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ABSTRACT: This work demonstrates a facile and versatile method
for generating low scattering cross-linked quantum dot (QD)−
polymer composite films and patterned highly emissive structures
with ultrahigh QD loading, minimal phase separation, and tunable
mechanical properties. Uniform QD−polymer films are fabricated
using thiol−ene chemistry, in which cross-linked polymer networks
are rapidly produced in ambient conditions via fast UV polymer-
ization in bulk to suppress QD aggregation. UV-controlled thiol−ene chemistry limits phase separation through producing highly
QD loaded cross-linked composites with loadings above majority of those reported in the literature (<1%) and approaching 30%.
As the QD loading is increased, the thiol and ene conversion decreases, resulting in nanocomposites with widely variable and
tailorable mechanical properties as a function of UV irradiation time with an elastic modulus decreasing to 1 GPa being
characteristic of reinforced elastomeric materials, in contrast to usually observed stiff and brittle materials under these loading
conditions. Furthermore, we demonstrate that the thiol−ene chemistry is compatible with soft-imprint lithography, making it
possible to pattern highly loaded QD films while preserving the optical properties essential for high gain and low optical loss
devices. The versatility of thiol−ene chemistry to produce high-dense QD−polymer films potentially makes it an important
technique for polymer-based elastomeric optical metamaterials, where efficient light propagation is critical, like peculiar
waveguides, sensors, and optical gain films.

KEYWORDS: quantum dots, thiol−ene chemistry, polymer nanocomposite, thiol−ene, soft lithography, photoluminescence,
quantum yield

1. INTRODUCTION

Addition of quantum dots (QD) to polymer nanocomposites
offers significantly improved function for QD-containing
nanocomposites, being able to take advantage of the unique
optical and electrical properties of QDs1 while retaining the
versatile bulk mechanical properties of the polymeric matrices.2

Perfected synthetic techniques have afforded precise control
over the QD structure, resulting in superior electronic and
optical properties.3 On the other hand, appropriate monomer
selection offers complete control over the underlying polymer
matrix and tailorable mechanical properties.4 The precise
engineering of the QD structure allows for increased quantum
yield (QY),5 extended photoluminescence (PL) lifetimes,6 and
attenuated effects from nonradiative decay mechanisms.7 This
has led to the utilization of QDs in areas spanning
photovoltaics,8 solar concentrators,9 gain media,10 LEDs,11

photonics,12 and next-generation semiconductor lasers.13

Encapsulation of QDs in a polymer matrix with uniform
distribution and suppressed aggregation, while still remaining
challenging, has been demonstrated to not only provide added
benefits from the bulk properties of the polymer but also

improve QD optical properties.14 Potential applications of
these nanocomposites include advanced photonic parity-time
(PT) symmetric systems including Bragg reflectors15 and
coupled waveguides,16 which can display phenomenon like
unidirectional invisibility.17

Photonic systems, in particular, can benefit greatly from the
tunable optical properties of QDs, exhibiting exceptionally high
optical gains (a requirement of PT systems) as well as the
tailored mechanical properties provided by a polymer matrix,
facilitating robust backbones and applicability to a host of
planar and nonplanar substrates. Similar systems have been
developed for a subfield of photonics, optoelectronic systems,
in which encapsulation of conductive wires in elastomeric
matrices imparts stability, flexibility, and stretchability.18 The
incorporation of QDs into polymer matrices is a particularly
important step because it allows for the fabrication of stable and
uniform functional materials with low optical losses, offering

Received: March 8, 2017
Accepted: April 25, 2017
Published: April 25, 2017

Research Article

www.acsami.org

© 2017 American Chemical Society 17435 DOI: 10.1021/acsami.7b03366
ACS Appl. Mater. Interfaces 2017, 9, 17435−17448

www.acsami.org
http://dx.doi.org/10.1021/acsami.7b03366


the ability to vary thickness (submicrometers to micrometers),
relative ease in processing, and the controlled incorporation of
significant quantities of QD gain medium into a matrix for
tunable emission strength.
However, the preparation of well dispersed QD−polymer

composites is challenging, primarily relating to large-scale phase
separation, which results in QD aggregation thus high optical
scattering and losses. Recent efforts to develop QD−polymer
composites have seen limited success since simple mixing of the
two components typically leads to significant QD aggregation
and phase separation.19,20 Wang et al. recently developed
microbubble lasers via simple drop-casting of QD−poly(methyl
methacrylate) (PMMA) solutions. Loadings above 50% were
achieved; however, this methodology is not easily adaptable to
patterning, as structures are limited to large shapes.21

Additionally, although more complex reaction schemes can
compromise the valuable properties of the QDs, they have only
resulted in inclusion of QDs at very low weight percentages.22

Specifically, aggregation of QDs typically leads to nonradiative
decay mechanisms such as quenching23 (i.e., Förster resonance
energy transfer) as well as optical losses from scattering.24 In
addition, while QD photopatterns of low resolution have been
generated utilizing TEM grids as a mask, a clear scalable
approach that allows for the fabrication of high-resolution
patterns in highly loaded QD composites have not yet been
developed.25 Ehlert et al. demonstrated QD−polymer
composites by grafting polymer brushes onto the QD surface
and subsequently mixing with like polymers.26 A proposed
method for combating large QD aggregation and phase
separation would be the utilization of a fast cross-linking
mechanism that takes place on time scales faster than phase
separation of relatively large nanoparticles, thereby minimizing
the tendency of QDs to phase separate during film formation.
Furthermore, it has been suggested that cross-linking during
polymerization can reduce aggregation and energy transfer
mechanisms, resulting in enhanced emission in comparison to
the non-cross-linked counterparts.27,28

Thiol−ene photopolymerization has proven to be a versatile
reaction that produces cross-linked networks,29 occurs rapidly,
is highly efficient,30,31 and is largely insensitive to ambient

environments.29,32 Given the weak nature of the sulfur−
hydrogen bond, a free-radical initiating species will abstract a
hydrogen from the thiol precursor. Subsequently, the thiyl
radical will efficiently attack an electron-deficient terminal
carbon−carbon double bond, forming a cross-linked network
similar to the vulcanization of rubber.29,32 The cross-link
density of thiol−ene photopolymerization can be readily
tailored by formulation, enabling tunability of the thermal
and mechanical properties of host matrix,33,34 leading to
potentially robust and flexible networks with uniform
distribution of components. Moreover, thiol−ene chemistries
come in a variety of mixtures depending on the desired
properties, including commercially available thiol−ene based
optical adhesive mixtures,35 i.e., Norland Optical Adhesives,
which consist of a triene (i.e., 1,3,5-triallyl-1,3,5-triazine-
2,4,6(1H,3H,5H)-trione) and a multifunctional mercapto-ester
(i.e., pentaerythritol tetrakis(3-mercaptopropionate)), with a
urethane-based component, and a benzophenone photo-
initiator.35

The thiol−ene mechanism has been utilized as a “click”
reaction to generate nanoparticle−polymer composites via a
“graft from” mechanism where the nanoparticle ligands serve as
anchoring sites that participate in the step growth thiol−ene
polymerization, producing various cross-linked polymer
composites in which the nanoparticles can serve as cross-link
sites.35−38 For instance, Lü et al. grafted thiolated styrene and
phenol onto ZnS QDs, followed by a UV-initiated free radical
polymerization to form a poly(urethane−methacrylate macro-
mer) composite in which QDs were immobilized in the
polymer network, taking advantage of thiol−ene based click
chemistry.39 Similarly, Kim et al. functionalized the surface of
QDs with a complex norbornene compound and generated a
QD−polymer composite by photopolymerizing the tethered
ene with a multifunctional thiol. However, no significant
loading was achieved; furthermore, micrometer scale patterns
were generated with loading not exceeding 0.2 wt %.22

In this work, we explore the photopolymerization of thiol−
ene chemistries in the presence of butylamine-capped CdSe/
Cd1−xZnxSe1−ySy quantum dots (BAQDs) to generate highly
loaded nanocomposite films and patterns with uniform

Scheme 1. Schematic Showing (a) Mechanism for Fabrication of NOA-BAQD Composite and (b) Initiation and Propagation of
Thiol−Ene Reaction
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distribution of QDs and minimal aggregation. We show that the
use of cross-linking photopolymerization and QDs with shorter
ligands, containing no internal alkene bonds, makes possible
the fabrication of homogeneous nanocomposites. These
nanocomposites are suitable for optical applications as the
polymer network encapsulates the QDs while maintaining
strong photoluminescence with minimal optical losses from
scattering. While photoluminecense properties typically dimin-
ish following ligand exchange, it has been shown in previous
work that ligand exchange from oleic acid (OA) to butylamine
only lowers the quantum yield from 50% to ∼30%, with some
batch to bath variation, maintaining these QDs as strong
candidates for high optical gain materials.40 We suggest that
shorter ligands better facilitate thiol−ene cross-linking, as OA
possesses an internal alkene, which could potentially interfere
with the thiol and−ene cross-linking reaction, as it disrupts the
initial stoichiometry. Furthermore, initial films fabricated
utilizing oleic acid showed significant amounts of hazing,
suggesting large-scale phase separation.
This approach represents a significant departure from

previous attempts in that in this work a chemically and
mechanically robust network with tunable properties can be
fabricated. BA-QDs are encapsulated within the cross-linked
polymer network, and phase separation is minimized by
utilizing shorter ligands and taking advantage of the rapid
photopolymerization process. Furthermore, the addition of
QDs, given their typically high quantum yields, alters the UV
initiated reaction in such a way that allows for controlled
properties as a function of UV irradiation time, facilitating
robust, flexible, and highly emissive composites. This approach
results in fabricating well-dispersed, highly loaded polymer−
QD composite networks which are robust, solvent-resistant,
and optically stable for prospective applications in photonics,
waveguides, and QD lasers.

2. RESULTS AND DISCUSSION

Norland Optical Adhesive 63 (NOA) utilized in this study
consists of a tetrafunctional thiol in a near 1:1 molar ratio with
a trifunctional alkene as well as a photoinitiator.29 Scheme 1
shows the routes which are utilized for fabricating NOA-BAQD
polymer composites and intiation and propogation of the
thiol−ene reaction. As discussed previously, and illustrated in
Scheme 1b, upon irradiation with UV light, a free radical is
generated on the sulfur, leading to the thiyl readily attacking
carbon−carbon double bonds, preferably terminal ones, causing
the polymer reaction to proceed very similar to that of a step
growth mechanism.32 Butylamine was used as the ligand for the
BAQDs due to its short chain and the lack of a terminal ene.
Because the amine functionality attaches to the QD surface,

the exposed surface chemistry of the particles is a simple alkane,
making the ligand highly unlikely to participate in the thiol−ene
reaction. The NOA monomer mixture is readily soluble in
mildly polar solvents such as chloroform and acetone.35 Neat
NOA films were produced by dissolving a known amount of
the adhesive. In chloroform, making a final 1 or 5 wt% NOA
solution, and then an aliquot was spin-cast, followed by
degassing and UV irradiation. Neat films show minimal optical
scattering and have large scale uniformity, as confirmed by
dark-field and bright-field optical imaging (Figure 1a,b). Atomic
force microscopy (AFM) confirms smooth surface with
microroughness Rq ∼ 2 nm for 5 × 5 μm2 surface areas
(Figure 1).
A similar approach was used to fabricate a uniform QD−

polymer nanocomposite. First, a concentrated solution of
BAQDs in chloroform was mixed with a dilute solution (1 or 5
wt %) of NOA in chloroform to produce a NOA-BAQD
solution. Subsequently, films were fabricated by spin-casting the
concentrated solution of NOA-BAQDs on a silicon wafer,
followed by degassing, and immediate exposure to UV light for

Figure 1. Optical imaging of neat NOA films showing (a) dark field, (b) bright field. Scale bars are 50 μm. AFM images (c) and (d) for neat NOA.
Scale bars and height scales for (c) are 10 μm and 7 nm respectively, for (d) 1 μm and 6 nm, respectively.
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several minutes. Figure S1 shows TEM images of the BAQDs
with average size of 8 nm and AFM images showing surface
roughness of below 4 nm for 25 μm2 surface areas.
The fluorescence emission of the unpolymerized NOA-

BAQD solution and composite film is similar to that of the neat
BAQDs in solution, with a slight red-shift in the peak position
and a slight broadening of the full width at half-maximum
(fwhm) (Figure 2a). These changes suggest an energy transfer
as caused by a possibly aggregated solution, and a close-packed
QD film, as well as optical reabsorption due to the overlap of
the absorbance and emission states.41

Minimal aggregation in the nanocomposite is further
confirmed by uniform dark-field and SEM imaging (Figure

S2). Very little scattering is observed in the dark-field image,
indicating fine QD−polymer mixing and uniformity without
QD aggregation at a submicrometer scale and minimal surface
roughness. Furthermore, SEM of the film topology shows some
possible aggregation or surface roughness of the polymer
composite film. Fluorescence imaging shows uniform emission
(intensity and color) as well over large regions of the film, thus
confirming the aforementioned conclusion (Figure 2b).
Given the sensitivity of QDs to their environment, the

optical properties were further studied to confirm that the close
interaction between QD/monomer and QD/polymer did not
result in significant alteration of properties (Table S1 and
Figure S3). Quantum yield measurements on BAQDs and

Figure 2. (a) Comparison of absorbance from neat BA-QDs and unpolymerized NOA with BAQDs in solution and photoluminescence from neat
BA-QDs in solution, unpolymerized NOA with BAQDs in solution, and NOA-BAQDs in a closed packed polymer film. A slight increase in
absorbance and a small redshift as well as slight peak broadening is noticed from pure QD to composite. 50× fluorescence (b) image of a QD-
polymer film showing minimal scattering and uniform fluorescence over large areas. Scale bar: 20 μm.

Figure 3. AFM topography (a,b) and phase (c,d) images for highly loaded NOA-BAQD films. Scale bars for (a,c) and (b,d) are 2 μm and 400 nm,
respectively. Height scales for (a) and (b) topography images are 100 nm and 80 nm, respectively. Insets show a zoomed in image of NOA-BAQD
film showing QD clusters with scale bar of 100 nm.
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unpolymerized NOA-BAQDs in solution show that no change
in QY occurs upon mixing of NOA monomers and BAQDs in
solution. Furthermore, comparison of a NOA-BAQD film PL
emission relative to a BAQD film shows emission was reduced
by half, likely due to volume reduction of QDs present,
indicating films still maintain their good optical properties.
Morphology of QD Polymer Films. Topography and

phase AFM scans confirm the uniform nature of the QD−
polymer surfaces with uniform distribution of nanoscale
features (Figure 3). The high-resolution AFM image shows
well-dispersed nanoscale domains of random aggregates of
about 200 nm in dimension. Higher resolution scans indicate
the aggregates are composed of spherical nanoparticles with
apparent dimensions below 40 nm due to dilation by the AFM
tip (see inset of Figure 3b,d).42 The RMS roughness of the 500
× 500 nm2 AFM image is 3.6 nm, indicating very uniform
surface nanoscale morphology with minute variation of
elevations caused by the presence of the QDs embedded in
the polymer matrix.
The heterogeneous nature of the AFM phase image is a clear

indication of a multiphase system of nanoscale domains
composed of densely packed semiconducting QDs within soft
polymer matrix.43 Phase imaging in AFM can be an effective
method for identifying surface properties such as stiffness43−45

and chemical composition distribution.43−45 The contrast arises
in both the attraction (light tapping) or repulsion (hard
tapping) modes between the AFM tip and the surface, resulting
in a change of the phase of the oscillating cantilever for different
materials components.46 Though the difference in mechanical
properties of the two-phase system is not immediately known,
the bright and dark regions shown in the AFM images suggest
areas of glassy (bright) and elastomeric (dark) materials,
respectively.47 This difference suggests that the QD aggregates
are surrounded by a soft polymer matrix in these in situ
polymerized nanocomposites. Indeed, for polymer nanoparticle
composite systems, Ash et al.48 suggest the formation of
cooperative rearranging regions (CRR) in which nanoadditives
can serve as templates for a porous network if there is
significant nonwetting at the interface between polymer and
additive. We suggest that in our case the aggregation of the
QDs disrupts the percolation of the polymer network, resulting
in the creation of “nanoscale void regions” in which the
polymer surrounding the QD aggregates is compliant. The
aggregation observed in this system is nanoscale and uniformly

widespread and therefore does not significantly increase optical
scattering, disrupt light propagation, or lead to variations in film
thickness over the substrate. Furthermore, X-ray diffraction
(XRD) shows no phase change and crystal lattice distortions of
QDs upon their encapsulation with the NOA polymer (Figure
S4).49 Indeed, all d-spacings and peak width remain unchanged
with diffuse halo around 20°, indicating amorphous nature of
polymer matrix.

Thermal Properties. Next, NOA-BAQD films of varying
ratios of BAQD to NOA were analyzed with thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC) to
understand how the thermal properties of the composites vary
with QD loading (Figure 4). The pure NOA film decomposes
to nearly zero mass after heating to 600 °C, indicating complete
decomposition of the polymer upon thermal exposure (Figure
4a). Pure BAQD samples show weight loss up to 600 °C with
>80% of the sample still remaining at this temperature. The
initial weight loss is attributed to the organic fraction of the
QDs (butylamine ligand has a boiling point of 78 °C),50

although there is still weight loss taking place up to 450 °C; this
can be attributed to tightly bound ligand leftover from the
ligand exchange. The residual mass upon completion of the run
at 600 °C is due to pure CdSe/Cd1−xZnxSe1−ySy QDs, around
78 wt %, as the boiling point for a bulk semiconductor of this
nature is well beyond the experimental conditions. Similarly,
the NOA-BAQD sample decomposition begins at 100 °C and
follows a trajectory between that of the pure BAQDs and pure
NOA samples. There is some variation in the thermal stability
for the composite samples between 100 and 300 °C; weight
loss in this region is typically due to organic content, suggesting
minor variations in the amount of organic present. Depending
on the concentration of QDs in the composite samples, TGA
shows decomposition until all polymer is completely removed,
leaving behind the pure thermally stable QD.
DSC shows no detectable Tg or Tm (within the temperature

range of experiment) for the neat BA-QD sample, while the
NOA polymer has a Tg of ca. 30 °C (Figure 4b).51 The Tg of
the QD−polymer composite depends on the fraction of QDs in
the composite, with the Tg gradually decreasing as more QDs
are introduced into the polymer composite. The decrease in Tg
is counterintuitive given that the addition of hard semi-
conducting component to a polymer matrix typically results in
an increase of Tg due to common reinforcing effect with
inorganic reinforcing components.2,52 In contrast, our results

Figure 4. TGA (a) and DSC (b) of neat components and NOA-BAQD composite films. TGA confirms loading, while DSC shows significant
reduction in Tg values as loading is increased.
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suggest that the cross-linking density of the composite
decreases with some type of plasticization effect taking place
in the QD system as will be further discussed below.40

To understand the cross-link density of the nanocomposite
system, real time infrared (RTIR) spectroscopy was used to
observe the conversion of the vinyl (ene) and thiol (SH)
functional groups as a function of irradiation time.37,53−55

Typical RTIR spectra for the NOA and NOA-BAQD
composite at various irradiation times can be seen in Figures
5a and 5b, respectively, emphasizing the ene peak at ∼3100
cm−1 and the thiol peak at ∼2570 cm−1. The conversion as a
function of irradiation time for both thiol and ene can also be
seen in Figures 5c and 5d, respectively.
It can be clearly observed that the intensity of the thiol and

ene peaks are reduced with increased irradiation time (Figures
5a and 5b). Taking the conversion as the change in area under
these specific peaks, Figures 5c and 5d show a clear trend that
the conversion and loading percentage are inversely propor-
tional. Initially, with the neat NOA the conversion for the thiol
and ene functional groups is nearly complete after 300 s.
Notably, the conversion does not reach 100% (the thiol
reaching ∼85% and ene reaching ∼66% after 1200 s), which is
due to the dense cross-linked network achieved, as the gel point
for typical formulations is ∼40%, limiting mobility, and the
conversion of both functional groups is not the same.70 While
previously observed systems typically show the ene being the
dominant constituent as a significant amount of ene monomers
can homopolymerize, for the current adhesive that is not the

case.54 The specific ally ether used, triallyl isocyanurate, does
not possess the ability to homopolymerize;56 however, high
cross-linking densities are still achieved in the neat polymers.
Upon addition of QDs significant reduction in conversion/
cross-linking occurs, with conversion exceeding 50% for −SH
upon addition of 35 wt % QDs.
It is worth noting that similar systems have been investigated,

in which functionalized nanoparticles are incorporated into a
polymer matrix, and the inclusion of nanoparticles does not
typically disrupt the polymerization kinetics. However, if the
nanoparticles are functionalized with a ligand that can
participate in the photopolymerization reaction or there is a
strong affinity between the nanoparticle surface and the
functional group of the monomers being used, in this case a
thiol or an ene, kinetics can be altered.37,57 Specifically, Phillips
et al. noted a strong interaction between the thiol−gold surface,
limiting the availability of thiols in their particular system to
react with ene monomers.37 Herein, this is not the case,
although it has been shown that thiols will have a strong affinity
to the surface of QDs;58 UV exposure of a tetrathiol,
pentaerythritol tetrakis(3-mercaptopropionate), with photo-
initiator irgacure 651, in the presence of BAQDs resulted in
no appreciable change in the thiol peak using FTIR over a
period of 15 min, suggesting the thiol does not tether to the
QD surface.
However, the QD nanoparticles are significant light

absorbers, given the typical quantum yield of these QDs
around 30% and strong absorption in near-visible range (Figure

Figure 5. Representative time-lapsed FTIR showing reduction in −CCH2 (ene at ∼3080 cm−1) and −SH (thiol at ∼2570 cm−1) with more UV
irradiation time for both (a) neat NOA and (b) NOA-BAQD composite. Conversion of both (c) −ene and (d) −thiol groups for neat NOA and
NOA-BAQD with increasing concentrations of QDs clearly shows suppressed conversions.
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2).40 Because the polymerization is initiated using 365 nm light,
the QDs absorb a significant quantity of the irradiated light,
thereby retarding the reaction. One important thing to note is a
typical gelation point for similar multifunctional thiol−ene
mixtures occurs around 40% conversion. Thereafter, the
polymerization kinetics are severely hindered as a semisolid
has formed; however, significant hampering of reaction kinetics
take place well prior to this point upon incorporation of QD
components.56,59

To further analyze these changes, we used the absorbance at
365 nm to calculate the fractional absorbance (Figure 2).60 The
QDs by themselves absorb about ∼39% of the light at this
wavelength, while addition of an aliquot of NOA monomer
solution, making the final solution similar to that of ∼10 wt %
NOA-BAQD sample, resulted in a very negligible increase in
the amount of light absorbed to ∼40%. Furthermore,
absorbance measurements were done on solutions of varying
concentrations in order to calculate the molar absorptivity at
365 nm. The calculated value, which was on the order of 106

mol−1 cm−1 for these particular CdSe-based QDs, similar to
values previously obtained, suggest significant attenuation of
the light as it travels through the composite film.61 While it
appears that the QDs absorb majority of the irradiated light that
is used to initiate the polymerization of NOA, the reduction in
conversion (cross-links) does not necessarily equate to a
reduction in Tg.
A reduction in cross-linking density could result in a

decreased Tg; however, several other factors can affect the Tg
of cross-linked polymers.62,63 In order to determine the effect of
the conversion on the Tg, three 10 wt % NOA-BAQD samples
were irradiated with UV light for varying times: 240, 1200, and
7200 s. Following each exposure, samples were analyzed with
DSC to determine the Tg (Figure 6).
Figures 6a and 6b show the −SH conversion for samples

irradiated and the DSC curve for each sample, respectively.
While none of the samples reached the thiol conversion of the
neat NOA (∼85%), the longer the samples were irradiated, the
higher the conversion, with a maximum conversion of ∼80%
reached for the sample irradiated for 7200 s. Correspondingly,
Figure 6b shows an increase in Tg with longer irradiation times.
Again the Tg does not recover to that of the neat NOA (30 °C
for neat NOA vs 20 °C 10 wt % sample irradiated for 7200 s).
Although near complete recovery of the Tg could be observed
with longer irradiation times, it is not expected due to the

mismatch in polarity between the monomer constituents and
QD ligand.
Indeed, it has been established that a nonwetting interface

between a hard surface and a polymer can result in a reduction
of Tg as a result of confinement, network disruption, and
formation of highly mobile polymer domains at the inter-
face.64−66 As mentioned, Ash et al. performed an in situ free-
radical polymerization in which methyl methacrylate monomers
were polymerized in the presence of alumina nanospheres
capped with a silane capping agent, ranging in size from 17 to
38 nm, to form a PMMA−alumina nanocomposite. A decrease
in Tg of nearly 25 °C was observed with as little as 0.5 wt %
alumina incorporated into the composite system. The reduction
in Tg was attributed solely to contributions from the
nanoparticles, as removal of the alumina resulted in the Tg
returning to that of the neat polymer. Dewetting at the interface
between alumina and PMMA results in the nanoparticles
creating nanoporosity throughout the composite, causing an
overall disruption of the polymer network and an increased
number of polymer islands with enhanced mobility near the
QD−polymer interface.48 Similarly, Bansal et al. observed a
reduction in Tg for a polymer composite consisting of
polystyrene and silica nanoparticles that was dependent on
the interparticle spacing.67 A consistent reduction of Tg was
observed as the interparticle spacing was reduced, which was
not observed when the surface of the filler was functionalized to
better wet the polymer. In the case of the NOA-BAQD system,
though the Tg can be partially recovered with extended
irradiation times, there is a permanent decrease in Tg that gets
larger as more QDs are added to the system. In accordance
with previous studies, the addition of more QDs into the
polymer appears to reduce the interparticle spacing, enhance
polymer confinement, and create CRRs, resulting in localized
nanoscale phase separation in which nanoscale regions of a
highly mobile phase exists at the QD−polymer interface. One
significant difference in the current system is that the monomer
mixture is composed of all cross-linkers, which were initially
thought to enhance dispersion.
Demir et al.68 observed significant enhancement in nano-

particle dispersion in a PMMA matrix upon addition of a
difunctional cross-linker. These changes were attributed to
difunctional cross-linkers slowing down the diffusion of
nanoparticles to form aggregates. While it was envisioned in
this study that addition of multifunctional cross-linkers would

Figure 6. (a) Conversion of thiol groups for NOA-BAQD with 10 wt % QDs at different irradiation times showing the time dependence of the
conversion of functional groups (inset shows a zoom-in of final conversion). (b) DSC plots showing the shift in Tg with increased irradiation time.
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create a diffusion limited system which would severely limit QD
aggregation, there appears to be some incompatibility at the
interface between QD and monomers which leads too
nanoscale aggregation. It is worth noting that the filler particles
can be treated for better wetting with the polymer.
While the current monomer/ligand selection does appear to

demonstrate a nonwetting interface, and a Tg that is not
completely recoverable, the thermal properties can still be
controlled to an extent. The variability of Tg indicates that the
polymer composite can be changed from a rigid state to a more
soft and flexible state as a function of the irradiation time, while
still remaining as a robust, intact polymer composite. To
demonstrate the flexible nature of the QD composite, films
were detached from silicon substrates and suspended in fluid
and bent with tweezers (Figure S5). Understanding the thermal
properties of composite systems enables tailoring of the
composite structure for a given application (i.e., waveguides
and lasers), which is particularly important when designing
optical systems on flexible substrates.
Kinetics of Polymerization. Further analysis of the RTIR

data allowed for more in-depth understanding of the polymer-
ization. The rate of propagation, also termed the rate of
polymerization, Rp, can be calculated as follows: Rp = d[M]/dt,
where [M] is the monomer concentration. Rp is typically
calculated from the ene conversion curve, using the initial slope
of the conversion data in Figure 5d (Table 1).37

As was shown previously, and further corroborated here with
kinetics analysis, significant retardation of the polymerization
rate occurs upon addition of QDs to the system. Assuming a
standard photoinitiated polymerization, the rate of polymer-
ization and the rate of initiation, Ri, are proportional, i.e., Rp ∝
Ri

0.5, with Ri being influenced by a number of things including
concentration, efficiency, and light intensity.69 Light is strongly
attenuated as the concentration of QDs is increased, limiting
the amount of light available to initiate the polymerization and
form free radicals. Furthermore, using the conversion the
reaction order of this composite system was determined.
Assuming an overall first-order reaction, being half-order in

terms of each monomer, log(1 − x), where x is the ene
conversion, was plotted as a function of time (Figure 7). While
the majority of the thiol−ene formulations tend to follow a
first-order reaction rate, that does not appear to be the case
here. As was previously shown, addition of QDs to the
monomer formulation results in a significant decrease in the
amount of UV light available for the photoinitiatior to absorb,
given that the QDs are the dominating component. As a result,
the polymerization proceeds via a two stages with different
rates: the polymerization initially proceeds at one rate, and
upon reaching the gelation point this rate is severely hindered.
As mentioned, the critical gel point for thiol−ene chemistries of
this functionality is ∼40%; for the neat polymer this is reached
within 40 s.70

In our case, fitting analysis reveals that the polymerization
kinetic transition from one exponential decay to another well
beyond 40 s. For the neat polymer, it appears that an additive of
the adhesive could be perturbing the reaction, resulting in a
nonlinear polymerization rate. As QDs are added to the
prepolymer mixture, less light is available to be absorbed by the
photoinitiator; thereby less free radicals are generated, resulting
in a much slower reaction than what is to be expected from
your traditional free-radical, step-growth-like polymerization.

Mechanical Properties of QD−Polymer Films. Force
spectroscopy measurements were conducted via an AFM
nanomechanical probing to further corroborate the observed
change in the thermal and mechanical properties. In this case,
force−distance curves were gathered from thin films suspended
across a circular aperture in order to calculate tensile elastic
modulus in accordance with the well-known approach (Figure
8).71−74

Based on the load−deflection characteristics of the polymer
thin films, the elastic modulus of the neat polymer NOA film
was found to be 16.4 ± 2.5 GPa, with no significant changes in
the modulus value observed upon addition of 0.5 wt % BA-QDs
(Figure 8d). It is worth noting that initial values are higher than
that expected for the neat polymer film and can be related to
large initial deformation during tip jump-in initial contact.35

However, above 0.5 wt % QDs there is a drastic threshold like
decrease of the modulus down to 5.0 ± 0.52 GPa. At the
highest loading measured (33 wt %), the modulus the highest
loading measured (33 wt %); the modulus drops even further,
to 1.2 ± 0.44 GPa (Figure 8d).
Drop in the elastic modulus for polymer composites has been

observed in several studies after adding inorganic components.
For instance, Bowman et al. showed a clear correlation between
glass transition temperature and resulting modulus, depending
on the thiol−ene/thiol−acrylate monomer constituents used,
with lower Tg’s resulting in lower moduli.33 Herein, the lower
the conversion/cross-linking, the lower the Tg, and correspond-
ing moduli. Furthermore, it has been shown that increased
cross-linking results in enhanced mechanical properties and vice
versa.75 The continued reduction of elastic modulus with
increased loading suggests that the cross-linking density of the
polymer matrix is being altered, causing a change in mechanical
properties.33 As was confirmed by FTIR and UV−vis, an
increase in QD loading results in a significant portion of the UV

Table 1. Effect of QD Concentration on Rate of
Polymerization and Final Conversion of Ene

sample (wt %) rate of polymerization (s−1) final conversion (%)

0 0.015 66
10 0.006 60
20 0.003 48
35 0.001 42

Figure 7. Plot of log(1 − x) as a function of UV irradiation time
showing initial first-order reaction kinetics.
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light, used to initiate the polymerization, being absorbed by the

QDs. Although it has also been shown that a reduction of the

Young’s modulus in nanocomposites has resulted due in part to

the same reason a reduction in Tg is observed, weak interface

and, in some cases, cavitation at the interface,28 in this study it

appears that the cross-linking plays a significantly larger role.

These results clearly show that the physical properties of the
QD−polymer composite vary drastically with QD loading
fraction and UV irradiation time. Both glass transition and
mechanical strength decrease significantly as a result of adding
quantum dots and decreasing cross-linking density and
polymerization progression. This approach, thus, can be used
to reliably control the mechanical properties of these composite

Figure 8. Force spectroscopy experimental setup (a) in which a point load is applied to a thin film suspended across a circular aperture using an
AFM probe. (b) Representative Force-Distant curves showing difference between QD loaded polymers. (c) Wrinkled NOA-BAQD film suspended
across the edge of a TEM grid, inset is zoomed in image of composite film on grid. (d) Elastic modulus for films with varying QD loading, measured
using force spectroscopy. Scale bars: 50 μm.

Scheme 2. Soft Lithographic Techniques Exploited in This Study: (a) MIMIC and (b) μTM, in Which a Very Dilute Monomer
Solution is Used To Create Patterns on the Submicrometer Scale
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films without requiring the inclusion of additional chemical
additives (reinforcing or plasticizing) that could alter the optical
properties, typically caused by large-scale phase separation in
QD−polymer systems.
QD−Polymer Film Patterning with Soft Lithography.

To demonstrate the feasibility and compatibility of the NOA-
BAQD mixture for making robust and low optical loss
waveguide and cavity like structures and patterns, we exploited
soft lithographical approaches. Two patterning methods were
utilized here: micromolding in capillary (MIMIC) and
microtransfer molding (μTM) (Scheme 2).76

The benefits of these techniques include the ability to
fabricate high aspect ratio, sharp featured free-standing patterns
that can be sequentially repeated to produce complex physical
patterns. These two techniques are complementary to each

other since they both can be used to generate three-
dimensional structures.76 Given the fluid-like nature of the
initial monomer−QD mixture, capillary forces can readily pull
the mixture into the columnar structures of polydimethyl-
siloxane (PDMS) stamps during traditional microprinting.76−78

In the first fabrication approach, a PDMS stamp is placed on a
substrate (typically a silicon wafer). A drop of a 1 wt % polymer
solution with QDs is placed next to the columnar openings of
the PDMS stamp, and capillary forces pull the solution into the
stamp (Scheme 2a). Prior to irradiating with UV light, the
solution inside the stamp is degassed. Following UV irradiation,
the stamp is simply peeled off, leaving behind a QD−polymer
composite pattern on the substrate.
In another approach, the monomer−QD solution is instead

placed directly on top of the PDMS stamp, followed by

Figure 9. Bright-field (a) and AFM topography (b) images of soft lithographic patterns of neat NOA63 polymer. Fluorescence (c) and AFM
topography (d) images of soft lithographic patterns of neat BAQD-NOA63 polymer composite. Optical image scale bars: 20 μm; AFM maximum
height: 1 μm.

Figure 10. AFM scan (a) showing 3D structure prepared using complimentary soft lithography techniques and (b) Fluorescence imaging showing a
layered structure consisting of red emitting and blue emitting waveguide strips. Scale bar: 20 μm.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.7b03366
ACS Appl. Mater. Interfaces 2017, 9, 17435−17448

17444

http://dx.doi.org/10.1021/acsami.7b03366


capillary forces pulling solution into the recessed regions, and
removal of any excess solution (Scheme 2b). The polymer-
ization then proceeds as in the previous approach used to
produce a thin film. Patterns of neat polymer and polymer−QD
composites can be seen in bright-field and fluorescence optical
images and AFM scans in Figure 9.
QD−polymer patterns generated here display very sharp

submicrometer to micrometer scale patterns with controlled
and consistent physical characteristics (width, height, and
spacing) over large surface areas of mm2. A variety of single-
layer and multilayers patterns can be fabricated, including
strips/waveguides and holes. Multilayer patterns fabricated
using both methods in Scheme 2 can be seen in Figure 10,
AFM and fluorescence imaging confirm layered structure and
emissive nature.

3. CONCLUSIONS
This work has demonstrated a facile technique using thiol−ene
chemistry to incorporate QDs into a polymer matrix in
controllable and uniform manner with suppressed large-scale
aggregation of QDs. Taking advantage of shorter QD ligands
with simple alkane backbones makes it feasible to embed QDs
within a polymer matrix without noticeable phase separation.
The incorporation of QDs into polymer matrixes results in
reduced and controllable light absorption, and thus, control-
lable cross-linking that allows one to adjust the mechanical and
thermal properties, making QD−polymer composite with
unusually high QD load (>30% instead of common composites,
<1%). Composites are rather flexible and behave as
elastomeric-like materials with high optical clarity, low optical
losses, and high, uniform photoluminescent emission.
Moreover, we demonstrated that traditional microprinting

methods can be applied to the materials in order to fabricate
complex 3D highly emissive patterns. Overall, this approach
yields highly emissive and optically stable films with minimal
optical scattering due to the nanoscale phase separation, which
maintaining the optical capabilities of the QDs. The significant
reduction in modulus allows for the composite to be formed on
nonplanar or flexible substrates or on its own as a robust free-
standing and flexible film. These commercial optical adhesives
are extremely low cost and robust and offer the ability to tune
mechanical and thermal properties via selection of initial
monomer chemistry and control of exposure parameters.

4. EXPERIMENTAL METHODS
Chemicals and Materials. Cadmium oxide, tri-n-octylphosphine

(TOP, 90%), and selenium powder were obtained from Sigma-Aldrich.
1-Tetradecylphosphonic acid (TDPA, 98%), tri-n-octylphosphine
oxide (TOPO, 90%), diethylzinc (15 wt % in hexane), hexane, and
chloroform were obtained from Alfa Aesar. 1-Octadecene (ODE,
90%), hexadecylamine (HDA, 90%), butylamine (BA, 98%), oleic acid
(OA, 97%), and bis(trimethylsilyl) sulfide (95%) were obtained from
TCI. Norland Optical Adhesive 63 was obtained from Edmund Optics.
All chemicals were used as received.
Synthesis of Compositional Gradient CdSe/Cd1−xZnxSe1−ySy

QDs. Chemical composition gradient CdSe/Cd1−xZnxSe1−ySycore/
alloyed-shell QDs were synthesized by a previously reported method.3

Briefly, 0.2 mmol of CdO, 4 mmol of Zn(acetate)2, 5 mL of oleic acid,
and 15 mL of 1-octadecene (ODE) were placed in a three-necked flask
and degassed at 150 °C for 1 h. The reaction was heated to 300 °C
under Ar. At the elevated temperature (300 °C), 1 mmol of Se and 4
mmol of S in 2 mL of TOP were rapidly injected into the reaction
vessel. The reaction was allowed to proceed at 300 °C for 10 min, and
then the heating mantle was removed to stop the reaction. 5 mL of
hexane was added to the solution once the temperature reached 70 °C.

Ligand Exchange. The oleic acid-capped CdSe/Cd1−xZnxSe1−ySy
QDs were centrifuged with acetone three times to remove excess oleic
acid and ODE. Subsequently, purified oleic acid-capped CdSe/
Cd1−xZnxSe1−ySy QDs were redispersed in chloroform, and an excess
amount of butylamine was added to perform the solution-phase ligand
exchange. The ligand exchange reaction was allowed to proceed at 45
°C for 1 day. The solution was then precipitated using methanol and
redispersed in a mixture of chloroform and an excess amount of BA.
This procedure was repeated three times.79

Film Preparation. QD films were fabricated by first mixing a QD
chloroform solution of a known quantity with an equal volume 10 wt
% NOA solution in chloroform and spin-casting at 3000 rpm for 1
min. The film thickness ranged from 250 to 400. Silicon, with a 290−
295 nm thick SiO2 surface layer, was used as a substrate. Films were
polymerized using Omnicure X-Cite Series 120Q mercury vapor arc
lamp.

Real Time Fourier Transform Infrared Spectroscopy. FTIR
measurements of NOA and NOA-BAQD composites were conducted
using a Nicolet iS50 FTIR in accordance with a procedure previously
described.53 A known quantity of sample was deposited on a NaCl
crystal and dried prior to each run for transmission mode. FTIR
spectra were collected in the range of 3200−2450 cm−1 with a
resolution 8 cm−1. Series spectra were collected every half second.
Polymerizations were initiated using a LED lamp (OmniCure LX 500)
with a 365 nm wavelength. Samples were irradiated until polymer-
ization was complete, indicated by very negligible change in peaks
observed. During each reaction the absorbance peaks corresponding to
the vinyl group (3080 cm−1) and thiol group (2570 cm−1) were
observed as a function of time. The typical allyl peak (1646 cm−1) was
not monitored because the intensity was too low. The conversion ratio
was taken as the peak area at time t to the peak area before
polymerization began. Experiments were conducted in ambient
conditions.

Optical Characterization. UV−vis extinction spectra of QD
solutions (quartz cuvette) from 350 to 900 nm (1 nm intervals) were
collected using a Shimadzu UV-vis-2450 spectrometer with D2 and
tungsten lamps offering a wavelength range of 300−1100 nm. The QD
extinction spectra were corrected against the pure solvent background
and the same quartz cuvette. Photoluminescence spectra of QD
solutions and composite films were collected using a Shimadzu
fluorescent RF-5301PC spectrofluorophotometer with the excitation
wavelength of 525 nm. Photoluminescence (PL) images were
collected using a Dagexcel-M Digital Firewire camera (cooled). All
PL imaging was performed using photoluminescence excitation from a
blue bandpass filter (450−490 nm) with a dichroic mirror that reflects
optical wavelengths below 495 nm and with a long-pass emission filter
that passes optical wavelengths above 500 nm. The light source is a
mercury vapor arc lamp providing a wavelength range of 250−800 nm
and a power of 120 W of nonpolarized light.

Fabrication of QD Patterns. Briefly, a known quantity of QDs in
solution was added to a 2 wt % NOA solution in chloroform.
Typically, a 1 cm2 cutout of a PDMS stamp was placed on a silicon
substrate, and a small aliquot of the NOA-BAQD solution was injected
next to the stamp to allow capillary forces to pull solution in or the
solution was injected on top of the stamp followed by placing of the
stamp on the substrate, in accordance with a procedure previously
described. Samples were polymerized using an Omnicure X-Cite Series
120Q mercury vapor arc lamp.

Atomic Force Microscopy. AFM images were collected using a
Dimension Icon microscope (Bruker) in tapping mode according to a
procedure previously described.80 MikroMasch pyramidal silicon tips
were used with a height of 15 μm, a cantilever length of 150 μm, and a
spring constant of 7 N/m. Scan size ranged from 50 μm by 50 μm to
500 nm by 500 nm with a scan rate within 0.3−0.8 Hz.42

Differential Scanning Calorimetry. The heat flow as a function
of temperature of the DIAH-tethered QD sample was measured using
a TA Instruments DSC Q200 with hermitically sealed aluminum pans.
Samples were analyzed from −50 to 200 °C using a 10 °C/min
temperature profile under a constant flow of argon.
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Thermogravimetric Analysis. The sample weight as a function of
temperature of the composite QD samples was measured using a TA
Instruments TGA Q50 with a 100 μL platinum pan. Samples were
analyzed from RT to 600 °C using a 10 °C/min temperature profile
under a constant flow of argon.
Transmission Electron Microscopy. The CdSe/Cd1−xZnxSe1−ySy

QDs were studied using a high-resolution transmission electron
microscope (Tecnai F30). An accelerating voltage of 300 keV was
used. TEM samples were prepared by diluting the original QD
solution of ∼6 mg/mL 30 times. Then, 5−10 μL of the diluted
solution was drop-cast on the TEM grid and allowed to dry
completely.
Force−Distance Measurements. Force−distance measurements

were performed to analyze the mechanical properties of NOA-BAQD
composites, which were freely suspended on the copper-TEM grids
with circular aperture size of 10 μm. The deflection sensitivity of the
AFM tip was obtained by conducting force−distance experiment on a
sapphire substrate. The spring constant of the AFM tip was
determined by using the thermal tune method.81 The radius of the
AFM tip was obtained by deconvoluting the images on 20 nm gold
nanoparticles.42 The force−distance curves were obtained with various
ramp rates of 0.2, 0.4, 0.6, 0.8, 1.0, 2.0, 4.0, 6.5, and 10 Hz.
Quantum Yield Measurement. Quantum yields of QDs

dispersed in chloroform are determined by the relative quantum
yield method reported in the literature.82 A standard sample,
rhodamine 101 (QY = 91.5%), dissolved in ethanol was used to
determine QDs emitting at red regions. UV−vis extinction spectra of
QD solutions (quartz cuvette) from 350 to 900 nm (1 nm intervals)
were collected using a Shimadzu UV-vis-2600 spectrometer with D2
and tungsten lamps offering a wavelength range of 300−1100 nm. The
QD extinction spectra were corrected against the pure solvent
background and the same quartz cuvette. Photoluminescence spectra
of QD solutions were collected using a Shimadzu fluorescent RF-
5301PC spectrofluorophotometer with the excitation wavelengths of
525 nm. All of the extinction values of solutions are diluted to be less
than 0.1 before measurement in order to avoid the reabsorption effect.
Scanning Electron Microscopy. SEM characterization was

performed on a Hitachi S-3400N SEM with a backscattering electron
detector with an accelerating voltage in the range 10−15 kV. Films
were sputtered with gold prior to being imaged.
X-ray Diffraction. XRD measurements were performed on a

X’Pert PRO Alpha-1 diffractometer (PANalytical) using the Cu Kα1
component.
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