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ybrid organic—inorganic compos-

ite materials find numerous appli-

cations in optoelectronics,'? nano-
composites,’ biotechnology,* and
biodiagnostics.®> For luminescence applica-
tions, semiconductor nanocrystals (quan-
tum dots, QDs) are materials with unique
optical properties, most notably due to the
QD’s size- and composition-tunable lumi-
nescence emission, broad absorption and
narrow emission lines, and low photo-
bleaching rates.® Because of these attrac-
tive properties QDs are currently applied in
fields of optoelectronics,”°
biolabeling,"'~'® and sensing.'s" '8 For appli-
cation of QDs in biological sensing, or biola-
beling, the nanoparticles must be dispers-
ible in aqueous solution and in relevant
biological buffers.”® Ligand exchange reac-
tions have been widely used to modify the
surface of quantum dots to tune the QD
solubility'2° as well as to provide function-
ality for further coupling to biomacromole-
cules.2' Phase transfer of QDs between sol-
vents with markedly different polarity can
be also achieved by coating the QDs with
amphiphilic molecules via electrostatic??
hydrophobic/hydrophobic,??* or
host—guest interactions.”>~28 For some ap-
plications it is desirable to transfer the
nanoparticles from the sensing medium
and perform analysis in a new medium free
from the interfering background molecules.
Therefore there is a need to develop QD
materials, which would undergo reversible
phase transfer between solvents of mark-
edly different polarity. This might be real-
ized by employing stimulus responsive
ligands, which upon external stimuli (tem-
perature, pH, electric field) change their
chemistry, and therefore the physicochemi-
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ABSTRACT Ttrioctylphosphine oxide (TOPO) stabilized CdSe/ZnS quantum dots (QD) were modified with 6-
ferrocenyl-1-hexanethiol (FcHT) or 11-ferrocenyl-1-undecanethiol (FcUT) via ligand exchange. The presence of

ferrocenyl thiol ligands on the surface of the QDs was proven by diffusion ordered NMR spectroscopy. Upon

replacement of the initial TOPO ligand with ferrocene derivatives the emission of the QDs decreased. Phase transfer

of ferrocene-modified QDs from organic solvents into water was achieved by complexation reactions with 3-

cyclodextrin (3-CD). The QDs coated with ferrocene thiols are soluble in nonpolar solvents and are transferred

into the aqueous phase upon formation of host—guest complexes between the ferrocene units and the cavity of

[3-CD. The reversibility of the phase transfer was probed by the addition of naphthalene and adamantane

derivatives to the aqueous phase containing QD-[Fc-CD] adduct.

KEYWORDS: quantum dots - CdSe/ZnS - ferrocene - cyclodextrin - host—guest
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cal properties of the QD surface, or by us-
ing ligands able to form supramolecular
complexes with other molecules.
Nanoscale materials with multiple fer-
rocene units have attracted attention ow-
ing to possible applications of such materi-
als in sensing,'”?°~31 catalysis,?>* or in
optoelectronic devices.>* Ferrocene-coated
metal?>3> and silica nanoparticles,**** den-
drimers functionalized at the
periphery,3'2%37 and metal-selenide nano-
clusters passivated with ferrocenyl
ligands*®~*° have been reported. However,
to the best of our knowledge there are no
reports describing the direct attachment of
ferrocene-thiol ligands to the surface of QD.
In this article we describe the synthesis
of ferrocene-coated CdSe/ZnS quantum
dots for reversible phase transfer via
host—guest interactions. TOPO-coated
CdSe/ZnS QDs were functionalized with fer-
rocenyl thiols of various alkyl chain lengths
(6 and 11 CH, units) via the ligand exchange
reaction. NMR spectroscopy proved the ex-
change of ligands at the QD surface. The
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Figure 1. Transmission electron microscope image of indi-
vidual TOPO-coated CdSe/ZnS nanocrystals. The size of the
nanocrystals is ~5.2 nm. The scale bar is 10 nm.

presence of ferrocene causes a decrease of the lumines-
cence quantum yields (QY) of QDs. Ferrocene-coated
QDs are shown to undergo reversible phase transfer
from chloroform to water (and vice-versa) upon forma-
tion/release of inclusion complexes of B-cyclodextrin
with the ferrocene units on the surface of the QDs.

RESULTS AND DISCUSSION

The initial TOPO-coated QDs were purified by cen-
trifugation to remove excess TOPO from the storage so-
lution. The solution of purified QDs was clear and trans-
parent indicating that no aggregation of the QDs
occurred after the purification procedure. The CdSe/
ZnS QDs were characterized by transmission electron
microscopy (TEM), UV—vis, and spectrofluorometry. In
Figure 1 individual TOPO-stabilized CdSe/ZnS nanocrys-
tals are shown. The average diameter value of the QDs
was estimated from the images to be 5.2 = 0.3 nm. Ab-
sorption and emission spectra of CdSe/ZnS QDs
(QD625) are shown in Figure 2. The maximum of the
first absorption peak is located at 618 nm. The concen-
tration of the nanocrystals was estimated by following
the procedure of Peng et al.*' The emission spectrum
has a maximum located at 625 nm, and the full width
at half-maximum (fwhm) value of the emission peak is
equal to 32 nm. The calculated QY of TOPO-coated QDs
is equal to 27.8%.

Absorbance (a.u.)
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Figure 2. UV—vis spectrum (dash) and photoluminescence
spectrum (solid) of CdSe/ZnS in toluene. The emission maxi-
mum is at 625 nm; the full width at half-maximum is equal
to 32 nm.
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The initial QDs are coated with TOPO to stabilize
them in an organic solvent. Ligand exchange reaction
with an appropriate thiol is a convenient and rapid
method to modify the surface of TOPO-coated QDs.*?
To perform the ligand exchange reaction TOPO-coated
QDs were mixed with a large excess of the ferrocene de-
rivatives. The molar ratio between the ferrocenyl thiols
and QDs was 1:130, and it was chosen by taking into ac-
count the geometrical size of the nanoparticles and
the surface coverage of a ferrocene sulfide monolayer
on gold.*® To prevent possible oxidation of the QDs as
well as that of the thiol group, the reaction is performed
under nitrogen atmosphere. The solution was stirred
vigorously to facilitate the replacement of TOPO mol-
ecules from the surface of the QDs. Although it seems
that the reaction is fast and is close to completion
within a few hours, in order to reach high surface cov-
erage a longer reaction time of 6 days was used. After
the reaction ultracentrifugation was applied to remove
the untreated ferrocene derivative and TOPO from the
solution.

We employed NMR spectroscopy to prove that the
ligand exchange reaction takes place, and that the new
ligand binds to the surface of the quantum dots.
Solution-state "H NMR spectroscopy is a powerful tool
for the characterization and investigation of nanoparti-
cles, including semiconducting nanocrystals.*~# In
particular, pulsed field gradient (PFG) spectroscopy is a
most valuable tool for the investigation of these rela-
tively large systems that show relatively broad signals.
PFG experiments allow the discrimination of small and
larger molecules, using the different self-diffusion coef-
ficients of the molecules. Discrimination of differently
sized molecules can be obtained by performing
diffusion-ordered spectroscopy (DOSY) experiments,
pseudo-2D experiments where NMR signals from a mix-
ture of compounds in solution are spread along a
diffusion-coefficient axis.*® Another, faster, easy-to-
perform method is using the 1D sequence of a bipolar,
stimulated echo experiment with a fixed gradient
strength and fixed diffusion time, which acts like a fil-
ter. Signals of small solvent molecules, like toluene or
water, and small organic molecules like TOPO or FcHT,
can so readily be filtered out, leaving a clear spectrum
of the functionalized QDs.

In Figure 3 the diffusion-filtered 'H spectra of QDs
are shown. The pulse sequence used emphasizes the
signals of relatively large molecules, suppressing those
of small molecules, like residual protonated toluene,
water, impurities, uncapped TOPO, etc. In fact, the in-
tense signals at high field in a normal experiment, al-
most completely vanish in the diffusion-weighted ex-
periment. In Figure 3 the diffusion-filtered '"H NMR
spectra of FcHT and FcUT-modified QDs are compared
to the native TOPO-capped QDs. The TOPO-capped
nanocrystals exhibit characteristic peaks of the alkyl
chains with chemical shifts in the range of 1—2 ppm,
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Figure 3. "TH NMR spectrum of (a) CdSe/ZnS—TOPO, (b)
CdSe/ZnS—FcHT and (c) CdSe/ZnS—FcUT QDs in toluene-d.
Chemical shifts in the range of 1—2 ppm are attributed to
alkyl chains of TOPO and ferrocene derivatives. Peaks in the
range of 4—5 ppm are attributed to the ferrocene protons of
the FcHT or FcUT ligands linked to the CdSe/ZnS QDs.

but do not show peaks in the range of 4—5 ppm. The
spectra of the FcHT and FcUT modified QDs on the
other hand show a broad peak in the range of 4—5
ppm, which can be attributed to the ferrocene protons
of the FcHT or FcUT ligands linked to the CdSe/ZnS QDs.
The broad peaks around 1.5 ppm are related to the
alkyl protons of the remaining TOPO, still present on
the surface, and from the alkyl protons of the FcHT or
FcUT chains. Also for the QDs used in the phase trans-
fer studies, the ferrocene-functionalization and ligand-
exchange reactions have been followed by 1D-filtered
diffusion-ordered spectroscopy.

The "H NMR data of TOPO-capped QDs and the
ferrocene-derivatized QDs unambiguously prove that
ligand exchange reaction between TOPO and ferrocene
thiols indeed has occurred. The lines of the 'TH NMR for
the ferrocene region, were however too broad to obtain
reliable results for the molar ratios between the TOPO
and Fc ligands present on the QD surface. Previous NMR
studies have shown that during the ligand exchange re-
actions with thiols the TOPO ligands are replaced be-
tween 85 and 95%.%? The ligand length and the bulki-
ness of the end-group can also be a factor. Longer
ligands may exclude ligands with shorter chains from
the QD surface.?? Thus the displacement of TOPO
should in principle be more efficient for

changes in the absorption spectra between modified
and unmodified QDs (Figure 4a) shows that the de-
crease in luminescence is due to the presence of fer-
rocene rather than to changes in QD composition or
size due to long reactions times or high reaction tem-
perature. No significant changes in the absorption pro-
file were found either directly after ligand exchange re-
action or after the purification of the materials obtained
in comparison to the original TOPO-coated QDs.

A relatively weak emission of the ferrocene-coated
QDs was detected when exciting the QDs at 510 nm
(Figure 4b). The QY of the modified QDs was 0.89% and
1.66% for FCHT- and FcUT-coated QDs, respectively. Fer-
rocene and ferrocenyl derivatives are known quench-
ers of excited states.*® In previous studies ferrocenes
were also shown to affect the emission of QDs.3**° The
exact mechanism of the quenching is currently under
investigation, but electron transfer reactions involving
ferrocene units and QDs are most likely to be respon-
sible for the decrease of the luminescence. It should be
noted that the QY of the ferrocene-coated QDs de-
pends on the reaction time. Shorter reaction times lead
to lower degrees of quenching. Surface coverage, there-
fore, might influence the QY of the materials.

Ferrocene is known to form complexes with
B-cyclodextrin with a complexation constant K = 1230
M~"37 The chemical structure of B-CD forms a hydro-
philic ring with hydrophobic cavity, which can interact
with a suitable hydrophobic molecule that fits to the
cavity. Therefore, transfer of ferrocene-coated QDs in
and out of the aqueous phase upon complexation and
decomplexation with B-CD can be achieved. The simu-
lated lengths of FcHT, FcUT, and TOPO ligands are equal
to 12,19, and 13 A, respectively. FcHT ligands are there-
fore slightly buried in the remaining TOPO. In the com-
plexation reactions with B-CD the access of the 3-CD to
the guest molecule is important. Additionally, the orien-
tation of the guest in the B-CD cavity can affect the
complexation behavior. The location of Fc moieties
above the TOPO layer should in principle facilitate the
complexation reaction. Thus, to demonstrate the com-
plexation of ferrocene-coated QDs by B-CD we chose
QDs coated with the FcUT ligands. Two series of experi-
ments were performed using QD605 and QD595. We

the FcUT molecules than for FcHT. How-
ever, steric hindrance of the bulky Fc
groups may prevent full displacement of
the TOPO ligands on the QD surface.
Spectrofluorometry and UV—vis ab-
sorption were applied to characterize
the optical properties of ferrocenyl-
coated QDs after the purification from
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the excess of ferrocene thiols. For both
FcHT and FcUT the luminescence of
modified QDs significantly decreased af-
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Figure 4. (a) Absorption and (b) emission spectra of QD-TOPO (solid), QD-FcHT (dotted),
and QD-FcUT (dashed) in toluene. The inset in panel b shows the rescaled emission spec-

ter the reaction (Figure 4b). Absence of tra for QD-FcHT (dotted) and QD-FcUT (dashed).
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Figure 6. (a) Absorption spectra of QD-FcUT (QD605) in chloroform solution (solid) and
QD-[FcUT-CD] complex in water (dashed), (b) emission spectra of QD-FcUT (QD605) in
chloroform (solid) and QD-[FcUT-CD] (dashed) in water, (c) absorption spectra of QD-
FcUT (QD595) in chloroform solution (solid), QD-[FcUT-CD] complex in water (dashed),
and chloroform after addition of AACOOH (dotted), (d) emission spectra of QD-FcUT
(QD595) in chloroform (solid), QD-[FcUT-CD] in water (dashed), and QD-FcUT in chloro-

Figure 5. Photographs of the phase transfer experiments
using QD605 (a,b,c) and QD595 (d,e,f) quantum dots. The
QD-Fc-UT in the chloroform phase (a,d) are transferred to
water (b,e) upon complexation of the ferrocene units with
B-CD. Upon addition of sodium 2-nahpthalene sulfonate (c)
and AdCOOH (f) the QDs migrate back to the chloroform
phase.

have kept the ligand exchange reaction times short in
order to avoid steric hindrance of the ferrocene units
during complexation with B-CD. The QY for unmodi-
fied and modified QDs was calculated to be 37.6% and

25.8%, and 39.3% and 17.9% for QD605 and QD595, re-
spectively, indicating low surface coverage of ferrocene
thiols for both QD samples. The related absorption,
emission, and NMR spectra of these compounds are
shown in the Supporting Information. In Figure 5 we
show two series of photographs of vials containing wa-
ter and chloroform. Initially the QDs are present in the
chloroform phase (Figure 5a,d). Upon addition of cyclo-
dextrin, complexation of the ferrocene units on the sur-
face of QD occurs, and the nanocrystals migrate to the
water phase (Figure 5b,e). This is accompanied by a no-
ticeable emission from the water phase. In Figure 6 we
show the corresponding absorption and emission spec-
tra of the chloroform phase before adding 3-CD and
of the water phase after adding 3-CD.

The position of the first absorption peak for the or-
ganic and aqueous phases does not change noticeably
for both QDs. There are, however, some minor changes
in the profile of the absorption curve, which could be
related to some aggregation of the nanoparticles in the
aqueous medium. Dispersability of the QDs in water in-
dicates that the complexation of the ferrocene units
on the QD surface by B-CD was not prevented by steric
hindrance. Because of short ligand exchange reaction
times, the remaining TOPO ligands on the QD surface
may serve as spacers between ferrocenyl thiol mol-
ecules. Additionally, we have deliberately chosen to
use the FcUT ligands, which are longer than the TOPO
molecules. Therefore we created an easy access for the
B-CD molecules to the Fc units.

Based on the absorption spectrum we may esti-

mate the efficiency of the B-CD driven

phase transfer to be equal to ~80% for
both QDs. The emission spectra (Figure 6
b,d) clearly confirm the presence of QDs
in the aqueous phases. Although the
overall emission intensity decreased, no
noticeable changes in the emission peak
position are present. The reason for the

luminescence decrease is unclear at
present, but it is likely related to the pres-
ence of cyclodextrin and different me-
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dia. Feng et al. reported cyclodextrin-
induced phase transfer performed for
TOPO-derivatized CdSe/ZnS QDs.% In
their work a 15 nm red shift after trans-
fer of QDs to water was observed, and it
was related to the coordination of 3-CD
to the surface of the QDs. In this study we
do not observe any shift in the emission

Wavelength (nm)

form after addition of AACOOH (dotted).
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and direct attachment of B-CD to the ZnS
surface is rather unlikely.

The formation of host—guest com-
plex between B-CD and ferrocene is usu-
ally reversible upon addition of mol-
ecules having a higher binding constant
to the cavity of the B-CD.>! To show that
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Figure 7. Absorption spectra of QD-FcUT (QD605) in chloro-
form (solid) and aqueous phase (dashed) after addition of
sodium 2-naphthalene sulfonate.

the phase transfer is reversible, sodium 2-naphthalene
sulfonate (NAS) and adamantane carboxylate (Ad-
COOH), which are known to be effective in replacing
ferrocene from the ring of B-CD, were added to the wa-
ter phase.>”*' To displace ferrocene from the B-CD cav-
ity an excess of 10 times of NAS and 100 times of Ad-
COOH with respect to B-CD was added to the water
phase.

Upon addition of the naphthalene salt and vigor-
ous shaking the organic phase becomes luminescent
under the UV lamp illumination (Figure 5c). UV—vis
spectroscopy of the aqueous and chloroform phases
upon addition of the naphthalene salt is shown in Fig-
ure 7. Although the majority of the QDs transfer back to
the chloroform phase, the changes in the absorption
profiles indicate that some aggregation of the QD oc-
curred and the solution turned slightly opaque. Prob-
ably not all 3-CD molecules have been displaced before
the QDs transferred into the chloroform phase. Aggre-
gation of the QDs in the chloroform phase can be
largely avoided when an adamantane derivate is used
in the experiments. Similarly to naphthalene the major-
ity of the QDs transfer back to the chloroform phase
upon addition of a large excess of AdCOOH. However,
unlike in the experiments with naphthalene, upon addi-
tion of AdCOOH the chloroform QD phase is clear and
transparent. Substantially diminished aggregation of
the QDs is also visible on the absorption spectra of the

EXPERIMENTAL SECTION

Materials. Core —shell CdSe/ZnS nanocrystals were synthe-
sized as described by Janczewski et al.>? Three differently sized
nanoparticles emitting at 625 nm (QD625), 605 nm (QD605) and
595 nm (QD 595) were chosen for this work. Ferrocenyl-thiols
6-ferrocenyl-1-hexanethiol (FCHT) and 11-ferrocenyl-1-
udecanethiol (FcUT) were obtained from Dojindo (Dojindo Eu-
rope, Amsterdam, The Netherlands) and used as received. Tolu-
ene, chloroform, and deuterated toluene, chloroform were ob-
tained from Aldrich (analytical grade). Phosphate buffer
(Na;HPO4/NaOH, pH 11.6) was used to prepare solutions of
B-cyclodextrin (CD, Aldrich). Sodium 2-naphthalene sulfonate
(Fluka) and 1-adamantane carboxylic acid (Aldrich) were used
as received.

Methods. Transmission electron microscopy (TEM) images
were obtained with a Philips CM300ST-FEG. For imaging, a drop
of quantum dot solution in toluene was placed directly onto a

www.acsnano.org

chloroform phase after the addition of AACOOH (Fig-
ure 6¢). Adamanatane therefore is a more efficient com-
plexating agent for 3-CD on the surface of the QDs.
Transfer of the QDs from water to chloroform is accom-
panied by a rise in fluorescence intensity. This observa-
tion complements to our initial statement that the cy-
clodextrin is largely responsible for the quenching of
the emission of the QDs in the water phase. The release
of B-CD from the QD surface leads to the formation of
new host—guest complexes between respective com-
plexating agents (naphthalene and adamantane) and
B-CD molecules. In the case of naphthalene a weak blue
emission from the water phase originating from the
NAS-B-CD complex is clearly visible under UV-
illumination. These data demonstrate that reversible
phase transfer due to replacement of ferrocene by
naphthalene or AACOOH from the B-CD cavity does in-
deed occur. The choice of the competing complexat-
ing molecules seems however critical.

CONCLUSION

We have coated CdSe/ZnS QD with ferrocenyl thiol
ligands of various alkane chain lengths via ligand ex-
change reaction. The photoluminescence of the
ferrocene-coated QDs decreased, probably due to elec-
tron transfer processes between the QD and the fer-
rocene unit. Reversible phase transfer to and from the
aqueous phase was demonstrated using the complex-
ation reaction of ferrocene on the surface of QDs with
B-cyclodextrin and subsequent decomplexation via
competitive reaction of B-cyclodextrin with naphtha-
lene and adamantane derivatives. The emission of QDs
in the water phase is quenched due to the presence of
the cyclodextrin. The use of adamantane as the decom-
plexating agent results in clear and transparent solu-
tions of QDs in the chloroform phase unlike for the case
of naphthalene where aggregation of the QDs is ob-
served. The choice of the decomplexating agent is
therefore crucial to establish a reversible phase trans-
fer of QDs from the aqueous to the organic phase.

copper grid and subsequently dried in air. At least 100 QDs were
imaged to obtain statistically relevant results. The absorption
spectra of quantum dot solutions in toluene and water were
measured using a Varian model Cary 300 UV —vis spectropho-
tometer. The photoluminescence spectra were recorded on an
Edinburgh XE-900 spectrofluorometer. The QY for the substrates
and products was estimated by comparing the integrated lumi-
nescence intensities to the [Ru (bpy)s]** complex standard (QY =
0.028).53%* Nuclear magnetic resonance spectra were recorded
on a Bruker Avance Il 600 MHz NMR spectrometer at room tem-
perature, using an SEI 2.5 mm probe head equipped with z-axis
gradient system. Appropriate 2.5 mm tubes were used to limit
convection during the pulsed field gradient (PFG) experiments.
Pseudo-2D DOSY experiments and 1D diffusion-filtered 'H ex-
periments were performed using the bipolar stimulated echo se-
quence with typically a diffusion time (d) of 100 ms and gradi-
ents between 5 and 95% of maximum 35 Gauss.>®

Nea
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Synthesis of QD-Fc Nanoparticles. The nanocrystals were stored in
chloroform, or toluene, and purified before use by precipitation
with methanol and subsequent ultracentrifugation. After cen-
trifugation, the transparent solution was discarded and the re-
maining solid was dispersed again in toluene or chloroform.
Nanocrystals coated with the initial TOPO ligands (4 mL, 4 X
107 M) were added to a toluene solution containing FcHT or
FcUT (650 pL, 3.3 X 1073 M) in a three-necked flask equipped
with a condenser. The flask was immersed into a heating bath
and the reaction was allowed to proceed for 6 days at 40 °C un-
der nitrogen environment. After the reaction, the ferrocenyl-
coated nanoparticles were purified by ultracentrifugation in tolu-
ene (22000 rpm, 3 h), and the ultracentrifugation was repeated
twice.

Complexation of Fc-QDs with 3-Cyclodextrin. Purified ferrocene-
modified QDs were dispersed in 1 mL of chloroform (5.4 X 1077
M) and mixed with 1 mL of phosphate buffer solution containing
B-CD (1.1 X 10~* M). The molar ratio between the QD-Fc and
B-CD was therefore equal to 1:200. The solution was stirred for
10 h at room temperature, until the water phase became lumi-
nescent under UV irradiation. For reversible phase transfer, 145
wL of phosphate buffer solutions containing sodium
2-naphthalene sulfonate (7.6 X 1073 M), or 100 pL phosphate
buffer solutions containing 1-adamantanecarboxylic acid (1.3 X
1072 M) have been added to the QD-[Fc-B-CD] solution to re-
place ferrocene from the inclusion complex with B-CD. The mix-
ture was intensively shaken overnight. Samples from the or-
ganic and aqueous phases were taken for further analysis.
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