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ABSTRACT: Hydrodynamic size is a characteristic dimension that reflects the Brownian
diffusion of objects, such as proteins, macromolecules, and various colloids when dissolved/
dispersed in fluid phases. This property is crucial when investigating the utility of colloidal
nanocrystals and polymeric materials in biology. Dynamic light scattering (DLS) has been widely
used to measure the diffusion coefficient and hydrodynamic size of such systems. Comparatively,
diffusion-ordered NMR spectroscopy (DOSY-NMR) is a relatively new analytical method that has
provided researchers with an alternative experimental approach to access such information. Here,
we apply DLS and DOSY-NMR simultaneously to characterize the diffusion coefficient and
hydrodynamic size of several sets of nanocolloids, including dispersions of gold nanoparticles and
luminescent quantum dots that are surface-capped with either hydrophobic or hydrophilic
coatings, as well as a monomer and a low-molecular-weight polymer. We compare, side by side, the
findings acquired from each measurement, which has allowed us to identify the benefits and
constraints of each technique. Our results show that the two approaches provide comparable data when larger size nanocolloids are
probed. However, we find that DOSY is substantially more effective in characterizing nanocolloids that are fluorescent and/or have
very small dimensions, as well as molecular-scale organic ligands, where DLS reaches its limit. Additionally, we find that, compared
to DLS, DOSY tends to require higher solute concentrations and longer collection time to generate data with high signal-to-noise
ratios.

■ INTRODUCTION

Colloidal nanocrystals grown using bottom-up, solution phase
methods, such as gold nanoparticles (AuNPs) and luminescent
semiconductor quantum dots (QDs), have been integrated into
a variety of applications ranging from electronic devices to
sensor and imaging probe designs in biology.1−10 These
applications exploit some of the unique size- and shape-
dependent optical and spectroscopic properties exhibited by
these materials.2,3,7,8,11−20 The surfaces of such nanocolloids are
engineered to present coatings made of molecular-scale or
polymer ligands (hydrophobic, amphiphilic, or hydrophilic),
which promote the dispersion of these materials in solutions.
Such coatings promote long-term colloidal stability and control
the nanoparticle (NP) interactions with biological media. They
also facilitate conjugation to various targeted molecules, yielding
hybrid, biologically active nanoparticle constructs. One of the
key parameters often needed to understand and control the
behavior of these colloids, either in solution or integrated within
biological media (e.g., in buffer media, serum, and cell media), is
a reliable determination of their hydrodynamic size. This is a
characteristic dimension that reflects the Brownian motion of
these nanomaterials in fluid phases. Such property often
describes the contribution of the organic coating to the overall
mobility of the nanocrystals and the interactions of the colloids
with the surrounding medium. In biological media, it also

accounts for the effects of nonspecific adsorption of
biomolecules on the nanocrystal surfaces.21,22 Therefore,
developing an accurate and reliable analytical characterization
of the hydrodynamic size of such small colloids when dispersed
in solution phases is crucially important, both for understanding
the behavior of these materials in various systems, biological and
nonbiological alike, and for improving their stability and
reactivity.23−26

Conventional high-resolution analytical methods, such as
transmission electron microscopy (TEM) and static small-angle
X-ray scattering (SAXS), are effective techniques to characterize
the dimensions of the inorganic component of these complex
and very small colloids; they tend to overlook/ignore the
contribution of the organic ligand shell.27,28 Comparatively,
dynamic light scattering (DLS), also known as photon
correlation spectroscopy, or quasi-elastic light scattering, has
been widely used to extract information about the Brownian
diffusion coefficient (and hydrodynamic size) along with the
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interaction parameters for solutions of proteins, macro-
molecules, liposomes, and colloids with sizes of ∼10−1000
nm.29,30 However, the technique encounters serious limitations
when probing very small solute objects (e.g., nanocrystals with
diameters <2 nm or low-molecular-weight polymers), due to a
drop in the measured scattered signals.29−31 Moreover, when
this technique is applied to a fluorescent material (e.g., orange-
and red-emitting QDs), the sample emission interferes with the
scattered laser signal, which complicates data analysis and yields
unreliable information. In this scenario, fluorescence correlation
spectroscopy (FCS) can be used to circumvent this issue.
However, a careful understanding of single molecule emission is
required for data processing and analyses.22,32−35

The development of diffusion-ordered spectroscopy (DOSY),
a two-dimensional (2D) nuclear magnetic resonance (NMR)
technique (also referred to as spin echo), has opened new
opportunities to characterize the diffusion properties of colloids
and other solute materials over a broad size range. Because the
technique does not exploit a size-dependent signal, but instead it
correlates changes in the NMR signals of specific atoms/groups
within larger structures (e.g., polymers and nanoparticles) to
their Brownian motion, DOSY provides an effective means to
measure the diffusion coefficient of various solute materials.

Additionally, this method allows access to a wide size range and
can be applied to fluorescent objects, such as luminescent
quantum dots. Hens, Martins, and co-workers have pioneered
the use of NMR techniques to probe the dynamic of ligand
interactions with nanocolloids, identify binding site hetero-
geneity, and track ligand competition for surface coordination in
QD dispersions.36−38 They also used DOSY to probe the
diffusion of ligands in nanoparticle suspensions, characterize
bound oleate ligands on QDs, and measure the hydrodynamic
size of these nanomaterials.39−41 Similarly, our group used
DOSY to monitor the purification of QDs and identify the
nature of the bound ligands.42−44 In particular, we showed that
DOSY can distinguish between bound and free ligands in the
medium, based on differences in the translational diffusion
coefficients, associated with specific protons in the coating
ligands.
In this study, we carry out a side-by-side comparison between

similarities and differences of DLS and DOSY-NMR when
applied to characterize various materials, including metallic
AuNPs, luminescent CdSe core-only and CdSe−ZnS core−shell
QDs, low-molecular-weight polymers, and molecular-scale
ligands. We provide the mathematical rationales and combine
these with data from several representative samples to draw a

Figure 1. Schematic representation of the main steps involved in a dynamic light scattering measurement. Following irradiation of the sample with a
laser source, the fluctuating scattered signal collected at a given angle with respect to the incident beam (bottom left) is used to construct the time-
dependent normalized autocorrelation function, g(1)(θ,τ), shown in the bottom right.
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complete picture of the “pros and cons” of each technique. In
particular, we show that, while both techniques provide reliable
data when probing dispersions of larger size solutes, DLS tends
to fail when the probed dispersions/solutions contain rather
small objects (e.g., core-only QDs and low-molecular-weight
polymers). However, DOSY-NMR can still yield reliable
information for smaller nanocrystals and molecular-scale solute
objects.

■ EXPERIMENTAL SECTION
Background. Dynamic Light Scattering. It has been

established that when a sample, with inherent inhomogeneities,
is subjected to electromagnetic irradiation, an elastically
scattered signal can be measured; the signal originates from
the scattering centers in the medium, as originally proposed by
Rayleigh.29,45,46 The Rayleigh model also predicts that the
amplitude of the scattered intensity varies as the sixth power of
the solute object size (e.g., the radius of a sphere).29

Furthermore, if a fluid sample such as a solution of proteins or
a dispersion of nanoparticles is used, fluctuations in the
concentration of scattering centers are time-dependent, due to
the Brownian motion, which yields a time-dependent Rayleigh
signal. In addition to size, light scattering inherently depends on
the polarizability contrast between the solute objects and the
surrounding solvent molecules, which can be simply accounted
for through the refractive index increment of the solution/
dispersion with respect to solvent alone, normalized to
concentration, dn/dc. Thus, to be effective, DLS measurements
require a nonzero value for dn/dc.29,47

Dynamic light scattering exploits the time-dependent
fluctuations in the scattered intensity to extract a measure of
the solute diffusion coefficient and information about the
polydispersity index (PDI). In a routine DLS experiment, the
autocorrelation function of the scattered intensity, at an angle θ
with respect to the incident beam (see schematics in Figure 1),
Is(q,τ), is built from the scattered signal using46

τ
τ
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⟨ + ⟩
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using the relation

τ τ= | − |g q a g q( , ) ( , ) 1(1) (2) 1/2
(2)

where the constant a is proportional to the amplitude of the
scattered signal.
When inhomogeneities in the size and/or molecular weight

(MW) of the solute objects are present (which is always the
case), the autocorrelation function exhibits a departure from the
ideal single-exponential decay expected for a monodisperse
sample. Size distribution can be described using, for example,
Gaussian or log-normal distribution functions.30 To account for
the effects of size inhomogeneities, the autocorrelation function
is then best-fit to a cumulant series30,48

τ = τ μ τ−Γ + +···g q a( , ) e(1) ( ( /2) )2
2

(3)

where the first cumulant is the average decay rate, Γ, and the
second cumulant μ2 provides a measure of the polydispersity
index defined as

μ
≡ =

Γ
i
k
jjj

y
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mean size
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2
2 (4)

The decay rate Γ depends on the diffusion coefficient,D, and the
wavevector, q, via the relation: Γ = Dq2. The above procedure
can be applied at several angles, yielding multiple measurements
of D for a given sample, which increases the accuracy of the
reported value.29,31,47

A further refined analysis of the scattered data that accounts
for the size dispersity of the sample uses the Laplace transform of
the autocorrelation function, which can be written as

∫ τ τΓ = τΓG g q( ) ( , ) e d(1)
(5)

Representation of the Laplace transform function, G(Γ), for a
homogeneous dispersion of nanoparticles (or a solution of
macromolecules) would provide a discrete peak centered at the
decay rate (or diffusion coefficient) of the solute species. This
approach is routinely used to plot the scattering data as a
histogram of the intensity vs hydrodynamic radius, RH, using the
Stokes−Einstein relation29

πη πη
= = =D

k T
f

k T
R

R
k T

D6
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6
B

T

B

H
H

B

(6)

where kB, f T, and η are the Boltzmann constant, the friction
coefficient, and the solvent viscosity, respectively. Here, the
width of the peak reflects the effects of the PDI value on the
measured scattering data.
The DLS data are often acquired using a small but finite

concentration (i.e., dilute regime). The effects of interparticle
interactions in sterically stabilized samples are small, yet not
negligible. When these interactions are accounted for using, for
instance, the second virial coefficient, one can express the
diffusion coefficient (or RH), often referred to as an apparent
(concentration-dependent) diffusion coefficient, Dapp(c), as

= + = −D D Kc R R Kc(1 ) or (1 )app 0 H H
0

(7)

where c, D0, and RH
0, respectively, are the concentration,

diffusion coefficient, and hydrodynamic radius of isolated
objects (measured at the limit of c = 0), and K is the interaction
parameter that depends on the second virial coefficient.29

The DLS measurements presented in this study were carried
out using an ALV/CGS-3 compact goniometer system from
ALV-GmbH (Langen, Germany). The scattering setup is
equipped with a He−Ne laser source (λ = 633 nm), an
avalanche photodiode (APD) for signal detection, and a variable
delay time (multi-τ) ALV-7004 photon correlator used to build
the autocorrelation function, g(1)(q,τ). The scattered signal,
consisting of the average of three acquisition periods of 10 s
each, was collected at several angles ranging between 25 and
140°. The autocorrelation function, generated from the
scattered intensity profiles, was fitted to a cumulant series
using ALV software. For every sample, we verified that the
measured hydrodynamic size, extracted from the Laplace
transform, G(Γ), is independent of the scattering angle, as
anticipated.31 The data on the hydrodynamic size reported
throughout the report were acquired at a 90° scattering angle,
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unless otherwise specified. To extract the single-particle
diffusion coefficient and gain information about the interactions,
the scattering data for AuNPs and pure lipoic acid (LA)−
poly(ethylene glycol) (PEG) ligands (representative systems)
were collected at a few small concentrations.
DOSY-NMR. The technique exploits changes in the net

magnetic moment measured by the detector when a sample is
subjected to a sequence of pulsed field gradient spin echo
(PGSE), schematically depicted in Figure 2. A static magnetic
field B0 is first used to align the spins in the sample along the z-
axis (in Cartesian coordinates). Then, a 90°× radio frequency
(RF) pulse is applied to reorient the spins within the x−y plane,
yielding a collective Larmor precession around the z-axis with a
frequency

ω γ= − B0 0 (8)

where γ is the gyromagnetic ratio. This produces a set of
homogeneously aligned rotating spins with a net nonzero
magnetization. Shortly after, a magnetic field gradient pulse with
a duration δ is applied to the sample along the z-axis (Gz), which
disperses the spin precession as a function of their position in the
sample (NMR tube), with

ω γ ω ω= − + · = +B G r( )z0 0 G (9)

This produces a random orientation of the nuclei spins in the x−
y plane, which cancel out, yielding a zero total magnetization.
After a period τ (from the initial 90°× RF pulse), a second
180°× RF pulse is applied to invert the orientation of the spins,
creating a magnetization dispersion that is opposite to the one
generated following the first gradient pulse (see Figure 2). Then,
a second magnetic field gradient pulse identical to the first one is
used to refocus the magnetization, yielding a maximum echo

Figure 2. Schematics of the principles governing diffusion-ordered NMR spectroscopy. (A) Schematic of the DOSY-NMR experimental setup and the
effects of spin diffusion. (B) RF pulse and field gradient sequences applied to the sample. (C) Sequence produces no change in the signal when no
diffusion is included. Full recovery of the magnetization takes place. (D) Changes in the NMR signature of specific groups as a function of the applied
gradient field strength are correlated to the diffusion coefficient. (E) Progression of the NMR spectra with changes in the applied field gradient.
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signal collected by the detector. However, in a solution sample,
the solute molecules (and their spins) migrate away from their
original positions, due to the Brownianmotion. This reduces the
degree of spin refocusing brought by the second gradient pulse,
thereby decreasing the magnetization signal measured by the
detector after a period of 2τ (from the first RF pulse). Reduction
in the measured signal is thus affected by the combination of
gradient strength, its duration δ, the periodΔ separating the two
gradient pulses, and the magnitude of the diffusion coefficient of
the molecules/spins in the sample. In particular, a stronger
magnetic field gradient, longer δ, and larger diffusion coefficient
reduce refocusing and thus the echo signal measured by the
detector.49−51

Analysis of the progression of the NMR spectrum of a sample
with Gz to extract a measure of the translation diffusion
coefficient of solute objects relies on combining the Bloch
equation for the magnetization relaxation with the Fick equation
for diffusion.49,50,52−56 We will briefly summarize the
mathematical steps leading to the expression relating the
measured echo signal vs gradient field strength and diffusion
coefficient, but a more detailed description is provided in the
Appendix: DOSY-NMR section.
When a sample of spins aligned by a static magnetic field B0 is

subjected to a 90°× RF pulse of electromagnetic radiation at the
Larmor frequency of the nuclei of interest, its magnetizationM is
flipped to the x−y plane and experiences a sustained rotation
around the z-axis (during relaxation) at the frequencyω0 (eq 8).
If a magnetic field gradient is further applied to the sample along
the z-axis, relaxation of the spins will have a position-dependent
precession frequency given by eq 9. To treat this relaxation, we
divide the vector M into two projections, one along the z-axis,
Mz, and one in the x−y complex plane, referred to asM⊥ (i.e.,M⊥
= Mx + iMy). Since the detector is placed orthogonal to the
direction of B0, only M⊥ contributes to the induction flux and
thus to the detected signal. We will focus on the time-dependent
relaxation ofM⊥, expressed in terms of the Larmor frequency,ω,
which accounts for the combined total field B0 and Gz·r,
supplemented with the effects of the transverse relaxation T2

= ω
⊥ ⊥

−M M e t t T
0

i ( / )2 (10)

with r being the vector position of the spin (in the sample).
Here, one can ignore the effects of the transverse relaxation term
(or factor them into M⊥0), as done in the original report by
Stejskal and Tanner,49 and further simplify the treatment by
transforming the description of the system to a new rotating
frame of reference centered at the origin of the Cartesian
coordinates.49,50 These assumptions yield a modified relaxation
expression for M⊥, where only the precession involving Gz is
kept

= γ
⊥ ⊥

− ·M M e G tr
0

i z (11)

This can further be used to extract a time-dependent differential
equation for the magnetization M⊥

γ γ
∂
∂

= − · × = − ·γ⊥
⊥

− ·
⊥

M
t

G r M G r Mi e i( )z
G rt

z0
i z

(12)

Taking into account the fact that the field gradient depends on
time (i.e., Gz(t) is pulsed) would yield

= γ
⊥ ⊥

− ·M M e r F t
0

i ( )
(13)

where

∫= ′ ′F t G t t( ) ( ) d
t

z
0 (13a)

In the absence of diffusion, the above differential equation must
be solved throughout the full time window that starts with the
application of the 90°× RF pulse (t = 0), the first magnetic field
gradient of duration δ, the 180°× RF pulse (at t = τ), and the
second gradient (also of duration δ) until the signal is collected
and analyzed (at t = 2τ), as depicted in Figure 2 (see the
Appendix: DOSY-NMR section). In addition, the application of
the 180°× RF pulse advances the magnetization vector by twice
the angle reached at time t = τ. To account for these factors, a
modified expression for the magnetization is considered, where
M⊥0 is also time-dependent

= =γ γ ξ γ ξ
⊥ ⊥

− · − · −
⊥

− · + −M M t M t( ) e ( ) er F t r f r F t f
0

i ( ) i ( 1)
0

i ( ( ) ( 1) )

(14)

with

τ ξ τ ξ τ= = < = − >f F t t( ), 1 for , and 1 for (14a)

Here, the second term in the exponential intervenes only after
the application of the 180°× pulse (i.e., a spin echo is formed
when F(2τ) = 2f).49,50

The effects of diffusion-induced dispersion in the spin
precession can be accounted for by expanding eq 12 (above),
to include a second term described by the Fick second law
involving the spatial variable r (or here z), while maintaining the
more general expression for themagnetization solution shown in
eq 14, namely, write49,50

γ
∂

∂
= − · + ∇⊥

⊥ ⊥M
M r t

t
G r D M

( , )
i( )z

2
(15)

The first and second terms in the equation can be extracted by
applying the time derivative and the Laplacian derivation to the
magnetization M⊥, which yields, after a few steps, a final
differential equation describing the time dependence involving
only the amplitude of the magnetization, M⊥0, due to the
Brownian diffusion

γ ξ= − × + −⊥
⊥

M t
t

D M t F t f
d ( )

d
( ) ( ( ) ( 1) )0 2

0
2

(16)

This equation has a solution of the form

∫τ
γ ξ= − + −

τ
⊥

⊥

i
k
jjjjj

y
{
zzzzz

M
M

D F t f tln
(2 )
(0)

( ( ) ( 1) ) d0

0

2

0

2
2

(17)

Integration of the terms in the right-hand side of eq 17 must be
carried out over the connected discrete domains where the
period 2τ is divided into five domains, as shown in Figure 2.49,50

Furthermore, if we assume that there is no background gradient
field, a correct assumption given the advances made over the
years in NMR instrumentation and pulse control (see the
Appendix: DOSY-NMR section),50 the integration of the right
terms of eq 17 yields

τ γ δ δ= − · { Δ − }⊥

⊥

i
k
jjjjj

y
{
zzzzz G

M
M

D
ln

(2 )
(0) 3

( ) 3z
0

0

2
2

(18)

which can be rearranged to an expression for the measured
intensity as

τ = γ δ δ− Δ−GI I(2 , ) (0) e G
z

D ( ( /3))z
2 2 2

(19)
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Here, we used the relation that the measured intensity, I, is
proportional to M⊥. We also note that the pulse sequence
requires Δ < T2 to avoid significant loss in sensitivity.
In our experiment, we use ste to overcome these issues by

splitting 180° pulse into two 90° pulse, which allows long Δ
delays to be incorporated, limited by T1 instead of T2. All DOSY
experiments were performed on a Bruker Avance III HD 600
MHz spectrometer equipped with a 5 mm z-gradient broad-
band observe (BBO) probe at room temperature (293.5 K)
using gradient pulse sequences “stebpgp1s” with a 5 s relaxation
delay and four dummy scans. The 90° pulse width was calibrated
for each DOSY experiment with a typical value over the range of
10−13 s. The gradient duration and diffusion time vary for
different sets of samples. The diffusion time depends on the T2
relaxation times of the proton resonances in the spectrum
(∼100−300 ms). Typical experimental parameters used for data
obtained from yellow-emitting CdSe−ZnSQDs were as follows:
a gradient strength of 45 G/cm, a diffusion time of 200 ms, and a
gradient pulse length of 3 ms. Manual baseline corrections were
made to minimize the experimental errors.
Other Analytical Measurements. UV−vis absorption

spectra were collected using a Shimadzu UV−vis absorption
spectrophotometer (UV 2450 model, Shimadzu, Columbia,
MD). A fluorolog-3 spectrometer (Jobin Yvon Inc., Edison, NJ)
equipped with photomultiplier tube (PMT) and charge-coupled
device (CCD) detectors was used to measure the fluorescence
spectra. A lab-scale Buchi rotary evaporator R-215 (New Castle,
DE) was used to concentrate or dry samples. The photoligation
experiments were conducted using a UV photoreactor (model
LZC-4 V, Luzchem Research Inc., Ottawa, Canada).
Growth of Colloidal Nanocrystals. CdSe and CdSe−ZnS

Quantum Dots. The CdSe core-only and CdSe−ZnS core−
shell QDs were grown using the “hot injection” method
following the steps described in previous literature re-
ports.5,57−60 Growth of CdSe nanocrystals relied on the
reduction of cadmium and selenium precursors at a high
temperature (∼350 °C) in a hot coordinating solvent mixture
made of tri-n-octylphosphineoxide (TOPO), tri-n-octylphos-
phine (TOP), 1-hexadecylamine (HDA), and n-hexylphos-
phonic acid (HPA). Additional details are provided in refs 44,
59, and 60.
The core−shell QDs were prepared by growing ∼6

monolayers of ZnS around the above CdSe core nanocrystals
using a mixture of diethylzinc (ZnEt2) and hexamethyldisila-
thiane ((TMS)2S). Briefly, ZnEt2 and (TMS)2S precursors were
mixed in 3−5 mL of TOP (90%) and then added dropwise to a
dispersion of CdSe cores in TOPO (for a final Cd concentration
of 0.1−0.5 mM) at a temperature of 150−180 °C, following the
protocol described in previous works.44,59 The size of the core−
shell QDs was tuned by varying the core radius while
maintaining the same number of ZnS overcoating monolayers.
Stock dispersions of core−shell QDs were prepared by adding a
mixture of butanol/toluene/hexane to the growth dispersions
and then subjecting them to one round of centrifugation at 3500
rpm for∼15−20min to remove excess unreacted precursors and
other impurities, as previously described.59

Oleylamine-Coated Au Nanoparticles. The hydrophobic
oleylamine-capped AuNPs (∼10 nm in diameter) used in this
study were prepared via hot injection route following the
protocol reported by Swihart and co-workers.61 Briefly, 5 mL of
oleylamine was heated under a nitrogen atmosphere to 150 °C
in a flask and maintained under refluxing conditions for∼2−3 h.
Separately, a solution made of HAuCl4·3H2O (0.3 mmol)

dissolved in 1mL of oleylamine was injected into the above flask,
and the mixture was further heated for 1.5 h. The reaction
mixture progressively developed a pinkish color, indicating the
formation of Au nanoparticles. The content was cooled to room
temperature, and then one round of centrifugation was applied
to remove unreacted precursors and additional insoluble
impurities. The dispersion was further diluted with hexane and
then stored under room-temperature conditions until further
use.

Ligand Exchange and Phase Transfer of the QDs and
Au Nanocrystals. The hydrophilic nanocrystals used in this
study were prepared via a photoligation strategy that we
introduced a few years ago.62,63 Several ligands made of lipoic
acid modified with poly(ethylene glycol) blocks (LA−PEG
series or LA−PIMA−PEG) or lipoic acid modified with a
zwitterion motif (LA−ZW or LA−PIMA−ZW) were used to
coat the nanocolloids and promote their dispersion in aqueous
media. Below, we briefly describe a few representative protocols
used to photoligate LA−PEG−OCH3 onto CdSe−ZnS QDs
and AuNPs, as well as photoligate LA−ZW onto the same
nanocrystals. Additional information can be found in the above
references.

Photoligation of QDs and AuNPs with LA−PEG-Based
Ligands. Photoligation of QDs. First, hydrophobic TOP/
TOPO-cappedQDs (e.g., 130 μL of∼21 μMstock dispersion in
a hexane/toluene mixture) were precipitated using excess
ethanol, followed by centrifugation, yielding a pellet of QD
materials. The solvent was removed, and the paste was
redispersed in hexane (∼500 μL). Separately, LA−PEG−
OCH3 (100 mg) was dissolved in MeOH (500 μL), and a
small quantity of tetramethylammonium hydroxide (TMAH,
∼1mg) was added. The contents of the two vials were combined
in one scintillation vial equipped with a magnetic stir bar,
yielding a two-phase solutionmade of hexane on top (containing
the QDs) and methanol at the bottom (containing the ligands).
The vial was sealed with a rubber septum, and the atmosphere
was switched to nitrogen. This vial was placed inside a UV
reactor and irradiated, using a signal with a peak at 350 nm and a
power ≅4.5 mW/cm2, for ∼30−40 min while stirring. A
complete phase transfer of the QDs from hexane to methanol
occurred. The hexane was removed via a pipette followed by
evaporation of MeOH under vacuum. Then, a mixture of
chloroform/methanol/hexane (1:1:10 ∼ v/v/v) was added to
the QD paste, yielding a precipitate, followed by centrifugation
at 3700 rpm for 5 min. The solvent was removed, and the QD
paste was gently dried under vacuum and then redispersed in DI
water. The aqueous dispersion was passed through a syringe
filter (0.45 μm, poly(tetrafluoroethylene) (PTFE)), and further
purification of the QDs was carried out by applying a few (two to
three) rounds of dilution/concentration using a centrifugal
membrane filtration device (MWcutoff = 50 kDa, AmiconUltra,
Millipore) to remove excess solubilized ligands. Following
purification, the NPs (QDs) were dispersed in DI water (or
methanol if needed) using a clean scintillation vial and stored at
4 °C until further use. The photoligation protocol was applied to
coat QDs with other LA-based ligands, such as bis(LA)−PEG−
OCH3 and LA−(PEG−OCH3)2.

62,64

Photoligation of AuNPs. The protocols were also applied to
ligate the PEGylated ligands onto hydrophobic AuNPs.63 We
would, however, like to note that the preparation of hydrophilic
AuNPs can also be carried out using conventional approach
requiring long incubation time (∼18 h) with the oxidized
ligands in the absence of UV irradiation. However, we have
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recently found that the photoligation strategy can be effectively
applied to cap-exchange oleylamine−AuNPs and other Au
nanocolloids with LA-based ligands while requiring much
shorter incubation time and less ligands (data not shown).65

The amounts of ligands used were adjusted based on their
molecular weight, to maintain comparable molar excess with
respect to the NPs, usually ∼30 000:1 for QDs and ∼300 000:1
for AuNPs.
Photoligation of Oleylamine−AuNPs or QDs with LA−

ZW. Preparation of LA−ZW-capped QDs and AuNPs was
carried out using essentially the same protocol described above
for LA−PEG−OCH3 ligands, but with a few slight modifica-
tions, due to the limited solubility of LA−ZW−QDs and LA−
ZW−AuNPs in methanol.62 We briefly describe the photo-
ligation of oleylamine−AuNPs with LA−ZW. Similar steps were
used for coating QDs.66 In a scintillation vial, 1 mg LA−ZW
dissolved in 500 μL MeOH containing ∼1 mg TMAH was
added dropwise to a preformed dispersion of AuNPs in hexane
(200 μL, 0.09 μM). The molar excess of ligand-to-AuNP was
∼120 000:1. The sample was placed inside the UV reactor and
irradiated for 30 min while stirring. Following irradiation, a
precipitate of the AuNPs capped with the new zwitterion ligands
was formed. The AuNP precipitate was isolated by centrifuga-
tion at 3500 rpm for 2−3 min, and then the supernatant was
discarded, followed by slight drying under vacuum. The dried
AuNP precipitate was dispersed in DI water, passed through a
disposable filter (PTFE, 0.45 μm, Millipore), and then excess
hydrophilic ligands were removed by applying two to three
rounds of dilution/concentration using a centrifugal membrane
filtration device (MW cutoff = 50 kDa).62,66

Sample Preparation for DLS Experiments. To prepare
water-dispersible samples for DLS experiments, the purified
aqueous dispersion of nanocrystals was transferred to a
cylindrical quartz tube (10 mm optical path) and the
concentration was adjusted to ∼1−2 μM for QDs or 50−100
nM for AuNPs, by adding varying amounts of DI water. Samples
of hydrophobic nanocrystals (QDs or AuNPs) were prepared by
subjecting the growth stock dispersion to two rounds of
precipitation using ethanol, a mild drying under vacuum,
followed by dispersion in toluene or chloroform. The sample
was passed through a disposable filter (0.45 μm, one or two

times) to remove dust particles and then used to collect the
scattering profiles.

Sample Preparation for NMR Experiments. Preparation
of the NMR samples required a slightly more careful purification
protocol, to ensure that the used dispersions have a negligible
concentration of free ligands; free ligands can contribute to the
DOSY-NMR signal but with different diffusion coefficients,
complicating data analysis. Typically, to prepare the hydrophilic
sample, nanocrystals photoligated with the desired cap were
subjected to one round of precipitation allowing isolation of the
newly ligated nanocolloid, as described above. The pellet was
dried under mild vacuum and then transferred to deuterated
water, followed by two to three rounds of concentration/
dilution using a centrifugal membrane filtration device (MW
cutoff = 50 kDa) with D2O. In addition to solvent substitution,
this also removes excess free solubilized ligands. Finally, the
dispersion was loaded onto a 600 MHz NMR tube (5 mm
diameter) for data collection. NMR samples of the hydrophobic
nanocrystals were prepared by subjecting the growth/stock
solution to two rounds of precipitation using ethanol, to remove
excess solubilized ligands and precursors. The nanocrystal
pellets were thoroughly dried, then dispersed in CDCl3, passed
through a syringe filter (0.45 μm), and loaded into 600 MHz
NMR tubes as above. Solutions of the ligands (polymer and
monomers) were prepared by dissolving the compounds in D2O
for DOSY measurements. The solutions were passed through a
0.45 μm syringe filter before use. Overall, the sample
concentration was ∼1−5 μM for QDs and ∼0.2−2 μM for
AuNPs.
The concentrations of nanoparticles for both cases were

estimated from UV−vis absorption profiles collected from the
dispersion, used for DLS or NMR measurements. Specifically,
for QDs, the absorbance of the sample at 350 nm was compared
to the molar absorption (or extinction) coefficient of the QDs at
350 nm (ε350(QD)) accounting for the UV cell optical path.42,67

Similarly, the absorbance of the AuNP dispersion at the surface
plasmon resonance (SPR) peak was compared to the molar
absorption coefficient at 520 nm (ε520(AuNP)).

68

Figure 3. (A) Schematic representation of the various materials investigated: a AuNP, two core−shell QDs, a core-only QD, a polymer, and a short
PEG block. (B) UV−vis absorption spectra collected from oleylamine-capped AuNPs dispersed in toluene (black) and LA−PEG−OCH3-capped
AuNPs dispersed in water (red). (C) UV−vis absorption spectra collected from dispersions of CdSe−ZnS QDs in DI water or phosphate buffer. The
corresponding photoluminescence (PL) spectra are shown in (D). The absorption spectra are normalized with respect to the SPR value for AuNPs and
with respect to the first exciton absorption value for QDs. The PL spectra are normalized with respect to the peak values.
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■ RESULTS AND DISCUSSION

Rationale. The ability of DLS to characterize the diffusion
properties of materials with a size range of ∼10−100 nm has
made it the method of choice for probing various systems,
including polymers, proteins, and inorganic nanocrystals.
However, the technique tends to become less effective for very
small objects, due to a drastically reduced Rayleigh scattering
signal. DOSY, in comparison, exploits changes in the NMR
signature of diffusing protons (or other NMR labels) along the
magnetic field gradient, Gz, and thus the measurement does not
rely on a size-dependent transduction signal.
We hereby provide a side-by-side comparison between data

on the diffusion coefficient and the corresponding hydro-
dynamic radius acquired from the two techniques for three
representative materials (see Figure 3): (1) A set of colloidal
AuNPs either hydrophobic (grown in the presence of oleyl-
amine cap) or rendered hydrophilic via ligand exchange with a
series of lipoic acid-modified ligands (LA appended with a PEG
block, LA−PEG−OCH3; LA appended with a zwitterion group,
LA−ZW; LA- and PEG-modified polymers, LA−PIMA−PEG;
and LA- and zwitterion-modified polymers, LA−PIMA−ZW).
(2) Five sets of core-only and core−shell luminescent QDs
stabilized with hydrophobic (alkyl phosphonate and alkyl-

amines) or with PEG-appended lipoic acid ligands. (3) Pure
coordinating ligands, namely, LA−PEG−OCH3 (molecular
scale) or LA−PIMA−PEG (a low-molecular-weight polymer).
Table 1 provides a summary of the various hydrophobic and
hydrophilic coatings used. In particular, we show that both
techniques provide comparable data for larger size colloids
(AuNPs and core−shell QDs) in hydrophobic and hydrophilic
solvents. However, for smaller size objects where the Rayleigh
signal becomes very weak, DLS fails to provide meaningful data.
DOSY measurements, in comparison, can still provide reliable
data on the diffusion coefficient and the hydrodynamic size for
larger size colloids, as well as substantially smaller nanocrystals
and even molecular-scale ligands. We will also discuss the effects
of a few important parameters, such as concentration used,
solute object size, and the tracked NMR features, on the
comparison between the data extracted from both techniques.
Figure 3 shows the optical absorption spectra collected from

dispersions of ∼10 nm AuNPs (in diameter, extracted from
TEM) before and after ligand exchange with LA−PEG−OCH3.
The spectra are essentially identical with an SPR peak centered
at 519 nm (see Figure 3B). The figure also shows the absorption
and emission spectra collected from five sets of LA−PEG−
OCH3-capped CdSe−ZnS QDs with emission at 525 nm

Table 1. Chemical Structure of Organic Ligands Used for the Surface Coating of the Various Nanoparticles. The same
PEG750−OCH3 block was used for all compounds, monomers, and polymers
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(green), 541 nm (yellow-green), 570 nm (yellow), 592 nm
(orange), and 626 nm (red) dispersed in aqueous media; see
Figure 3C,D. Similar spectra were collected from the native QDs
before phase transfer (data not shown). The excitonic
absorption features and narrow emission profiles are preserved
for all samples. The absorption and PL spectra collected from
hydrophobic CdSe core-only nanocrystals (alkyl-phosphine and
alkyl-amine-capped), dispersed in toluene, are shown in the
Supporting Information (Figure S1).
Dispersions of Spherical Au Nanocrystals. Figure 4A

shows a representative plot of the autocorrelation function
g(1)(θ,τ) vs log(τ), collected from a dispersion of AuNPs ligand-
exchanged with LA−PEG−OCH3 in H2O (c∼ 0.01−0.02 μM),
along with the fit using a cumulant series (eq 3). Figure 4B shows

the corresponding histogram of intensity vs RH extracted from
the Laplace transform of g(1)(θ,τ) (eq 5). A narrow profile with a
single peak is measured, indicating that the dispersion is
homogeneous, with an average RH = 10.4 nm and a PDI value of
∼0.05−0.1. The data collected from a dispersion of oleylamine−
AuNPs in toluene (with similar concentration) are shown in the
Supporting Information (Figure S2). Overall, we measure an
increase of ∼3 nm in RH following ligand exchange with LA−
PEG−OCH3. This increase results from the combined effects of
differences in the ligand size and structure on the contributions
of the hydrodynamic interactions to the diffusion properties of
oleylamine- or LA−PEG-stabilized AuNPs.69 Figure 4C shows a
plot of the NMR signal vs gradient field strength collected from a
dispersion of the same nanocrystals in water, albeit with a

Figure 4. (A, B) Representative plot of the electric field autocorrelation function, g(1)(θ,τ) vs log(τ), along with a histogram of the intensity vs
hydrodynamic radius, RH; θ = 90°. (C, D) Representative profile of NMR intensity (normalized) vs gradient of the magnetic field strength used, along
with the corresponding 2D-NMR DOSY contour plot. The spot outlined in the blue circle at ∼3 ppm is attributed to TMAH impurities. The data
shown in (C) are extracted from the rawNMR spectra acquired at increasing gradient field strength shown in (E), with a focus on the PEG peak at∼3.6
ppm and terminal methoxy peak at∼3.3 ppm; the spectra showing the water region at 4.7 ppm are also shown. Dispersions of LA−PEG-capped AuNPs
in H2O and in D2O were used for DLS and DOSY measurement, respectively.
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concentration of about 1−2 orders of magnitude higher than
that used for DLS measurements (c = 0.2−2 μM). The
corresponding progression of raw NMR spectra vs Gz is shown
in Figure 4E. Figure 4D shows the corresponding DOSY
contour spectrum correlating log(D) with the NMR peaks of
specific protons in the surface-bound LA−PEG ligands. Clearly,
a single diffusion coefficient (D ≅ 4.16 × 10−11 m2/s) is
measured, confirming that all of the proton signatures emanate
from surface-bound LA−PEG; this value is significantly smaller
than the value expected for free LA−PEG (see the sections
below).42 We should note that the 1H NMR spectrum exhibits
broadened resonances compared to what is observed for the free
ligands.44 This property is generally attributed to slower
transverse spin relaxations resulting from reduced interproton
dipolar interactions for surface-coordinated ligands compared to
free ones. The RH value extracted from the D value (combined
with eq 6) is ∼9.8 nm. We note that the DOSY spectrum also
shows a fast diffusion coefficient (D ≅ 1.87 × 10−9 m2/s),
associated with the rapid decay of the NMR signature at 4.7 ppm
(shown in Figure 4E) about 2 orders of magnitude faster than
the value for ligand-stabilized AuNPs, which we attribute to
trace H2O molecules present in the stock D2O solvent. This
value is close to the one reported in the literature.70

Table 2 shows a compiled list of RH values measured for
hydrophobic AuNPs and for the sameNPs photoligated with the

set of hydrophilic molecules used (including LA−PEG−OCH3,
LA−zwitterion, and LA−PIMA−PEG) and dispersed in water,
acquired using DLS and DOSY-NMR measurements. Addi-
tional details about the sample preparation are described in the
Supporting Information. Both DOSY andDLS data indicate that
phase transfer consistently increases the overall hydrodynamic
size of the nanocrystals compared to oleylamine−AuNPs.
Nonetheless, the increase is commensurate with the expected
lateral extension of the ligand coordinated on the nanocrystals.71

Cumulatively, the RH data collected from both measurements
reflect a degree of coating compactness, which depends on the
lateral hydrophilic motifs and whether a monomer or a polymer
is used, with an overall RH increase that follows the trend: LA−
ZW < LA−PEG ∼ bis(LA)−PEG ∼ LA−(PEG)2 < LA−
PIMA−ZW < LA−PIMA−PEG. The compiled data show that
there is a good agreement betweenRH values acquired from both
techniques, indicating that DOSY 2D-NMR provides a reliable

measurement for the hydrodynamic size for 10 nmAuNPs under
varying conditions and in agreement with DLS data. Addition-
ally, the data in Table 2 show that the DOSY values are
consistently slightly smaller than those measured using DLS:
RH(DOSY) are ∼0.5−2 nm smaller than RH(DLS) values. This
observation can be ascribed to differences in the colloid
concentrations and will be discussed below.

Dispersions of CdSe−ZnS Core−Shell Nanocrystals.
Figure 5A,B shows a representative plot of g(1)(θ,τ) vs log(τ)
collected from hydrophobic (TOPO/TOP/HDA/HPA)-cap-
ped, CdSe−ZnS QDs dispersed in chloroform (yellow-
emitting), along with a histogram of intensity vs RH acquired
from DLS using a nanocrystal concentration of ∼1 μM.
Additional profiles collected at different angles are shown in
Figure S3, Supporting Information. As noted for AuNPs above,
the histogram shows a single peak with PDI ∼ 0.15−0.2. Figure
5C,D shows a typical plot of intensity vs magnetic field gradient
strength along with the corresponding DOSY contour spectrum
collected from the QD dispersion; a higher concentration (c = 5
μM) was used. Here too, the DOSY-NMR spectrum yields a
single diffusion coefficient for the QDs that is about 2 orders of
magnitude slower than the one measured for the residual CHCl3
in the CDCl3 solution. Similar data have been collected from the
dispersion of hydrophilic core−shell QDs. Figure 5E,F shows a
plot of g(1)(θ,τ) vs log(τ) collected from LA−PEG-capped
core−shell QDs (yellow-emitting) dispersed in water, along
with a histogram of the intensity vs RH; data were acquired using
a concentration of ∼1 μM. As shown above, the histogram
exhibits a single peak, indicative of homogeneous samples.
Figure 5G,H shows a representative profile of the intensity vs
magnetic field gradient strength along with the DOSY contour
spectrum collected from the same LA−PEG−QDs dispersed in
D2O (at c = 5 μM). The raw NMR vs Gz spectra for these
samples (not shown) also exhibit a trend similar to those shown
in Figure 4E. Consistent with the data collected for the
hydrophobic QDs and AuNPs above, the DOSY contour
spectrum shows that a single diffusion coefficient is measured for
every proton peak in the one-dimensional (1D) NMR spectrum
collected form the QD dispersion. In addition, this diffusion
coefficient is much smaller than the one measured for the
residual protonated water in the D2O dispersion. We should
stress that the NMR features, which correspond to the slower
diffusion coefficient in the DOSY contour plot ascribed to LA−
PEG−OCH3−QDs in the medium (namely, peaks at 2.1, 3.2,
and 3.5 ppm), are identical to those measured for LA−PEG−
OCH3−AuNPs (shown in Figure 4). This consistency provides
additional confidence in the DOSY-NMR measurements and
their applicability to nanocrystals with various core materials.
Additional DOSY contour plots collected from green-emitting
core−shell hydrophobic QDs dispersed in CDCl3 or photo-
ligated with LA−PEG or LA−ZW and dispersed in D2O are
provided in Figure S4, Supporting Information.
A compilation of the hydrodynamic radii acquired from

DOSY measurements for all sets of core−shell QDs, stabilized
with hydrophobic coating, or photoligated with the various
hydrophilic ligands, is provided in Table 3. Data show that both
techniques consistently yield larger RH for LA−PEG-capped
QDs, which can be attributed to a more pronounced
contribution of the hydrophilic ligands to the hydrodynamic
interactions compared to the native hydrophobic coating. This is
consistent with the data measured for AuNPs and is discussed
above.

Table 2. Side-by-Side Comparison of theRH Values Collected
from Dispersions of AuNPs Coated with the Various Listed
Ligands, Extracted from DLS and DOSY Measurementsa

ligand−AuNPs RH (nm) from DLS RH (nm) from DOSY

oleylamine−AuNPs 7.4 6.9
LA−ZW−AuNPs 8.6 7.3
LA−PEG−AuNPs 10.4 9.8
LA−PIMA−ZW−AuNPsb 11.7 11.3
LA−PIMA−PEG−AuNPs 14.9 14.1
LA−(PEG)2−AuNPs 8.7 7.6
bis(LA)−PEG−AuNPs 8.1 7.3

aPEG750−OCH3 blocks have been used for all measurements. Errors
associated with the data extracted from both measurements are 5−8%
for DLS data and <10% for DOSY data. bThis set of AuNPs was not
grown under hydrophobic conditions using oleylamine. It used
citrate-stabilized NPs grown using the Turkevich method. See the
Supporting Information for details about growth and ligand
substitution.
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We should note that the ratio between the hydrodynamic
radius and inorganic core radius (R0, extracted from small-angle
X-ray scattering, SAXS), RH/R0, slightly varies from one sample
to another for the series of core−shell QD samples
investigated.27,31 The data shown in Table 3 also indicate that

this ratio is consistently larger than 1 and varied between 1.1 and
1.4 for compact ligands (namely, hydrophobic materials). The
ratio is larger for QDs capped with LA−PEG ligands, ∼1.6−1.8.
A ratio RH/R0 > 1 is anticipated for such materials, based on
predicted contributions of the hydrodynamic interactions to the

Figure 5. (A) Representative profile of the electric field autocorrelation function g(1)(θ,τ) vs log(τ) and (B) histogram of the normalized intensity vs
hydrodynamic radius collected from yellow-emitting hydrophobic core−shell QDs dispersed in chloroform; data were collected at θ = 90°. (C, D)
Representative plots of the normalized intensity vs magnetic field gradient strength, along with the DOSY contour plot collected from the same yellow-
emitting QDs dispersed in CDCl3. (E, F) g

(1)(θ,τ) vs log(τ) and histogram of the normalized intensity vs RH collected from the same QDs after
photoligation with LA−PEG and dispersed in water. (G, H) Plots of the intensity vs magnetic field gradient strength, along with the corresponding
DOSY contour plot collected from the hydrophilic QDs in D2O. The spot outlined in the blue circle at ∼3 ppm is attributed to TMAH impurities.
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Brownian diffusion as formulated by Oseen for hard spheres.72

The rather broad range of ratios measured for QDs capped with
TOP/TOPO and LA−PEG reflects differences in the
contributions of the organic coating. One should note that if
fully extended these capping ligands can be as large as, or even
larger than, the actual inorganic core material, and their effects
cannot be simply viewed as the geometrical sum of the inorganic
core and the organic shell.
Dispersions of CdSe Core-Only Nanocrystals. Here, we

probe the effects of reducing the nanocrystal size or using
fluorescent nanocrystals with emission profile that overlaps with
the laser source. For this, dispersions of smaller size core-only
QDs (emission peak at 540 nm, R0 ∼ 1.8 nm) or red fluorescing
nanocrystals (emission band centered at 597 nm, R0 ∼ 2.3 nm)
were characterized using DLS and DOSY measurements; the
emission of the red QDs is broad enough to overlap with the
laser signal. The size corresponds to core-only value extracted

from SAXS measurements.27 First, we note that, when DLS is
applied to the green-emitting sample, a drastic drop in the
generated count rate (∼50 kHz) is found, which is below the
threshold required for performing reliable DLS experiments.
This results from a drop in the Rayleigh scattering signal (which
varies as R6),29 leading to very low signal-to-noise ratio, which
prevents the construction of a useful g(1)(q,τ) to describe the
fluctuation dynamics of the system, as shown in Figure 6A. This
has yielded data that could not be well fit to a cumulant series.
Conversely, when DLS is applied to red-emitting QD
dispersions, it is impossible to construct a reasonable
autocorrelation function from the experimental data, despite
the rather high signal collected by the APD detector; see Figure
6B. This problem can be attributed to contribution from the QD
fluorescence (generated by the He−Ne laser excitation) to the
scattered laser signal reaching the detector; this signal has no
coherence with the laser signal. Absence of any time coherence
between the PL and Rayleigh signals eliminates constructive
interference and prevents the buildup of a useful g(1)(θ,τ)
function. Instead, a rather flat curve is generated, with no
memory dependence and an inability to apply cumulant fit to the
data (see Figure 6B).
Characterization of these two dispersions using DOSY-NMR,

in comparison, yielded more informative data. Indeed, plots of
the intensity vs gradient field strength collected from both sets of
CdSe QD dispersions (shown in Figure 6C,D) exhibit high
signal-to-noise ratios, allowing the buildup of high-quality
DOSY contour spectra (see Figure 6E,F). Both spectra show
that the diffusion coefficients measured for the QDs are ∼1
order of magnitude slower than the value measured for the

Table 3. Data on RH Extracted from DOSY for Core−Shell
and Core-Only QDsa

λMax
(nm)

R0 (nm) (core−
shell, from SAXS)

RH (nm):
hydrophobic

QDs RH/R0

RH (nm):
LA−PEG−

QDs RH/R0

525 2.7 4.2 1.6
540 3.1 3.5 1.1 5.7 1.8
570 3.4 3.9 1.1 5.8 1.7
592 3.6 4.5 1.3 6.1 1.7
626 3.9 5.2 1.3 6.8 1.7

aValues of R0, the radius based on SAXS measurements,27 are also
shown. Errors associated with the DOSY data are <10%.

Figure 6. Representative plots of the electric field autocorrelation function g(1)(θ,τ) vs log(τ) collected from (A) green- and (B) red-emitting CdSe
core-only QDs. The insets show g(1)(θ,τ) vs τ plots. Representative profiles of the normalized intensity vs magnetic field gradient strength acquired
from DOSY measurements, along with the corresponding DOSY contour plots for (C, D) green- and (E, F) red-emitting CdSe QDs dispersed in
CDCl3.
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solvent molecules: D(green QDs) ≅ 1.20 × 10−10 m2/s, D(red
QDs)≅ 0.97 × 10−10 m2/s, andD(CHCl3)∼ 2.03 × 10−9 m2/s;
note that the value for CHCl3 is comparable to that reported in
the literature.39 The corresponding sizes are RH(green QDs) ≅
3.4 nm and RH(red QDs) ≅ 4.2 nm (see Table 4). These results

clearly show that DLS has failed to provide useful data on the
diffusion coefficient of small size core-only or red fluorescing
QDs. In comparison, DOSY-NMR has allowed us to circumvent
the constraints encountered by DLS and provided meaningful
and practical data. Thus, DOSY provides a highly effective
alternative analytical tool for characterizing the Brownian
diffusion of very small nanocrystals (radius <2 nm) or
fluorescing nanocolloids.

Molecular-Scale and Oligomer Compounds. Further
proof of the effectiveness of DOSY-NMR in probing rather small
size solutes is achieved by applying the technique to solutions of
LA−PEG−OCH3 and LA−PIMA−PEG, see the structure in
Table 1. The ligands have been dissolved in D2O at a
concentration of ∼50 μM. The panels in Figure 7 show
representative plots of the intensity vs strength of the magnetic
field gradient together with the corresponding DOSY contour
spectra collected from LA−PEG−OCH3 and LA−PIMA−PEG

Table 4. Data on the Diffusion Coefficient and
Hydrodynamic Size for Core-Only QDs Acquired Using
DOSY-NMRa

hydrophobic, core-only
QDs R0 (nm) 1010 ×D (m2/s) RH (nm) RH/R0

QDs (λMax = 540 nm) 1.8 1.20 3.4 1.9
QDs (λMax = 597 nm) 2.2 0.97 4.2 1.9

aCDCl3 was used for these experiments. Values for R0 are also listed.
Errors associated with the DOSY data are <10%.

Figure 7. Representative profiles of the intensity (normalized) vs magnetic field gradient strength together with the DOSY contour plots for LA−
PEG−OCH3 (A, B) and LA−PIMA−PEG (C, D) dispersed inD2O. A representative progression of the raw 1HNMR spectra vs gradient field strength
used to extract the profile shown in (A) and (C) is shown in (E). The change in the PEG peak at ∼3.5 ppm was used. The peak at ∼4.7 ppm
corresponds to water.
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solutions. The raw 1H NMR vs Gz spectra collected from LA−
PEG−OCH3 are shown in Figure 7E. Both contour plots show a
larger diffusion coefficient ascribed to water molecules, which
could also be seen in the NMR spectra shown in Figure 7E. In
addition, the DOSY spectra show that there are two slower (but
distinct) diffusion coefficients corresponding to the solute
ligands:D(LA−PEG−OCH3)≅ 1.75 × 10−10 m2/s andD(LA−
PIMA−PEG)≅ 0.62× 10−10 m2/s; the correspondingRH values
are shown in Table 5. The larger diffusion coefficient measured

for LA−PEG reflects the smaller molecular weight of the
monomer ligand compared to its polymer counterpart:
MW(LA−PEG) ∼ 937 g/mol and MW(LA−PIMA−PEG) ∼
25 467 g/mol.
We now discuss additional factors that differentiate between

the two analytical techniques. DOSY-NMR offers one key
advantage when applied to characterize the structure and
stoichiometry of ligand coating on nanoscale colloids (such as
QDs and AuNPs). Given the ability of the measurement to
access a wide range of translational diffusion coefficients, it can
be used to distinguish between similar species with different
diffusion properties. In particular, it can distinguish between free
ligands and those that are nanoparticle-bound in a dispersion.
Several groups, including ours, have relied on DOSY-NMR to
distinguish the properties of surface-coordinated ligands from
those that are freely diffusing in the medium.25,39,42,44 For
instance, we used this strategy to monitor the purification of
hydrophobic QDs induced by precipitation/extraction to
remove excess free ligands from growth QD dispersions.44

The above results also indicate that one could distinguish
between different molecular species in a mixture of several
components, based on the Brownian diffusion, probed by
DOSY-NMR spectroscopy. This property is very important and
has practical implications in biology and material chemistry.
One should also consider two other differences that can affect

the values extracted for the diffusion coefficient. In the first, we
use consideration of where the exploited signal in each
technique emanates from. DLS relies on the Rayleigh scattering
signal from individual objects, which originates from the form
factor contribution to the small-angle scattering intensity.27,30

This term varies as R6. Thus, DLS tends to overemphasize larger
size nanocolloids in a dispersion. Conversely, NMR signal
emanates from individual spin nuclei in the ligand molecules.
Considering that the density of surface ligands depends on the
total area of the nanocrystals, one could assume that the
exploitedDOSY-NMR intensity varies as∼R2. This would imply
that, in general, the diffusion coefficient for isolated nanocolloids
(i.e., infinite dilution) estimated from DLS would be
consistently smaller than that measured from DOSY. In the
second, we note that the effects of interparticle interactions,
though small in sterically stabilized samples, are not negligible.
These effects produce a concentration-dependent diffusion
coefficient with a linear correction to the value measured for

isolated solute objects, in particular, for samples in the dilute
regime (see eq 7). Figure 8A shows a plot ofD vs concentration,

along with a linear fit (eq 7) to the data collected from several
LA−PEG−AuNP dispersions (c ∼ 1−10 nM) extracted from
DLS; the increase in D vs c confirms that the dispersions are
sterically stabilized. The diffusion coefficient and the hydro-
dynamic radius of isolated NPs can be extracted from
extrapolation at c = 0.29,69 However, in practice, the scattering
data are often collected at a single concentration and for a fixed
angle (θ = 90°), and then used to extract an estimate for RH,
implying that the apparent data, Dapp and RH/app, are acquired
and analyzed. This represents a small error in size data acquired
from DLS for sterically stabilized samples, as very small
concentrations are often used (dilute regime).29,31 In contrast,

Table 5. D and RH Values Extracted for Pure Ligands (LA−
PEG−OCH3 and LA−PIMA−PEG) Dispersed in D2O
Acquired from DOSY-NMR Measurementsa

sample 1010 × D (m2/s) RH (nm)

LA−PIMA−PEG 0.62 3.6
LA−PEG 1.75 1.3
H

2
O 18.9 0.1

aErrors associated with the DOSY data are <10%.

Figure 8. Diffusion coefficient vs concentration, along with a linear fit
collected from (A) LA−PEG−AuNP dispersions in water using DLS,
(B) LA−PEG−AuNP dispersions in D2O collected using DOSY, and
(C) solutions of LA−PEG in D2O collected using DOSY.
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DOSY requires relatively high-concentration samples (c > 1
μM) and longer acquisition time to acquire good signal-to-noise
ratios, because NMR detectors are much less sensitive than
photodetectors used for DLS, such as avalanche photodiode
(APD) and even photomultiplier tubes (PMTs). Thus, the
apparent values for the diffusion coefficient and hydrodynamic
radius (Dapp and RH/app) extracted from DOSY reflect stronger
contribution of interparticle interactions, which yield slightly
larger values for D (or smaller RH) compared to those extracted
from DLS. The above two considerations are in fact clearly
reflected in the values listed in Table 2 and the plots shown in
Figure 8A,B; we consistently find thatDapp/DOSY >Dapp/DLS. This
constitutes a small weakness of DOSY compared to DLS, when
investigating the Brownian motion of various nanocolloids. This
issue is less important for small solute objects such as molecular-
scale ligands or small-molecular-weight polymers. Figure 8C
shows the diffusion coefficient vs concentration for solutions of
LA−PEG−OCH3 with concentrations of 1−10 μM. Essentially,
no change in the measured D was measured.

■ CONCLUSIONS

We have investigated, side by side, the effectiveness of DLS and
DOSY-NMR spectroscopy as analytical techniques to character-
ize the Brownian diffusion of a wide range of solute materials and
under varying conditions. These include dispersions of nano-
scale colloids made of AuNPs, luminescent core−shell and core-
only QDs, stabilized with various organic coatings, as well as
solutions of small-molecular-weight polymers and monomer
ligands. Probing such a broad range of samples allowed us to
develop a comprehensive comparison between the benefits and
limitations of the two analytical techniques that rely on
drastically different transduction signals. We find that both
techniques are effective for characterizing materials with sizes
that are larger than 4 nm and which are not fluorescent. DLS is
rapid and requires small concentrations (∼nM to μM range),
but tends to fail when applied to rather small solute materials
(typically objects with radii <2 nm). Conversely, DOSY-NMR is
noninvasive and can be applied to a wider range of sizes,
including molecular scale and/or fluorescent materials, which
demonstrates the great potential of this approach to provide
reliable data where other techniques reach their limits. One can
also exploit a wide range of nuclei signals (e.g., 31P, 19F, etc.) to
apply this technique. DOSY-NMR can discriminate between
distinct species in a mixture, based on either difference in the
chemical shift (i.e., spectrally), or/and difference in the diffusion
coefficient based on size or molecular weight (free vs bound
ligands). Less or no effect of impurity on the size extracted from
DOSY measurement makes it useful for practical purpose. This
can be particularly beneficial for difficult-to-purify samples, such
as those used in biology. Nonetheless, because DOSY requires
higher solute concentration and well-definedNMR feature(s) to
track, it tends to yield values on the diffusion coefficient and
hydrodynamic that are more affected by interparticle
interactions, compared to DLS.

■ APPENDIX: DOSY-NMR

DOSY is an NMR spectroscopy technique that exploits changes
in the net magnetization of a sample measured by the induction
coil detector when the system is subjected to a sequence of
pulsed field gradient spin echo (PGSE), as summarized in Figure
2. Typically, a constant magnetic field B0 is first applied to align
the spins along the z-axis (in Cartesian coordinates). Then, a

90°× RF pulse is utilized to reorient the spins within the x−y
plane, resulting in a precession around the z-axis at the collective
Larmor frequency

ω γ= − B0 0 (A-1)

This is followed by the application of a pulse of a magnetic field
gradient along the z-axis (Gz) to disperse the spin precession as a
function of z in the sample, with

ω γ ω ω= − + · = +B G r( )z0 0 G (A-2)

This dispersion produces a random orientation of the nuclei
spins in the x−y plane, which cancel out and yield a zero total
magnetization. After a period τ, a second 180°× RF is applied to
invert the orientation of the spins in the x−y plane, creating a
magnetization dispersion that is opposite to the one generated
following the first gradient pulse (see Figure 2). Then,
application of a second magnetic field gradient pulse will
refocus the spin orientation, yielding a maximummagnetization.
However, in a solution sample, the solute molecules and their
spins diffuse up and down the sample, due to Brownian motion,
which reduces the degree of refocusing achieved and decreases
the signal measured by the detector after a period of 2τ from the
first RF pulse. The reduction of the signal is affected by the
gradient strength, its duration δ, the period Δ, and the diffusion
coefficient of the molecules (D). More precisely, a stronger
gradient and faster diffusion reduce the magnetization and thus
the signal measured at the detector.49−51 Analysis of the
progression of the NMR spectrum of a sample with themagnetic
field gradient (Gz), to extract a measure of the translation
diffusion of solute objects, requires combining the Bloch
equation for the magnetization relaxation with the Fick equation
for diffusion.49,50,52−56 Below, we summarize the mathematical
rationale and steps required to correlate the measured intensity
with the important parameters, namely, Gz, δ, Δ, and D.
When a static magnetic field, B0, along the z-axis is applied to a

macroscopic sample, the nuclei spins are aligned producing a net
magnetization, M, along the field. If the sample is further
subjected to a 90°× radio-frequency pulse of electromagnetic
radiation at the Larmor frequency of the nuclei of interest, the
orientation of M is flipped to the x−y plane and experiences a
sustained rotation around the z-axis at the frequency (ω0, eq A-
1). If a constant magnetic field gradient is further applied to the
sample along the z-axis, the spins will relax with a position-
dependent precession frequency given by eq A-2. To treat this
relaxation, we divide the magnetizationM into two projections,
one along the z-axis, Mz, and one in the complex x−y plane,
referred to asM⊥ (i.e., theM⊥ =Mx + iMy). Since the induction
coil detector is placed orthogonal to the direction of B0, onlyM⊥
contributes to the detected signal. We will focus on the time-
dependent relaxation of M⊥, expressed in terms of the Larmor
precession frequency, ω, which accounts for the combined total
field,B0 andGz·r, supplemented with the effects of the transverse
relaxation (with a time constant, T2)

= ω
⊥ ⊥

−M M e t t T
0

i ( / )2 (A-3)

r is the vector position of the spin (in the sample). Analysis can
be simplified by ignoring the term accounting for the effects of
the transverse relaxation (or by factoring them into M⊥0), as
done in the original report by Stejskal and Tanner.49 An
additional simplification of the treatment can be applied by
factoring out the effects of the constant precession controlled by
B0 (ω0). This entails transforming the description of the system

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://dx.doi.org/10.1021/acs.jpcb.0c02177
J. Phys. Chem. B 2020, 124, 4631−4650

4645

pubs.acs.org/JPCB?ref=pdf
https://dx.doi.org/10.1021/acs.jpcb.0c02177?ref=pdf


to a new rotating frame of reference centered at the origin of the
Cartesian coordinates.49,50 This will yield a new relaxation
expression forM⊥, where only the precession term involving Gz
is kept

= γ
⊥ ⊥

− ·M M e G rt
0

i z (A-4)

This relation can further be used to extract a time-dependent
differential equation for the magnetization M⊥

γ γ
∂
∂

= − · × = − ·γ⊥
⊥

− ·
⊥

M
G r M G r M

t
ii e ( )G

z
rt

z0
i z

(A-5)

which can also be rewritten as

γ
∂

= − ·⊥

⊥

M
M

G r ti( ) dz
(A-6)

Integration of the above equation between 0 and tmust take into
account the fact that the field gradient depends on time (i.e.,
Gz(t) is pulsed), yielding an expression for M⊥

= γ
⊥ ⊥

− ·M M e r F t
0

i ( )
(A-7)

where

∫= ′ ′F Gt t t( ) ( ) d
t

z
0 (A-8)

In the absence of the effects of spin diffusion, the above
differential equation must be solved throughout the full time
window that starts with the application of the 90°×RF pulse (t =
0), the first magnetic field gradient of duration δ, the 180°× RF
pulse (at t = τ), and the second gradient (also of duration δ) until
the signal is collected and analyzed (at t = 2τ), as depicted in
Figure 2; the two gradients are spaced in time by a periodΔ. The
transverse magnetization depends on time during the period
between t = 0 and 2τ, e.g., immediately following the 90° pulse
M⊥(t = 0) = M⊥0. Additionally, the application of the second
180°× RF pulse advances the magnetization vector by twice the
angle reached at time t = τ, thus flipping the magnetization
vector in the x−y plane with respect to the z-axis. To account for
these factors, a modified expression for the magnetization is
used, where M⊥0 is also time-dependent

= =γ γ ξ γ ξ
⊥ ⊥

− · − · −
⊥

− · + −M M Mt t( ) e ( ) er F r f r F ft t
0

i ( ) i ( 1)
0

i ( ( ) ( 1) )

(A-9)

with

τ ξ τ ξ τ= = < = − >f F t t( ), 1 for , and 1 for
(A-10)

This expression clearly shows that, while F(t) keeps increasing
across the full period between 0 and 2τ, the second term in the
exponential intervenes only after the application of the 180°×
pulse (i.e., a spin echo is formed when F(2τ) = 2f).49,50

The simplest venue for accounting for the effects of diffusion-
induced dispersion in the spin precession is to expand the
differential equation shown above (eq A-5 or eq 12 in the main
text), to include a new term described by the Fick second law
involving the spatial variable r, while maintaining the more
general expression for themagnetization solution shown in eq A-
5, namely, write49,50

γ
∂

∂
= − · + ∇⊥

⊥ ⊥
M r

G r M M
t

t
D

( , )
i( )z

2
(A-11)

The left term in the equation can be extracted by applying the
time derivative to M⊥, which yields
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∂
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− + −
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Using the identities, = 0f
t

d
d

and = G t( )F t
t

d ( )
d

, the above

expression becomes
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Similarly, applying the Laplacian derivation to the magnet-
ization, with respect to the variable r, yields

∇ = ∇ [ ]γ ξ
⊥ ⊥

− · + −M MD D t( ) e r F ft2
0

2 i ( ( ) ( 1) )

γ ξ∇ = − + −
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Plugging the relations eqs A-13 and A-14 into eq A-11 would
yield
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which can be simplified to yield the final differential equation
describing the time-dependent changes in the amplitude of the
magnetization, M⊥0, due to the Brownian diffusion
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and
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If integrated between t = 0 and 2τ

∫ ∫γ ξ= − + −
τ τ

⊥

⊥

M
M

F f
t

t
D t t

d ( )
( )

( ( ) ( 1) ) d
0

2
0

0

2

0

2
2

(A-18)

it yields
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Using the pulse pattern shown in Figure 2 and the conditions
summarized in eq A-10, one can divide the integration into two
terms, one over the range {0, τ) and the other over (τ, 2τ), and
simplify the above expression as
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The key here is to carry out the integration of the terms on the
right-hand side of eq A-24 over connected discrete domains, as
shown in Figure 2. For this, we separate the period 2τ into five
domains, as done in the original reports.49,50 We further assume
that there is no background gradient field. This assumption is
correct given the advances made over the years in NMR
instrumentation and pulse control, yielding50

= ≤ <F t t t( ) 0 for 01 1 (A-25a)

because there is no background field gradient
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δ δ= + Δ + + Δ + ≤F Ft t t t( ) ( ) for5 4 1 1 (A-25e)

We then use these five integrals to determine the three terms on
the right-hand side of eq A-24
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• Term 2,
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• Term 3
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Adding these terms between {} on the right-hand side of eq A-24
yields
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Then, eq A-24 becomes

τ
γ δ δ= − − · { − Δ}⊥

⊥

i
k
jjjjj

y
{
zzzzz

Ä

Ç
ÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑ

M
M

GDln
(2 )
(0)

1
3

( ) 3z
0

0

2 2

(A-29a)

This expression can be rewritten as

τ
γ δ δ= − Δ −⊥

⊥

i
k
jjjjj

y
{
zzzzz

i
k
jjj

y
{
zzz

M
M

GDln
(2 )
(0) 3z

0

0

2 2 2

(A-30)

or

τ = γ δ δ
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This relation can be expressed as

τ = γ δ δ− Δ−GI I(2 , ) (0) e G
z

D ( ( /3))z
2 2 2

(A-32)

where I(2τ,Gz) designates the echo intensity measured by the
detector at the end of the PGSE pulse sequence. We should note
that a separation between the two gradient pulses Δ < T2 is
required to avoid significant loss in the sensitivity of the
measurement.
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