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Abstract Wehave synthesizedCdSe nanocrystals (NCs) in sizes
from 2.2 to 5.1 nm passivated with hydrophobic trioctylphosphine
oxide (TOPO) in combination trioctylphosphine (TOP) or
tributylphosphine (TBP) to obtain particles of the type CdSe/
TOPO/TOP or CdSe/TOPO/TBP. These NCs were then dis-
persed in aqueous solution of ionic or non-ionic surfactants
(such as stearate, oleic acid, Tween) using a biphase (water
and chloroform or hexane) transfer method. It is found that
both the structure of the surfactant and the native surface of the
ligand govern the coating of the NCs with surfactants. More
specifically, the hydrophobicity-hydrophilicity balance of the
surfactant regulates the coating efficacy, thereby transferring
the NC from the organic to the aqueous phase. The type of
ligand on the NCs and the kind of coating surfactant also
affect photoluminescence (PL). The ratio of PL and absor-
bance unit (defined as PL per 0.1 AU) was implemented as a
tool to monitor changes in PL intensity and wavelength as a
function of size, coatings and surface defects. Finally, the
distribution of CdSe nanocrystals between pseudophases
in cloud point extraction was discussed based on exper-
imental results. It was concluded that the size of CdSe
nanocrystal present in an appropriate pseudophase is correlat-
ed with the way in which the non-ionic surfactant coats CdSe
nanocrystals.
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Introduction

Colloidal semiconductor nanocrystals (quantum dots) repre-
sent one of the most interesting and extensively studied
systems due to the quantum confinement effect and size-
and surface-dependent electronic and optical properties.
Among them, CdSe nanocrystals (CdSe NCs) are one of
the most examined due to their simple synthesis and size-
controlled bandgap that covers the entire visible spectrum.
An additional NC property of interest is related to
surface phenomena, between the crystal surface and its
attached ligand. The main requirement for this is the
stable ligand attachment to crystal surface. In the case
of CdX (X = S, Se, Te) NCs, fatty acids, thiolates, and
a variety of amine and alkyl derivatives of R3P or
R3P=O have been shown to provide stable surface pas-
sivation for dispersion of the NCs into various solvent
systems. Those prevent degradation of the NC core,
provide surface functionality for subsequent conjuga-
tions including bio-conjugation, and provide useful op-
tical signatures specific to the NC-ligand system. These issues
and others, including methods for characterizing nanostruc-
tures and their applications have recently been extensively
reviewed [1–18].

One of the critical requirements in nanomaterial function-
alization is precise control of its surface chemistry [2].
However, a large surface area to volume ratio of nano-
materials relative to the bulk increases the overall surface
energy of a nanomaterial, thereby increasing its reactivity.
Surface chemistry influences the surface energy, functionality,
and structural stability of nanomaterials; and as a result, can be
used to modulate surface energy that dictates the function of a
nanomaterial [2, 3].
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Amphiphilic molecules play a useful role in the modifi-
cation of a surface of a nanomaterial. General aim is the
dispersion of nanostructures into aqueous or non-aqueous
(e.g. reversed micelles) media and the procedure impacts
particle’s hydrodynamic parameters (surface potential, radi-
us [19, 20]), thereby its mobility or diffusivity. Most exam-
ples have been shown with carbon nanostructures dispersed
in aqueous media [21–24]. Another direction, especially for
metallic (Au, Ag) or semiconductor nanomaterials is their
characterization and this direction was the center of our
research effort [25–28]. As confirmed by capillary electro-
phoresis amphiphile-coated nanocrystal were shown to
transform nanocrystals into an object with a chosen electro-
static character (i.e., anionic, cationic or non-ionic) which
also behaved like a micellar entity. It was shown that elec-
trophoretic discrimination of a particle versus a particle-
DNA conjugate could be achieved [27], as well as electro-
phoretic extraction of particles from a matrix [28], or visu-
alization of particles passivated with electrically neutral sur-
face ligands [26].

In the course of many experiments reported thus far
[25–28], we have gathered interesting data concerning sur-
face modifications of CdSe nanocrystal and the colloidal
behavior of surfactant-modified nanocrystals. These consti-
tute the present discussion framework that addressed four
main observed phenomena: (i) dispersion of CdSe NCs using
surfactants and impact of this on CdSe nanocrystal
photoluminescence (PL), (ii) the shift in position of the
photoluminescence (PL) band of CdSe nanocrystals due to
surfactant coatings, (iii) features related to coating NCs with
oleate surfactant, and (iv) the size-dependent distribution of
CdSe nanocrystals between surfactants phases. The latter
shows, for the first time, a relationship between NC size
and its attachment to a particular phase in cloud-point
extraction.

Experimental

Reagents

All chemicals and reagents used herein were of analyt-
ical grade. For synthesis of the tributylphosphine (TBP)
or trioctylphosphine (TOP)-coated CdSe nanocrystals,
cadmium oxide (~1 μm, 99.5 %), selenium powder
(100 mesh, 99,999 %), tributylphosphine (TBP, 97 %),
trioctylphosphine (TOP, 90 %), trioctylphosphine oxide (TO-
PO, 99 %) from Sigma-Aldrich (St. Louis, USA, http://www.
sigmaaldrich. com) or 1-octadecene (ODE) from Across Or-
ganics (Morris Plains, USA, http://www.acros.be/) were used.
Aqueous solutions of amphiphiles were prepared from ionic
or non-ionic surfactants obtained from Sigma-Aldrich, apart
from sodium oleate (OA) or sodium laurate (LA) (Spectrum

Chemicals, New Brunswick, USA). Structures/names/short-
cuts of compounds used for synthesis and modification of
CdSe NCs are shown in Scheme S1 (Electronic Supporting
Material; ESM).

Instrumentation

For photoluminescence measurements, a Safire (Tecan
Group Inc., www.tecan.com Männedorf, Switzerland) in-
strument was used. The excitation wavelength was 450 nm
and the PL spectra were collected from 480 to 740 nm. UV–
vis measurements were conducted with a HP8453 UVVIS
spectrophotometer with HP ChemStation software (Hewlett-
Packard, http://www8.hp.com, Palo Alto, CA), using a 1 cm
cuvette. TEM measurements were conducted on a Hitachi
H7000 (Hitachi, http://www.hitachi.com/, Japan) system op-
erating at 90 kVor JEOL JEM-2100 Scanning Transmission
Electron Microscope (STEM) (JEOL, http://www.jeol.com,
Tokyo, Japan) in particular cases. One drop of a dilute
sample of CdSe was placed onto a Formvar coated copper
grid, allowed to settle for 20 s, and wicked away using an
absorbent tissue. Size analysis was performed on digital
images captured with an ImageJ V. 1.34 s (http://rsbweb.
nih.gov) program.

Procedures

Modification of nanocrystal surface by surfactants

Procedures for synthesis of CdSe nanocrystal were posted in
ESM. Samples of surfactant coated CdSe NCs were prepared
by mixing 50 μL of CdSe NCs dispersed in organic solvent
(chloroform, hexane; cNC~10

−5 M) with 300 μL of surfac-
tant solution. The mixture was left to stand overnight at
room temperature, in the dark area, stirring with a
magnetic stir bar to evaporate the solvent. Such pre-
pared samples, before particular experiments, were cen-
trifuged (15,000 rpm/10 min) to remove aggregates.
Details of the composition of a surfactant solution appear in
the figure captions.

Results and discussion

Dispersion of CdSe NCs in surfactants

Absorption (UV–vis) and photoluminescence (PL) are
basic optical techniques for characterizing semiconductor
nanocrystals based on their unique spectral characteristics.
For CdX (X = S, Se and Te), the position and intensity of
the first exciton band can be used to determine the size of the
NC core as well NC solution concentration. The original
method using UV–vis technique in this manner was recently
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reiterated [29, 30]. In the present work the transfer of CdSe
NCs from organic to aqueous phase, as aided by coating NCs
with selected surfactants using biphase transfer method
(graphical interpretation see Fig. S1, ESM), was applied
to determine the effects of the surfactant molecular
structure. For this, the position and intensity of the first
exciton band was used to monitor the transfer in terms
of the size and concentration of nanocrystals. This ap-
proach was expanded to include the ratio of PL per
normalized NCs concentration (i.e., PL/0.1 AU), to observe
changes in the electronic interaction between CdSe nanocrys-
tal and a surfactant. Further details can be found in the ESM
(Figs. S2-S3).

Transfer of CdSe NCs from organic to aqueous phase
mediated by surfactants

Fig. S4 (ESM) shows an example of the transfer of CdSe
NCs using sodium oleate surfactant (OA). Based on the
figure, it can be stated that there is a minimum threshold of
surfactant concentration to provide dispersion of the CdSe
NCs into aqueous solution, below which aggregation and
precipitation occur. It was concluded that ability of surfac-
tants to transfer CdSe NCs from organic to aqueous phase
follows the order: cationic > anionic > non-ionic, in agree-
ment with the previous work [28].

The type of surfactant capable of facilitating stable NCs
solutions in water was further explored to elucidate contri-
butions from hydrophobic tail groups and hydrophilic head
groups (Fig. 1). The first issue is a role of the hydrophobic
part of the surfactant. By comparing CH3COO

- (AcO-) vs. R-
COO- surfactants (OA, LA) or a non-ionic surfactant vs.
poly(ethylene)oxide (PEO) chain, it can be stated that dis-
persion of NCs was only observed in surfactants solutions.
This means that the presence of a hydrophobic hydrocarbon
chain on the surfactant is necessary for effective coating of
CdSe NCs. This is in agreement with ref. [31], where authors
claimed that PEG (HO(CH2CH2O)nOH) did not allow dis-
persion of CdSe NCs. It is important to note that CdSe NCs
were initially capped with hydrophobic surface ligands (i.e.,
TOP or TOPO) in the course of NCs synthesis. Thus, as-
prepared CdSe NCs should only be water soluble when
coated with an amphiphilic surfactant with its hydrophobic
portion bonding through van der Waals interaction with the
NC surface ligand, allowing solvation by the hydrophilic
headgroup of the surfactant molecule. However, dispersion
of NCs into aqueous solvents requires consideration of both
the head and tail group of a surfactant, where it was found
that some headgroups are less effective in providing water
dispersion (e.g., Igepal CO-201). As well, the tail group of
some surfactants was less effective in van der Waals associ-
ations with the parent NC ligands. These results indicate a
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Fig. 1 Absorbance (first exciton
band) of aqueous solution of
CdSe NCs due to NCs transfer
from organic to aqueous phase
by means of appropriate
surfactant (frame a). Data on
average for CdSe NCs size
interval 2.9–3.3 nm. Sample
preparation: 50 μl chloroform
solution of CdSe NCs 2–
5×10−6 M was dispersed in
300 μl of surfactant solution.
After overnight coating samples
were centrifuged before optical
measurement. Concentration of
surfactants 100 mM apart from
stearate and HS-C10-COOH
(both 50 mM). Note, that coating
with non-ionic surfactants
affords for limited transfer
(sample absorbance<0.3; see
Fig. S11, ESM). Frame b, PL
efficiency per normalized CdSe
NCs concentration (PL/0.1 AU)
for ionic surfactants and starting
CdSe NCs dispersed chloroform
(yellow bar). Samples are
prepared according to frame a
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mixed mechanism for the efficacy of coating CdSe NCs with
surfactants.

Therefore, by comparing cationic surfactants (CTAB vs.
CP) or anionic (SDS, DOSS vs. SDBS), it can be stated that
ionic surfactants containing ring structures (CP, SDBS) were
unable disperse and transfer CdSe NCs to an aqueous
phase due to negligible coating, which led to NC ag-
gregation and precipitation. A similar behavior was pre-
viously reported for CHAPS {3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonate} or sodium che-
late [28]. Interestingly, such behavior is in contradiction
to carbon nanotube/surfactant systems, where the SDBS
surfactant was found to be the most efficient coating
agent. Inspection of Fig. 2 posted in next section allows
to state that coating of CdSe NCs with branched surfactants is
inactive (see Tween surfactants). It is worthy to note, that
Tween 60 was found to be the best dispersing agent for carbon
nanotube among tested non-ionic surfactants [32]. Also, by
comparing R-COO- surfactant (LA, OA) vs. Br-C12-COO

- it
can be stated that the presence of non-binding atom (e.g., Br)
at the end of tail group of the surfactant hydrocarbon chain
negates van der Waals interactions of the surfactant with the
hydrophobic NC surface ligand and dispersion in water is not
observed. Both examples (Tween, Br-C12-COO

-) lead to the
conclusion that second-order phenomena (e.g. lying down of
surfactant chain on a nanocrystal) can affect interactions be-
tween CdSe NCs and surfactants. Also, the Tween example
shows a possible effect related to solvents used for dispersing
CdSe NCs (Fig. 2). The solvent effect for CdSe was already
discussed in literature [33], specifically for NC optical spectra
[30].

To support the discussion upper, molecular modeling at
the DFT level was applied to analyze situations observed

experimentally (Table S1, ESM). Taking into account the
most important faces of CdSe nanocrystal ([110], [001] and
[00–1]), the calculated binding energies between a particular
facet and a ligand support the observed binding order for
surfactants: cationic (−NR4

+) > anionic (−COO−) > non-
ionic. A more complete modeling analysis should allow for
distinguishing between binding and non-binding surfactants
(see graphical interpretation Fig. S5, ESM). Such sub-
classification of surfactants was observed experimentally,
i.e., surfactant able to coat a nanocrystal via its head group
vs. surfactant unable to do this (e.g. R-COO- vs. R-(O)SO3

-)
[28]. Also, ref. [34] distinguishes reversibly and irreversibly
bound ligands. In such a situation, pyridine (py) ligand can
serve as the threshold for these both groups of surfactants,
due to remarks posted in the previous paper [28]. Taking into
account the aforementioned threshold it can be stated that
anionic surfactants can be divided into binding (OA, LA) or
non-binding (SDS, DOSS). Such sub-classification of sur-
factants was observed experimentally. An interesting exam-
ple can be a relative coating of CdSe NCs with CTAB
surfactant (Fig. S6, ESM). Based on this it can be stated that
for CdSe NCs passivated by TOPO/TBP, CTAB behaves as a
binding, whereas for NCs passivated by TOPO/TOP ligands
as non-binding ligand, respectively.

Examples of optical characterization of the TOPO/TBP
and TOPO/TOP passivated CdSe NCs is presented in the
ESM. Figure S7 shows spectra (UV–vis and PL) for two
types of CdSe NCs coated with surfactants. It was confirmed
that position of PL wavelength does not depend on NC
concentration. Figures S8 and S9 address the issue of NC
etching (reduction in the CdSe core diameter) from surfac-
tant coatings. It was observed that, among the tested surfac-
tants, non-ionic Triton N-101 surfactant does in fact etch
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CdSe nanocrystal. This can be of practical significance as a
tool for estimating the quality of CdSe NCs and its degree of
passivation.

Electronic coupling between CdSe NCs and surfactants

According to ref. [1], surface ligands for CdSe semiconduc-
tor nanocrystals able to withdraw electrons from a nanocrys-
tal decreases photoluminescence, whereas ligands that can
donate electrons to CdSe NCs can stabilize the high
photoluminescence. In other words, if a ligand is able to
separate the (hole–electron) pair a decrease in PL of nano-
crystal is observed. With this in mind, various ligands con-
ditions were tested [1, 2, 33, 34]. In the present work, PL per
normalized NC concentration (PL/0.1 AU) was used to dis-
cuss PL changes in CdSe NCs due to coating with surfac-
tants. The tool was discussed in details in ESM, Figs. S2-S3
and is based on the defects-free crystal and PL constancy
over similar size nanocrystals (e.g. 2.4–3.7 nm). Based on
the tool and taking Fig. 1b and 2 into account, it can be
concluded that the order in PL intensity is opposite to effi-
cacy in NCs transfer and follows the order of decreasing
PL/0.1 AU, i.e.,: non-ionic > anionic >> cationic surfactants.

The electronic interaction was observed to be the most
significant for non-ionic coating surfactants and this group of
surfactants was analyzed more deeply. Figure 2 shows re-
sults gathered due to coating with non-ionic surfactants.
Taking into account surfactant molecular structures
(Scheme 1, ESM) and Fig. 2, the contribution of a particular
portion of a surfactant to a change in PL can be estimated.
The following features were compared: (i) the same hydro-
carbon skeleton vs. different length of poly(ethylene) oxide
chain (Igepal CO-210 vs. TX-100 or TX-100R vs. TX-405R
or Brij 56 vs. 58 or Brij 78 vs. 700); (ii) the same PEO chain
vs. different hydrocarbon skeleton (TX-100 vs. TX-100R or
Brij 58 vs. 78), and (iii) comparison of non-ionic surfactants
due to small structural changes (TX-100 vs. N-101). At least
three general conclusions are available from these examples.
First, the presence of a short ethylene oxide chain (Igepal
CO-210) did not result in NCs dispersion. Second, longer
poly(ethylene oxide) chains of a surfactant generates higher
PL intensity (TX-405R, Brij 58, 78 and DM-970) and third,
comparing surfactants with the same poly(ethylene) oxide
chain (TX-100 vs. TX-100R (n=10) or Brij 35, 58 or 78
(n=23 or 20)) vs. different hydrocarbon skeleton, a similar
PL efficiency was seen for each group of surfactants. From
these deductions, it can be stated that a balance between
hydrocarbon and poly(ethylene) oxide moiety of a surfactant
defines the role a surfactant, in altering the NC
photoluminescence, during the coating process. For exam-
ple, the PL/0.1 AU increases in the following order for PL
intensity: Igepal CO-210<< Brij 700<Brij 78<DM-970,
where the latter affords the highest electronic interaction

with the highest PL efficiency, due to appropriate balance
between hydrocarbon and ethylene oxide moieties of a sur-
factant. It should be noted, that Tween surfactants show that
the system can be more complex.

The dispersion of CdSe NCs using non-ionic surfactants
allows one to examine the usefulness of the PL/0.1 AU tool
over range of CdSe nanocrystals sizes (Fig. S10, ESM). In
the experiment, it was found that for the sample of CdSe NCs
with lower PL efficiency, coating with non-ionic surfactants
restores nanocrystal PL yield to expected values. This indi-
cates that surface defects, which cause non-radiative carrier
recombinations, were eliminated by coating with these sur-
factants, despite the change in NCs environment from organ-
ic to aqueous.

In order to highlights issues discussed above, features
(spectra UV–vis, PL and PL/0.1 AU ratios) are presented in
the ESM (Fig. S11, ESM) for selected non-ionic surfactants.

Bathochromic shift in λmax of photoluminescence (PL)
for semiconductor CdSe nanocrystals with the same energy
gap (Eg)

Figure 3 shows an example of the red-shift observed in the
PL spectra for CdSe nanocrystals with the same position of
first exciton band as measured by UV–vis absorbance.

Characteristic band in absorption spectrum (λmax; first
exciton band) reflects quantum confinement effect [refs.
29, 30] and energy gap (Eg), as well. Typical effect due to a
ligand exchange is constant Stokes shift (λem – λAbs) for
nanocrystals with the same core dimension. In particular
situations an exchange of a surface ligand or coating (A vs.
B, Fig. 3) lead to bathochromic shift in the position of
λem(PL), despite the same λmax(Abs). The term Δλ denotes
the difference between Stokes shift A vs. B. The shift in the
PL λem maxima was attributed to delocalization of the
exciton to the surfactant coating. A similar effect was recent-
ly reported for thiol capped CdSe NCs [35].

A further illustration of this phenomenon is shown in
Figure S12 (ESM) for 2.5 nm CdSe NCs synthesized with
either TOPO/TBP or TOPO/TOP surface ligands. As shown,
the emission maximum shifts by 11 nm between TBP
vs. TOP coating. The Δλem diminishes as NC core
diameter increases and above a core size of 3 nm, no
shift was observed. Concentration effects (aggregation or
photoluminescence self-quenching) were ruled out (spectrum
A vs. A’; frame b Fig. S12, ESM) as the cause for the
shift in λem.

A similar spectral shift in λem (PL) vs. fixed position of
λmax (Abs) was observed for CdSe NCs coated with either
ionic or non-ionic surfactants. In these cases, PL intensity for
NCs follows the order: non-ionic > anionic >> cationic
surfactant used for coating (Fig. 4). This is in agreement
with Figs. 1b and 2. Although, a red shift in λem (PL) for
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nanocrystals with the same λmax (UV–vis) was observed for
all types of surfactants examined here (Fig. 4, frames a, b),
non-ionic surfactant was further examined due to observed
the highest PL/0.1 AU ratio according to Fig. 2. As an
example, the non-ionic surfactant Triton X-100 (TX-100)
was used. Frames a, b of Fig. 4 enable to establish the
relationship between: NC size, degree of PL spectral shift
and PL intensity. Note, that the accompanying action is NC
transfer from organic to aqueous phase. By comparing NC
size (Fig. 4, frame a, b), it can be concluded that for smaller
NCs, the PL efficiency is related to the extent of the PL red
shift vs. fixed λmax (Abs). In this situation, the ratio in
PL/0.1 AU for smaller NCs coated with TX-100 is approx-
imately four times greater than that for larger NCs coated

with TX-100 (see insets of frames a and b of Fig. 4). How-
ever, according to Fig. S10 (ESM) and the discussion of
Fig. S2 and S3 such a ratio, should be closer to 1.5
based solely on NC size. A similar conclusion can be drawn
by comparing Δλ (λem-λAbs) vs. PL efficiency for
CdSe//TOPO/TBP vs. its TX-100 derivative, considering
smaller vs. bigger CdSe NCs (Fig. 4). In this situation data
for smaller NCs (Δλ=10 nm, ratio in PL efficiency (TX-100
vs. TOPO/TBP)=4) vs. data for bigger NCs (Δλ=0 nm, ratio
in PL efficiency (TX-100 vs. TOPO/TBP)=1) allows one to
conclude that the crystal surfaces of a smaller NCs are more
affected by choice of surface coating with surfactants than
bigger NCs. This phenomenon and its consequence are
discussed in following two Sections.
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It is worth nothing that this observed shift in λem (PL) vs.
fixed λmax (Abs) may be associated with other phenomena as
yet determined. An analysis of available literature references
on this issue is posted in ESM (page 18). From this, it can be
concluded that a relationship betweenΔλ and PL efficiency,
as presented here, have not been previously reported.

Coating with oleate surfactant (OA)

CdSe NCs passivation with oleate surfactant was recently
analyzed in details [36] and the interaction between a crystal
surface and oleate surfactant was discussed in terms of the
coating mechanism. Our preliminary results (Fig. S13, ESM)
show bright photoluminescence under UV light after coating
NCs with OA. As with most cases examined in the present
work, OA was used to facilitate the transfer of CdSe NCs
from organic to aqueous solution phases. The PL/0.1 AU
tool was used to analyze three different NC sizes (Fig. S14,
frame a, 2.6 nm, b, 3.1 nm and c, 5.1 nm) coated with OA.
As above it was observed that only smaller NCs coated with
OA produce a high PL efficiency when a shift in λem (PL)
occurs. For bigger NCs, despite the occurrence of a PL
spectral shift, the PL efficiency was much lower than the
uncoated NC starting material of the same size.

This aspect was further analyzed in terms of PL/0.1 AU
factor over various NCs sizes as shown in Figure 5. As can
be seen, the starting material CdSe//TOPO/TBP has two
regions that illustrate the PL response. Region I defines
NCs of this type that are<3 nm, where a decrease in
PL/0.1 AU can be explained by the presence of surface
defects. In this region the PL/0.1 AU response for OA vs.
LA coated NCs is not the same and only in the case of OA-

coated NCs did the PL/0.1 AU factor increases with a de-
crease in NC size. Therefore, oleate surfactant can serve as a
tool for eliminating surface defects related to small CdSe
NCs. When considering the structural differences in LA vs.
OA (structures posted in Scheme 1, ESM) the presence of
–C=C– group of OA surfactant is the most important differ-
ence. It should be noted that, in comparison, the stearate
surfactant did not provide high PL efficiency (Fig. 1b or
S13) which shows that the saturated hydrocarbon chain is
not coupled with the NC surface. Therefore, the presence of
the –C=C– group in OA structure is the source for the effect.
Such an effect was previously reported for olefins and an
increase in PL of CdSe crystal was reported [37]. Also, the
theoretical model (Table S1, ESM) confirms an increase in
binding energy of a molecule, used for CdSe crystal coating,
due to the presence of –C=C– groups in a capping molecule.
Therefore, it can be stated that the PL/0.1 AU increase is only
observable with surfactant containing –C=C– groups and for
CdSe NCs≤2.5 nm.

CdSe size (nm)

P
L

/0
.1

A
U

Fig. 5 Coating of CdSe//TOPO/TBP NCs with (LA, OA) surfactants in
terms of PL/0.1 AU for CdSe nanocrystals about different core sizes.
Black line represents PL/0.1 AU factor for CdSe//TOPO/TBP NCs
dispersed in organic solvent. Respectively, red and blue lines represent
these CdSe nanocrystals dispersed in aqueous solution of OA or LA
surfactants, respectively. Note that OA (pure) and LA are non-fluores-
cent molecules
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Fig. 6 (frame a) Distribution of CdSe//TOPO/TOP nanocrystals,
according the nanocrystal core size, between upper and bottom phases
using cloud-point separation. In the experiment, the presence of bigger
CdSe NCs (3.4 nm) in bottom, as well as the presence of smaller NCs
(2.9 nm) in upper phase were seen, irrespective on the concentration of
TX-114 used for extraction procedure. Frame a, vials labeled 1–4 right-
hand side, contain 2.5, 5, 7 or 10 % (w:w) TX-114, respectively.
Respectively, vials left-hand side contain 2.5, 5 and 7 % (w:w) TX-
114. Frame b: UV–vis spectra for upper and bottom phases due to
cloud-point separation of CdSe//TOPO/TOP NCs with the use of TX-
114 surfactant. Either 4.5 or 3.1 nm CdSe NCs was present in the
bottom surfactant rich layer, whereas smaller 2.5 nm CdSe NC was
found in the upper layer, as confirmed by UV–vis spectra. Samples
preparation (frame b): NCs in hexane were stirred overnight with 5 %
w:w TX-114 solution, followed by centrifugation (8,000 rpm/8 min) to
remove aggregates. Such obtained samples were slightly heated until
turbidity, followed by sample centrifugation
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Cloud-point extraction for CdSe nanocrystals dispersed
in TX-114 surfactant

Cloud-point extraction, using non-ionic surfactants, is an
important analytical technique for enrichment of variety of
substances [38]. In this technique a micellar solution of a
non-ionic surfactant above the cloud-point temperature sep-
arates into two isotropic phases: (i) a surfactant rich phase
and (ii) an aqueous phase containing surfactants at the crit-
ical micelle concentration. For the TX-114 surfactant, the
cloud point is at 22°C [38], which is suitable to study
nanocrystals passivated by ligands. In the present experi-
ment, CdSe nanocrystals obtained according to TOPO/TBP
or TOPO/TOP synthesis were dispersed in aqueous solution
of TX-114 and the obtained solution was heated slightly
above 22°C until turbidity was observed. After centrifuga-
tion, two phases (upper aqueous phase and lower surfactant
rich phase) were obtained (Fig. 6 frame a). UV–vis spectro-
photometric measurement of both phases shows that CdSe
nanocrystals dispersed in TX-114 with core size<3 nm were
present in upper phase, whereas these with>3 nm were

present in bottom phase (Fig. 6, frame b). It should be noted
that CdSe NCs obtained according to the ODE/OA synthesis
are unsuitable for the cloud-point extraction due to the neg-
ligible dispersion in aqueous TX-114 (Fig. S7, ESM).

The concentration of TX-114 used to perform cloud-point
extraction was in the range of 2.5–10 % (w:w). The distri-
bution of NCs between phases was found to be independent
of the TX-114 concentration (Fig. 6, frame a).

A slightly different threshold of crystals size of 3.0 nm
(TOPO/TOP) vs. 3.4 nm (TOPO/TBP) for NC present in upper
vs. bottom phase was observed using CdSe nanocrystals
obtained from (TOPO/TBP) synthesis (Fig. 7). As above, under
such conditions the distribution of CdSe nanocrystals,
according to their sizes, was independent of TX-114 concen-
tration over the range of 2.5–10 % (w:w).

For the CdSe/TX-114 system, UV–vis spectrophotomet-
ric measurements revealed that small CdSe NCs (< 3 nm core
size) are exclusively present in upper phase with no trace of
NCs in the bottom phase, irrespective of TX-114 concentra-
tion (2.5–10 % w:w). This situation was analyzed in terms of
PL/0.1 AU (Fig. S15, ESM). There are two conclusions from
the experiment (Fig. S15, ESM). First, PL efficiency de-
creases with increase in TX-114 concentration and secondly,
PL efficiency is directly related with red shift in λmax (PL), in
agreement with discussions above.

A similar PL/0.1 AU analysis was done for bigger CdSe
nanocrystals (> 3 nm core size) present in bottom layer of
two phases system. Nanocrystals (3.4, 3.8, or 4.1 nm core
size), examined above (Fig. 7) were applied. The first con-
clusion is that CdSe NCs with size>3 nm are present in both
phases, irrespective of the NC examined. In the case of
3.4 nm (Fig. 7), the ratio in NC concentration (bottom vs.
upper) reaches 6 in 40 % of the cases, whereas for bigger
NCs (3.8 or 4.1 nm), the ratio is greater than 20. Spectra, for
upper and bottom phases containing 3.4 or 4.1 nm CdSe NCs
respectively, in terms of PL/0.1 AU factor were examined
(Fig. 8). It was observed that PL/0.1 AU factor is much

2.9 nm 3.4 nm 3.8 nm 4.1 nm

TX-114: 2.5%, 5%, 7% and 10%

40% 60%

CdSe

Fig. 7 Distribution of CdSe nanocrystals, according to their core sizes,
using cloud-point extraction. Samples of CdSe//(TOPO/TBP) in hexane
were dispersed in aqueous solutions of TX-114 (range: 2.5–10%w:w for
each NC) during ca. 12 h (overnight). Next, samples were centrifuged
(8,000 rpm/8 min) to remove aggregates. Such obtained samples were
used to cloud-point extraction procedure. In the case of CdSe 3.4 nm,
regarded as threshold, two possibilities were observed, namely CdSe NCs
present in both layers simultaneously (ca. 40 % of instances) or CdSe
NCs present only in bottom layer (ca. 60 % of instances)
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Fig. 8 Spectral features for CdSe NCs size>3 nm present in upper and
bottom layer due to cloud – point extraction for CdSe NCs dispersed in
TX-114 solution. The first example (3.4 nm NC) reflects the presence of
CdSe NC in both layers simultaneously and the second case is the
example of CdSe NC (4.1 nm size) present mainly in bottom layer

(see Fig. 7). Insert shows the ratio PL/0.1 AU for each CdSe nanocrystal
in each layer. The spectral features and PL/0.1 AU ratio for the staring
materials (CdSe//TOPO/TBP in hexane): 559 nm/584 nm (λmax, UV–
vis/λem, PL) and PL/0.1 AU 3,900 for 3.4 nm CdSe nanocrystal, and
588 nm/604 nm and 13,000 for 4.1 nm NC, respectively
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smaller for these both NCs present in bottom phase com-
pared to the factor for NCs present in upper phase (see
Figure 8 inset).

The first conclusion from the experiment is the observed
shift in λmax (PL) for each CdSe NC present in a particular
phase (upper vs. bottom), which denotes that NC in each
phase are coated differently. Second, PL/0.1 AU factor for
CdSe NCs in upper phase, irrespective of the CdSe size, is
much higher than this measured for the starting CdSe NC
(CdSe dispersed in hexane), which means the deep reorga-
nization of the crystal’s surface in this case.

The main conclusion from experiments discussed above
is related to the NC size, its presence in the particular phase,
and the PL/0.1 AU factor. These relationships suggest that a
distribution of CdSe NCs is due to CdSe NCs different
coating of crystal’s surface with the non-ionic surfactant.
The picture for CdSe NCs present in upper phase, regardless
of the NC size, is effective surface passivation by the non-
ionic surfactant and absence or masking of original surface
ligands (TOPO, TBP). In other words, the dominant behav-
ior of modified NC is its high polarity that allows NCs to
reside in upper aqueous phase. Also, the higher PL/0.1 AU
factor than this measured for original CdSe//TOPO/TBP
NCs (in hexane) denotes that surface states responsible for
non-radiative carrier recombination were removed in this
situation. A similar effect was discussed above for results
presented in Figure S10, ESM. On the other hand, for bigger
CdSe NCs (size>3 nm) their presence in the surfactant-rich,
bottom phase, is because of the NC’s higher hydrophobicity.
In this case, the crystal’s surface architecture after coating
exposes original surface ligands (TOPO, TBP). This retains
the NC hydrophobicity, thereby forces NCs to be present in
bottom surfactant phase. In this case, PL/0.1 AU factor is
low, which means lack of a surface reconstruction or even
increase in number of the surface defects. Both situations are
graphically interpreted as seen in Fig. S16 of the ESM.

Open Access This article is distributed under the terms of the Creative
Commons Attribution License which permits any use, distribution, and
reproduction in any medium, provided the original author(s) and the
source are credited.

References

1. Seker F, Meeker K, Kuech TF, Ellis AB (2000) Surface chemistry
of prototypical Bulk II−VI and III−V semiconductors and implica-
tions for chemical sensing. Chem Rev 100:2505–2536

2. Sperling RA, ParakWJ (2010) Surface modification, functionalization
and bioconjugation of colloidal inorganic nanoparticles. Phil Trans R
Soc A 368:1333–1383

3. Greek M (2010) The nature of quantum dot capping ligands. J
Mater Chem 20:5797–5809

4. Klimov VI (2007) Spectral and dynamical properties of multiexcitons
in semiconductor nanocrystals. Annu Rev Phys Chem 58:635–673

5. Somers RC, Bawendi MG, Nocera DG (2007) CdSe nanocrystal,
based chem-/bio- sensors. Chem Soc Rev 36:579–591

6. Sapsford KE, Tyner KM, Dair BJ, Deschamps JR, Medintz IL
(2011) Analyzing nanomaterial bioconjugates: a review of current
and emerging purification and characterization techniques. Anal
Chem 83:4453–4488

7. Fedotov PS, Vanifatova NG, Shkinev VM, Spivakov BY (2011)
Fractionation and characterization of nano- and microparticles in
liquid media. Anal Bioanal Chem 400:1787–1804

8. Aleksenko SS, Shmykov AY, Oszwałdowski S, Timerbaev AR
(2012) Interactions of tumour-targeting nanoparticles with proteins:
potential of using capillary electrophoresis as a direct probe.
Metallomics 4:1141–1148

9. Biju V, Itoh T, Anas A, Sujith A, Ishikawa M (2008) Semiconductor
quantum dots and metal nanoparticles: syntheses, optical properties,
and biological applications. Anal Bioanal Chem 391:2469–2495

10. Biju V, Itoh T, IshikawaM (2010) Delivering quantum dots to cells:
bioconjugated quantum dots for targeted and nonspecific extracel-
lular and intracellular imaging. Chem Soc Rev 39:3031–3056

11. Algar WR, Kroll UJ (2010) New opportunities in multiplexed
optical bioanalyses using quantum dots and donor–acceptor inter-
actions. Anal Bioanal Chem 398:2439–2449

12. De M, Ghosh PS, Rotello VM (2008) Applications of nanoparticles
in biology. Adv Mater 20:1–17

13. Delay M, Frimmel FH (2012) Nanoparticles in aquatic systems.
Anal Bioanal Chem 402:583–592

14. Janczak CM, Aspinwall CA (2012) Composite nanoparticles: the
best of two worlds. Anal Bioanal Chem 402:83–89

15. Medintz IL, Uyeda HT, Goldman ER, Mattoussi H (2005) Quan-
tum dot bioconjugates for imaging, labelling and sensing. Nat
Mater 4:435–446

16. Michalet X, Pinaud FF, Bentolila LA, Tsay JM, Doose S, Li JJ,
Sundaresan G, Wu AM, Gambhir SS, Weiss S (2005) Quantum dots
for live cells, in vivo imaging, and diagnostics. Science 307:538–544

17. Smith JE, Wang L, Tan W (2006) Bioconjugated silica-coated
nanoparticles for bioseparation and bioanalysis. Trends Anal Chem
25:848–855

18. Frasco MF, Chaniotakis N (2010) Bioconjugated quantum dots as
fluorescent probes for bioanalytical applications. Anal Bioanal
Chem 396:229–240

19. Kemp R, Sanchez R, Mutch KJ, Bartlett P (2010) Nanoparticle
charge control in nonpolar liquids: insights from small-angle
neutron scattering and microelectrophoresis. Langmuir 26:6967–
6976

20. Helgeson ME, Hodgdon TK, Kaler EW, Wagner NJ, Vethamuthu
M, Ananthapadmanabhan KP (2010) Formation and rheology of
viscoelastic “double networks” in wormlike Micelle-nanoparticle
mixtures. Langmuir 26:8049–8060

21. Haggenmueller R, Rahatekar SS, Fagan JA, Chun J, Becker ML,
Naik RR, Krauss T, Carlson L, Kadla JF, Trulove PC, Fox
DF, DeLong HC, Fang Z, Kelley SO, Gilman JW (2008)
Comparison of the quality of aqueous dispersions of single
wall carbon nanotubes using surfactants and biomolecules. Langmuir
24:5070–5078

22. Rastogi R, Kaushal R, Tripathi SK, Sharma AL, Kaur I, Bharadwaj
LM (2008) Comparative study of carbon nanotube dispersion using
surfactants. J Colloid Interface Sci 328:421–428

23. Shin J-Y, Premkumar T, Geckeler KE (2008) Dispersion of single-
walled carbon nanotubes by using surfactants: are the type and
concentration important? Chem Eur J 14:6044–6048

24. Blanch AJ, Lenehan CE, Quinton JS (2010) Optimizing surfactant
concentrations for dispersion of single-walled carbon nanotubes in
aqueous solution. J Phys Chem B 114:9805–9811

25. Oszwałdowski S, Zawistowska K, Grisby L, Roberts KP (2010)
Capillary electrophoretic separation and characterizations of CdSe
quantum dots. Cent Eur J Chem 8:806–819

Comparative study on coating CdSe nanocrystals with surfactants 1349



26. Oszwałdowski S, Zawistowska-Gibuła K, Roberts KP (2011) Char-
acterization of CdSe quantum dots with bidentate ligands by cap-
illary electrophoresis. Cent Eur J Chem 9:572–584

27. Oszwałdowski S, Zawistowska-Gibuła K, Roberts KP (2011) Cap-
illary electrophoretic separation of nanoparticles. Anal Bioanal
Chem 399:2831–2842

28. Oszwałdowski S, Zawistowska-Gibuła K, Roberts KP (2012) Char-
acterization of CdSe nanocrystals coated with amphiphiles. A cap-
illary electrophoresis study. Microchim Acta 176:345–358

29. Yu WW, Qu L, Guo W, Peng X (2003) Experimental determination
of the extinction coefficient of CdTe, CdSe, and CdS nanocrystals.
Chem Mater 15:2854–2860

30. Jasieniak J, Smith L, van Embden J, Mulvaney P (2009) Re-
examination of the size-dependent absorption properties of CdSe
quantum dots. J Phys Chem C 113:19468–19474

31. Skaff H, Emrick T (2003) The use of 4-substituted pyridines to
afford amphiphilic, pegylated cadmium selenide nanoparticles.
Chem Commun 52–53

32. Wenseleers W, Vlasov II, Goovaerts E, Obraztsova ED, Lobach
AS, Bouwen A (2004) Efficient Isolation and solubilization of

pristine single-walled nanotubes in bile salt micelles. Adv Funct
Mater 14:1105–1112

33. Bullen C, Mulvaney P (2006) The Effects of chemisorption on the
luminescence of CdSe Quantum, dots. Langmuir 22:3007–3013

34. Kalyuzhny G, Murray RW (2005) Ligand effects on optical
properties of CdSe nanocrystals. J Phys Chem B 109:7012–
7021

35. Liang Y, Thorne JE, Parkinson BA (2012) Controlling the electron-
ic coupling between CdSe quantum dots and thiol capping ligands
via pH and ligand selection. Langmuir 28:11072–11077

36. Fritzinger B, Capek RK, Lambert K, Martins JC, Hens Z (2010)
Utilizing self-exchange to address the binding of carboxylic acid
ligands to CdSe quantum dots. J Am Chem Soc 132:10195–10201

37. Meyer GJ, Leung LK, Yu JC, Lisensky GC, Ellis AB (1989)
Semiconductor-olefin adducts. Photoluminescent properties of cad-
mium sulfide and cadmium selenide in the presence of butenes. J
Am Chem Soc 111:5146–5148

38. Hinze WL, Pramauro E (1993) A critical review of surfactant-
mediated phase separations (Cloud-Point Extractions): theory and
applications. Crit Rev Anal Chem 24:133–177

1350 S. Oszwałdowski, K.P. Roberts


	Comparative study on coating CdSe nanocrystals with surfactants
	Abstract
	Introduction
	Experimental
	Reagents
	Instrumentation
	Procedures
	Modification of nanocrystal surface by surfactants


	Results and discussion
	Dispersion of CdSe NCs in surfactants
	Transfer of CdSe NCs from organic to aqueous phase mediated by surfactants
	Electronic coupling between CdSe NCs and surfactants
	Bathochromic shift in λmax of photoluminescence (PL) for semiconductor CdSe nanocrystals with the same energy gap (Eg)
	Coating with oleate surfactant (OA)
	Cloud-point extraction for CdSe nanocrystals dispersed in TX-114 surfactant

	References


