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ABSTRACT: Cesium lead bromide perovskite nanocrystals (NCs) covered with lecithin
ligands in liquid toluene suspensions were investigated with a range of complementary
scattering techniques and nuclear magnetic resonance to reveal their surface chemistry,
solution structure, and diffusive dynamics. Distinct self-diffusion coefficients were
determined and analyzed, namely the center-of-mass diffusion of the NCs and of
coexisting ligand micelles, as well as the lateral diffusion of the L-α-lecithin ligand relative
to the NC surface and within the micelles. We find a dynamic surface equilibrium,
represented by a tunable lateral diffusion coefficient dependent on the ligand surface
density. This phenomenon can be rationalized by the extraordinary binding of this
zwitterionic ligand and its ability to bind via two different binding sites. These results
highlight the dynamic nature of the ligand binding to lead halide perovskite NCs.

KEYWORDS: Perovskites, Ligand Dynamics, Neutron Scattering, High-resolution Neutron Spectroscopy, Nuclear Magnetic Resonance,
Small Angle Scattering

Lead halide perovskite (LHP) nanocrystals (NCs) are
promising for the application in novel optoelectronic

devices.1−3 Besides the LHP itself, the organic ligand shell of
the NCs is crucial in this respect.4,5 For instance, the quantum
yield (QY) of LHP NCs can be tuned by the choice of ligand
shells.6−8 In light-emitting diodes, this effect as well as the
equally ligand-dependent charge injection barrier are exploited
to enhance the performance of LHP NC-based devices.9,10

One of the major drawbacks of LHP NCs, their limited
stability, can also be tailored by the ligand shell. By utilizing
proper ligands and fine-tuning the surface ligand density, the
stability of LHP-based NCs was shown to increase
largely.6,11,12 Chemical modifications of the ligand shell are
either carried out in situ or by postsynthetic treatment.9

Especially the latter case is advantageous for optoelectronic
applications, as the ligands can be selected to fit specific needs
without developing novel synthesis routes.9 The rational
design of these ligand exchange procedures requires detailed
knowledge of the NC surface chemistry and ligand molecule
dynamics.13

Here, we study the surface chemistry of L-α-lecithin covered
all-inorganic CsPbBr3 NCs in deuterated toluene and reveal a
dynamic surface equilibrium. To this end, we combine results
from Nuclear Magnetic Resonance (NMR), which probes
angular correlations,14,15 with simultaneous X-ray and neutron
small-angle scattering (SAXS and SANS) for probing spatial
correlations on a mesoscopic scale, as well as quasi-elastic
neutron spectroscopy (QENS), accessing both spatial and

temporal correlations simultaneously on a scale commensurate
with molecule dimensions.16 These methods are well suited for
optically opaque liquid samples, where other techniques
relying on optical transmission would fail. The present work
benefits from a novel simultaneous SAXS and SANS setup17 as
well as from a novel inverted neutron time-of-flight back-
scattering spectrometer denoted BATS.18−20 QENS on our
samples exploits the dominant incoherent scattering signal of
the lecithin ligands against the deuterated solvent background
in the investigated range in momentum transfer ℏq and energy
transfer ℏω. It, thus, probes the self-diffusion of the ligands in
their different configurations, i.e., on the NCs, free, or inside
lecithin micelles, respectively. Due to the nanosecond
coherence time of the QENS experiment, this self-diffusion
is observed on the diffusive short-time scale on which the NCs
displace by only a small fraction of their radius. On this scale,
collisions between the NCs can be neglected, and the center-
of-mass diffusion can be assumed to be governed by
hydrodynamic interactions. Due to the large q accessed, the
QENS experiment simultaneously probes both the lateral
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diffusion of the lecithin, as well as the superimposed center-of-
mass diffusion of the ligand-decorated micelles and NCs.21

The QENS experiment also accesses a wide sample temper-
ature T range. The large energy range investigated combined
with the good energy resolution of 3.5 μeV fwhm of BATS
allows to unambiguously separate the apparent global diffusion
from the faster diffusive processes within the ligand shell. NMR
as well as the scattering methods (SAXS, SANS and QENS)
access ensemble-averaged signals from the complex samples
consisting of the decorated nanocrystals and of coexisting
lecithin not attached to the NCs in the toluene solution. By
applying these methods to the identical same samples and by
combining the results, we obtain a consistent picture of this
dynamic coexistence. We interpret the results based on the
coexistence of lecithin on the NC surface and inside reverse
micelles, as confirmed by SAXS/SANS and agreeing with the
other methods.

The as-synthesized NCs covered by L-α-lecithin exhibit an
onset of absorption at 510 nm in the ultraviolet-to-visible light
spectrum (UV−vis) and a corresponding photoluminescence
(PL) signal centered at 513 nm (Figure S1a). Scanning
electron microscopy (SEM) reveals an average radius of (4.2 ±
0.6)nm (Figure S1b,c) in good agreement with a radius of

4.5nm inferred from the PL peak position.22,23

We characterize the ligand shell by 1H NMR on an as-
synthesized NC sample with lecithin, a lecithin reference, and
an NC sample with added excess lecithin (see Materials and
Methods and the Supporting Information (SI) for a
description of all samples). L-α-Lecithin exhibits a character-
istic 1H NMR signal at 5.5ppm associated with alkene
protons (Figure 1 and Figures S2 and S3), which we model by

a sum of peaks to account for its asymmetry suggesting the
presence of multiple ligand species (cf. Figure 1 top left). The
assignment of these fitted peaks follows similar considerations
previously reported for the oleic acid alkene peak in decorated
colloidal NC samples.24−26 In this context, a downfield shift in
NMR of colloidal NC samples can often be attributed to ligand
molecules in proximity to either NCs or other ligand
molecules, i.e., bound to the NC surface or attached in a
micelle.26 In general, chemical shifts are described by
Lorentzian functions (cf. eq 1) in the case of liquid samples
under ideal conditions, with additional Gaussian contributions
arising from random broadening.27 Therefore, we fitted the
chemical shifts in the region attributed to alkene by a sum of
Voigt functions in terms of the chemical shift peak position x,
amplitude, Lorentzian width γ, and Gaussian width σ (Figure
1, Table S2).27,28 γ is inversely proportional to the spin−spin
relaxation time T2, and thus, in the simplest picture of rigid
spherical molecules, proportional to the rotational diffu-
sion.29,30 A broader or more heterogeneous NMR signal can
in some cases be associated with geometrically confined
motions, cf. ref30 and references therein.

We obtain stable fits with two Voigt profiles for each NMR
spectrum (Figure 1, Table S2), showing similar peak positions
for all samples, without imposing that position in the fit. We
find a strong Gaussian broadening of the peak at the higher
chemical shift for the pure lecithin sample, as well as for the
peak at the lower shift for the samples containing NCs. For the
Lorentzian broadening, this behavior is inverted, i.e., the pure
lecithin sample shows a strong Lorentzian broadening of the
lower-shift peak, and the NC samples display a strong
Lorentzian broadening of the higher-shift peak. The relative

Figure 1. Top left: Model of the surface chemistry of lecithin on CsPbBr3 NCs: Top part: Schematic of a NC decorated by lecithin (right) and of a
coexisting reverse micelle formed from lecithin (left). Bottom part: cartoon of the binding of the zwitterionic lecithin lipid ligands on the NC
surface, with the bonds between NC and ligand shown as dotted lines, and truncated lipid tails. The bonds may be single with either of the ions
(left) or double (right). The NMR spectra (top left and bottom row plots) probe the protons in the alkene regions (red ellipses on the lecithin
chemical structures). Top right and bottom left and right: NMR spectra of the lecithin alkene region (5.4−5.7 ppm) with fits using Voigt functions
of the lecithin reference, as-synthesized NCs and the excess ligand sample. The legends assign the samples and the fit parameters are summarized in
Table S2.
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intensity of the lower-shift peak decreases in the presence of
the NCs.

We tentatively intrepret these trends as follows: Stronger
hydrogen bonds in some cases can be attributed to more
delocalized structures resulting in downfield NMR chemical
shifts compared to weaker bonds.31 Accordingly, we attribute
the two peaks to “tightly bound” and “weakly bound” (Table
S2), respectively, but stress that these attributes are relative
and do not imply a weak bonding in absolute terms. In this
assignment, the stronger weight of the Lorentzian term in
weakly bound lecithin indicates more fluid-like behavior of this
population in the presence of the NCs, combined with a larger
relative area in the spectrum. Conversely, the strongly bound
lecithin is Lorentzian, i.e., fluid-like in the pure lecithin sample
and Gaussian-like, i.e., dynamically heterogeneous, in the
presence of the NCs, while also taking a stronger spectral
weight in the presence of the NCs. Thus, the fraction of
lecithin covering the NCs may strongly contribute to this
signal, but part of this signal also seems to arise from lecithin
bound in the micelles. Limitations to this interpretation arise
from the missing link between the microsecond relaxation
dynamical information from this NMR experiment and the
associated spatial correlations. Importantly, the 1H NMR
chemical shifts only inform on changing relative weights, but
not on absolute fractions of dynamical contributions. In
contrast, possible oleate contaminations from the sample
preparation can be ruled out due to their distinctly different
shifts.32

Reverse micelles can be expected in nonpolar solvents.33,34

We measured lecithin in deuterated toluene from very dilute
up to the typical lecithin concentration in the presence of the
nanocrystals, to assess the existence of such self-assembled
structures. Data presented in the SI (Figure S4) together with
fits assuming homogeneous polydisperse spheres show the
absence of visble dissociation in the measured range, i.e., these
concentrations are above the critical micelle concentration.
The micelle radius of 3.0 nm determined by SANS agrees well
with the hydrodynamic radius Rh,LE = 2.5 nm obtained from
QENS (see further below), and with literature.35,36

Figure 2 depicts simultaneously acquired SANS and SAXS
data for CsPbBr3 NC with lecithin in d-toluene. The differing
intensities result from the sensitivity of the methods toward the
inorganic core and organic ligand shell.21,37,38 While SAXS is
mostly sensitive to heavy atoms, the SANS signal originates
predominantly from the contrast between hydrogen atoms in
the ligand (low scattering length density SLD) and deuterium
atoms from the solvent (high SLD).21,38 SANS and SAXS data
of the NC dispersions and SANS data of the pure lecithin in d-
toluene were fitted simultaneously with a simple model
involving two contributions: one for polydisperse homoge-
neous spheres (reverse micelles of lecithin) and one for core−
shell spheres of distributed core radius and uniform shell
thickness (ligand-coated nanoparticles) (Figure 2). The fits
indicate a satisfactory model and support the hypothesis that
two populations are in equilibrium, with lecithin-stabilized
NCs (core radius (5.05 ± 1.01)nm, shell thickness (1.3 ±
0.26)nm) coexisting with an excess of micelles (radius (3.02 ±
0.31)nm). The best fits indicate either a rather small shell
thickness compared to the micellar radius and the expected
length of a lecithin molecule or, most likely, a weaker contrast
between shell and solvent than expected for a full coverage. We
note that the ligand shell on the NCs contributes to the
scattering intensity in a similar q-range as the micelles,

resulting in ambiguity between micellized lecithin and
adsorbed lecithin (Figure S6).

The relatively low surface coverage by lecithin consistent
with other studies22,28 found by the simultaneous SAXS/SANS
fits can be related to the scattering at low q (Figure S5),
pointing to different interaction potentials between NCs, and
an upturn at the lowest q in line with the limited solubility of
the dispersion. The equilibrium of lecithin between NCs and
micelles results in a complex interplay, as a deficiency in
ligands will result in aggregation of NCs but an excess of
micelles might induce depletion interactions leading to NC
aggregation.39

To complement the steady-state information obtained from
NMR and SAXS/SANS with information on NC surface
dynamics, we conduct QENS. By employing deuterated
toluene as a solvent, but protonated ligands, the QENS
experiment is sensitive to the dominant nuclear spin-
incoherent scattering by the ligand protons. In this way, we
probe the self-diffusion of the ligand molecules within the
observation time window from on the order of 10 ps to 1 ns
(cf. Materials and Methods). We assume a superposition of
dynamic contributions from the center-of-mass diffusion D of
the NCs as well as the lateral diffusion of the ligand Djump. Due
to the coexistence of lecithin on NCs and in micelles
concluded from the SAXS/SANS experiment, we further
assume distinct center-of-mass and lateral diffusion coefficients
for each of these two populations. Moreover, we account for
the signal from the d8-toluene solvent. Thus, our model
consists of a weighted sum of Lorentzian functions

=
+

q
q

q
( )

( ) 1
( )

i

i
2 2i (1)

where γi(q) denotes the line width (half-width at half-
maximum) and ω the frequency associated with the energy
transfer ℏω. We fit the complete model, eq 2, simultaneously

Figure 2. SANS (legend entries marked with “N”) and SAXS (legend
entries marked with “X”) curves recorded simultaneously using D22
(ILL) on CsPbBr3 with lecithin in d8-toluene (symbols), with
simultaneous fits of the corresponding X-ray and neutron curves
(continuous lines).
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for all q, i.e., two-dimensionally over q and ω, as explained in
more detail in the SI,

= ·{ [ +

] + [

+ ]} +

S q q r A q q A q

q r A q q

A q q q q

( , ) ( ) ( ) ( ) (1 ( ))

( ) (1 ) ( ) ( )

(1 ( )) ( ) ( ) ( )

0 0

1

1 Tol

NC1

NC2 LE1

LE2 Tol

(2)

where β(q) and βTol(q) denote the intensity scaling factors for
the combined NC and lecithin signals and the d-toluene signal,
respectively. q q( ) ( )Tol Tol

is obtained from the fits of the
pure d-toluene spectra and subsequently fixed, accounting for
the volume excluded by the lecithin and NCs. The Lorentzian

q( )
LE1

accounts for lecithin micelle center-of-mass diffusion
and q( )

LE2
for the diffusion of the lecithin within the micelle,

i.e., the above-mentioned lateral diffusion. q( )
NC1

represents
the center-of-mass diffusion of the lecithin-decorated NCs and

q( )
NC2

the diffusion of the lecithin relative to the NC. The
scalar fit parameter r denotes the ratio between lecithin in
micelles and lecithin on NCs. A0(q) and A1(q) describe the
relative weight of the center-of-mass diffusion of the NCs and
the micelles, and of the lateral diffusion of the lecithin relative
to the NC surfaces and to the micelles, respectively. Consistent
with the colloidal stability of the NCs shown by our SANS
experiment and literature,40 we impose a Fickian center-of-

mass diffusion for both the lecithin micelles and the lecithin-
decorated NCs, i.e., γLE(q) = DLEq2 and γNC(q) = DNCq2,
respectively. Moreover, as for liquids,41 lipids diffusing in
vesicle membranes42−44 and earlier evidence for other
decorated NCs,21 we impose one so-called jump diffusion
process45 each for the lateral diffusion of the lecithin relative to
the NCs and relative to the micelles

=
+

q
D q

D q
( )

1NC,LE
jump,NC,LE

2

jump,NC,LE
2

NC,LE (3)

We assume this lateral diffusion to occur along the NC and
micelle surfaces, but it could also reflect dissociation dynamics
from the surfaces.

Using eq 2, we obtain excellent fits as illustrated in Figure 3
(top row) and Figure S8. The model eq 2 is justified by NMR
and SAXS/SANS that confirm the simultaneous presence of
lecithin on micelles and on NCs, as well as the existence of two
dynamic populations of lecithin. We report the fit of an
alternative simpler model in the SI, which we judge insufficient.
We thus obtain separate center-of-mass diffusion coefficients
DLE of lecithin micelles and DNC of NCs decorated with
lecithin (Figure 3, bottom left). Note the y-axis rescaled by the
temperature-dependent d-toluene viscosity η(T)46−48 (cf.
Figure S7). In this normalization, it becomes evident that
DLE follows the Stokes−Einstein relation,49 which for the
translational diffusion Dt of spheres reads Dt(T) = kBT/
(6πηRh), where kB is the Boltzmann constant and Rh the

Figure 3. QENS results: Top row: Example spectra at T = 295 K, q = 0.7Å−1 (left) and q = 1.2Å−1 (right) with fits by eq 2 with Lorentzians x
with { }x NC1, NC2, LE1, LE2 (thin solid lines) as assigned in the legend and described in the main text. Dark circles denote the NC+excess
lecithin sample, light squares the pure d-toluene solvent. The thick solid lines on the sample and solvent spectra represent the respective total fits.
The fitted container contribution was subtracted after fitting. Data were binned for better visibility. Bottom left: Fit results for the center-of-mass
diffusion D of reverse micelles in the pure lecithin reference (black), the as-synthesized NCs with lecithin (green and cyan, “lecithin #1” and “#2”),
and the excess ligand NC (blue) samples at different T, rescaled by d-toluene viscosity η from literature (cf. Materials and Methods for sample
characteristics, Figure S7 for η(T)). Bottom right: Lateral diffusion Djump (eq 3) relative to the NCs and micelles, respectively, for all samples as in
the bottom left, but without scaling for η. (The apparent outlier for Djump in “lecithin #1” may be attributed to a weak signal amplitude.) The error
bars on the fit parameters report 2σ confidence from the diagonal of the covariance matrix, being often smaller than the symbols due to the global
fit.
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hydrodynamic radius. Assuming Dt,LE ≈ DLE for the lecithin
micelles, Rh,LE = (2.5 ± 0.03)nm (fitted solid line on DLE in
Figure 3 bottom left). The above expression for the Stokes−
Einstein relation neglects a small contribution from the
rotational diffusion Dr.

50 Therefore, Rh is underestimated,
since the Dt is overestimated by not accounting for Dr, but a
quantitive treatment of Dr would require knowledge of the
hydrogen density distribution.50 Crowding and bidispersity in
the suspension also affect DNC and DLE,

51−54 leading to an
overall slowing-down, but speeding-up of the smaller micelles
relative to the larger NCs. However, these effects are small
given the low total particle volume fraction φ < 0.05 in all
samples. Thus, the micelle radius found from QENS can be
considered to be in reasonable agreement with the radius
found from SANS.

In contrast to the lecithin micelles, the NCs do not show a
temperature-dependence expected for Stokes−Einstein diffu-
sion of particles with a constant size, possibly due to
temperature-dependent aggregation. At T = 295 K, we find
the apparent hydrodynamic radius Rh,NC = 7.7 nm in the
presence of excess lecithin. Rh,NC is substantially larger than the
radius of a single NC concluded from SEM and SAXS/SANS,
possibly due to a transient aggregation not visible in the time-
average seen by SAXS/SANS.

Next, we address the lateral diffusion of the lecithin relative
to the NCs and micelles, respectively. Figure 3 (bottom right)
displays Djump, which has to be considered together with its
relative amplitudes A0 and A1 depicted in Figure 4 (right),
attributed to lecithin in micelles and on NCs, respectively (cf.
eq 2). The high-q limit of A0,1(q) approximately represents the
fraction of hydrogen atoms that are immobile on the
nanosecond observation time of the QENS experiment. For
the as-synthesized NC samples, A0 ≈ 1, i.e., most of the
lecithin contributing to the NC signal appears to be tightly
attached to the NCs. In contrast, in the presence of excess
lecithin, only a small fraction of this lecithin is immobile
relative to the NC surface. A1 associated with the lecithin can
be interpreted as the elastic incoherent structure factor, EISF,55

of lecithin within the micelles (symbols connected by dashed
lines in Figure 4, right). In contrast, A0 cannot be easily
understood as an EISF due to its strongly nonmonotonous
dependence on q and increase toward high q. The maximum
near q ≈ 1.8Å−1 may be associated with strongly localized
motions56 or be a result of an incomplete model scattering
function, eq 2.57 This incompleteness of the model might arise
from not accounting for a fraction of completely free lecithin.

In a different interpretation, (1 − A0(q)) rather than A0(q)
would be the effective EISF for lecithin relative to the NCs,
because this EISF would reflect the dissociation dynamics
rather than the lateral diffusion of lecithiun relative to the NCs
(Figure S9). In contrast, a confined motion with a confinement
length scale commensurate with the q-range accessed would
result in a distinct slope change,58 which we do not see in the
EISFs. The mobility inferred from A0(q) and A1(q) cannot be
directly related to the mobility derived from NMR due to the
disparate observation time scales. Djump,NC,LE are associated
with very small residence times τ < 12 ps (eq 3, Figure S10),
indicating a nearly Fickian lateral dynamics of lecithin.
Djump,LE compare reasonably with lateral diffusion in lipid

vesicle systems.43,44 Despite the different observation time
scales, our QENS results for DNC,LE and Djump,NC,LE,
respectively, are also broadly consistent with center-of-mass
diffusion of NCs inferred earlier from NMR25,40 as well as with
molecular ligand diffusion observed by FCS59 and in similar
NC systems by DOSY NMR.40

For completeness, we report the fit parameters β(q) and
γTol(q) in the SI (Figures S11 and S12). β(q) represents the
thermal Debye−Waller-factor of the system (Figure S11), and
the solvent widths γTol show de Gennes narrowing60 expected
for coherent scattering (Figure S12).

The scalar r relates the QENS signal amplitudes of lecithin
on micelles over lecithin on NCs (eq 2, Figure 4 left). We find
that r is larger for the excess lecithin sample than for the as-
synthesized samples, which may seem counterintuitive.
However, r depends on the coverage by lecithin, and the
product r·A0 is smaller for the excess lecithin sample than for
the as-synthesized samples.

To further interpret the NMR and QENS results, we
consider the NC surface chemistry. We assign the alkene 1H
NMR peaks to relatively more weakly and tightly bound ligand
species, respectively (Table S2). We tentatively associate the
ratio of their peak areas with an equilibrium resulting from the
binding of these ligand species. For the excess ligand sample,
we observe the highest fraction, and for pure lecithin micelles
the lowest fraction of weakly bound lecithin. In the QENS
signal, this binding ratio appears to result in a higher apparent
fraction of lecithin on NCs over lecithin in micelles.
Simultaneously, in this situation more ligand molecules appear
to be present in solution, inducing the formation of further
micelles.

We propose a simple picture for these two species: Lecithin
consists of lipid molecules with zwitterionic head groups,61

Figure 4. QENS results: Left: Scaling parameter r of the spectral amplitude contributions from the NCs over the lecithin, eq 2. Note that r cannot
be associated with the number density ratio of the NCs over micelles, since the signal amplitude depends on the coverage of the NCs as well as on
the coverage-dependent dynamic dissociation. Right: Amplitude ratios of the center-of-mass and internal diffusion contributions for the NCs A0
and lecithin A1 (eq 2), respectively.
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corresponding to two functional groups that can bind to a
surface, namely the trimethylammonium N +(CH )3 3 and
phosphoric acid groups. The weakly attached species may be
a lecithin molecule bound with only one of the respective
groups, whereas the tightly bound lecithin would be attached
with both groups simultaneously, cf. the schematic in Figure
1(a). When less surface area per ligand is available, more
lecithin may be bound with the amine group. This functional
group being at a terminal position, the remainder of the
molecule must point away from the surface (Figure 1(a),
bottom right). In this picture of two possible binding sites per
lecithin molecule, the higher area fraction of weakly bound
ligand for the excess lecithin sample implies that the addition
of more ligand results in more lecithin being weakly attached
to the NC surface, i.e., only bound with one functional group.
This binding site picture does not conflict with the strong
binding of lecithin to lead halide perovskite NCs reported
earlier inter alia via anion exchange,40,62 because the mobility
observed by QENS agrees with a picture of the lecithin
diffusing laterally along the NC and micelle surfaces while
maintaining its attachment. Moreover, for the as-synthesized
NCs, the signal amplitude (1 − A0(q)) associated with the
lateral diffusion is small (eq 2 and Figure 4(right)).

We speculate that the higher decoration of the NCs in the
presence of excess ligand results in an increase of the effective
ligand shell thickness, because a smaller surface area per ligand
is available and the higher coverage may impose a more
upright alignment of the lecithin lipid chains. However, D for
the decorated NCs in the excess lecithin sample is larger than
in the as-synthesized samples (Figure 3, bottom left),
suggesting a smaller effective radius Rh,NC. As a competing
effect, the NCs with higher coverage may have a lower
tendency to aggregate, explaining the smaller Rh,NC. This
possible coverage-dependent aggregation is not necessarily
conclusively visible in SAXS/SANS, since the aggregation may
be dynamic or transient, as mentioned earlier. The NC center-
of-mass diffusion observed by QENS on the nanosecond time
scale confirms their colloidal stability and complements
observations made on much longer time scales by DOSY
NMR.40

In summary, by combining NMR with SAXS/SANS and
QENS, we gain knowledge on the surface chemistry and
solution structure of L-α-lecithin functionalized CsPbBr3 NCs
in liquid toluene suspensions. From SAXS/SANS we find that
all samples contain reverse ligand micelles with a radius of
approximately 3.0 nm. For both the NCs and micelles, separate
center-of-mass diffusion coefficients are observed by QENS. In
the as-synthesized samples, the micelle fraction is smaller than
in the excess lecithin sample. Additionally, from NMR we infer
the presence of different ligand species marked by different
bonding strength: Lecithin can be attached by either both of its
two functional groups or by only one. Upon increasing the
ligand density, the latter case becomes more probable as less
surface area per ligand is available. A picture of a dynamic
equilibrium emerges, consistent with different bonding
strengths seen by NMR and with the lateral diffusion processes
on the time scale of the order of 100 ps and apparent EISFs
identified by QENS. Even though this lateral diffusion cannot
be further dissociated into different dynamic contributions, the
nearly unrestricted geometrical character of this diffusion seen
in the nearly vanishing residence time and large mean free path
seen in the EISF are consistent with this dynamic picture.

In conclusion, lecithin functionalized CsPbBr3 NCs exhibit a
dynamic surface equilibrium confirmed by both QENS and
NMR, which can be tuned by varying the ligand density via
excess lecithin, and which coexists with ligand reverse micelles
confirmed by SAXS/SANS. SAXS/SANS and QENS both
confirm that the NCs are colloidally stable in d-toluene.
However, the center-of-mass diffusion of the NCs indicates the
formation of small NCs assemblies, consistent with the
incomplete surface coverage suggested by SANS. This work
has established the in situ combination of SAXS/SANS and of
a novel QENS experiment with an optimized observation
window for NCs. It may inspire further experiments using
neutrons to access the pico- to nanosecond diffusion time scale
on the nanometer length scale for organically decorated NCs,
and to connect the information on dynamics with information
on NC surface and colloidal structure. Future ligand exchange
procedures can exploit the tuning of the surface equilibrium,
and thus of the binding situation.

■ MATERIALS AND METHODS
The NC/lecithin samples in d8-toluene were prepared following
Krieg et al.22 as explained in detail in the SI. Two “as-synthesized”
NC/lecithin samples from the same batch were measured by QENS
and SAXS/SANS, namely 275 mg/mL NCs with 18 mg/mL lecithin
and 200 mg/mL NCs with 13 mg/mL lecithin, i.e, at the same
lecithin/NC ratio with different dilution, denoted “NC + lecithin #1”
and “···#2”, respectively, in the QENS figure legends. Only “lecithin
#1” was also measured with NMR. One NC with excess lecithin
sample (138 mg/mL NCs with 38 mg/mL lecithin) was measured
with all methods. While NMR and QENS samples were hermetically
sealed, transfer from QENS to SAXS/SANS involved unavoidable
exposure to air.

NMR was carried out using a Bruker Avance III HDX 400,
simulatenous SAXS/SANS using D22,17 and QENS using IN16B/
BATS at the ILL.18,19 SAXS/SANS data were analyzed using SASfit.63

QENS data were reduced using Mantid64 and fitted using python65

employing scipy.optimize.curve_f it. Further details are reported in the
SI.

■ ASSOCIATED CONTENT
Data Availability Statement

The neutron data are permanently curated by the ILL and
accessible under http://doi.ill.fr/10.5291/ILL-DATA.INTER-
529.66

*sı Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.nanolett.6c01347.

Detailed materials and methods, additional 1H NMR
spectra and fit parameters, UV−vis spectra, SEM images,
photoluminescence spectra, SAXS/SANS curves, details
of the QENS fitting procedure, additional QENS spectra
and QENS fit parameters, and DLS results (PDF)
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Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.6c01347
Nano Lett. 2026, 26, 8208−8216

8213

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6c01347/suppl_file/nl6c01347_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6c01347/suppl_file/nl6c01347_si_001.pdf
http://doi.ill.fr/10.5291/ILL-DATA.INTER-529
http://doi.ill.fr/10.5291/ILL-DATA.INTER-529
https://pubs.acs.org/doi/10.1021/acs.nanolett.6c01347?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.6c01347/suppl_file/nl6c01347_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tilo+Seydel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9630-1630
https://orcid.org/0000-0001-9630-1630
mailto:seydel@ill.eu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jan+Wahl"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ivan+Zaluzhnyy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.6c01347?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Ivan Zaluzhnyy − Institut für Angewandte Physik, Universität
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