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Abstract

The development of high refractive index glasses on the basis of commodity polymer
thermoplastics presents an important requisite to the further advancement of technologies
ranging from energy efficient lighting to cost efficient photonics. This contribution presents a
novel particle dispersion strategy that enables the uniform dispersion of zinc oxide (ZnO)
particles in poly(methyl methacrylate) (PMMA) matrix to facilitate hybrid glasses with inorganic
content exceeding 25% by weight, optical transparency in excess of 0.8/mm and a refractive
index greater than 1.64 in the visible wavelength range. The method is based on the application
of evaporative ligand exchange to synthesize poly(styrene-r-acrylonitrile) (PSAN)-tethered zinc
oxide (ZnO) particle fillers. Favorable filler-matrix interactions are shown to enable the synthesis
of isomorphous blends with high molecular PMMA that exhibit improved thermomechanical
stability as compared to the pristine PMMA matrix. The concurrent realization of high refractive
index and optical transparency in polymer glasses by modification of a thermoplastic commodity
polymer could present a viable alternative to expensive specialty polymers in applications where
high costs or demands for thermomechanical stability and/or UV resistance prohibit the

application of speciality polymer solutions.
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Introduction

Optically transparent polymers with high refractive index offer opportunities for advanced and
innovative designs in applications ranging from sensing, solid state lighting> and optics.: The
development of chemical routes to realize transparent high refractive polymer materials has thus
become an important objective in materials engineering. Two important routes to realize high
refractive polymers are the strategic design of highly polarizable repeat units and the addition of
high refractive fillers to polymer materials. The inclusion of sulphur-, phosphorous- or halogen-
containing polyaromatic groups into repeat and backbone structures has been shown to be a
particularly effective means to realize high refractive properties. Examples include polyimides
or polycarbazole as well as organometallic polymers that have demonstrated to enable a
refractive index n > 1.7." However, the chemical attributes of highly polarizable repeat units also
give rise to features that are undesirable or limiting in many applications. Examples include the
reduction of photothermal stability due to the presence of aromatic groups, potential
birefringence due to the increased persistence length of polymer backbones as well as

environmental concerns (for example, associated with halogens).

An alternative route to enable high refractive index (n) in polymer glasses is the addition
of high refractive index inorganic particle fillers to amorphous polymer matrices.” This
‘nanocomposite’ approach is fundamentally motivated by ‘effective medium models’ that predict
the average refractive index of the composite to be a weighted average of the properties of the
constituents — ideally without compromising any of the other desirable physicochemical
properties of the polymer matrix.” Advantages of the ‘nanocomposite approach’ encompass the
economic viability of constituent materials and the possibility of augmenting the properties of

thermoplastics for which effective processing methods are readily available. The prospect of



broadening the range of applications for commodity and engineering plastics provides thus a

major impetus for research in high refractive index composite materials.

A number of high refractive index semiconducting inorganic nanofillers, such as ZnS,*
ZnOr and TiO.; have been studied as additives to increase the n of polymer matrices. ZnO is a
wide bandgap semiconductor that exhibits a high refractive index (n ~ 2.0 at A = 630 nm),* high
chemical stability, low absorption in the visible range,” high catalytic activity, and effective
antibacterial and bactericide properties.*» ZnO also has shown to be an effective scavenger for
several compounds (such as H.S) that are detrimental to the stability and performance of
optoelectronic devices. ZnO nanofillers have thus attracted particular interest in applications
ranging from solar cells,> organic light-emitting diode (OLED),*» UV-shielding materials,** to
field-emission displays, and optical sensors.” However, while the concept of particle addition to
enhance the refractive index of a polymer matrix is appealing, in reality challenges arise due to
optical scattering of particle fillers. The scattering losses can be related to the scattering cross-
section of particle fillers that depends approximately on the square of the particle domain volume
and dielectric contrast (C+ ~ Vy(e, - ¢g), with ¢, and ¢, denoting the dielectric constant of
embedding medium and particle filler, respectively). This translates into the need for uniform
dispersion of filler particles in the matrix polymer (thus avoiding the formation of large

aggregate structures).»>

Unfortunately, the synthesis of uniform dispersions of particles in high molecular
polymers presents a challenge because of the small contribution of entropy to the overall free
energy of mixing in polymer/particle blends.” Recent approaches towards high refractive

polymer composites based on one-component particle brush solids or resins circumvent this



difficulty.»* However, while these methodologies are elegant and have shown to result in
excellent combinations of refractive and transmission properties, the costs associated with the
materials as well as generally soft mechanical properties limit the application of existing
methods. The synthesis of optically transparent thermoplastic polymer hybrids with inorganic
fraction large enough to enable a significant increase of the refractive index thus remains an
elusive goal. One strategy to accomplish this goal is the modification of particle fillers with
polymers that form miscible blends with the respective matrix polymer. The latter has shown to
be particularly effective in stabilizing particle-in-polymer dispersions even at high inorganic
volume fractions.** The tethering of polymers is typically accomplished by means of exchange
reactions with (typically low MW) ligands (i.e. ‘grafting-to’). Unfortunately, in the case of high
refractive index fillers such as ZnO, the absence of functional groups with strong binding affinity

renders ligand exchange reactions difficult.

Here we present a novel approach for the efficient ligand exchange of ZnO nanoparticles
and their subsequent stable dispersion in poly(methyl methacrylate) (PMMA) — an amorphous
polymer that is widely used in optical components. In this approach, a volatile ligand
(octylamine, OA) is used to enable the synthesis of nano-sized ZnO particles. The ligand is
exchanged under evaporative conditions with low molecular polymeric tethers that are chosen to
form a miscible blend with the target matrix polymer. This second step enables the formation of
a uniform dispersion of particle fillers with high inorganic loadings. For the particular example
of poly(styrene-co-acrylonitrile) (PSAN) tethered ZnO, the approach is demonstrated to enable
the synthesis of transparent poly(methyl methacrylate) (PMMA)/ZnO films with inorganic

content exceeding 25 wt% and refractive index n ~ 1.64.



Experimental Section

Materials. Monomers: styrene (S, 99%, Aldrich), acrylonitrile (AN, 99%, Aldrich) were purified
by passing through a column filled with basic alumina to remove the inhibitor. Tris(2-
dimethylaminoethyl)amine (Me TREN, 99%, Alfa), zinc 2-ethylhexanoate (Zn(EH)., 80% in
mineral spirits, Alfa), N-(2-hydroxyethyl)phthalimide (NHP, 99%, Acros), hydrochloric acid
(HCl, 36.5-38.0%, Sigma), anisole (99%, Aldrich), methylene chloride (DCM, 99.5%, Fisher),
tetrahydrofuran (THF, 99%, VWR), methanol (99%, VWR), hexane (99%, VWR), acetone
(99%, VWR), N ,N-dimethylformamide (DMF, 99%, VWR), a-bromoisobutyryl bromide (2-
BiBB, Aldrich), ethyl 2-bromoisobutyrate (EBiB, 98%, Aldrich), copper(Il) bromide (CuBr.,

99%, Aldrich), triethylamine (TEA, 98%, Aldrich), diphenyl ether (DPE, 99%, Aldrich), tin(II)

2-ethylhexanoate (Sn(EH)., 95%, Aldrich), poly(methyl methacrylate (PMMA, M, = 120,000 by
GPC, Aldrich) and octylamine (OA, 99%, Aldrich) were used as received without further

purification.

Synthesis of PSAN capped ZnO nanoparticles. The three steps for the synthesis of PSAN capped
ZnO NPs consist of a) the synthesis of OA-capped ZnO, b) the synthesis of PSAN-NH., ligands,
and c) ligand exchange reaction between OA and polymer ligands. OA-capped ZnO NPs were
synthesized as reported by Epifani and Weber.** The resulting product was dispersed in THF. A
stock solution was prepared for use in further experiments. As shown in Scheme 1, NHP and
TEA were reacted with 2-BiB in dry THF solution to form ATRP initiator. Low MW PSAN (M,
= 2300 with M./M, = 1.13) with a protected NH. end group was synthesized via ARGET ATRP
using 2-(phthalimido)ethyl 2-bromoisobutyrate with a protected amine functional group as an

initiator, CuBr./Me,TREN as catalytic complex and Sn(EH). as reducing agent. The PSAN-NH,



was obtained by the deprotection of NH. group with hydrazine. The ligand exchange reactions
were conducted under N, atmosphere. OA-capped ZnO stock solution and polymer ligands were
mixed in DPE to obtain a clear mixture at 220 °C for 2 h. The products were washed with cold
hexanes. Three “selective precipitation, centrifugation, and dissolving” cycles were applied to

completely remove the unattached polymer ligands.»

] - o J
//<N ° N Br N o
N
~TOH e TR 20°C \/\O&
\\< s THF, Sn(EH),, CuBr,, TPMA
o

o Anisole, DMF, 60 °C

(o}
A ? HoN-NH,

o
N B HoN Br

~ ~"o O BTG 20 A
o CN ' CN

PSAN PSAN-NH,
\"\ 3% - ) g-
¢ — polymer ligands
— Zn0O  — > Zn
2N . > =Y
7SS N2, 220 °C, reflux

S 'y d\

( “NHz =~/ OA ~— PSAN-NH: )

Scheme 1. Synthesis of PSAN-NH. polymer ligands and PSAN capped ZnO nanoparticles.

Fabrication of thin and bulk films of ZnO/PMMA hybrid materials. The PSAN capped ZnO NPs
were dispersed in THF via sonication. The concentration was measured gravimetrically by air-
drying 5 mL of the dispersion. Specific amounts of linear poly(methyl methacrylate) (PMMA, M,
= 120,000) powder and PSAN/OA-capped ZnO NPs dispersion were mixed in order to cast films
with a series of different weight fraction of ZnO. After stirring for 24 h, 500 uL of the
homogeneous dispersions were diluted with 10 mL THF. Thin films (<100 nm) were prepared by
spin casting the diluted solution on silica wafer at the rate of 3000 rpm. The remaining bulk

dispersions were transferred into 1.2-inch-diameter cylindrical Teflon molds. After slowly



evaporating solvent over 48 h at room temperature, transparent nanocomposite films of thickness
~ 0.5 mm formed. The residual solvent was removed from the bulk films by transferring it to a
vacuum oven and slowly increasing the temperature at the rate of 10 °C per 24 h to 150 °C. Four
specific bulk film compositions were investigated to systematically elucidate the effect of surface
modification and the inorganic fraction on the thermo-mechanical and optical properties of
nanocomposite films. The respective sample compositions and sample-IDs are summarized in

Table 1.

Table 1. Compositions of pure PMMA and PMMA/PSAN capped ZnO bulk films

Sample ID fzno® fpsaN/OA? foMMA®
Pure PMMA 0 0 100
OA-ZnO/PMMA 10 1.8 88.2
PSAN-
ZnO/PMMA-1 10 6.7 83.3
PSAN-
ZnO/PMMA-2 18 12 70.0
PSAN-
ZnO/PMMA-3 27 18 330

a Determined by TGA; b calculated according to TGA data.

Characterization. Transmission electron microscopy (TEM) was carried out using a JEOL 2000
EX electron microscope operated at 200 kV. The average sizes of the ZnO NPs were determined
from statistical analysis of the TEM micrographs using ImageJ software. Dynamic light
scattering (DLS) using a Malvern Zetasizer Nano ZS was performed to confirm results obtained
from TEM. It was also employed to determine volume-weighted average hydrodynamic

diameters and distribution. A Philips X’Pert (Philips Analytical, Netherlands) X-ray



diffractometer (XRD) (Cu Ka radiation) was operated at 45 kV and 40 mA in grazing incidence

mode to characterize the structure and crystallinity.

Thermogravimetric analysis (TGA) with TA Instruments 2950 was used to measure the fraction
of ZnO in the hybrids. The data were analyzed with TA Universal Analysis. The TGA plots were

normalized to the total weight after holding at 120 °C.

o — (1=fzno)Nav Pzno 4 (1)
TGA 6 fzno M

where f.., 1s the ZnO fraction measured by TGA , N, is the Avogadro number, Q.. is the density
of ZnO NPs (5.6 g/cnv), d is the average diameter of ZnO NPs (5 nm), M is the molar mass of

the capping agent.

The glass transition temperature (7,) of PSAN capped ZnO in PMMA matrix with different
inorganic content were measured by differential scanning calorimetry (DSC) with TA Instrument
QA-2000. The same procedure was run three times, each involving the following steps: 1) hold
at 25 °C for 5 min; 2) heat to 150 °C at a rate of 10 °C/min; 3) hold for 5 min; 4) cool down to 25

°C. The DSC data were analyzed with TA Universal Analysis and the 7, was directly acquired.

The optical transmittance of bulk films was determined using a Varian 50 Bio UV-Vis
Spectrophotometer over the wavelength range from 300 nm to 800 nm. To quantitatively
compare the transparency of films with different thickness, the measured data were normalized
to equal thickness using the described logarithmic relationship. In this study, the transmittance

was normalized to 300 um.



The refractive index of the thin films was measured using AutoEL-II Automatic Ellipsometer
equipped with a helium-neon laser (4 = 632.8 nm). The angle of incidence was fixed at 70° and a
two homogeneous layer film model (silica + nanocomposite) was utilized for the analysis. At

least 5 different spots were measured for each film.

The mechanical properties (elastic modulus and hardness) of the bulk films were measured using
MTS Nanoindenter XP with a nanoscopic diamond-based Berkovich tip. The indentations were
performed at a displacement rate of 0.05 nm per second up to a maximum load at 2 ym depth.
The maximum load indentation was held for 10 s followed by the elastic recovery of the

material. 100 indentations were performed on each film.

Polymer ligands were characterized by GPC and NMR, the detailed information was included in

Supporting Information.

Results and Discussion

Octylamine (OA) was chosen as ligand because of its appropriate boiling point of 175 °C that
prevents rapid evaporation during thermolysis of Zn(EH).. Figure 1a and 1b depict representative
electron micrographs (TEM) of OA-capped ZnO, revealing a uniform particle size with average

diameter (d) =5.2 + 0.6 nm.
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Figure 1. (a) and (b) TEM images of OA-capped 5 nm ZnO NPs, inset: XRD pattern of OA-
capped ZnO; (c) and (d) TEM images of PSAN capped 5 nm ZnO NPs, M, = 2300, M./M, = 1.13;
(e) Size distribution of OA/PSAN capped ZnO NPs measured by DLS in THF solution, intensity
average particle size: OA-capped ZnO NPs, 7.5 nm, PSAN capped ZnO NP, 10.1 nm; (f) TGA
traces of OA/PSAN capped ZnO NPs. Black line: OA-capped ZnO, red line: PSAN capped ZnO.
Scale bars = 20 nm. Inset in Figure la depicts representative XRD pattern of OA-capped ZnO.
Reflections correspond to the (100), (002), (101), (102) and (110) planes (PDF card nos: JCPDS-

36-1451).
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The typical particle yield of was 23%. X-ray diffraction analysis (see inset of Figure la)
confirmed Wurtzite structure of ZnO. Dispersions of OA-capped ZnO NPs were stable in
tetrahydrofuran (THF) or hexane for weeks, with negligible aggregation. Dynamic light
scattering (DLS, Figure 1le) confirmed an intensity-average hydrodynamic size of about 7 nm in
excellent agreement with TEM results. Thermogravimetric analysis revealed 83 wt% inorganic
content (Figure 1f). From the inorganic content f,., the ligand grafting density was determined to
be 44 chains/nm. PSAN was selected as polymer tether for ligand exchange because
PMMA/PSAN constitutes a miscible polymer blend with LCST behavior that shows reversible
transition between miscible and phase separated states provided that the molar ratio y =
n(AN):n(S) is within the miscibility window 0.09 < ¥ < 0.38. The interaction parameter of the
PSAN/PMMA system depends on both the constitution of PSAN as well as the composition of

the blend. In the present study, the molar composition of the random copolymer is S:AN = 3:1 —

the corresponding interaction parameter is Yuusw =~ -0.15 (at T =~ 25 °C).

Ligand exchange of OA with PSAN-NH, was performed in DPE at 7' = 180 °C to concurrently
drive the replacement reaction and extract unbound OA from the reaction mixture. The
replacement reaction gave rise to a distinctive change in solubility characteristics. Whereas OA-
capped ZnO NPs were stable in THF or hexane, PSAN-capped ZnO NPs after ligand exchange
precipitated in hexane. Thus, free PSAN-NH. was removed by applying “selective precipitation,
centrifugation, and dissolution” cycles.» As shown in Figure le, the DLS confirmed the ligand
replacement by revealing an increase of the hydrodynamic diameter from 7.5 to 10.1 nm.
Electron micrographs of the final ZnO-PSAN product (Figure 1c and 1d) further revealed

negligible aggregation of particles after ligand exchange. The purified PSAN capped ZnO NPs

12



contain 60 wt% of ZnO (Figure 1f). Due to the large difference in steric hindrance, the grafting

density of PSAN capped ZnO (0.7 chain/nm) was lower than OA-capped ZnO (4 .4 chains/nnr).

To understand the role of PSAN modification on particle/matrix interactions, we evaluated the
thermomechanical properties of films as well as their microstructure. Figure 2 depicts heat flow
curves of pristine and ZnO-PSAN filled PMMA revealing an increase of the glass transition
temperature with particle filling content from 7, = 104 °C (for pristine PMMA) to 7, ~ 115 °C
(for f,, = 0.18). The increase of 7, supports previous reports on PMMA composites with PSAN-
modified silica particle fillers and can be interpreted as a consequence of the attractive
interactions between PSAN tethers and PMMA matrix.” Interestingly, the 7, of ZnO-
PSAN/PMMA composites levels off at a ZnO filling fraction of f,, ~ 0.18 (in fact a small
reduction in 7, is observed for f,, ~ 0.27). We rationalize this trend as a consequence of the large
specific surface area of 5 nm ZnO fillers that implies the saturation of surface segment
interactions at rather a low particle filling fractions. However, it should be noted that the effect of

particle additives on 7, is a rather complex subject and alternative mechanisms could apply .+
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Figure 2. Heat flow curves of PSAN capped ZnO NPs system and corresponding PMMA
reference polymer. The glass transition temperature(7,) increased for PSAN capped ZnO

materials.

The favorable interactions between ZnO-PSAN particle fillers and the PMMA matrix were
confirmed by evaluation of the elastic modulus of composite films that was measured using
nanoindentation of ~500 um thick films. Figure 3 summarizes the elastic moduli and hardness

values that were determined for the distinct ZnO-PSAN/PMMA systems.
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Figure 3. Nanoindentation measurement of PSAN capped ZnO in PMMA with different ZnO
content indicate an increase of elastic modulus (E) and a small decrease of hardness (H) with
increasing ZnO content; inset: Characteristic load (F)—displacement (d,) curves for PSAN capped
Zn0O in PMMA with different ZnO content showing similar response: pure PMMA (black), 10

wt% 7ZnO (red), 27 wt% ZnO (blue).

The figure reveals an increase of the elastic modulus (E) from 1.12 GPa for pure PMMA to 1.31
GPa for 10 wt% PSAN capped ZnO and 1.72 GPa when the inorganic content was 27 wt%.

Since the resistance to elastic deformation directly depends on the bonding strength in materials,

14



the 55% increase as compared to pristine PMMA provides clear support for increased dispersion
interactions in the miscible PSAN/PMMA system. Here, a comment should be made regarding
the application of nanoindentation to measure the elastic properties of polymer films.
Nanoindentation was chosen primarily because of the ability to evaluate the mechanical
properties of small material volumes. Because the mechanical characteristics are deduced from
the interpretation of indent geometries rather than direct stress-strain measurements, the absolute

values often differ from bulk values (sometimes by up to 20%) = However, trends have been

shown to be correctly reproduced.

Characterization of the microstructure of PMMA/ZnO-PSAN composites by transmission
electron microscopy (TEM) confirmed the randomly dispersed morphology, expected for
miscible blends. Figure 4 depicts representative TEM images taken on micro-sections of bulk

films of PMMA filled with PSAN and OA tethered ZnO particles at f,., ~ 0.1.
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Figure 4. TEM images of ZnO/PMMA bulk films with 10 wt% ZnO contents (a) PSAN capped
Zn0, (b) OA-capped ZnO, (c¢) and (d) size distributions of ZnO nanocomposite in the matrix, (c)
PSAN capped ZnO, (d) OA-capped ZnO. Inset: higher magnification TEM images of OA-

capped ZnO NPs in PMMA matrix. Scale bars are 200 nm.

Image analysis of micrographs such as Figure 4a reveals an average particle distance in the
PMMA/ZnO-PSAN system (Figure 4a) is (d,,) = 1.1 nm, approximately equal to the expected
particle distance of randomly dispersed structures d, = (V/N,)” = 0.9 nm (with N,/V denoting the
volume density of particles). A further indicator of a thermodynamically stable particle
dispersion is the particle size distribution (Figure 4c) and the average particle diameter (d) = 10.1
nm (determined by image analysis) closely matches the value of the pristine ZnO-PSAN
particles. This is in contrast to the microstructure observed in PMMA/ZnO-OA systems (Figure
4b) that reveals the formation of aggregates with an average size of (d..) = 99.3 nm. The
formation of aggregates is indicative of a phase separating system in which the balance of
dynamics and thermodynamic driving forces determine the respective aggregate dimension. The
different dispersion characteristics of ZnO-PSAN and ZnO-OA particle fillers have a profound
impact on the optical properties of PMMA composite films. Figure 5 depicts photographs of
films with systematic variation of ZnO content with and without PSAN modification. The figure
reveals that optical transparency in ZnO-PSAN based composites (Figure 5b, 5c) is comparable
to pristine PMMA (Figure 5a) while a significant loss of transparency is incurred upon
dispersion of ZnO-OA particles in PMMA (Figure 5d) despite the significantly lower inorganic
content. The opacity of ZnO-OA based composite films can be rationalized as a direct
consequence of the aggregation behavior that is discerned from the micrograph shown in Figure

4b. In particular, the scattering cross-section of particle fillers depends on the square of the
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particle volume and hence on the sixth power of the particle size (here it should be noted that in
aggregating systems the term ‘particle size’ refers to the dimension of aggregate structures).”*
The clustering of ZnO particles observed in the immiscible PMMA/ZnO-OA system thus
dramatically raises the scattering losses in phase-separating polymer/particle blend systems. ZnO
containing particle films in Figure 5 exhibit a weak yellowish coloration. The latter is attributed
to partial oxidation of excess amine ligands as well as to the preferential scattering of short

wavelengths of small particle fillers (see below).

Figure 5. Photographs of pure PMMA, PSAN-capped ZnO/PMMA and OA-capped
ZnO/PMMA hybrid bulk films: a) Pure PMMA (thickness: 666 um); b) PSAN capped
ZnO/PMMA-1 (10 wt% ZnO, 570 um); c¢) PSAN capped ZnO/PMMA-2 (18 wt% ZnO, 646

um); d) OA-capped ZnO/PMMA (10 wt% ZnO, 590 um). The image area is 9 cm.

The transparency of the bulk films was quantitatively measured using UV-vis spectroscopy.
Since each film had a different thickness, the measured data was normalized to equal film
thickness as described in the experimental section. Figure 6 depicts the transmission curves
(normalized to equal film thickness) for pristine PMMA and ZnO-PSAN/PMMA blend materials
The figure reveals that optical transparency in excess of 0.8/mm- is retained for wavelengths A >

500 nm up to particle loadings of f,, = 0.18.
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Figure 6. Normalized UV-vis transmittance spectra of the pure PMMA and the PSAN capped

Zn0O in PMMA matrix. The normalized transmittance corresponds to films with a thickness of

300 um. Inset: photograph of PSAN capped ZnO/PMMA bulk films with 27 wt% ZnO (370

um).

An optical transmission of 0.8 is commonly considered to be the threshold for a material to be
recognized as ‘transparent to the eye’ . All transmission curves shown in Figure 6 reveal a A
dependence that is characteristic for scattering losses (in the limit of Rayleigh scattering y = 4).
As expected, scattering losses increase with particle loadings, however, even at f,, = 0.27 a
transparency 7 ~ 0.6 (length)' (at A = 500 nm) is retained. For all systems, the transmittance
vanished in the 300-365 nm range, due to UV absorption. This UV-blocking coincides with the
absorption edge of 5 nm ZnO NPs that is estimated to be at 3.37 eV (or A = 369 nm).»* The high
transparency in the visible range combined with a complete UV-cutoff could render
PMMA/ZnO-PSAN composites interesting candidate materials for applications as transparent

UV filters.

18



An intriguing application of low-scattering ZnO-particle fillers is in the fabrication of high
refractive index polymer glasses that play an important role as optical materials. This is because
ZnO exhibits a refractive index of n,, = 1.973-2.105 in the visible range. Tethering of polymer
chains alters the refractive index of particle fillers. The effective refractive index of ZnO-PSAN
core-shell particles can be estimated using homogenization models such as Maxwell-Garnett

(MQG) theory as:

3
Meftp” = NMshen *[1 + 1_¢¢fx] ()

where x = (n2,,. — nZ00)/(M%re + 2 n2,.,); nshell and ncore represent the refractive index of the
shell and core, respectively; and ¢ = v../(v.. + v..) is the relative core volume. In this study, the
n., and n., were assumed to be 1.989 and 1.558, corresponding to A = 632 nm).* Using the
compositional values as determined from TGA measurements, the effective refractive index of
PSAN capped ZnO was calculated to be n.,= 1.650. Note that the use of low MW polymer
tethers is a critical prerequisite to enable high n.,of particle fillers since it facilitates a high

inorganic content of the core-shell particles.

The effective refractive index of PMMA/ZnO-PSAN of composites formed with different
concentrations of PSAN capped ZnO in a PMMA matrix was measured using ellipsometry at A =
632 nm on thin film samples that were fabricated by spin coating of particle/polymer solutions
(corresponding thick films could not be prepared due to the limited availability of particle
systems). Figure 7a depicts the refractive index of composite films (red squares) as well as the
trend predicted on the basis of effective medium theory (dotted line). The excellent agreement
between experimental and theoretical values further supports the uniform distribution of particle

fillers that is an assumption of the effective medium model. Note that due to the optical
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dispersion characteristics of ZnO a higher refractive index is expected at a shorter wavelength

(see inset of Figure 7a).
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Figure 7. (a) Dependence of refractive index on ZnO content in hybrid thin films dashed line:
theoretical trend line calculated using Maxwell Garnett theory; red squares: measured refractive
index at 632.8 nm. Inset: refractive index of ZnO/PMMA hybrid bulk film (38 wt% ZnO
contents) at a different wavelength. (b) Dependence of refractive index on the transmittance of

hybrid films, theoretical trend line calculated using Beer-Lambert Law, red line: A=633 nm,
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green: 550 nm, olive: 500 nm, blue: 450 nm, magenta: 400 nm; red squares: measured refractive
index at 633 nm. Inset: dependence of refractive index on transmittance of hybrid films at 633
nm with different size ZnO NPs, black line: Snm, red: 4 nm, blue: 3 nm, magenta: 2 nm, green: 1
nm. Note that the maximum refractive index decreases with particle size due to the increased

mass fraction of organic ligands.

To further evaluate the limitations of the nanocomposite approach a Mie scattering model was
implemented to quantitatively relate the refractive and transmission properties of polymer films
as a function of particle size (the details of the model are described in reference 30). The results
of this simulation (see Figure 7b) reveal two important conclusions: First, the predicted
scattering losses of the tested material systems are in excellent agreement with theoretical
predictions (this justifies the application of Mie theory in the present case). Scattering losses
increase with decreasing wavelength and hence the lower transmittances are observed at
corresponding refractive index for shorter wavelengths (see main panel in Fig. 7b). Second,
reducing the particle size is expected to significantly improve the optical figure of merit of films.
Thus, whereas scattering losses result in the decrease of the transmission to 7 ~ 0.2 at a
composition corresponding to the maximum refractive index (n ~ 1.65), the reduction of particle
size to d = 1 nm is expected to enable 7'~ 0.95 at n ~ 1.6 (here, a possible size dependence on the

optical properties of ZnO has been neglected).

Conclusions

We have demonstrated a new method for the synthesis of optically transparent PMMA/ZnO

hybrids with refractive index exceeding 1.6 in the visible range. The method rests on the
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application of ‘compatibilizing’ polymer tethers (PSAN) that enable the stable dispersion of
particles in the polymer host (PMMA) up to high inorganic loadings. PSAN capped 5 nm ZnO
NPs were synthesized in high yield through evaporative ligand exchange. Particles were shown
to be readily dispersible in PMMA up to weight fractions in excess of 35% resulting in films
with high optical transparency (>0.8/mm) and refractive index exceeding 1.6 in the short
wavelength visible range. Favorable filler/matrix interactions gave rise to concurrent
enhancement of the mechanical properties (stiffness) of films. The observed increase of n > 1.6
presents a substantial increase in the refractive index of pristine PMMA that could promote its
application in a range of optical applications. We note that this reported increase does not
represent a fundamental limit in the achievable gain in the refractive index. Rather, a reduction in
the degree of polymerization (or reduction of grafting density) of PSAN is expected to allow a
further increase in the refractive index. Reduction of particle size is expected to enable a
refractive index of ~1.6 at only minimal scattering losses. Optimization of these parameters is

subject to our current research.

ASSOCIATED CONTENT

Supporting Information. GPC traces of polymer PSAN-NH., ligands, and TGA measurements
of ZnO/PMMA bulk films. The Supporting Information is available free of charge on the ACS
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