1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

éPL "VS)))\

NIH Public Access

Y (A
] a2 & Author Manuscript

o
R s

Published in final edited form as:
J Mater Chem. 2009 April 1; 19(20): 3198-3206. doi:10.1039/b820204d.

Synthesis and characterization of quantum dot—polymer
compositest

Joe Weaver?, Rashid Zakeri®¥, Samir AouadiP, and Punit Kohli@
Joe Weaver: ; Rashid Zakeri: ; Samir Aouadi: ; Punit Kohli: pkohli@chem.siu.edu

aDepartment of Chemistry and Biochemistry, Southern lllinois University, Carbondale, IL, 62901,
USA.

bDepartment of Physics, Southern Illinois University, Carbondale, IL, 62901, USA

Abstract

Inthis study, we demonstrate a facile and simple synthesis of quantum dot (QD)—polymer composites.
Highly fluorescent semiconducting CdSe/ZnS quantum dots were embedded in different
commercially available polymers using one easy step. QD—polymer composite nanoparticles were
also synthesized using template-assisted synthesis. In particular, we self-assembled lamellar micelles
inside nanoporous alumina membranes which were used for the synthesis of mesoporous silica
hollow nanotubes and solid nanorods. We observed that the addition of excess free octadecylamine
(ODA) in the QD-silica solution resulted in gelation. The gelation time was found to be dependent
on free ODA concentration. Similarly, the emission of QD—polymer composites was also found to
be dependent on free ODA concentration. Highly purified QDs provided polymer composites that
have a much lower emission compared to unpurified nanocomposites. This was attributed to
passivation of the QD surfaces by amine, which reduced the surface defects and non-radiative
pathways for excited QDs. Finally, highly fluorescent QD—polymer patterns were demonstrated on
glass substrates which retained their emission in both polar and non-polar solvents.

Introduction

Colloidal semiconductor QDs are ideal fluorescent nanoparticles.1=" The emission properties
of these QDs can be easily tuned through their particle size, shape and chemical composition.
QDs with different particle sizes can be excited with a single excitation source, making them
a very powerful imaging tool.1 QDs are also more photostable than organic fluorescent dyes.
Due to their unique optical and electronic properties, QDs have found applications in a wide
range of fields including biosensing, 2:8°-f bioanalysis,8 imaging probes,® viral capsids,10
multicolor imaging,1! QD-based lasers,12 light emitting devices (LEDs)!3 and photovoltaic
cells.14~16 Fyrthermore, strong coulomb coupling between charge carriers was found to
generate multi-excitons by a single photon via carrier (or exciton) multiplication. 17 Multiple
exciton generation can significantly increase the photovoltaic energy conversion efficiency.

TElectronic supplementary information (ESI) available: Quantum yield standards; observed and calculated Raman peak positions for
three excitation wavelengths; electronic absorption spectra of 3 different QDs; general curing reactions of 3 polymers used in this study;
videos showing gelation in daylight and UV light. See DOI: 10.1039/b820204d
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In general, coatings on CdSe QDs with higher band gap materials, such as ZnS shells, increase
the photostability and luminescence properties of the resulting core-shell QDs.> The shell
creates a more passivated surface leading to a decrease in the non-radiative pathways and
effectively increasing quantum yield (Qy) and the photostability of QDs. QDs synthesized
using a high temperature procedure generally have a hydrophobic surfactant coating®~’ on
their surface, which must be changed to a hydrophilic coating for uses in bio-related
applications. This is usually performed through ligand exchange, 2319 sol-gel chemistry2® and
micelle coating.21 Some of these surface modifications are found to reduce the quantum
efficiency and emission lifetime of QDs.22 Another way to change the surface properties of
QDs is to encapsulate them in polymers and proteins,2® cross-linked micelles,24 polymer
beads2> and clay—polymer nanocomposites.26 These treatments usually protect the QDs and
sometimes have been shown to enhance their emission properties. In this study, we investigate
the encapsulation of CdSe/ZnS core-shell QDs in different commercially available polymer
matrices such as silica, silicone, cyanoacrylate and epoxy. We have found that the
encapsulation of QDs in some polymers resulted in either a loss or a gain in the emission. These
results were attributed to the presence of free ODA in the solution. We investigated the
mechanism of gelation of a QD-silica composite, which was observed when a QD solution
was mixed with a silica-precursor solution. We also found that the amount of chloroform in
the QD-silica solution played a key role in determining whether hollow nanotubes or solid
nanorods would be formed in the solution. This is because the addition of chloroform
significantly increases the local critical micelle concentration (CMC) of the surfactant that
leads to a decrease in the surfactant-silica micelle thickness along the nanopore walls. This
resulted in the formation of hollow silica hanotubes. Finally, we demonstrate the patterning of
highly fluorescent QD—polymer composites on glass substrates which retained their emission
in different experimental environments.

Experimental

Chemicals and materials

Selenium powder (Se), cadmium oxide (CdO), octadecylamine (ODA), stearic acid, and zinc
stearate (Zn(SA),) were purchased from Acros Organics. Tri-n-octylphosphine oxide (>90%)
(TOPQ), sulfur (S), chloroform and methanol were purchased from Sigma Aldrich and a
sample of trioctylphosphine was kindly donated by Cytech Industry. All the chemicals were
used as received, without any further purification. We used commercially available polymers,
such as Super Glue®, 2-part epoxy and silicone polymers for the synthesis of QD composites.
Super Glue® (product number 15187, Pacer Technology) is a commercially available cross-
linkable polymer based on ethyl-2-cyanoacrylate, poly(methyl methacrylate) and
hydroquinone. 5-Minutes Epoxy® (catalogue number 20945) was obtained from ITW Devcon.
Its base is a bisphenol-A diglycidyl ether resin with polymercaptan amines. GE Silicone 1I®
(GE 5000) is a silicone polymer that cross-links through a condensation reaction. We chose
these polymers because they are commercially available, inexpensive, and their physical
properties range from very hard (cyanoacrylate and epoxy) to very soft (silicone). The chemical
structures of the polymer matrices and their chemistry are provided in Scheme 1 and Scheme
1S (ESIT) respectively.

Synthesis of CdSe QDs

The synthesis of CdSe QDs was performed using a procedure similar to that of a previously
published paper.2” A typical synthesis used in our research is as follows: CdO 13 mg, stearic
acid 0.150 g, tri-n-octylphosphine oxide 2.00 g and octadecylamine 2.00 g were combined in
a two neck 100 mL round bottom flask. The flask, equipped with a condenser, was sealed and
placed under a continuous flow of argon. The flask was heated to 300 °C and rapidly stirred
until the reddish-brown liquid became optically clear with a pale yellow color. At this time, a
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solution containing Se powder (79 mg) completely dissolved in trioctylphosphine (1 mL) was
swiftly injected into the flask at ~300 °C. Immediately following the injection, samples were
extracted at intervals of 5-10 seconds. Each individual sample was placed in a test tube and
allowed to cool to 25 °C. Approximately 1 mL of chloroform was added to each test tube to
saturate the QDs from a dried solid state to a muddy liquid state. Next the test tubes were filled
with methanol (~5mL) and shaken vigorously to remove as much excess amine and TOPO as
possible from the solution. Test tubes containing the QDs, ethanol, and chloroform were
centrifuged at about 1500 rpm for 5 minutes. The hydrophobic QDs were precipitated out as
pellets at the bottom of the test tubes, and the rest of the solution containing the excess amine,
TOPO, ethanol and chloroform was decanted off. The QD precipitant was dispersed into 2-3
mL of fresh chloroform. This step is called purification step 1. In some cases, multiple
purification steps were performed using the same procedure as described above.

Synthesis of CdSe/zZnS QDs

The encapsulation of the CdSe QDs with a ZnS coating was prepared using a previously
published procedure:22 30-50 mg of previously synthesized CdSe QDs were dried and placed
into a 150 mL round bottom flask. Octadecylamine (2.00 g), zinc stearate (0.200 g) and
trioctylphosphine (2.0 mL) were heated to 150-180 °C in the round bottom flask equipped
with a condenser under continuous argon flow. To this clear solution, 0.100 g of sulfur
dissolved in octadecylamine (2.00 g) was added to the previously described mixture. The flask
was resealed and kept at 150-180 °C under argon for approximately one hour. At the end of
this time period, the flask was cooled to room temperature where 1 mL portions of the core-
shell QDs were removed and placed in separate centrifuge tubes. These tubes were then filled
with ethanol and the QDs were centrifuged at 1500 rpm for 5 minutes. The ethanol was
extracted and the precipitant was dispersed with chloroform.

Synthesis of QDs containing silica nanorods

The silica precursor solution was synthesized using a previously published procedure,30¢ that
we modified as follows: ethanol (7.70 g), tetraethoxyorthosilicate (TEOS, 11.61 g) and
hydrochloric acid (HCI) (1 mL of 2.8 mM) were stirred vigorously in a 25 mL beaker. At the
same time, ethanol (15 g), HCI (4 ml of 55 mM) and cetyltrimethylammonium bromide (CTAB,
1.50 g) were mixed together in a separate beaker until all the CTAB was dissolved. The CTAB
solution was combined with the TEOS solution and continually stirred for 30 minutes. The
CTABJ/TEOS solution (250 pL) was added to a test tube consisting of CdSe/ZnS QDs (optical
density (OD) at 400 nm ~0.6) in chloroform solvent. The solution was then poured onto a
Whatman Anodisc® (200-300 nm pore diameter) drop wise under moderate vacuum filtration.
The top and bottom surfaces of the Anodisc® templates were scraped using a razor blade, and
allowed to dry overnight. The dissolution of templates to liberate nanoparticles was
accomplished by soaking the templates in 1M NaOH or 10% phosphoric acid solution. The
nanoparticles were captured through filtration on a nanoporous alumina filter with 20 nm pore
diameter.

QD encapsulation in commercially available polymers

We have encapsulated QDs in different commercially available polymers using a simple one-
step synthetic route. Our first attempt to encapsulate QDs into commercial grade Dow Corning
Sylgard 184® silicone polymer was however not successful, because of the presence of free
ODA, Se and S in the QD solution which inhibited the cross-linking reactions by complexation
with a platinum catalyst (this process is called catalyst poisoning).31 However, the QDs were
successfully encapsulated in a one-part condensation cured silicone polymer GE 5000®. The
curing mechanisms of Sylgard 184® and GE 5000® are quite different. Sylgard 184® uses a
Pt catalyst for cross-linking whereas GE 5000® cross-links through a condensation
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mechanism. GE 5000® does not employ a metal catalyst for curing (see Scheme S1 (ESIt) for
more details) and is thus not affected by the presence of amine, S, and Se. A typical procedure
used in the study for encapsulation is as follows: CdSe/ZnS QDs (20-30 mg) were dispersed
in 5 mL chloroform and placed into a 25 mL beaker. A commercial silicone sealant (2.5 g, GE
5000®) was dispensed through a caulking gun into the beaker containing the QDs in
chloroform. The beaker was equipped with a stir bar and the solution was stirred until all the
silicone was dissolved. Using a pipette, the solution was filtered through an alumina membrane
(Anodisc® from Whatman, pore diameter 20 nm). QDs containing alumina discs were allowed
to dry for approximately 30 minutes and were allowed to cure for several hours. The release
of QD-silicone nanoparticles from the alumina template and their capture on a nanoporous
alumina filter were performed as described earlier (see above).

QDs were also encapsulated into two other commercially available polymers: cyanoacrylate
and two-part epoxy. In a typical procedure used in this study, 2 mL of QDs dissolved in a
chloroform solution (OD = 0.5) was mixed vigorously with 2 mL of a polymer solution at room
temperature. The curing of the composites was performed at room temperature for several
hours.

Highly fluorescent QD—polymer patterning

The patterning of the QD—polymer mixture on flat surfaces (such as glass slides) was performed
by squeezing the QD-polymer composite mixture out of a nozzle or a pipette. All the patterns
were performed manually at room temperature. The composite patterns prepared from QDs
and polymers (cyanoacrylate, epoxy, and silicone) were highly fluorescent, and their emission
was stable for up to several days without any significantly diminished emission properties.

Characterization of QDs and QD—polymer nanocomposites

The CdSe/ZnS QDs were characterized using UV-Vis and emission spectroscopies, and
scanning (SEM) and transmission electron (TEM) microscopies. QDs were characterized using
a Perkin-Elmer Lambda 25 UV/VIS spectrometer with the following parameters: slit width
was 1 nm and scan speed 480 nm/min. The emission spectrum of QDs was performed on a
Perkin-Elmer LS 55 spectrometer (Agx = 400 nm, scan speed: 500 nm/min, and slit width 10
nm). With the use of known organic dyes as standards,28 Qy of the QDs can be determined
using the following equation:2°

Q_\VQD:[(IQD/IS) X (AS/AQI)) X (nQD/ns)J X Q_\'s X 100 (1)

where “QD” represents quantum dots and “s” the standard used. Table 1 lists the Qy of the
synthesized QDs and Table 1S (ESIT) shows Qy of the standard used in our experiments.

SEM and TEM analyses were performed on a Hitachi 570 and a Hitachi 7100 respectively.
For SEM analysis, the released QD—polymer nanoparticles from templates were collected on
a nanoporous alumina template. Then, a thin sputtered layer (5-10 nm in thickness) of gold-
palladium alloy was applied to QDs embedded in the polymers to increase the electrical
conductivity of the samples for SEM analysis. TEM samples were prepared by touching TEM
grids onto the surface of a drop containing nanoparticles.

Results and discussion

Synthesis and characterization of QDs

QDs used in the present study were synthesized using low cost readily available starting
chemicals. Fig. 1A shows an optical photograph of CdSe/ZnS core-shell QDs dispersed in
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chloroform following excitation at 365 nm. We synthesized QDs that emit photons ranging
from bluish-green to the red color region. Typical emission and electronic absorption spectra
of as-synthesized green, orange and red emitting QDs are shown in Fig. 1B and Fig. 1S (ESIt)
respectively. The full-width-at-half-maxima (FWHM) of the emission spectra of QDs were
~30-40 nm. Following the addition of a ZnS shell on CdSe core QDs, there was an increase
in both Qy and size of the QDs. Fig. 2 shows TEMs of CdSe/ZnS QDs of three different
diameters. Tables 1 and 1S (ESIT) list Qy of different CdSe and CdSe/ZnS QDs synthesized
in this study and their corresponding organic standard used for Qy estimation. Qy values for
different QDs were found to increase by >10-15 times after coating the CdSe QDs with a larger
band gap ZnS coating. Assuming one ZnS monolayer is about ~0.31 nm thick,3® we estimate
that there were roughly 5-6 ZnS monolayers on green light emitting CdSe core QDs.

Synthesis and characterization of QD-silica composites

QDs embedded in silica nanoparticles were synthesized using a template-assisted method
which is a very convenient and simple way for the synthesis of large quantities of
monodispersed nanoparticle.3020 Another way to synthesize nanoparticles is to use molecular
templates which can self-assemble into different nanostructures and can act as templates for
nanomaterials synthesis. Depending upon the choice of molecular templates used, the
mesostructures can be easily tuned from isotropic-hexagonal phase to large multilamellar
phase.32¢d Recently, Yamaguchi et al.30¢ demonstrated that lamellar micelle-based silica
synthesis yielded mesoporous silica nanorods inside a nanoporous alumina membrane. The
authors showed that the solid mesoporous silica channels (of 3.4 nm diameter nanochannels)
were parallel to the alumina nanopores. In this study, we used a procedure similar to that of
Yamaguchi et al.3% for the synthesis of QD-silica solid nanoparticles inside a nanoporous
alumina membrane (Scheme 2). First, CTAB was self-assembled into hexagonal packed liquid
crystalline lamellar micelles inside alumina nanopores (Scheme 2A).3%¢ This self-assembly
starts at the walls of the pores and propagates into the rest of the space inside the alumina pores.
The alumina nanopores help one-directional, self-assembly growth of micelles along the
nanopore direction.39¢:33 Since the micelles are positively charged, the silica polymerization
initiated at the outer surface of the micelles resulted in mesoporous nanoparticles inside the
template (Scheme 2B).

Under our experimental conditions, we observed two interesting phenomena which were not
reported by Teramae’s group.39¢ First, we found that when QDs in chloroform was mixed with
a silica-precursor solution, rapid gelation of a silica-QD mixture was observed at room
temperature (see videos in the ESIT). Second, whereas Teramae’s group only observed solid
nanorods in their experiments, we found the presence of both hollow silica nanotubes and solid
nanorods in our experiments. We now explain our observations in the following paragraphs.

Rapid gelation of QD-silica nanocomposites

Mixing of QD solution in chloroform and silica precursor solution resulted in very fast gelation.
The excess free amine (ODA) present in the QD solution appeared to facilitate the gelation.
To investigate the QD-silica gelation process and the effect of free ODA on gelation time, we
performed control experiments where a known amount of free ODA was added to the silica
precursor solution at room temperature. The gelation time was then measured as a function of
concentration of free ODA (Camine) in the solution. The gelation time is defined as the time it
took for the solution in a test tube to become so viscous that it would not pour out of the test
tube. Fig. 3 shows that with an increase in C4nmine, there was an exponential decrease in the
gelation time. In fact, gelation time was reduced by almost thirty times when Cgmine Was
increased five-fold (Fig. 3). In the absence of ODA, however, the silica gelation was not
observed for more than 60 minutes. Since primary amine is a weak base, it can significantly
enhance the rate of hydrolysis of TEOS when present in excess in the solution. Thus, with an
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excess ODA present in the solution, there was a large increase in the rate of TEOS hydrolysis
which contributed to rapid silica gelation. Moreover, a bilayer (first layer of TOPO/ODA and
a second layer of CTAB) on the surface of QDs can also be formed in the presence of excess
ODA .34 These hydrophobic bilayers on the QD surface can act as templates for the
mesostructures around which silica can form three-dimensional structures. We believe that the
enhanced TEOS hydrolysis rate and bilayer formation on the QD surface contributed to the
fast gelation of silica inside the alumina template.

Solid and hollow QD-silica nanoparticles

Interestingly, our electron microscopy data showed that the template-assisted QD-silica
cylindrical nanoparticles consisted of a mixture of solid nanorods and hollow nanotubes with
different wall thicknesses (Fig. 4 and Fig 5). The wall thickness of the silica hollow nanotubes
was between 5 nm and 20 nm (Fig. 5A). An SEM image of a hollow silica nanotube of ~25
pmin length is shown in Fig. 4. The nanotube was most likely longer than 25 pm but it was
broken during dissolution of the template and its collection on the alumina nanoporous filter.
We concluded that the nanotube was hollow because the probing electron beam had partially
penetrated through the nanotube and that some features of the alumina filter on which the
nanotubes were collected can be seen in the micrograph. This would not occur if the nanotube
were solid, because the electron beam (with 20 kV energy) would not have passed through a
diameter of more than 200 nm of a solid silica nanorod. Moreover, we observed many solid
silica nanorods in our TEM (Fig. 5B and C). Teramae’s group only found ~20 microns long
solid silica nanorods in their experiments.30¢ We used a synthetic procedure similar to that of
Yamaguchi et. al.39¢ except with the addition of QDs dissolved in chloroform. We were
surprised to observe the presence of hollow QD-silica nanotubes in addition to solid nanorods
in our experiments (Fig. 4 and Fig 5). We attribute the formation of hollow QD-silica nanotubes
to the presence of low dielectric constant solvent in the synthetic solution. The overall free
energy of the micelle formation is negative above the critical micelle concentration (CMC) of
a surfactant in a given solvent.36 However, changing the solvent composition to a lower
dielectric constant value decreases both the effectiveness of the chemical dipole of the
surfactant and the charge separation ability of the resulting solvent such that the exchange
energy of placing a free surfactant into micelle would be less thermodynamically favorable.
36 In our case, the silica-precursor solution was prepared in a relatively high dielectric constant
ethanol (dielectric constant, & = 24.3 at 25 °C)37. After the addition of QDs in chloroform (g =
4.8 at 20 °C)%’, the dielectric constant of the resulting solution was decreased. Overall, the
effect of the addition of a lower dielectric constant solvent in the solution was to increase in
the CMC value of CTAB for the micelle formation which effectively shifted the micelle-free
surfactant equilibrium towards the free surfactant side.36 This resulted in the destruction of
some micelles in the alumina nanopores, and it favored the formation of some hollow
nanotubes. It is not clear at this point if a given nanopore contains both solid nanorods and
hollow nanotubes. In principle, the nanostructures with both hollow and solid features are
possible if the local dielectric constant of the solution in a given nanopore is significantly
different. For example, if a portion of the nanopore has a lower dielectric constant such that
the CMC is larger than the local surfactant concentration, then we expect hollow nanotubes
for this nanotube portion; whereas another part of the same nanoparticle with a higher dielectric
constant could form a solid nanorod. Thus, controlling the local dielectric constant of the
solution in the nanopores provides a convenient way to synthesize nanoparticles of novel
structures.

Using a higher magnification of SEM analysis, we also observed uncharacteristic round dots
on the nanotube’s surface (dotted circles in the electron micrograph, inset of Fig. 4). The exact
nature of these dots is not entirely clear from the SEM image . It is possible that these dots
could be silica coated QDs. The dark spots in the nanorods in our TEM are attributed to the
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presence of high electron density of elements (such as Cd, Se, and S). The dimension of these
dark spots suggests that there are about one to five CdSe/ZnS QDs present in the QD-silica
composites. QDs aggregation in the nanorods also contributed to the emission quenching of
the resulting QD-silica nanoparticles (vide infra). We performed energy X-ray dispersive
spectroscopic (EDS) analysis on our samples several times (four different times) on the QD-
embedded nanoparticles. The signals from the aluminium sample holder and carbon tape (used
to stick the sample on the sample holder) overwhelmed the signal from the sample. In spite of
significantly increasing the QD concentration in the nanoparticles, the signal from QDs
remained below the background signal. We would like to emphasize that for these samples,
we could visibly see with our naked eye the emission and color from QDs but the signal at the
detector was saturated with aluminium sample holder and carbon tape.

Emission of QD-silica composites

The emission of the QD-silica composite was found to decrease significantly following its
encapsulation in silica. Fig. 6 shows the emission optical photograph of powdered QD-silica
nanocomposite after the dissolution of alumina template in phosphoric acid. The
nanocomposite was excited at a wavelength of 365 nm with a hand-held UV lamp. The
quenching of emission was found to be dependent on the extent of purification of QDs used
for the preparation of the composites. The emission of highly pure QDs containing composites
were much lower (50-70%) than those of as-prepared composites. The purification ofQDs was
performed by precipitating the as-prepared QDs with a large amount of ethanol followed by
the centrifuging at high speed. This process resulted in a pallet of QDs, which was resuspended
in chloroform. This step is called purification step 1. In general, we used QDs for encapsulation
in polymers that were purified for ~2—3 steps.

The purification steps significantly reduced the concentration of free ODA in the solution. It
is known that the emission of QDs reduces significantly following their purification which is
attributed to surface ligand loss, increase in surface defects, and/or loss of smaller QDs from
the solution during purification.39 Further evidence that free ODA plays a critical role in QD
emission came from two control experiments. First, the emission of the silica-precursor
containing QD solution (OD = 0.4) was recovered to ~70% of its original emission value when
an excess of amine was added to the solution (Fig. 7A). Second, the quenching of emission of
QD solution with an excess of ODA following the addition of silica-precursor solution was
significantly lower than a similar QD solution but without ODA in the solution. The emission
of the latter solution recovered completely after the addition of excess ODA (Fig. 7B) which
resulted in the reduction or elimination of non-emissive surface states or non-radiative
pathways produced by ligand loss.3% These experiments clearly show that free ODA in the
solution retarded the emission quenching of QDs. These results are in agreement with a recent
report where the authors have found that an excess of amine in the solution showed enhanced
emission as compared to solutions without amine.3?

Since the silica precursor consisted of many components that can affect the emission of QD
solution, it is not known which chemical components in the silica precursor contributed to
emission quenching. To investigate the effect of the addition of different components present
in the silica precursor to QD solution, we performed experiments where different components
of the silica precursor were added to a QD solution (OD ~ 0.4) one at a time, with all other
experimental conditions kept the same. Fig. 8A shows the effect of the addition of CTAB on
the emission of QD solution. Besides a QD emission peak, a peak centered at ~450 nm was
observed. This peak was ~3000 cm ™1 shifted from the excitation wavelength and was attributed
to the Raman peak of chloroform (see ESITt for details).38 With increase in the CTAB addition
to the QD solution, there was a significant decrease in the QD emission peak. In fact, QD
emission was decreased ~70% after the addition of 25 pL of 90 mM CTAB. Similarly, we
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noted ~55% and 46% decreases in emission intensities of the solution after addition of HCI
(25 pL, 4.8mM) and TEOS (25 pL, 1.18 M) respectively to the QD solution (Fig. 8B and C).
An equilibrium between surface-bound and free amine ligand molecules in the solution is
proposed for QDs solution,3? and small molecules can replace surface-bound ligands which
can decrease Qy of QDs. Moreover, the addition of tertiary ammonium alkyl based surfactants
(such as CTAB) to the QD solution was found to result in large emission quenching of QDs.
40 \We believe that small molecules such as CTAB, ethanol, TEOS and HCI present in the
solution compete with ODA for QD surface sites and that adsorption of these molecules
increases the non-radiative pathways with diminished emission properties of the QDs. The
recovery of QD emission by >70% after the addition of excess ODA is consistent with this
argument because the addition of excess ODA displaced “quencher” small molecules (CTAB,
HCI, TEOS, and ethanol) from the surface sites leading to enhanced emission.

Highly fluorescent QD—polymer composite patterning on glass substrates

We also patterned highly fluorescent QD—polymer composites on surfaces. We used different
commercially available polymers such as cyanoacrylate, two-part epoxy, silicone, and nail
polish for QD encapsulation. These polymers were chosen because they are inexpensive and
readily available and are used for many commercial applications. Furthermore, these polymers
exhibit a range of physical properties from hard (cyanoacrylate and epoxy) to very soft
(silicone) in nature. The patterning of QD—polymer mixtures on flat surfaces was performed
by squeezing the QD—polymer mixture out of pipettes at a desired location on the substrate.

The encapsulation of highly purified QDs (with 3 or more purification steps) in cyanoacrylate,
epoxy and silicone resulted in an almost complete emission quenching of the QDs in the final
composites. However, the addition of excess amine in the QD solution prior to encapsulation
in the polymer yielded highly fluorescent QD—polymer composites. These results are consistent
with our previous observations (see above). Fig. 9A, B and C show fluorescent patterns made
from silicone-, cyanoacrylate-and epoxy-QD based composites respectively. The cyanoacry-
late—QD patterns remained highly fluorescent without any significant deterioration for more
than 30 days at room temperature. Soaking these composites in hot water (at 50 °C for 10
minutes) did not result in a significant decrease in the emission. Similarly, soaking of
cyanoacrylate—QDs patterns in ethanol for 10 minutes did not show a large emission quenching.
However, we found a decrease in the emission of the QD-silicone composite patterns after
three days at room temperature, and their emission quenching was found to be much higher
than those composites made from cyanoacrylate— and epoxy—-QDs. We attribute the higher
emission quenching for QD-silicone patterns to higher O, (which is an excellent emission
quencher) permeability of silicone polymers.#! These simple experiments clearly show that
QDs can be easily encapsulated in different polymers and patterned on surfaces with excellent
emission properties.

Conclusion

We demonstrated an easy one-step encapsulation of highly fluorescent semiconducting CdSe/
ZnS QDs in different commercially available polymers. QD—polymer composites remained
highly fluorescent after encapsulation in a polymer matrix. We also synthesized hollow and
solid QD-silica nanoparticles using template-assisted synthesis. The emission properties were
highly dependent upon QD purification and the presence of free ODA in the solution. Excess
ODA in the QD solution passivated the QD surface and thus reduced the non-radiative
pathways. This resulted in increased Qy of QDs and QD—polymer composites. The presence
of ODA in the silica-precursor solution also led to rapid gelation of silica. The gelation time
was found to depend on the amount of free ODA present in the solution. Finally, highly
fluorescent QD—polymer patterns were demonstrated on glass substrates which retained their
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emission after exposing them to different solvents. We expect that this simple QD

en

capsulation technique in a polymeric matrix may find potential applications in materials,

bio-analytical and medical sciences.
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— Green light emitting CdSe/ZnS QDs
Yellow light emitting CdSe/ZnS QDs

— Red light emitting CdSe/ZnS QDs
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Fig. 1.
Optical photographs (A) and corresponding emission spectra (B) of CdSe/ZnS core-shell QDs.
See main text for details.
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Fig. 2.
TEM images of (A) green; (B) yellow; and (C) orange light emitting CdSe/ZnS core-shell QDs.
An accelerating voltage of 200 kV was used for these experiments.
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Fig. 3.

Gelation time (t) versus free ODA concentration (Camine) for CTAB containing silica-
precursor mixture.
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Fig. 4.

A typical SEM of a hollow QD-silica nanotube synthesized using CTAB, silica precursor and
QD solution. The length of the hollow nanotubes is about 25 pum. The inset SEM shows the
dot nanostructures which may be composed of QDs-silica (see text for more details).
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28

Fig. 5.
TEM images of hollow QD-silica nanotubes (A), and solid nanorods (B) and (C). The dark
dots in (C) are due to the presence of QDs embedded in the nanoparticles.
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Fig. 6.

The photograph of silica nanoparticles containing green CdSe/ZnS QDs when excited by a
hand-held UV lamp (Aexcitation = 365 nm). The silica nanotubes/nanorods embedded in the
alumina templates were collected on a filter after dissolving the alumina template in phosphoric
acid.
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45 mM ODA containing QD solution in
chloroform (OD = 0.4 at 400 nmand 2 mL)
Addition of 5 plL silica-precursor solution to 1
Addition of 5 ulL silica-precursor solution to 1
Addition of 5 pL silica-precursor solution to 1
Addition of 1 mL of ODA (45 mM) in chloroform
to 1

Addition of 2 mL of ODA (45 mM) in chloroform
to 1

Effect of addition of silica precursor on the QD emission intensity to purified (A) and excess
ODA containing (B) QD solution. All the solutions were excited at 400 nm.
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Fig. 8.
Effect of addition of (A) CTAB, (B) HCI, and (C) TEOS on the emission of QD solution (OD
= 0.4 at 400 nm).
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JO:
4on

Fig. 9.

Fluorescent patterns made after embedding QDs in three different polymers: (A) silicone; (B)
cyanoacrylate; and (C) epoxy. For all images, the excitation source was a hand-held lamp
(Aexcitation: 365 nm). Joe, in (A), is first name of first author of this manuscript. See text for
more details.
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Scheme 1.
Chemical structures of the different molecules used in these studies.
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Scheme 2.
Schematic of encapsulation of QDs in silica nanoparticles
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