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ABSTRACT: In this paper we present a simple method for
the preparation of highly stable colloidal solutions of individual
nanoplatelets (NPls) with increased fluorescence quantum
yield and a versatile procedure of NPls self-assembly into
stacks of controlled size. Dynamic light scattering technique
has been demonstrated to be simple and accurate method for
in situ studies of the growth kinetics of NPls aggregates. The
self-assembly method introduced in this work is based on the
exchange of ligands on the surface of CdSe nanoplatelets.
Hexadecylphosphonic acid allows control of the average size
(length) of NPls stacks in a broad range by varying its
concentration and reaction time. The main mechanism governing controlled formation of NPls stacks is based on strong van der
Waals interaction between rigid brushes of alkyl chains on the surface of neighboring NPls. The interaction strength and,
consequently, the length and colloidal stability of stacks have been shown to be dependent on type and concentration of different
ligands.

■ INTRODUCTION

Semiconductor nanoparticles (NPs) are materials of high
interest because of their unique properties which make them
promising candidates for various applications that range from
light-emitting technology to photocatalysis and bioimaging.
Most popular NPs are made of AIIBVI semiconductors such as
CdS, CdSe, and CdTe because their absorption and photo-
luminescence (PL) bands lie in the visible range. Current
synthesis protocols allow preparation of NPs of various forms
such as dots, rods, branched particles, and platelets. The latter,
commonly called nanoplatelets (NPls) or colloidal quantum
wells, were introduced relatively recently.1 They have an
atomically flat surface, and their thickness is quantized to an
integer number of monolayers.2,3 As a consequence, if
compared to quantum dots (QDs) or nanorods, they exhibit
extremely narrow intense bands on both absorption and PL
spectra with full width at half maximum (fwhm) as small as 10
nm and small Stokes shift. To date, various synthesis protocols
for the preparation of NPls made of cadmium chalcogenides
and various heterostructures on their basis with core−shell4,5
and core-wings architecture with type-I6,7 and -II8−11 band
alignment were developed. Recent studies have shown that
NPls demonstrate optical properties that are superior to those
of NPs of other dimensionalities such as giant oscillator
strength (GOST),12,13 low lasing thresholds,14−16 high intrinsic
absorption coefficient,17 two-photon absorption cross sec-

tions,18,19 and electrooptical response.20 These properties
make NPls highly promising materials for light-converters and
absorbers, photovoltaic devices, and electro-optical switches,
among others.
Although optical properties of semiconductor NPs are

mainly determined by the composition, shape, and size of the
inorganic core, surface ligands also play an important role; thus,
ultrasmall NPs should be in fact considered as complex
inorganic−organic composite. Various ligands are used to
manipulate solubility of NPs in polar or nonpolar solvents,
absorption and PL peak position; intensity, charge trapping,
NPs self-assembly, and so on what makes studies of ligand−
NPs interaction of great importance.21−26

At the same time, the composition of the surface ligand layer
and self-assembly of AIIBVI 2D nanocrystals gained less
attention. Recently colloidal assembly of NPls into stacks was
achieved by the addition of ethanol that acted as the so-called
“bad” solvent.27,28 It was shown that in such stacks Förster
resonance energy transfer (FRET) occurs up to 50 times faster
than Auger recombination that allows implementation of such
particles for applications that require high pumping intensity
and carrier density, e.g., in optical sensors, light harvesters, and
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LEDs.29 In this work we employ another approach to NPls
assembly into stacks that is triggered and governed by surface
ligand exchange. We also demonstrate that the dynamic light
scattering (DLS) technique can be successfully applied for the
analysis of NPls aggregation kinetics in situ.

■ EXPERIMENTAL SECTION

Materials and Methods. Cadmium acetate dihydrate, zinc
acetate dihydrate, cadmium oxide powder, selenium powder
(100 mesh), oleic acid, octadecene-1, myristic acid, hexadeca-
nol, and docosane were purchased from Sigma-Aldrich and
used as received. n-Hexadecylphosphonic acid was purchased
from Plasmachem. Stearic acid was purchased from Merck.
Chloroform (analytical-reagent-grade) was purchased from
Fisher Chemical.
Room-temperature optical absorption spectra were recorded

using HR-2000+ spectrometer (Ocean Optics) equipped with
Ocean Optics DH-2000 white light source. Photoluminescence
measurements were conducted with Jobin-Yvon Fluoromax-2
spectrofluorimeter. TEM images were acquired using LEO
906E electron microscope. DLS measurements were carried out
with Malvern Zetasizer Nano ZS90. IR spectra were recorded
in the reflectance−absorption mode using Nexus (Thermo
Nicolet) spectrometer equipped with PerkinElmer Micro
Specular Reflectance Accy-2x plate. PL decay times were
measured with fluorimeter PRA System 3000 (Fluorescence
Lifetime Instrumentation) by time-correlated photon count
method.
Preparation of CdSe Nanoplatelets. CdSe NPls with

thicknesses of 4.5 monolayers were synthesized by modified
procedure reported previously.8,20 Briefly, 35 mg of cadmium
oxide, 165 mg of myristic acid, and 15 mL of octadecene-1 were
introduced into a three-necked flask and heated until the
cadmium oxide dissolved completely. After that, the reaction
flask was cooled to the room temperature, and 10 mg of
selenium powder was added to the as-formed cadmium
myristate solution. Then, the reaction flask was degassed,
purged with argon, and set to heat to 240 °C. At 193 °C, 55 mg
of zinc acetate dihydrate powder was swiftly added into the
reaction mixture. When the temperature reached 240 °C, the
reaction flask was heated for 3 min. After this time, the heating
mantle was removed, and at 180 °C, 1 mL of oleic acid was
added to the reaction mixture. When reaction mixture cooled
down to 80 °C, CdSe core NPls were precipitated out with
isopropanol, isolated by centrifugation at 3000 rpm, and
redispersed in chloroform. After that, the NPls solution was

purified twice by precipitation with acetonitrile and resuspen-
sion in chloroform.

Protocol for High-Temperature NPls Treatment. As-
obtained NPls were dissolved in 10 mL of octadecene and
transferred into a three-necked flask along with 30 μL (0.1
mmol) of oleic acid and 80 mg (0.3 mmol) of cadmium acetate.
After that, the flask was degassed at room temperature for 15
min, purged with argon, heated to 150 °C, and kept at that
temperature for 10 min. After that, the heating was stopped,
and flask was allowed to cool. Then, NPls were precipitated out
with isopropanol with subsequent centrifugation.

Ligand Exchange. The concentration of the NPls solutions
was set at 4 × 10−8 mol/L (calculated according to ref 17). To
induce self-assembly, corresponding amounts of the 3 × 10−3

M solutions of ligands were added to the NPls solution under
vigorous stirring. Stirring was continued for 1 min. After that,
the solution was transferred into a quartz cuvette and DLS
spectra were recorded.

Quantum Yield Determination. Fluorescence quantum
yield of nanoplatelets was determined using Rhodamine 6G dye
dissolved in ethanol as a reference and calculated in accordance
with the expression:

Φ = Φ
I
I

n
n

OD

ODNPls Dye
NPls

Dye

Dye

NPls

NPls
2

Dye
2

where ΦDye is the Rhodamine 6G quantum yield (Φ = 0.94),30

INPls and IDye are the integrated intensities of the NPls and dye
fluorescence, ODNPls and ODDye are the optical densities of the
NPls and dye solutions, and nNPls and nDye are the refractive
indexes of NPls and dye solutions, respectively.31 PL
measurements for QY determination were conducted upon
excitation of NPls and dye solutions at 480 nm.

Sample Preparation for IR Spectroscopy. After the
addition of ligand solutions, the resulting mixtures were kept
for 2 h. After that, NPls were purified by multiple (five times)
precipitations and redispersions using chloroform and acetoni-
trile as solvent and nonsolvent, respectively. After the final
precipitation, NPls were dissolved in a small amount of
chloroform and drop-cast on the Si plates.

■ RESULTS AND DISCUSSION

Current synthesis procedures generally yield colloidal solutions
of CdSe NPls that contain both aggregated and individual NPls,
as unambiguously demonstrated by TEM and DLS data (Figure
1). Therefore, as a starting point for the current study we

Figure 1. Corresponding TEM images for (a) nontreated and (b) cadmium acetate treated 4.5 ML CdSe NPls. (c) DLS distribution curves for NPls
solution in chloroform before (red curve) and after (black curve) the acetate treatment.
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developed a procedure for the preparation of nonaggregated
NPls.
During our preliminary experiments, we noticed that heating

of crude 4.5 monolayers thick (4.5 ML) CdSe NPls in
chloroform or octadecene in the presence of Cd(OAc)2 or
Zn(OAc)2 resulted in the formation of stable colloidal solutions
of NPls with increased PL quantum yield (QY). Figure 1 shows
TEM images (Figures 1a,b) and DLS distribution curves
(Figure 1c) of 4.5 ML NPls solution prior to and after such
treatment with Cd(OAc)2. Prior to treatment, a considerable
fraction of NPls is assembled into small stacks with the mean
size of several tens of nanometers (Figure 1a), whereas on the
TEM image of the treated sample, one can observe only
nonaggregated individual NPls that do not form stacks when
dried on TEM grid (Figure 1b). On the basis of TEM data, the
lateral size of individual NPls was estimated to be 24.3 ± 0.7
nm in length and 8.4 ± 0.3 nm in width. (For size distribution,
see Figure S1.) According to DLS, prior to treatment NPls are
present in the solution in the form of aggregates with a mean
size of 28.1 ± 2.7 nm. At the same time, after the heating of
CdSe NPls with cadmium acetate their mean size decreases
approximately by a factor of 2 to 11.3 ± 0.7 nm (Figure 1c).
With respect to the position of peaks and their relative

intensity, absorption spectra (Figure 2) of these two samples

are almost identical except for the presence of the featureless
long wavelength tail above 520 nm attributed to the light
scattering by NPls aggregates. Positions of PL peaks also do not
differ in these two samples, but PL intensity of nontreated NPls
is considerably smaller. Such decreased PL was observed earlier
for stacks of NPls formed by the addition of ethanol to their
dispersion in hexane28 and explained by the efficient FRET in
stacks with consecutive exciton trapping by defected NPls.
To study this effect in detail and derive a possible explanation

of the observed transformations, we carried out a series of
various treatment procedures. Colloidal solution of 4.5 ML
CdSe NPls obtained after the synthesis was diluted to the
concentration of 4 × 10−8 mol/L and divided into eight equal
parts. Each part was treated according to Table 1. First,
colloidal solutions with different added components were
stirred for 0.5 h and after that were heated at 45 °C for 2 h in
air. Control sample S7 underwent the same procedure as
samples S1−S6 but without any additives to the solution. To
distinguish sample transformation due to time and heating, we
also introduced a zero-control sample that was kept in dark at

room temperature. After the treatment, each sample was
characterized by optical spectroscopy and DLS measurements.
Neither emission intensity nor the mean diameter of NPls in

the control (S7) and zero-control samples changed significantly
over time. This allows us to assume that sample changes are
generally governed by the composition of the solution.
Absorption spectra of samples after heating did not show any
differences either prior to or after the heating and were almost
identical in all samples. At the same time, PL intensity and
average DLS size through the series vary dramatically (Figure
3a).

Observed changes in PL and average DLS-derived size could
be attributed to a variety of factors, which include increase in
termination of NPls with cadmium and carboxylate ions and
NPls disaggregation.
Both top and bottom basal NPls’ sides were shown to be

represented by (100) Cd-terminated planes.3,32 At the same
time, lateral edges are composed of a variety of different other

Figure 2. Absorption (solid lines) and PL (dotted lines) spectra of
nontreated (red) and cadmium acetate treated (black) 4.5 ML CdSe
NPls in chloroform.

Table 1. Treatment Pattern of Crude 4.5 ML CdSe NPls in
Chloroform

sample treatment condition

S1 0.05 M Cd(oleate)2 + 0.05 M Cd(OAc)2
S2 0.05 M Cd(oleate)2
S3 0.05 M Cd(OAc)2
S4 0.1 M OA + 0.1 M NaOAc
S5 0.1 M OA
S6 0.1 M NaOAc
S7 control sample

Figure 3. (a) Normalized PL intensity (relatively to S7) of nontreated
(S7) and treated (S1−S6) samples of 4.5 ML CdSe NPls in
chloroform (green crosses, after 0.5 h at room temperature; red
dots, after the heating at 45 °C for 2 h). (b) Average size of NPls in
colloidal solution after the heating for 2 h at 45 °C according to DLS.
For comparison, initial sizes and PL intensity are indicated by the
dashed lines. Scale bars represent 90% confidence intervals calculated
on the basis of three measurements.
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planes, and some of them are expected to be nonpolar and Se-
rich ones. Recently, we have shown that passivation of these
planes by the overgrowth with CdS “wings” leads to the
increase in PL emission intensity that was attributed to the
passivation of lateral sides.6 Similarly, NPls treatment with Cd
salts may result in the passivation of Se atoms through the
binding of Cd carboxylates in a Z-type manner. This
assumption is also in line with the findings of Anderson et al.
that have demonstrated that such binding of Cd carboxylates
has beneficial effect on PL intensity of CdSe QDs.33 Because
additional Cd termination occurs only on the lateral edges of
NPls, the quantum confinement regime remains unchanged;
thus, no changes in the position of both PL and absorption
bands are observed.
Considering the facts that both basal planes are terminated

with cadmium atoms and that the synthesis procedure involves
injection of the relatively large amounts of oleic acid on the
final stage, the ligand shell is expected to be composed of
acetate and oleate ions with the prevalence of the latter ones.
Because basal planes are (100) ZB planes expanded by 2−8%
relative to the bulk value,3,32 minimal distance between
neighboring cadmium atoms is 0.620−0.657 nm (in [100]
direction) and 0.439−0.464 nm (in [111] direction). The first
is close to the reported distance between two bulky molecules
of oleic acid in a self-assembled monolayer (0.64 nm),34

whereas the latter one is nearly 1.5 times smaller. Thus, some of
the cadmium atoms may remain unpassivated. Although some
additional passivation could be achieved through the binding of
oleates in a bridging mode, small acetate ions are also expected
to be crucial to provide Cd-passivation and increase ligand
coverage of NPls’ surface by the formation of the mixed ligand
shell.26,35 Earlier changes in carboxylate coverage was reported
to determine PL emission intensity of CdSe QDs.33

Finally, according to DLS measurements (Figure 3b), NPls
treatment with acetate ions (samples S1, S3, S4, and S6)
regardless of the counterion (sodium or cadmium) leads to
their disaggregation. (It should be noted that treatment with
Cd(OAc)2 alone results in similar size decrease but takes more
time (up to 2 h).) Such disaggregation excludes the possibility
of the aforementioned FRET in stacked NPls. Combined with
the increased Cd termination, it results in the increased PL
intensity observed for NPls treated with Cd(OAc)2 (samples S1
and S3). In the case when Cd salts were not present in the
solution, PL decrease was observed. Addition of sodium acetate
results in rapid and considerable PL quenching, and the nature
of such effect is not yet clear.
NPls disaggregation is likely to be explained by the

replacement of some of the oleate ions with acetate ones and
the dilution of ligand “brush” on the NPls’ surface. Such
dilution reduces van der Waals interaction ligand−ligand
interaction that stabilizes NPls stacks.36 In contrast, excess
oleic acid (sample S5) displaces acetate ligands and leads to the
formation of a denser ligand shell on the NPls surface and to
the increase in the number of oleate−oleate contacts, thus
favoring stacks formation.
Although S1-treated (Cd(OA)2 + Cd(OAc)2) and S3-treated

(Cd(OAc)2) samples after a prolonged, 10 h treatment
exhibited similar results, both PL intensity and colloidal
stability (judging by DLS) of the sample treated with only
Cd(OAc)2 were considerably more stable in the time span for
at least several months. To make this stabilization method
faster and more convenient, we also developed a high-
temperature treatment procedure. It involves heating of NPls

solution in ODE with Cd(OAc)2 at 150 °C for several minutes.
(For more details, see the Experimental Section.) Colloidal
solution of these individual nonstacked NPls was used for
subsequent aggregation experiments.
In the next part of our work, we investigated the assembly of

individual NPls under the action of different ligands. Tested
ligands include such common molecules for passivation of
CdSe NPs as hexadecylphosphonic acid (HDPA), stearic acid
(SA), oleic acid (OA), and hexadecanethiol (HDT). All these
ligands were reported to bind to the CdSe surface via the X-
type bonding between ligand anion and surface Cd2+ ion.37−39

Aggregation of nanoparticles can be monitored by a variety of
different techniques. In this work, we used dynamic light
scattering (DLS) because it allows fast and convenient real-time
in situ monitoring of the process.40

Figure 4 shows the evolution of the average size of NPls
aggregates in time. In the case of HDPA, aggregation starts
rapidly and reaches saturation in ca. 10 min (Figure 4a,b),
whereas in the presence of SA, aggregation starts after the

Figure 4. Evolution of the DLS-derived average size of 4.5 ML CdSe
NPls in time in their colloidal solutions in chloroform after the
addition of (a) stearic (SA), oleic (OA), and hexadecylphosphonic
acids (HDPA) in equimolar concentrations, (b) different concen-
trations of HDPA, and (c) hexadecanethiol (HDT) in the presence
(black) and absence (red) of triethylamine. Dashed lines indicate
average size of starting NPls.
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induction period of about 30 min (Figure 4a). At the same
time, addition of the same amount of pure HDT did not induce
any aggregation (Figure 4c). However, after 12 h in the thiol-
treated sample, small aggregates with the mean size of ca. 30
nm were observed (Figure S2). In the work of Owen et al.,38 it
was demonstrated that the exchange of anionic species for
thiols could be facilitated by the addition of a base such as
triethylamine through the formation of a thiolate-ion and a
quaternary ammonium salt with acidic anion. Thiolate is a
stronger nucleophilic agent than carboxylates and according to
calculations binds to CdSe surface stronger than protonated
thiol.22,38,41 When HDT was added along with triethylamine
into the colloidal solution of acetate-treated CdSe NPls, we
observed fast aggregation of NPls after a certain induction
period.
We note that aggregation rate (fast aggregation−slow

aggregation−no aggregation) and the mean aggregate size in
the order HDPA < SA < HDT correlate with the acidity of
ligands used for aggregation: pKa(HDPA) = 2.6,22,42 pKa(SA) =
4.8−5.6,43,44 and pKa(alkanethiols) ≈ 10−11.45 Earlier it was
shown that ligand shell of CdSe quantum dots grown in the
presence of oleic acid consists of oleate ions rather than the free
acid.37 It was also found that oleate ions do not exhibit
exchange between bound and free state unless the excess of
acidic ligands is added to the solution.37,38 Such ligand
substitution occurs in a two-step fashion that involves proton
exchange between physisorbed acidic species and bound oleate
ion. Analogously in the current case of NPls, a similar ligand
exchange process can take place driven by a proton exchange
reaction. The stronger the acid is, the faster ligand exchange
occurs and the higher the supply of monomers for aggregation
takes place. It results in rapid aggregation and small size of
aggregates. The same trend is observed when the concentration
of acid is varied (Figure 4b). A higher concentration of acid
leads to fast exchange, which consequently results in smaller
size of aggregates.
To verify the accuracy of DLS measurements and study

morphology of the aggregates, we acquired TEM images of
NPls treated in 0.09 and 0.15 M HDPA solutions for 60 min,
i.e., after the size of aggregates reached saturation (Figure 4b).
According to DLS data, these aggregates have an average size of
262.2 ± 24.7 and 56.5 ± 4.6 nm, respectively (Figure 5a,b). It
can be seen from Figure 5c that although the DLS-derived size
does not exactly match the TEM-derived size one can still
notice pretty good agreement between two techniques, so it
may be concluded that DLS can be used to adequately monitor
the evolution of NPls stacks size in situ.
For many potential applications, it is highly desired to

fabricate stacks of NPls of controlled size. The aggregate size
could be varied by the concentration of the added ligands that
induce self-assembly. This fact is demonstrated on the Figure 6
on the example of HDPA.
The concentration-dependent curve in Figure 6 shows

unusual character with the aggregate size peaking at small
HDPA concentrations. Although a small amount of introduced
HDPA (below 5 × 10−5 M) is simply not able to initiate
sufficient aggregation, a fast decrease of the mean size of
aggregates in the range of 7 × 10−5−2 × 10−4 M of HDPA can
be explained by the mechanism of seed-mediated growth
mentioned above. The larger the concentration of the
aggregation initiator, e.g., HDPA, present in the colloidal
solution, the larger the amount of small NPls aggregates formed

and the smaller the amount of individual NPls remaining in the
solution as building blocks.
Surprisingly, TEM images of NPls aggregates formed by the

treatment with stearic acid for 1 h do not show the presence of
any stacks (Figure 7a). Instead, NPls lie with their face parallel
to the surface of the TEM grid, similar to the case of acetate-
treated individual NPls (Figure 1b). However, after the careful
comparison of Figures 7a and 1b, it can be noticed that after the
treatment with stearic acid NPls tend to pack in a side-to-side
(tracklike) manner whereas acetate-treated NPls prior to stearic
acid exhibit random orientation. One can also notice that NPls
are organized into domainlike structure with the domain size of
50−100 nm that agrees with the DLS data (Figure 7a,b).

Figure 5. (a and b) TEM images and (c) corresponding DLS curves
and size histograms for 4.5 ML CdSe NPls stacks assembled in 0.15 M
HDPA (a, red data in panel c) and 0.09 M (b, green data in panel c)
solutions in chloroform.
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It is highly unlikely that such lamellar aggregates with the
side-to-side arrangement can be formed in the solution.
Recently, Jana et al. demonstrated the formation of stacks of
CdSe NPls in colloidal solutions after the ligand exchange with
different fatty acids.36 Because SA induces the efficient
aggregation of CdSe NPls but the same amount of oleic acid
under similar conditions does not produce aggregation (Figure
4a), the presence of dense brush of rigid saturated alkyl SA
chains on the surface of NPls can be crucial for the formation of

the weakly bound NPls stacks. If stacks of SA-stabilized CdSe
NPls are only weakly bound, then they could easily disaggregate
during the drying on the substrate or TEM grid in a dominolike
mechanism depicted in Figure 7c.
Efficiency of ligand exchange with carboxylic and phosphonic

acids and hexadecanethiol was also examined by IR spectros-
copy. Corresponding IR spectra of purified ligand-exchanged
NPls are shown on Figure 8. A group of bands around 2800−

3000 cm−1 present on all spectra is a characteristic feature for
molecules containing long alkyl chains. These bands are
assigned to symmetric (νs(CH3) = 2870 cm−1; νs(CH2) =
2848−2852 cm−1) and antisymmetric (νas(CH3) = 2950−2955
cm−1; νas(CH2) = 2916−2921 cm−1) vibrations of methyl and
methylene units.46,47

On the spectra of OA- and SA-capped NPls (Figure 8 a,b),
another group of bands is present at 1400−1550 cm−1. These
features are characteristic for carboxylate group and consist of
bands peaking at 1523−1529 cm−1 (νas(COO

−)), 1436−1437
cm−1 (νs(COO−)),48 and 1405−1406 cm−1 (scissoring
vibration of α-methylene group of carboxylic acids)46 for SA-
and OA-capped NPls, respectively. The rather low value of
separation of asymmetric and symmetric vibrations (Δυ ≈ 90
cm−1) suggests that carboxylates form bidentate chelate bonds
with the surface.48,49

Upon addition of HDPA and HDT/Et3N (Figure 8c,d),
these bands disappear almost completely (band peaking at 1469
cm−1 attributed to scissoring vibration of methylene unit in
alkyl chain),46 thus indicating that addition of HDPA or HDT/
Et3N results in the displacement of oleate ions. This conclusion
is also supported by the appearance of new broad mixed bands
at 900−1150 and 500−750 cm−1 that can be attributed to the
variety of valence and deformation vibrations of P−O, PO,
and C−S bonds in the case of HDPA and HDT/Et3N,
respectively.47

Closer examination of IR spectra also allows to gain some
information on the spatial arrangement of the ligand layer. IR
spectroscopy is widely used to study ordering of alkyl chains in
self-assembled monolayers,50−52 ligand layers on the NPs’
surface,53,54 or their orientational disordering upon melting of
lipid membranes.46 Figure 9a shows that upon exchange of
oleic acid for SA, HDPA, or HDT with saturated alkyl chains a
new group of bands appears at 1150−1400 cm−1. This group is
attributed to methylene wagging and twisting vibrations and
appears when the entire alkyl chain is in the zigzag all-trans
conformation without gauche defects.51 Number and spacing of
these bands depend on the length and conformation of the

Figure 6. DLS-derived average size of the aggregates of 4.5 ML CdSe
NPls in chloroform formed 1 h after the addition of HDPA at different
concentrations. Dashed line at the bottom indicates the average size of
10 nm of the starting NPls.

Figure 7. (a) TEM image and (b) DLS curve of CdSe NPls aggregates
formed under the action of stearic acid for 1 h; (c) scheme
demonstrating dominolike mechanism of disaggregation of SA-
stabilized NPls on TEM grid.

Figure 8. IR spectra of (a) starting OA-capped 4.5 ML CdSe NPls,
and NPls after the ligand exchange with (b) SA, (c) HDPA, and (d)
HDT/Et3N solutions.
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alkyl chain. Spacing between bands could be calculated
according to Δυ = 326/(m + 1), where m is the number of
methylene units. For HDPA and HDT, m = 15, whereas for SA,
m = 17. Thus, one should expect spacing of 20.4 and 18.1 cm−1,
respectively. Using this equation and the experimental data, we
obtained Δυ values of 20.43 ± 0.58, 19.67 ± 0.85, and 18.80 ±
2.07 cm−1 for HDPA, HDT, and SA, respectively. These
findings agree well with the predicted calculated values. The
number of these bands can be calculated by the formula N = (m
+ 1)/2. Thus, we should observe 8 (HDPA and HDT) and 9
(SA) peaks for methylene wagging vibrations. Because of the
intrinsic low intensities of these vibrations, oftentimes not all
bands are observed.46,51 However, in the case of HDPA the
densest chain packing can be achieved, which is due to the fact
that HDPA is the most acidic compound among studied ligands
and exchange is fast and almost complete. In the case of SA and
HDT, less denser packing is achieved possibly because of some
remaining oleic acid that introduces disorder into the ligand
layer. Presence of this pattern in the SA-treated sample also
allows us to assume that at least some OA is displaced from
NPls’ surface by SA (Figure 9a).
Chain-packing density and chain conformation also

influences position of the bands corresponding to the valence
vibrations of alkyl chains at 2800−3000 cm−1 (Figure
9b).46,50,51 Ordering of alkyl chains results in the shift of
signals of both symmetric and asymmetric vibrations of
methylene units from 2852 to 2848−2849 cm−1 (νs(CH2))
and from 2921 to 2917−2916 cm−1 (νas(CH2)) for NPls
capped with OA and ligands with saturated chains, respectively.
It further supports the idea of the formation of close-packed
layer of all-trans-saturated alkyl chains on the NPls’ surface after
the ligand exchange.
The self-assembly process can be understood as the interplay

of forces of different nature. Among the most frequently
considered ones are van der Waals, electrostatic, and steric

forces. Previously reported and current assembly procedures of
NPls stacking seem to be driven by the same van der Waals
attraction force between two flat plates with the consequent
stabilization of stacks by the interchain interaction. At the same
time, assembly processes supposedly proceed through different
pathways. Addition of alcohol as a “bad” solvent results in the
shrinkage of the ligand layer that decreases the value of the
steric repulsion potential and allows a closer approach of the
NPls to each other, thus increasing the van der Waals attractive
potential.26,55 Quantum calculations also show that in the
presence of polar solvents strongly repulsive interaction
between ligand chains becomes attractive.56

In our case, no significant changes in solvent polarity occur
so that hydrocarbon chains remain stretched from the surface
forming ligand “brush” on the NPls’ surface. When NPls collide
with each other because of Brownian motion, such polymer
brushes can interpenetrate each other, and ligand chains
attractively interact through dispersive forces.55,57 Such
dispersive forces, usually referred to as hydrophobic interaction,
are widely employed for water solubilization of hydrophobic
NPs in polar solvents using amphiphilic polymers. Efficient
polymer overcoating in this case is achieved through the
multiple interactions of side alkyl branches of the polymer
chain with the alkyl chains of ligands attached to the NPs’
surface.58−62 Analogously, NPls stacks are stabilized by multiple
hydrophobic interactions between ligand chains of neighboring
NPls. In comparison with QDs, NPls possess very high surface
area; thus, the area of interaction becomes very large, which
leads to a more efficient aggregation in the case of NPls.
Another factor that affects NPls’ aggregation is the local

surface curvature. Surface curvature (particle radius) has a great
impact on the ligand−particle interface and interparticle
interaction that manifests in differences in the ligand-packing
density,21,26,63,64 pKa of adsorbed ligands,65 self-assembly,55,66

and so on. Unlike QDs, NPls have lower surface curvature that
allows hydrocarbon chains overlap more effectively, similar to
the case of large gold spheres and flat prisms.66

High surface area with low curvature and hence a large
number of dispersive contacts between chains may result in the
increased interchain interaction coupled with the van der Waals
attraction between two flat plates, becoming a driving force for
the assembly of NPls into stacks. At the same time, upon close
approach steric repulsion becomes more and more significant.
Thus, self-assembly is governed by the balance of the van der
Waals attraction of two nanoplatelets and dispersive interaction
of hydrocarbon chains on one hand and repulsive steric
potential on the other. Our experiments suggest that this
balance could be manipulated by the NPls surface ligands
nature.
As it was described above, upon the treatment of NPls with

Cd(OAc)2, acetate ions displace surface-bound oleate ions and
dilute the polymer brush on the NPls’ surface, thus decreasing
the number of dispersive contacts that stabilize a NPls stack
(Figure 10a,b). At the same time, repulsive steric potential
seems to be less susceptible to the changes in the ligand shell
density, and after the acetate treatment, it overpowers both
attractive forces.
Exchange of the oleic acid containing soft curved alkenyl

chain for ligands with straight saturated chains results in denser
polymer brush on the NPl’s surface, which gives more efficient
dispersive contact in the interpenetrated brushes (Figure 10c).
For the calculation of the energy of dispersive attraction
between alkyl chains, Salem55 suggested the equation:

Figure 9. IR spectra of 4.5 ML CdSe NPls capped with OA, SA,
HDPA, and HDT in the regions of (a) 1150−1400 cm−1 and (b)
2800−3000 cm−1 demonstrating vibration of alkyl chain units.
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where A is the Hamaker constant, λ is the length of the basic
unit (methylene unit, 0.127 nm), L is the length of molecular
overlap, and D is the close-packing separation distance.
As one can see, the interaction energy strongly depends on

the separation distance of alkyl chains (D). For oleic acid, D is
determined by the size of the alkenyl group in cis conformation,
whereas in the case of ligands with saturated chains, this
distance mainly depends on the headgroup size. It can be
demonstrated by comparing molecule footprints and limiting
areas of molecules in self-assembled monolayers. Oleic acid has
a footprint of 41−50 Å2, whereas HDPA, SA, and HDT are
characterized by smaller footprints of 25−28, 20, and 21 Å2

(saturated alkyl chain footprint = 17−18 Å2), respec-
tively.34,51,67−69 Thus, two ligand brushes formed by saturated

chains on the flat surfaces can create stronger attractive
potential because of a closer approach of the interacting chains.
Moreover, because of the curved hydrocarbon tail, oleic acid
creates weak chain-to-chain contacts with a lower value of the
effective interaction length L that further decreases the overall
attraction energy (Figure 10a,c).
Formation of the loosely bound NPls stacks upon their

treatment with stearic acid can be attributed to the formation of
the mixed SA−OA ligand shell (Figure 10 d) because of the fact
that the pKa values for SA and OA are very close (∼5) and that
ligand exchange thus occurs slowly and selectively. Such a
mixed shell is expected to form less-effective dispersion
contacts than those of a ligand shell consisting of one type of
ligands. Because carboxylate exchange is a two-step process that
involves a psysisorption stage, the steric availability of binding
sites may play important role. The highly curved surface of
NPls edges may afford more efficient absorption because of the
less sterically hindered surface.21,26 Additionally, Boles and
Talapin55 have recently showed that tetrahedral NPs tend to
assemble vertex-to-vertex rather than in a face-to-face manner.
According to the Flory−Huggins model implemented in that
study, flat surfaces (tetrahedron faces) experience steric
repulsion considerably larger than that of highly curved surfaces
(tetrahedron vertexes), which makes vertex-to-vertex contacts
more preferable. Similarly, it can be inferred that such
preferable attachment along with other factors explains the
formation of the tracklike domain structure observed on the
TEM-images of SA-treated NPls.
We also neglect the role of the depletion attraction force

because self-assembly by the depletion attraction requires
concentrations of additives and nanoparticles (at least 0.5 and 1
× 10−6 M, respectively) higher than those we used in our
experiments.40,70 To rule out completely the depletion
attraction component, we carried out additional experiments

Figure 10. Schematic depiction of the ligand layers on NPls (a) before
and (b) after the treatment with Cd acetate and after ligand exchange
with (c) HDPA and (d) SA.

Figure 11. Absorption (solid lines) and PL (dotted lines, λexc = 430 nm) spectra of (a−c) 4.5 ML CdSe NPls and (d) 2.5 nm CdSe zinc blende QDs
prior to (black) and after (red) the ligand exchange with (a) stearic and (b and d) hexadecylphosphonic acids and (c) hexadecanethiol/Et3N
mixture.
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with high concentrations of oleic acid, hexadecanol, and
docosane in the NPls’ solution. The last two molecules do
not interact with the surface Cd atoms and do not displace
oleate ions from the NPls’ surface, thus serving as long-chain
inert diluents. The addition of oleic acid to a final concentration
of 0.3 M (the same concentration as used in the preparation
step) resulted in the formation of NPls stacks of 20−40 nm in
size, which was similar to the value for the nontreated sample
(Figure S3). At the same time, the addition of hexadecanol and
docosane at even higher concentrations (up to 0.5 M) did not
cause any detectable changes in the mean size and mean count
rate (Figure S4). This observation allows us to exclude the
depletion attraction at least for the NPls concentration used in
our experiments. Different action of the oleic acid may be
accounted to the proton exchange and displacement of the
acetate ions from the NPls surface.
Finally, we discuss changes in optical properties of 4.5 ML

CdSe NPls during the ligand exchange and stacking
aggregation. Figure 11 shows optical absorption and PL spectra
of colloidal solutions of the acetate-treated 4.5 ML CdSe NPls
prior to and after the ligand exchange with SA, HDPA, and
HDT.
The ligand exchange of oleic to stearic acid (Figure 11a) did

not induce any changes in optical spectra because both acids
have the same headgroup with comparable dipole moment
(∼1.8 D).71 In the case of alkylphosphonic acid, we observed
considerable red-shifting of both absorption and PL bands
accompanied by spectral broadening (Figure 11b). Here, the
phosphonic acid headgroup has a significantly larger dipole
moment (>2.5 D).72 At the same time, the addition of the same
amount of thiol did not induce any shift of absorption peak
within 2 h but rather resulted in nearly complete PL quenching
(Figure S5). A redshift of absorption bands was observed only
after 12 h. On the contrary, the addition of triethylamine to the
NPls solution with 0.4 mM HDT resulted in a fast 20 nm
redshift of absorption band accompanied by strong PL
quenching (Figure 11c). Such a redshift is close to the one
reported earlier for 4.5 ML CdSe NPls treated with
dodecanethiol.4 Our observation is consistent with the
assumption made above that protonated thiol does not displace
oleate ions on CdSe surface and is also supported by
comparison of IR spectra of NPls treated with HDT and
HDT/Et3N mixture (Figure S6). A similar effect of thiols on
the optical spectra is well-documented for colloidal QDs and
can be attributed to the changes of the local dielectric
environment as well as the intrinsic dipole moments of the
ligands. (Dipole moment of the thiol headgroup (2.24 D)73 is
larger than that of stearic acid.) It becomes especially important
for CdSe NPls because they are in the regime of strong
transverse quantum confinement.13 The large magnitude of the
redshift and spectral broadening in the case of HDPA in
comparison with HDT was not reported before. A similar effect
was also observed for zinc-blende CdSe QDs 2.5 nm in
diameter dispersed in chloroform (Figure 11d).
Comparing the spectral shifts and the dipole moments, we

see that the observed Stokes shift increases with increasing
ligand dipole moment. This is a result of the polarization of the
exciton due to the ligands’ permanent dipole moments,
resulting in a reduced electron and hole wave function overlap
and hence a reduced transition oscillator strength.13,26,74 These
distorted electron and hole wave functions have a stronger
dipolar character and hence couple more strongly to lattice
phonons. This resulting stronger phonon coupling is also

evidenced by the fact that with the most polar HDPA ligands
we observe the largest Stokes shift with respect to the other
ligands both for the CdSe dots and platelets treated with
HDPA and also the largest overall redshift.
Another possible reason for the observations above may be

that the ligand footprints in Figure 11b,c do not match the
density of terminal Cd atoms. Hence, the surface density of
ligands may be too low, and the effective dielectric constant of
the effective ligand medium is lowered below the dielectric
constant value of the densest ligand packing according to the
footprints discussed above. If the surrounding dielectric
constant is lowered, then it results in an increase of the exciton
binding energy and a transition redshift.13 Additional DFT
calculations are already scheduled in order to determine the
influence of different surface groups on the energy levels of
semiconductor nanostructures in the strong quantum confine-
ment regime because of their donor−acceptor, redox, and
dipolar character.
The influence of ligand exchange on the optical properties of

NPls was also characterized by time-resolved measurements.
Figure 12 shows PL decay curves for stacked CdSe NPls (black
curve) and NPls treated with Cd(OAc)2 (green curve) shown
in the TEM images on Figure 1a,b, respectively.

Table 2 presents parameters for PL decay curves in Figure 12
derived from two-exponential fitting of the decay curves.
Disaggregation of NPls ensembles by the additional treat-

ment with Cd(OAc)2 affects their PL decay times in colloidal
solution. It can be seen that the acetate-treated CdSe NPls are
characterized by a slow early decay component (5−20 ns) and
an increased PL quantum yield as compared to those of
nontreated NPls. Nontreated, partially stacked NPls show a

Figure 12. PL decay curves of crude, partially aggregated 4.5 ML CdSe
NPls in chloroform (black), S3-treated (Table 1) nonaggregated NPls
prior to (green) and after the ligand exchange with hexadecylphos-
phonic acid (HDPA, red) and stearic acid (SA, blue).

Table 2. Decay Times τ, Weighting Coefficients A, and PL
Quantum Yields QY in Chloroform for Crude Nontreated
4.5 ML CdSe NPls and Acetate-Treated NPls before and
after the Ligand-Exchange Procedure with HDPA and SA

sample QY (%)a τ1 (ns) A1 τ2 (ns) A2

nontreated 10.1 1.7 ± 0.03 2.5 15.3 ± 0.2 0.2
acetate-treated 25.0 2.0 ± 0.04 1.8 12.6 ± 0.1 0.3
HDPA-treated 6.3 1.9 ± 0.03 3.2 12.0 ± 0.1 0.3
SA-treated 26.7 1.4 ± 0.01 4.6 10.0 ± 0.1 0.2

aAverage values measured with 95% precision relatively to Rhodamine
6G.
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faster short decay time and a slower long decay component. All
these features can be attributed to the efficient FRET in stacks
with exciton migration to the defected NPls where it is trapped
and decays nonradiatively.28

Despite strong changes in absorption and PL spectra of 4.5
ML CdSe NPls after HDPA-induced aggregation, the character
of the corresponding PL decay curve is close to that of acetate-
treated individual NPls (Figure 12) with a considerably lower
QY yield of the HDPA-treated NPls (Table 2). SA-treated NPls
exhibit the fastest PL decay among all studied samples except
for HDT because of its strong PL quenching. If one assumes
that FRET in NPls stacks plays a major role in the changes of
the PL quantum yield and decay times, then the SA-assembled
NPls stacks should demonstrate the most efficient FRET
because of an almost unaffected PL QY and strong spectral
overlap of first excitonic absorption and PL bands (Figure 11a).
HDPA-induced stacks possess a lower PL QY (Table 2) and at
the same time a lower spectral overlap (Figure 11b), implying a
lower FRET effect. Because phosphonic groups bound to
surface Cd atoms of CdSe NPls strongly affect the energy levels
(according to Figure 11b), the exciton decay dynamics may be
also altered toward longer lifetimes. Thereby, weaker FRET
and longer life times can result in longer PL decay times for
HDPA-induced aggregates (Figure 12).

■ CONCLUSIONS
The ligand exchange process on the surface of CdSe
nanoplatelets is a versatile method for the formation of self-
assembled nanoplatelets’ stacks of controlled size. Among
different studied ligands, alkylphosphonic acid was shown to be
the most suitable agent because it allows control of the average
size (length) of the NPls stacks in a broad range by varying its
concentration and reaction time. We have also shown that
NPls’ aggregation kinetics could be simply and accurately
studied in situ with the help of dynamic light scattering. The
mechanism that governs controlled formation of NPls stacks
involves strong van der Waals interaction between alkyl chains
brushes on the surface of neighboring NPls. Interaction
strength and consequently length and colloidal stability of
stacks was shown to be dependent on the type and
concentration of different ligands. Colloidal stability of NPls
can be achieved by the acetate treatment of oleate-capped NPls,
thus indicating the crucial role of the curved oleic alkyl chains
and ligand brush dilution for the formation of colloidal
solutions of individual nonaggregated CdSe NPls in chloro-
form. Exchange for straight-chain hexadecylphosohonic acid,
which strongly binds to the surface Cd atoms, results in
stronger van der Waals interaction and fast NPls aggregation
into longer stacks. We believe that the developed technique can
be further extended to the formation of heteroaggregates of
NPls of different thickness (quantum confinement) or even
different materials (CdSe, CdS, and CdTe), thus opening the
way for new materials and superstructures with unique optical
properties.
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