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Abstract: Luminescent polynorbornene (PNB)/quantum dot (CdSe@ZnS; QD) composite nanorods and nanotubes
were successfully prepared using anodic aluminum oxide (AAO) membranes of various pore sizes as templates. To
protect QDs with high quantum yield from quenching during the phosphoric acid treatment used to remove the AAO
templates, chemically stable and optically clear norbornene-maleic anhydride copolymers (P(NB--MA)) were
employed as a capping agent for QDs. The amine-terminated QDs reacted with maleic anhydride moieties in P(NB-
r-MA) to form PNB-grafted QDs. The chemical- and photo-stability of QDs encapsulated with PNB copolymers
were investigated by photoluminescence (PL) spectroscopy. By varying the pore size of the AAQ templates from 40
to 380 nm, PNB/QD composite nanorods or nanotubes were obtained with a good dispersion of QDs in the PNB

matrix.
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Introduction

Quantum dots (QDs) recently received enormous atten-
tion due to their broad range of potential applications in
light emitting diodes," lasers,”” photovoltaic devices,*® as well
as biomarkers'"* whose unique optical properties depend
on their size, which is referred to as the quantum confine-
ment effect.”" The stability of highly luminescent nano-
crystals (NCs) has been one of the most promising paths for
successful application of QDs in practical setting. NCs with
superb optical properties have been achieved through the
passivation of NC surface using organic or inorganic over-
layers.'* Many proposed applications of QDs require the
nanoparticles to be well-dispersed in a polymer matrix.”
Unfortunately, the problem of particle agglomeration is often
encountered when these nanoparticles are used during prac-
tical operations. Consequently, nanoparticles (such as QDs)
well dispersed in a host material are highly desirable for
practical applications.” In particular, one-dimensional (1-D)
nanostructure consisting of QDs possesses useful optical prop-
erties possibly applicable in areas such as optical devices
and DNA sensing. %’

In order to prepare such 1-D nanostructures, template-
based method, layer-by-layer deposition method, and self-
assembly method have been employed.*”" Particularly, the
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porous membrane-mediated method (template-based method)
has several advantages in obtaining 1-D nanocomposites.”
The well-defined size, orientation, and confinement of porous
structures make it possible to introduce host materials into
tailored positions.”** However, it still remains as a challenge to
develop a facile and novel preparation method for 1-D nano-
composite materials. Recently, we have developed a fabri-
cation method to yield chemically stable and optically clear
polymer/QD composite nanorods or nanotubes prepared
from anodic aluminum oxide (AAO) membranes with well-
ordered and nanometer-sized channels.

In the present study, we report a novel fabrication method
for luminescent polynorbornene (PNB)/QD composite nano-
rods or nanotubes based on AAO membranes of different
pore size. Amine-functionalized CdSe@ZnS QDs were
attached to norbornene copolymer main chains by reaction
with maleic anhydride moieties in the copolymer. Norbornene
copolymers, as chemically stable and optically clear capping
agents, could protect QDs from quenching during the AAO
etching process. Finally, we obtained polymer/QD compos-
ite nanorods and nanotubes of different size using AAO
templates with pore size ranging from 40 to 380 nm. Although
polymer nanorods or nanotubes based on AAO membranes
have previously been reported,” no systematic study on
chemically stable and luminescent polymer/QD composite
nanorods or nanotubes has yet to be performed in detail,
which is the main objective of the present study.
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Experimental

Materials. For the synthesis of norbornene-maleic anhy-
dride copolymer (P(NB-+-MA)), 2,3-bicyclo[2.2.1]hept-2-ene
(or norbornene, NB) was dried over calcium hydride and
purified by distillation. Maleic anhydride was used as received.
Azobisisobutyronitrile (AIBN) was used after recrystalliza-
tion. Anhydrous THF was used as a reaction solvent. All the
reagents for the synthesis of P(NB-~-MA) were purchased
from Aldrich. High purity (99.999%) aluminum foils for the
preparation of anodized aluminum oxide (AAO) membrane
were purchased from Goodfellow. Phosphoric acid (85%),
perchloric acid (70%), and oxalic acid (98%) were purchased
from Sigma Aldrich. Cadmium oxide (CdO, 99.99%), zinc
acetate (Zn(acet),, 99.9%, powder), selenium (Se, 99%, pow-
der), sulfur (S, 99.9%, powder), tributylphosphine (TBP, 90%),
oleic acid (OA, 90%), cysteamine hydrochloride (CAm, 98%),
and 1-octadecene (1-ODE, 90%) for the synthesis of CdSe
@ZnS QDs were used as received from Aldrich. 9,10-Diphe-
nylanthracene (99%) was purchased from Fluka.

Synthesis of Norbornene-Maleic Anhydride Copolymers
(P(NB-~MA)). Norbornene monomer was polymerized by
radical polymerization in the presence of maleic anhydride
to yield norbornene-maleic anhydride copolymer (P(NB-7-
MA)). 1:1 Molar ratio of norbornene (10 g, 0.106 mol) and
maleic anhydride (10.38 g, 0.106 mol) were dissolved in
100 mL of dry THF and a catalytic amount of AIBN (0.174 g,
0.00106 mol) was added to the mixture. The reaction flask
was well stirred until most of solid materials dissolved and
then was degassed three times by the freeze-thaw method.
The reaction mixture was refluxed overnight for 24 h at 60 °C.
After 24 h, the reaction mixture was cooled down to room
temperature to finish the polymerization. The polymer prod-
uct was precipitated by pouring the solution into n-hexane.
The precipitated white norbornene copolymer was collected
by suction filtration and dried in a vacuum oven. The copo-
lymerization yielded an alternating copolymer. 1:1 Stoichi-
ometry of norbornene to maleic anhydride was proven by
'H NMR. 'H NMR (TDF): 4.3-2.9 (br m, 2H of maleic
anhydride), and 3.0-0.7 (br m, 10H, cycloaliphatic of nor-
bornene copolymer). *C NMR (TDF): 175-171 (br m, 2C,
carbonyl carbon of maleic anhydride). The weight-average
molecular weight (M,) was determined to be 15,900 g/mol
with PDI of 1.48.

Synthesis of CdSe@ZnS Nanocrystals. CdSe@ZnS QDs
were prepared by the synthetic scheme previously reported.”
As a typical synthetic procedure, 0.2 mmol of CdO, 4 mmol
of Zn(acet),, and 5 mL of oleic acid (OA) were placed in a
100 mL round flask, heated to 150 °C and degassed under
100 mtorr pressure for 20 min to obtain a mixture of Cd(OA),
and Zn(OA),. The reactor was then filled with N, gas, added
with 15 mL of 1-octadecene and further heated to 300 °C to
form a clear mixture solution of Cd(OA), and Zn{OA),. At
this temperature, a mixed solution of 0.1 mmol of Se and 4
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mmol of S in 2 mL of trioctylphosphine (TOP) was quickly
injected into the reaction flask. The reaction mixture was
allowed for reaction at the elevated temperature for 10 min to
yield CdSe@ZnS QDs. The synthesized QDs were cooled to
room temperature, purified by adding 20 mL of toluene and
30 mL of ethanol and finally dispersed in chloroform. For
the encapsulation of QDs with norbornene-maleic anhydride
copolymers, the surface of prepared QDs, initially capped with
OA, was further treated with cysteamine (CAm) and dis-
persed in water (pH 6) after repeated purification step with
water and acetone to yield amine-functionalized QDs. The
PL emission spectrum of prepared QDs was measured by an
ACTON spectrometer.

Preparation of Anodized Aluminum Oxide (AAO) Mem-
branes. Hexagonally ordered porous alumina templates
were prepared based on the two-step anodization process
reported by Masuda et al.”””® An aluminum foil was
degreased in acetone to remove organic impurities and
located on a copper plate, acting as the anode. One side
(with a circular area of 1 cm in diameter) of the aluminum
foil was exposed to an electrolyte solution in a thermally
insulated cell. Three types of electrolytes (sulfuric, oxalic,
and phosphoric acid) were used to prepare AAO mem-
branes with relevant pore size used in this study. The tem-
perature of electrolyte solution was maintained constant 100 °C
in sulfuric acid, 17 °C in oxalic acid, and 0 °C in phosphoric
acid during the anodization process. The exposed side of an
aluminum foil was first electropolished in a HC10,/C,H,OH
(1:3 by volume) mixture solution. After the electropolishing
of the aluminum foil, first anodization process was con-
ducted under constant voltage (at 25 V in sulfuric acid, at 40 V
in oxalic acid, and 195 V in phosphoric acid) using a power
supply (Agilent Technologies N5700) for 3 to 12 h. The con-
centration of electrolytes used for the anodization is 0.3 M
in sulfuric acid, 0.3 M in oxalic acid, and 1 wi% in phos-
phoric acid, respectively. Subsequently, the aluminum oxide
layer was removed by chemical etching in a mixture solu-
tion of phosphoric acid (6 wt%) and chromic acid (1.8 wt%)
with gentle stirring at 45 °C for more than 7 h. The remain-
ing well-ordered periodic concave patterns on the aluminum
substrate play a role as pore nucleation centers for the fol-
lowing anodization step. The second anodization was con-
ducted under the same condition as the first anodization.
Afler the second anodization, prepared samples were washed
with plenty amount of deionized water, isopropyl alcohol,
and acetone. The bottom aluminum part was removed in a
CuClL/HCI mixture solution. By varying the experimental
parameters such as type of electrolyte, temperature, and
applied voltage power, the pore diameter of anodic alumi-
num oxides can be controlled from 40 to 200 nm. Addition-
ally, for further expansion of the pore diameter in anodic
aluminum oxide membranes, we have employed the wet-
chemical etching process. The depth of pores in the AAO
membranes can be adjusted by anodization time during the
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Scheme 1. Schematic on the preparation of luminescent PNB/QD composite nanorods.

second anodization process.

Preparation of PNB/QD Composite Nanorods and
Nanotubes. The maleic anhydride moieties in the norbornene-
maleic anhydride copolymers can readily react with amine
groups sticking out from QDs under mild condition. Scheme
I represents a process flow for the preparation of PNB/QD
composite nanorods. 0.5 g of P(NB--MA) was dissolved in
THF at 1 wt% solution. A 0.1 mL of amine-functionalized
CdSe@ZnS QD solution (at 5 wt% water solution) was then
added to the P(NB--MA) solution. After 30 min of reac-
tion, the reaction mixture (PNB/QD composites) was placed
on an AAO membrane surface for 10 min. The AAO mem-
brane templates were removed by treatment with phospho-
ric acid (10 wt%) at 45 °C for 1 h. Finally, PNB/QD composite
nanorods and nanotubes were obtained without significant
loss of the quantum efficiency of CdSe@ZnS QDs.

Photostability Test of CdSe@ZnS Quantum Dots. To
compare the photo- and chemical-stability of CdSe@ZnS
QDs as prepared with QDs grafted with PNB chains during
the AAO etching process, each solution was treated with
phosphoric acid (10 wt%) for 1 h. The quantum efficiency
of each sample was measured by PL spectroscopy before
and after the treatment with phosphoric acid. The output
from a home-built cavity-dumped mode-locked Ti:sapphire
laser (740 nm, 500 kHz, 20 fs) was doubled to 350 nm with
a 100 pm thick BBO crystal for the excitation of CdSe@ZnS
QDs. A lens (f= 150 mm) and a parabolic mirror ( f= 101.6
mm) were used to focus the excitation light and to collect
PL in the backscattering geometry, respectively. PL spectra
were obtained with a TE-cooled CCD (Andor, DU-401)
mounted on a 30 cm monochromator (Acton, SP-300, 150
grooves/mm) with 2 nm resolution. The instrument response
function was 50 ps (FWHM), vielding 10 ps time resolution
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with deconvolution.

Characterization. 'H NMR spectra were obtained at
room temperature using a Bruker (Avance 500 MHz). Gel
permeation chromatographic (GPC) analyses were carried
out using a Waters Alliance GPC 450 Systems. Chloroform
was used as an eluent at a flow rate of 1.0 mL/min and the
GPC data were calibrated based on PS standards, ranging
from 500 to 1,000,000 in molecular weight. Fourier trans-
formed infrared spectroscopy (FTIR) measurements were
made on a JASCO FT/IR 200 spectrometer; 16 accumulations
were signal-averaged at a resolution of 4 cm™. FTIR spectrum
was obtained for each film placed on a Si wafer in transmis-
sion mode at room temperature. Morphologies of PNB/QD
composite nanorods were obtained with field-emission scan-
ning electron microscopy (FE-SEM, JEOL 7401F). Transmis-
sion electron microscopy (TEM) was also performed on a
JEM-2000EXII microscope. Photoluminescence (PL) spec-
tra were collected on an ACTON spectrometer. Photolumi-
nescent quantum yield (PL QY) of the QDs used in this study
was measured and estimated by comparing its fluorescence
intensity with the intensity of primary standard dye solutions
(9,10-diphenylanthracene, QY=91% in ecthanol) at the same
optical density (0.05) and at the same excitation wavelength
(350 nm).

Results and Discussion

Synthesis of Norbornene-Maleic Anhydride Copolymers
(P(NB-r-MA)). Norbornene can be commonly polymerized
by three different mechanisms: ring-opening metathesis
polymerization (ROMP),” cationic polymerization,” and vinyl
addition polymerization.** Among these polymerization
mechanisms, vinyl polymerized norbomene copolymers are
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highly interesting due to their excellent physical and chemi-
cal properties such as high glass transition temperature, high
optical transparency, low dielectric constant, and excellent
chemical resistance.* However, these intrinsic properties
could be sometimes major drawbacks as their inherent brit-
tle character and poor solubility in common organic solvents
significantly limits its potential applications. Recently, it has
been shown that these intrinsic drawbacks are easily over-
come through the introduction of various functional groups
to the PNB main backbone.***” However, it is not still easy
to introduce such functional moieties to the PNB main
chains due to the steric hindrance as well as the catalytic
deactivation during polymerization reaction. Consequently,
in order to improve the intrinsic physical properties of nor-
bornene-based copolymers, we copolymerized norbornene
with highly reactive maleic anhydride based on radical poly-
merization that, in turn, can readily form a complex with
amine-terminated nanomaterials. Radically polymerized P(NB-

(a)

AN

7-MA) was prepared by the freeze-evacuate-thaw method to
remove oxygen from the reaction environment. Norbornene
and maleic anhydride were polymerized with alternating
sequence since the multiplication of reactivity ratios (7, and
¥'a) 18 close to zero. The incorporated monomer ratios, esti-
mated from '"H NMR data, were thus 50 and 50 mol% for
norbornene and maleic anhydride, respectively. Moreover,
the peaks indicating double bonds in norbornene and maleic
anhydride (6 6.2~5.9 and 6 7.2~7.0, respectively) com-
pletely disappeared after the polymerization. From the °C
NMR spectra, the peak at & 174-170 is assigned to the car-
bonyl carbon of maleic anhydride (see Figure 1).

Analysis of Structural Changes of P(NB-~MA) upon
Association with QDs. To prepare luminescent PNB/QD
composite nanorods and nanotubes, we mixed the P(NB-7-
MA) solution with CdSe@ZnS QDs. The maleic anhydride
moieties in the P(NB-r-MA) copolymer readily react with
amine-terminated CdSe@ZnS QDs. In order to check if the
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Figure 1. (2) 'H NMR data and (b) °C NMR data of P(NB-+-MA).
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Figure 2. FTIR spectra showing the structural change of P(NB-r-
MA) before and after the addition of amine-functionalized CdSe
@ZnS.

amine-terminated groups originating from QDs chemically
bind to maleic anhydride groups in the P(NB--MA) copoly-
mer, the structural change in maleic anhydride was moni-
tored by IR measurments, as shown in Figure 2. The intense
peaks around 2700~3200 cm are assigned to sp’ CH stretch-
ing peaks from the PNB main chains. It is noted that these
peaks do not change during the reaction with QDs. The two
peaks around 1856 and 1778 cm™ are assigned to C=0O asym-
metric and symmetric stretching originating from MA, respec-
tively. After the association or reaction of amine-terminated
QDs with P(NB--MA) copolymer, two new peaks emerge
at 1724 and 1630 cm™ and were assigned to the C=0 stretching
vibration of carboxylic acid and amide, respectively. Inter-
estingly, the peaks at 1856 and 1778 cm™ from MA drasti-
cally decrease almost simultaneously when the two new
peaks at 1724 and 1630 cm™ start to appear. And the broad
peak at 3430 cm™ is assigned to the -NH- and NH, stretch-
ing peak from amine-terminated QDs. These spectroscopic
evidences support that CdSe@ZnS QDs form nanocompos-
ites with grafted norbornene-maleic anhydride copolymers.
Chemical- and Photo-Stability of CdSe@ZnS QDs Grafted
with P(NB-~MA). To check the effect of AAO removal (or
etching) process on the chemical- and photo-stability of
CdSe@ZnS QDs and QDs grafted with P(NB-»-MA) copoly-
mers, we added the identical amount of phosphoric acid,
used as an etching solution, to pristine QDs as well as PNB/
QD nanocomposite solutions. Figure 3(a) shows the PL emis-
sion spectra of CdSe@ZnS QDs before and after the phos-
phoric acid treatment. The emission wavelength (4,,,) of
pristine CdSe@ZnS QDs is 506 nm. The photoluminescent
quantum yields (PL QY (®)) of pristine QDs and QDs
grafted with P(NB-r-MA) were estimated to be about 70
and 67%, respectively. The measured PL QY did not show
any significant difference between pristine QDs and QDs
grafted with P(NB-»-MA). After the phosphoric acid treat-
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Figure 3. PL emission spectral changes of: (a) CdSe@ZnS QDs
before and after the phosphoric acid treatment, (b) PNB/QD
nanocomposites before and after the phosphoric acid treatment
(A =506 ).

ment, the PL intensity of pristine QDs significantly
decreases, suggesting that CdSe@ZnS QDs are not stable in
acidic condition. Under acidic treatment to remove the
AAO templates, the ZnS shell layers alone could not fully
protect the CdSe cores. Although the ZnS shell layer is
known to be less susceptible for the surface oxidation when
compared with the CdSe cores, the transformation of sulfur
atoms in ZnS into sulfate ions is possible, leaving the CdSe
cores vulnerable for the oxidation. The surface oxidation of
QDs through a variety of pathways leads to the size reduc-
tion in QDs and concomitantly the loss of quantum effi-
ciency.*™ We, however, note that QDs grafted with P(NB-
r-MA) chains maintain their fluorescence intensity even
after the treatment with phosphoric acid, as shown in Figure
3(b). The quantum efficiency of P(INB-r-MA)-grafted QDs
decreases only by 5% after 1 h of phosphoric acid treat-
ment. This implies that the surfaces of CdSe@ZnS QDs are
well-encapsulated with norbornene copolymers and thus
well protected from the acidic attack on QDs with high QY.
Figure 4 shows photo images of pristine CdSe@ZnS QD
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Figure 4. Photographs of (a) CdSe@ZnS QD solution, (b) CdSe
@ZnS QD solution after the phosphoric acid treatment for 1 h,
(¢) PNB/QD nanocomposite solution, and (d) PNB/QD nano-
composite solution after the phosphoric acid treatment for 1 h.

and PNB-grafted QD solutions before and after the phos-
phoric acid treatment taken upon the UV irradiation at 365 nm
wavelength. In Figure 4(b), the pristine QD solution almost
lost its quantum efficiency upon the phosphoric acid treat-
ment for 1 h. However, the green-emission from PNB-grafted
QD solution persist even after the phosphoric acid treatment
for 1 h, as shown in Figure 4(d).

diameters of 40 nm and (b) PNB/QD composite nanorods of 40
nm in diameter obtained after removing the AAO membrane; (c)
AAO membrane with a pore diameters of 80 nm and (d) PNB/
QD composite nanorods of 80 nm in diameter obtained after
removing the AAO membrane; (¢) AAO membrane with a pore
diameters of 380 nm and (f) PNB/QD composite nanotubes of
380 nm in diameter obtained after removing the AAQ membrane.
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Image Analysis of PNB/QD Composite Nanorods and
Nanotubes. AAO membranes and nanostructures of PNB/
QD composites prepared from the AAO membrane tem-
plates have been examined by FE-SEM, with the results
summarized in Figure 5. Well-ordered and uniform-sized
AAO membranes are shown in Figures 5(a), (c), and (e).
The pore size of the AAO membranes is measured as 40,
80, and 380 nm, respectively. Pore diameter and interpore
distance (i.e., the center-to-center distance between neigh-
boring pores) are controlled by experimental parameters
such as type of electrolyte, applied voltage, temperature, and
current during the anodization process. Usually, the inter-
pore distance is linearly proportional to the applied voltage
during the anodization step and the proportionality constant
is about 2.5 nm/V. By varying the applied voltage from 25
to 195 V, we obtained well-ordered hexagonally packed
pores with diameter ranging from 40 to 200 nm in the anodic
aluminum oxide membranes. The pore diameter of anodic
aluminum oxide membranes can be additionally tuned after
the anodization by wet chemical etching, a process that
enlarges the average pore diameter without altering the
interpore distance and/or the membrane thickness. In this
wet etch process, phosphoric acid (H;PO,) at 40~70 °C was
typically used for the etching of aluminum oxide layer.
Finally, an AAO membrane with pore size of 380 nm was
successfully prepared.

Figures 5(b) and (d) show PNB/QD composite nanorods
prepared from AAO membranes of different pore diameter.
Furthermore, PNB/QD composite nanotubes were also
obtained using the AAO membranes with larger pores. Figure

Figure 6. TEM images of (a) CdSe@ZnS QDs, (b) PNB/QD
composite nanorods of 80 nm in diameter, and (¢) PNB/QD com-
posite nanotubes of 380 nm in diameter.

Macromol. Res., Vol. 17, No. 12, 2009
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5(f) shows the PNB/QD composite nanotubes of 380 nm in
diameter. The PNB/QD nanocomposite solution readily wets
the inner surface of AAO templates with larger pores. By
varying the pore size of AAO templates, we demonstrate
that we could control the morphology of polymer nanocom-
posite structure (i.e., nanorods vs. nanotubes).

In order to obtain the detailed information on the internal
structure of PNB/QD composite nanorods, TEM images were
taken. Figure 6(a) shows the TEM image of CdSe@ZnS QDs
used in this system. The diameter of CdSe@ZnS QDs is
around 7 nm and the size distribution is fairly narrow. Fig-
ure 6(b) shows the PNB/QD composite nanorods of 80 nm
in diameter, showing QDs well dispersed in the PNB matrix
due to the chemical reaction between QD surface and PNB
copolymer chains. Also, Figure 6(c) shows the PNB/QD
composite nanotubes of 380 nm in outer diameter.

Conclusions

We have demonstrated a simple and novel approach to
prepare luminescent polymer nanorods and nanotubes using
AAO membrane templates of different pore size. Amine-
terminated CdSe@ZnS QDs were chemically attached to
capping PNB copolymers (P(NB-~MA)). The QDs encap-
sulated with PNB copolymers were thus well protected
from fluorescence quenching during the removal of AAO
membranes by phosphoric acid treatment. By varying the
pore size of AAO templates from 40 to 380 nm, we success-
fully obtained PNB/QD composite nanorods and nanotubes
with QDs well-dispersed in the polymer matrix. This meth-
odology to produce well-defined polymer/QD nanocompos-
ites can be extended to many potential applications related
to biological labeling and electro-luminescent nanomaterials.
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