
populations. From eq 2, using these same relaxation times, the
fitted weight fractions of the two components wereffast ) 0.70
andfslow ) 0.30. Thus, the original 5.0 mg of CdSe/TOPO QDs
can be calculated to contain approximately 1.2 mg of TOPO
bound to the surface. This value of 24 wt % TOPO corresponds
to that reported by others for similar sized CdSe/TOPO QDs.
For instance, Wang et al.17b used peak integration of the1H

NMR spectrum in the presence of an internal standard to obtain
a value of 20 wt % TOPO, while Kuno et al.32 used thermal
gravimetric analysis (TGA) to obtain 23 wt % TOPO. Further-
more, given that the 1.2 mg of TOPO bound to the surface
corresponds to 3.12× 10-6 mol of TOPO (Mr ) 386 g/mol)
and that the number of QDs equals 1.0× 10-7 mol, one
estimates that one QD bears 31 TOPO.

Since concentration has little effect on the magnitude of the
QD, Ds values in these PFG NMR experiments (see, for
example, Figure S3 in the Supporting Information), we can
employ the Stokes-Einstein equation according to eq 4 to
calculate the hydrodynamic diameter (dh ) 2Rh) of the particles.
For the CdSe/TOPO sample in CDCl3 with the first absorption
wavelength of 558 nm, we obtaindh ) 3.22 ( 0.07 nm. The
size of QD core (dcore ) 2.7 ( 0.5 nm) was determined
independently by transmission electron microscopy (TEM). The
size difference is due to the contribution of the TOPO capping
layer on the diameter of the particles in solution. Note that, on
the basis of the size of the QD core, each of the 31 TOPO
molecules bound at the surfaces is estimated to occupy a surface
area of roughly 8.3 Å2.

These experiments were also repeated with two other CdSe/
TOPO samples with band-edge absorption maxima at 513 and
588 nm. Here we experienced difficulty in obtaining colloidally
stable samples with most of the excess TOPO removed. Samples
subjected to a single precipitation in methanol gave stable
colloidal solutions in CDCl3 but after a second precipitation
could no longer be dissolved or dispersed in toluene or CDCl3.
The PFG NMR decay traces for these samples resembled the
lower curve in Figure 2. We could obtain the QD diffusion
coefficient values from the slow decay. These, along with the
dcore values obtained by TEM, are presented in Table 1 and
confirm the expectation that the band edge emission is shifted
progressively to the red as the CdSe particle core size increases.

Table 1 also includes the results of measurement on an oleic
acid-capped PbS nanocrystal (PbS/OA) sample in CDCl3 in

Figure 1. 1H NMR spectra of TOPO molecules (4.5 mg/mL), CdSe/TOPO QDs (5.0 mg/mL), PDMA polymers (2.5 mg/mL), and CdSe/TOPO+
PDMA (2:1 wt) mixtures (5.0 mg/mL for QDs) in CDCl3 at 20°C.

Figure 2. Stimulated echo intensity attenuationI of the TOPO NMR
signal at 1.28 ppm in the STE PFG NMR diffusion experiment
(20 °C, δ ) 5 ms,∆ ) 210 ms) in CDCl3 as a function of the gradient
strengthg for CdSe/TOPO QDs (5.0 mg/mL) and CdSe/TOPO QDs
(5.0 mg/mL) also containing 2.80 mg/mL free TOPO. The solid lines
are the curves of best fit obtained using eq 1 for CdSe/TOPO QDs and
eq 2 for CdSe+ free TOPO, with relaxation times as provided in Table
S1 in the Supporting Information and the fitting parameters described
in the text.
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which the diffusion coefficient was determined by monitoring
the methylene resonances of the OA ligands at 1.30 ppm. These
data are included to emphasize the general utility of PFG NMR
to determine the hydrodynamic diameter of QDs in solution.

Ligand Exchange with Poly(2-(N,N-dimethylamino)ethyl
methacrylate) (PDMA). Ligand exchange is widely used to
modify the surface properties of colloidal nanocrystals.15,17By
proper choice of ligands, one can modify the colloidal properties
of the nanoparticles and introduce functional groups for the
covalent attachment of photoactive or electroactive species. We
have a particular interest in using polymers with functional
pendant groups as multidentate ligands for QDs.17 Polymer-
QDs interactions are a special case of polymer-colloid interac-
tions, a topic with a long history that has been extensively
studied, both experimentally and theoretically.33 Nevertheless,
relatively little is known about the interaction of polymers with
particles as small as typical QDs. Most of our experiments have
been carried out on low-to-medium molar mass samples of
PDMA. We have, for example, shown that PDMA interacts with
TOPO-passivated CdSe, ZnSe, and core/shell CdSe/ZnS QDs
in toluene or CHCl3 to provide colloidally robust nanoparticles
that form colloidal solutions in a variety of polar and semipolar
solvents such as alcohols, acetonitrile,N-methylpyrrolidone
(NMP), and tetrahydrofuran (THF) but are insoluble in nonpolar
solvents like hexane.17 31P NMR experiments demonstrate that
the polymer displaces TOPO from the particle surface to
generate free TOPO molecules in solution.15,17 Unfortunately,
the31P NMR experiment is not quantitative, and sometimes the
peaks due to free TOPO are too weak to be observed.

Here, we use the STE PFG NMR technique to monitor
polymer binding and ligand exchange of CdSe/TOPO and
PDMA. The QDs sample employed is the sample shown in
Figure 2 (purified by three precipitation-redispersion cycles)
with a band-edge emission at 558 nm. The PDMA sample (Mn

) 12 000,Mw/Mn ) 1.20, and a number average degree of
polymerizationNn ) 78) was synthesized by atom-transfer
radical polymerization (ATRP) as described in the Experimental
Section. To investigate the ligand exchange process, a small
amount of PDMA polymer (5.0 mg, 4.2× 10-7 mol) was added
to 1.0 mL of a CDCl3 solution of CdSe/TOPO QDs (5.0 mg/
mL, 1.0 × 10-4 M). The number ratio of polymer to QDs is
4:1. From previous experiments,17 we anticipated that this
represented less than the full amount of PDMA that could bind
to these QDs. The mixtures were stirred for 3 days to promote
equilibration.

In Figure 3 we compare the STE PFG1H NMR signal decay
for the PDMA dimethylamino resonance at 2.28 ppm (upper
line) with that of the TOPO CH2 resonance c at 1.28 ppm (lower
line). The straight line for the PDMA resonance suggests a

situation characterized by a single diffusion coefficient. The
PDMA diffusion coefficient here is close to, but not identical
with, that characteristic of free PDMA in CDCl3 (see Figure 5,
below). The two values are too similar, however, to allow a
differentiation of PDMA free in solution from PDMA bound
to QDs on the basis of their relative diffusion coefficients alone.
Such a differentiation might well be possible with a lower
molecular weight PDMA polymer. Note, as well, that the largest
PDMA 1H NMR resonance, which arises from the amino methyl
protons, shows no significant difference in line width between
PDMA free in solution and bound to QDs.

The lower line in Figure 3, monitored at peak c of TOPO, is
curved but can be fitted as a sum of two exponentials, as per
eq 2, indicating that TOPO exists as two independently diffusing
populations. The slow TOPO decay has the same slope as the
PDMA decay. We infer that this slope describes the diffusion
of QDs that contain both PDMA and TOPO bound to the CdSe
surface. The fast decay corresponds to the diffusion of TOPO
molecules that have been displaced from the QDs. Optimum
fitting parameters were obtained by examination of theø2

surface (eq 3) for combinations of the fitting parametersDs and
ffast (fslow ) 1 - ffast) that led to the smallest mean-squared
differences between the fitted and experimental data. An
example is shown in Figure 4 for the fitting of the lower curve
in Figure 3, where it is evident that the best fit is obtained for
the fitting parametersDs,slow ) 1.9 × 10-10 m2 s-1, Ds,fast )
6.1 × 10-10 m2 s-1, and ffast/fslow ) 0.90. The fact that these
diffusion coefficients so closely correspond with those of TOPO
free in solution (see below) and TOPO bound to the CdSe
surface as in Figure 2 indicates that the ratioffast/fslow ) 0.90
defines the fraction of TOPO that has been displaced from the
CdSe particle surface by PDMA.

TABLE 1: Self-Diffusion Coefficient (Ds) Determined by
PFG NMR and Particle Diameter (d) from PFG NMR and
TEM for Different QDs with Different UV -Vis Absorption
Wavelengths

QDs (λmax,a nm) Ds
b (10-10 m2/s) dh

c (nm) dTEM
d (nm)

CdSe (513 nm)e 2.58( 0.20 3.15( 0.24 2.1( 0.5
CdSe (558 nm) 2.40( 0.05 3.22( 0.07 2.7( 0.5
CdSe (588 nm)e 1.50( 0.10 5.15( 0.34 4.5( 0.3
PbS (1109 nm) 1.90( 0.02 4.01( 0.04 3.5( 0.5

a Band-edge absorption wavelength of the CdSe/TOPO samples.
b Self-diffusion coefficient obtained by PFG NMR.c Hydrodynamic
diameter calculated from the Stokes-Einstein expression, eq 4.d Core
diameter obtained by TEM.e These two samples could not be precipi-
tated and redispersed more than once. The QD self-diffusion coefficients
were obtained by fitting the PFG NMR diffusive decays of the TOPO
signal using eq 2.

Figure 3. Stimulated echo intensity attenuationI of the NMR signal
for QDs (5.0 mg/mL, 1.0× 10-4 M) at 1.28 ppm and PDMA (5.0
mg/mL, 4.2× 10-4 M) at 2.28 ppm in the STE PFG NMR diffusion
experiment (20°C, δ ) 5 ms) of PDMA/QDs mixture CDCl3 solution
as a function of the gradient strengthg with ∆ ) 310 ms. The solid
lines are the curves of best fit obtained using eq 1 for CdSe/PDMA
and eq 2 for TOPO, with relaxation times as provided in Table S1 in
the Supporting Information and the fitting parameters described in the
text.

Figure 4. Plot of ø2 vs ffast/fslow for various assumed values ofDs,fast

indicated in the figure for the data presented in the lower curve in Figure
3. The optimum fit corresponds to the minimum value ofø2.
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Values ofDs,fastobtained in this way vary with the concentra-
tion of PDMA added and do not correspond to the value
obtained for TOPO itself in CDCl3. These results suggest that
there are subtle features of TOPO diffusion in the presence of
PDMA that need to be elucidated. The upper line of Figure 5
shows a plot of the measured diffusion coefficients of TOPO
(2.5 mg/mL in CDCl3) as a function of increasing concentrations
of PDMA. The lower line shows the corresponding diffusion
coefficients for PDMA itself. Both values decrease with
increasing PDMA concentration. The decrease inDPDMA is likely
due to a small concentration-dependent increase in monomeric
friction coefficient, which is often seen in PFG NMR studies
of polymer in dilute solution. We focus on the even more
pronounced decrease inDTOPO. The fact thatDCDCl3 (not shown)
hardly changes indicates that there are no significant changes
in solution viscosity over this range of polymer concentration
fractions. As an alternative explanation, we propose a weak
interaction between TOPO and PDMA that leads to a TOPO-
polymer complex in rapid equilibrium with free TOPO:

The complex would presumably have mobility comparable to
that of the polymer. Because of the rapid exchange, one would
measure a signal decay that represented a weighted average of
the fraction of bound TOPO and the mobility of the two species.
We use this argument to rationalize the slower decay of TOPO
in the presence of free PDMA and in the presence of TOPO-
covered QDs.

Figure 6 shows the results of the analysis of PFG NMR
experiments in which we added incrementally increasing
amounts of PDMA to solutions of CdSe/TOPO (5.0 mg/mL)
in CDCl3. For concentrations of PDMA below 10 mg/mL, we

obtained plots similar to those shown in Figure 3, i.e.,
monoexponential for PDMA and biexponential for TOPO. For
the TOPO signal, theDs,slow values calculated from the slow
decay (inverted triangles) were equal to theDs values determined
from the PDMA signal (filled circles), indicating that these
signals describe the QD diffusion, which decreases with
increasing PDMA concentration. At higher PDMA concentra-
tions, both the TOPO and PDMA signals exhibit a monoexpo-
nential decay, albeit with different values of the diffusion
coefficient, indicating that sufficient polymer has been added
to completely displace TOPO from the QD surface.

In Figure 7 we plot values offfast against the weight ratio of
PDMA to CdSe/TOPO in the solution. The magnitude offfast

increases approximately linearly with added PDMA, and we
equate this value with the fraction of TOPO displaced from the
particle surface. It is known that small amount of TOPO remain
tightly bound to the CdSe QD surface even after exchange with
PDMA.17d In the NMR experiment, it would be difficult to detect
the contribution to diffusion of small amounts (ca. 5 wt %) of
TOPO bound to the particle. Thus, we conclude conservatively
that>90% of the TOPO groups on CdSe/TOPO were displaced
by the polymer at a PDMA:CdSe/TOPO weight ratio of 2.0.
Assuming that all PDMA molecules bind to the QDs, we deduce
that, at the point of full TOPO displacement, on average 8
polymer chains bind to each QD.

Nature of the Polymer-Nanoparticle Interaction. Poly-
mers adsorb to surfaces to form loops, trains, and tails. The
term train refers to the units along the polymer backbone in
direct contact with the surface. Polymer adsorption to flat
surfaces is often characterized by a “pancake-to-brush”
transition:34-36 at low levels of polymer in contact with a bare
surface, there is a tendency for the chains to lie flat on the
surface (the pancake) with only small loops and tails. At higher
levels of polymer, the adsorption density becomes much higher.
Fewer segments of each chain are in contact with the surface,
and repulsion between solvent swollen polymer coils forces the
loops and tails to become elongated normal to the surface. These
elongated chains can be thought of as a polymer brush.

The PDMA-CdSe interaction differs from this picture in
several respects. First, the pronounced curvature of the surface
of these very tiny nanoparticles will affect the nature of the
interaction. For example, local stiffness of the polymer chain
associated with finite bond lengths and rotational isomers may
limit access of consecutive polymer repeat units to the surface.
Second, the interaction of PDMA likely involves a specific
interaction between the tertiary amine groups of the polymer
and Cd atoms at the QDs surface.37 This ligand exchange is
coupled to TOPO displacement, and it is through this process

Figure 5. Self-diffusion coefficients (Ds) of PDMA and TOPO (2.5
mg/mL) components as a function of PDMA concentration in CDCl3

at 20°C.

Figure 6. Self-diffusion coefficients of PDMA and TOPO as a function
of PDMA concentration in CDCl3 with CdSe QDs (5.0 mg/mL) at
20 °C. When the concentration of PDMA is below 10.0 mg/mL, both
fast and slow TOPO components can be observed. Free TOPO refers
to the fast component and bound TOPO refers to the slow component.
When the concentration of PDMA is 10.0 mg/mL or greater, only one
mode of TOPO diffusion can be observed.

TOPO+ PDMA T TOPO-PDMA (5)

Figure 7. Fraction of TOPO displaced from CdSe/TOPO QDs (5.0
mg, 1.0× 10-7 mol) in CDCl3 by PDMA as a function of the PDMA/
CdSe/TOPO weight ratio. The point at PDMA/CdSe/TOPO) 2 was
measured twice to confirm that no slow component could be detected.
The error bars of the first three points correspond to the standard error
of the fit using eq 2. The error bars of the last two points represent the
uncertainty arising from the fact that the intensities decay only to 5%
of their initial values.
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that PDMA is able to passivate the surface of the quantum dots.
The PFG NMR results provide information concerning the
stoichiometry of ligand exchange as well as the size of the
resulting complex.

The number of DMA monomer units required to displace a
single TOPO,N*, is calculated as

with WPDMA the weight amount of PDMA polymer added.MDMA

()156) is the molecular weight of the DMA monomer;ffast is
the fraction of the fast component of TOPO calculated from
the PFG NMR experiment.WTOPO is the weight of TOPO on
the CdSe/TOPO surface, andMTOPO the molecular weight of
TOPO ()386). The calculation yieldsN* ) 19 DMA units
adsorbed to the QDs for each TOPO displaced for the case of
2.5 mg/mL of PDMA. With increasing amounts of PDMA
added, the stoichiometric ratioN* increased. Specifically, at
5.0 mg/mL PDMA,N* ) 23 while, at 7.5 mg/mL PDMA,N*
) 28.

It is known that both TOPO and amine groups coordinate
Cd surface sites.37 Assuming that one DMA unit displaces one
TOPO molecule, we calculate that for the case of 2.5 mg/mL
of PDMA only 4% of the PDMA groups interact directly with
the CdSe surface, while the other 96% protrude into the solution.
These values for all PDMA concentration are indicated on the
top axis of Figure 8 and imply that the adsorbed polymer is
present largely in the form of loops and tails.

In Figure 8 we also plot values of the hydrodynamic diameter
of the QDs as a function of PDMA concentration, over a range
where essentially all of the polymer molecules adsorb to the
QDs. For example, in the presence of 2.5 mg/mL of PDMA
(corresponding to an average of 2 polymer chains/particle), we
note only a 30% increase in diameter. At 5.0 mg/mL PDMA
(corresponding to an average of 4 polymer chains/particle), the
diameter of the original particles more than doubled to 6.8 nm.
Finally, at 7.5 mg/mL PDMA (corresponding to an average of
6 polymer chains/particle),dh increased to 9.2 nm. This
progressive increase of the particle diameters with added PDMA
correlates with the notion that PDMA adsorbed to the QD
surface adopts a conformation dominated by loops and tails
extending out from the surface.

Summary

PFG NMR measurements were used to characterize the
interaction of TOPO-coated CdSe QDs in CDCl3 with linear
PDMA with Mn ) 12 000 (Mw/Mn ) 1.2, Nn ) 78). Polymer

adsorption was accompanied by displacement of TOPO mol-
ecules from the QD surface. Previous experiments have shown
that ligand exchange with PDMA normally leads to a modest
increase in the quantum yield of QD emission.17b Thus, the
DMA groups of the polymer in contact with the surface are
effective at passivating the surface, presumably by binding to
Cd ions. At low polymer binding level, PDMA enhanced the
colloidal stability of the particles but led to only a modest
increase in the hydrodynamic volume of the particles. By
comparing the amount of polymer added to the solution to the
amount of TOPO released from the QD surface, we determined
that, at lower levels of added polymer, a chain segment of on
average 19 DMA monomer units was associated with the
displacement of each TOPO molecule from the QD surface.
We show a schematic representation of this binding process in
Chart 1, where the polymer binds to the CdSe particle surface
in the form of small loops.

When additional polymer was added, the effective hydrody-
namic diameter of the polymer increased substantially. Further-
more, an even smaller fraction of the PDMA repeat units became
involved in binding to the surface as the amount of polymer
adsorbed increased. At the highest level of binding, in which
each nanoparticle on average had 6 polymer molecules attached,
28 DMA groups were bound for each TOPO displaced. This
result indicates that, on average, only about 3% of the DMA
groups interact directly with the surface, while the other 97%
is present in the form of loops and tails. In Chart 1 this evolution
in binding is indicated by longer loops and tails when large
amounts of polymer interact with the QDs.

Taken together, these experiments emphasize how useful PFG
NMR experiments are for characterizing colloidal nanocrystals
in solution and for the study of their interaction with polymers.
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