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ABSTRACT: Metal oxide based polymer nanocomposites find diverse applications as functional materials, and in particular
thiol-ene/TiO, nanocomposites are promising candidates for dental restorative materials. The important mechanical and thermal
properties of the nanocomposites, however, are still not well understood. In this study, the elastic modulus and thermal
conductivity of thiol-ene/TiO, nanocomposite thin films with varying weight fractions of TiO, nanoparticles are investigated by
using Brillouin light scattering spectroscopy and 3@ measurements, respectively. As the TiO, weight fraction increases from 0 to
90%, the effective elastic longitudinal modulus of the films increases from 6.2 to 37.5 GPa, and the effective thermal conductivity
from 0.04 to 0.76 W/m K. The former increase could be attributed to the covalent cross-linking of the nanocomposite
constituents. The latter one could be ascribed to the addition of high thermal conductivity TiO, nanoparticles and the formation
of possible conductive channels at high TiO, weight fractions. The linear dependence of the thermal conductivity on the sound
velocity, reported for amorphous polymers, is not observed in the present nanocomposite system.

B INTRODUCTION

Polymer nanocomposites are hybrid materials that integrate
selected properties of both polymers and nanocolloids. It is
currently a topic of intensive interest for both fundamental
materials science and technology.”” However, polymers and
nanoparticles are hardly miscible in the absence of specific
interactions due to depletion forces, leading to interesting
nonequilibrium morphologies.” One strategy to obtain stable
dispersions involves polymer grafts that results in matrix-free,
one-component hybrid materials with novel mechanical,
dielectric, thermal, or phononic properties.4_6 A similar
platform to fabricate homogeneous hybrid materials works by
creating strong attachment of the nanoparticles to a network.”

The elastic modulus and thermal conductivity are two
properties of paramount importance for material functions in a
range of technologies. Polymers are low modulus (a few
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gigapascals)6 and low thermal conductivity (0.1-0.3 W m™
K™')* materials compared with the inorganic counterparts. A
promising strategy to increase these values is adding nano-
particles into the polymers—the design of polymer nano-
composites. While the elastic modulus depends mainly on the
efficient packing and cohesive forces,” ™! engineering of the
thermal conductivity presents major challenges.'>"* Besides the
state of the dispersion, it is essential to have control over
interfacial thermal resistance, which involves different character-
istic length scales'* and intermolecular interactions.'> As for the
latter issue, increasing the bonding strength of surfactants to the
inorganic surface led to a strong increase of interfacial thermal
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conductance.'® A more recent work on thermal conduction in
surfactant/semiconductor nanocrystals has further revealed the
sensitivity of the effective thermal conductivity to the bonding
strength of the molecular ligands.'” The role of the polymeric
tethers on the thermal conductivity has been recently addressed
in the case of polymer/particle brush nanocomposites.'®
Favored enthalpic interactions between tethered and matrix
polymer chains seem to be more relevant than the conceivable
conformational nonuniformity of the tethered chains. However,
there is limited literature on the mechanical and thermal
properties of hybrid nanocomposites, and solid phenomenol-
ogy necessary to develop theoretical concepts is also lacking.

In this work, we utilized a system that bridges the few
molecular and polymer nanocomposites investigated so far. It is
based on titanium dioxide (TiO,, titania) nanoparticles,
dispersed in a cross-linked organic matrix. Titania was chosen
for the inorganic phase because of its use in a wide range of
existing and emerging applications. It is not only an industrially
important mass product (with numerous applications in health
care)'” but also the subject of current research on photo-
voltaics™ and photocatalysis.””*” For most applications of
nanoparticles in hybrid composites, it is beneficial to avoid
particle agglomeration. To account for uniform dispersion and
solid anchoring of the TiO, nanoparticles, the organic phase
requires to be a cross-linked polymer matrix. These require-
ments can be readily met by thiol-ene (TE) click chemistry,
which has proved to be a valuable platform in materials science,
owing to its good adaptability and easy practicability.””**
Photoinitiated TE polymerizations neither require high curing
temperatures, as epoxy resins do, nor suffer from oxygen
inhibition or insufficient curing, which are common for
photopolymerized acrylate-based resins.””*° Photopolymerized
TE networks have already been used to fabricate hybrid
nanocomposites by incorporating inorganic fillers like silicate
clay minerals,”” gold nanoparticles,””*’ and TiO, particle
powders.”® However, none of these studies investigated
nanocomposites with inorganic filler fractions exceeding 7 wt
%. Due to the excellent dispensability of the nanoparticles used,
the present approach allows fabrication of hybrid nano-
composites with inorganic filler fractions over the entire
composition range (i.e., 0—100 wt % TiO, nanoparticles).

In this paper, we report on the effective elastic longitudinal
moduli and thermal conductivities of TE/TiO, nanocomposite
films at different nanoparticle weight fractions. The former are
calculated as Mj, o = peffcf, ofp Where p g is the effective density
of the films and ¢ . is the effective longitudinal sound velocity
obtained from Brillouin light scattering (BLS)*' ™% measure-
ments; the latter are measured with the 3w method.">*** To
our knowledge, there are few reports on the relation between
the sound velocity and thermal conductivity,”>*” which are
limited to bulk amorphous polymers and have demonstrated a
linear dependence of the minimum thermal conductivity on the
sound velocity. This work extends this investigation of the
relation to polymer nanocomposite thin films. The results
suggest that the covalent cross-linking of the nanocomposite
constituents had a synergistic effect on sound propagation,
yielding effective sound velocities of the nanocomposites that
exceeded the value of the soft constituent (ie., the TE
network). The effective elastic longitudinal modulus increased
monotonically from 6.2 to 37.5 GPa, as the wt % of TiO,
nanoparticles increased from 0 to 90%. On the other hand, the
corresponding effective thermal conductivity increased from
0.04 to 0.76 W/m K (by a factor of 18), due to the addition of

high thermal conductivity TiO, nanoparticles and the
formation of possible conductive channels at high TiO, weight
fractions. These findings are potentially applicable for the
development of improved dental resin composites, which
require high inorganic filler loadings with strong anchoring of
the nanoparticles to the polymer matrix to prevent loss of
material to the human body. Indeed, both TiO, nanoparticles
and TE resins have already been discussed as potential dental
restorative materials in the literature.>*

B EXPERIMENTAL METHODS

Materials and Substrates. Unless otherwise stated, all
chemicals were obtained from commercial suppliers and used
without further purification. Pentaerythritol tetrakis (3-
mercaptopropionate) (PETMP, >95%), 2,4,6-triallyloxy-1,3,5-
triazine (TAOTA, 97%), and 2,2-dimethoxy-2-phenylacetophe-
none (DMPA, 99%) were obtained from Sigma-Aldrich. 4-
Allylcatechol®® and TiO, nanoparticles*' were synthesized
according to previously reported procedures with various
modifications. The as-synthesized, oleic acid-stabilized nano-
particles are mostly of a spherical shape with a mean diameter
of 6.5 + 1.3 nm (see Figure Sla, b in the Supporting
Information). The TiO, nanoparticles were refunctionalized
with 4-allylcatechol in a biphasic reaction mixture. Details of the
synthesis procedure can be found in the Supporting
Information (Section D. Synthetic Procedure). Glass substrates
of a size 13 X 13 mm” were cut from standard-sized microscope
slides (75 X 26 mm?), cleaned in Piranha solution (3:1 (v/v)
conc. H,S0,/35 wt % H,0,) at 80 °C for 30 min, rinsed with
Milli-Q water (18.2 MQ cm), and dried in a stream of nitrogen.
The same cleaning procedure was applied to the silicon
substrates.

Film Preparation. Nanocomposite films were prepared by
repeated spin coating of the premixed solutions. Prior to the
spin coating, the allylcatechol-funtionalized TiO, nanoparticles
were filtered through a series of syringe filters (3.1 pm glass
fiber, 045 um PET, and 0.2 um PTFE) to remove dust
particles and large aggregates from the solution. The filtered
solution was stored in a dust-free amber glass vial with a screw
cap. The exact concentration of the filtered solution was
calculated from the remaining mass of an evaporated 100 yL
aliquot (after several hours of drying at 80 °C). The
concentration was found to be ¢ = 84 mg/mL. A thiol-ene
monomer stock solution was prepared by mixing pentaery-
thritol tetrakis (3-mercaptopropionate) (PETMP, 2.4433 g,
5.00 mmol, 1.00 equiv), 2,4,6-triallyloxy-1,3,5-triazine
(TAOTA, 1.6626 g, 6.67 mmol, 1.33 equiv), and 2,2-
dimethoxy-2-phenylacetophenone (DMPA, 0.0128 g, 0.05
mmol, 0.01 equiv) with toluene (40.0 mL). This mixture
yielded a similar weight concentration with that of the
nanoparticle solution (¢ &~ 90 mg/mL). The stock solution
was also filtered through a 0.2 gm PTFE syringe filter. Thiol—
ene TiO, nanocomposites with varying TiO, contents were
realized by mixing the nanoparticle and monomer stock
solutions in different ratios. For example, for a sample with
70 wt % TiO, content, a volume ratio of 7:3 (TiO,
solution:thiol-ene solution) was applied. The premixed
solutions were then spin-cast to form nanocomposite films.
In the spin coating, we used a dynamic dispense technique:
first, the substrate was set to spin (acceleration: S000 rpm/s)
and allowed to reach a maximum speed of 5000 rpm; then, 30
uL premixed solution was quickly dispensed by using a 200 uL
pipet into the center of the substrate (substrate size: 13 X 13
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mm?, spinning duration: 40 s). After spin coating, the samples
were placed in a dust-free Petri dish and heated in an oven at
150 °C for 20 min to evaporate residual solvent. Subsequently,
the Petri dish was placed under a UV lamp (366 nm, 8 W) for §
min to ensure complete polymerization of the thiol-ene
monomers. Each sequence of spin-coating and post-treatment
resulted in a film layer with a thickness around 100 nm. The
sequence was repeated multiple times to produce films of
varying thicknesses to satisfy the requirements of the
corresponding characterization techniques. For the Brillouin
light scattering (BLS) characterization, which requires a film
thickness of about 1 ym on a glass substrate, the nano-
composite films were fabricated by spin-coating a total of eight
layers. For the 3w technique, which works fine with thin films
on silicon substrates, a pair of samples, consisting respectively
of one and two layers, were fabricated for each composition.
Brillouin Light Spectroscopy. The sound velocities of the
nanocomposite films are experimentally characterized by the
Brillouin light scattering (BLS) spectroscopy. BLS is a
nondestructive and powerful tool to probe the hypersonic
phonon propagation, which utilizes the scattering of an incident
probing laser beam by phonons in a specific direction. The
phonon wave vector, q, is determined by the scattering
geometry as q = k, — k;, where k; and k; are the wave vectors of
the scattered and incident light, respectively. All BLS
measurements in this study are conducted in the transmission
geometry. In this geometry, the probing phonons propagate in
the film plane, and the wavenumber, being independent of the

. . 4r . 0 .
refractive index, can be expressed as q = %sm > where A is the

wavelength of the incident beam (ie., 532 nm) and 0 is the
scattering angle. The inelastic interactions of the incident light
with the activated phonons are represented by the frequency
shift, f(q), of the BLS spectra, which are resolved by a six-pass
tandem Fabry—Pérot interferometer at the hypersonic
frequency range. The longitudinal (VV) and transverse (VH)
displacements are selected by the polarizations, where VV and
VH represent vertically and horizontally polarized lasers with
respect to the scattering plane, respectively.

3w Method. A thin Cr/Au (5 nm/50 nm) electrode, SO ym
wide and 1 mm long, was deposited onto each TE/TiO, film
using a metal mask and thermal evaporation. To carry out the
3w measurement, an ac current with a frequency of lw was
applied to the Cr/Au electrode, which introduces a fluctuation
of the temperature and consequently the electrical resistance of
the electrode with a frequency of 2w, when the temperature

increase is sufficiently small. The temperature increase of the
dr R

electrode can be calculated as T,,, = ZEKV&”’ where R is the
average electrical resistance of the Cr/Au electrode, dR/dT is
the temperature coeflicient of the resistance, and V},, and V3,
are the measured lw and 3w voltages on the electrodes,
respectively. To measure the out-of-plane thermal conductivity
of the TE/TiO, film, a differential 3w measurement was carried
out. Two films with different thicknesses were used (see the
inset of Figure 4a). When the half-width of electrode is much
larger than the thickness of the TE/TiO, film but much smaller
than the heat penetration depth, the heat transfer from the
electrode, across the sample film, and into the Si substrate can
be reasonably approximated as one-dimensional (1D). As a
result, the thermal conductivity, k, of the TE/TiO, film can be

calculated as k = —"— where P is the heating power, h is the

20

thickness deference between thin and thick films, A_ is the

cross-sectional area of the heat path, and AT,, is the
temperature difference between the thin and thick films.

B RESULTS AND DISCUSSION

Nanocomposite Films. The nanocomposite films were
prepared on glass or silicon substrates by repeated spin-coating
of premixed solutions of TiO, nanoparticles and TE monomers
in the desired ratios. To chemically link the TiO, nanoparticles
to the TE polymer matrix, short bifunctional catecholic anchors
(derived from eugenol, a natural odorant found in clove oil*’)
were first attached to the TiO, nanoparticles, as illustrated in
Figure la. This treatment is similar to the versatile catechol

Figure 1. (a) Schematic of a pure TiO, nanoparticle film, where the
surface-refunctionalized TiO, nanoparticles are not cross-linked. (b)
Schematic of a TE/TiO, nanocomposite film, where the surface-
refunctionalized TiO, nanoparticles are covalently attached to the TE
polymer network. (c) An eight-layer TE/TiO, nanocomposite film
containing 30 wt % TiO,. (d) An eight-layer TE/TiO, nanocomposite
film containing 90 wt % TiO,. (e) A two-layer TE/TiO, nano-
composite film containing 40 wt % TiO,. (f) A two-layer TiO,
nanoparticle film containing 100 wt % TiO,. (c) and (d) are
supported on glass substrates and used in the BLS measurements. (e)
and (f) are supported on Si substrates and used in the 3w
measurements. The scale bars are (c) 1 um, (d) 2 um, (e) 500 nm,
and (f) 100 nm.

chemistry, which enables marine organisms (e.g., mussels) to
virtually adhere to any surface.””~** The terminal double bonds
at the other ends of the anchor molecules serve as connection
points to the cross-linked TE network (see Figure 1b).* After
spin-coating and drying, the nanocomposite films were exposed
to UV radiation (366 nm, 8 W) for S min. As the thermal
diffusion time of each spin-coating layer can be estimated to be
on the order of 10—100 ns, the duration of UV exposure should
be sufficient to ensure complete polymerization of the TE
monomers.
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The nanocomposite films were characterized by using
scanning electron microscopy (SEM). Figure lc, d shows two
thick films supported on glass substrates and used in the BLS
measurements. They contain 30 and 90 wt % of TiO,
nanoparticles respectively, and both of them have a thickness
around 1 pm. Figure le, f shows two thin films supported on Si
substrates and used in the 3@ measurements. They contain 80
and 100 wt % of TiO, nanoparticles, respectively. At a low wt %
of TiO, nanoparticles, the interfaces between consecutive spin-
coating layers are discernible (see Figure lc, e). At a large wt %
of TiO, nanoparticles, the interfaces become indistinguishable
(see Figure 1d, f), leading to a homogeneous film. All
nanocomposite films show some degree of surface roughness,
especially for the thin films with a low wt % of TiO,
nanoparticles. Additional SEM images can be found in the
Supporting Information (Section C. SEM Images of Nano-
composite Films). Besides being used to check the uniformity
and homogeneity of the nanocomposite films, the SEM images
were also used to determine the film thicknesses.

We point out that some of the thin nanocomposite films
have a relatively high level of roughness (see Figures le, S3b,
S4c), which could be caused by the evaporation of the solvent
in the drying process. Further studies are needed to understand
the mechanisms and to optimize the fabrication parameters
(e.g, UV light intensity, oven temperature) to achieve a lower
level of roughness. Nevertheless, in the thermal conductivity
measurements, the roughness effect should be insignificant, as
we always used two films with different thicknesses (see Figure
4a); for the BLS experiments, thick films were employed.

Elastic Longitudinal Modulus. All films used in the BLS
experiments consisted of eight consecutive layers to achieve
thicknesses about 1 pm, except for the thick bulk TE films used
for depolarized BLS measurements. This thickness is required
to ensure a linear acoustic behavior*® for in-plane phonon
propagation by fulfilling the condition, gh > 1, where g is
wavenumber and h is the film thickness. As the elastic
properties of the bulk TE and TiO, are necessary information
for understanding the mechanical behaviors of the nano-
composites, the bulk TE and TiO, nanoparticle films were first
examined. The BLS spectra of these films were recorded at a
given g = 0.013 55 nm™" in the polarized (for both the bulk TE
and TiO, films) and depolarized light polarizations (for the
bulk TE film only), as shown in Figure 2a. The single
Lorentzian representation of the BLS spectra indicated a
homogeneous medium in both the bulk TE and TiO, films
prepared by the spin-coating method, as also confirmed by the
SEM images in Figure 1f for the latter. Note that for spatially
inhomogeneous polymer nanocomposites two acoustic pho-
nons at a given q can be observed.” Due to the cross-linked TE
network, the bulk TE film displays measurable depolarized BLS
spectra, allowing for the measurement of the transverse sound
velocity, cr. This transverse mode in the depolarized spectra is
only measured in the thick bulk TE films, as the mode is too
weak to be detected in the other thin nanocomposite films. The
frequency, f, obtained from the Lorentzian peaks increases
linearly with the wavenumber, g, as seen in Figure 2b and

expected for acoustic phonon propagation.

The sound velocities, ¢ = i—:’ = %,
slope of the linear relations, f(q) ~ g, are ¢;, 7z = 2480 + 12 m/
s and ¢y, tg = 1000 £ 15 m/s for the pure TE thin film, and
¢, Tioz = 3070 + 30 m/s for the pure TiO, thin film; the

subscripts, L and T, stand for longitudinal and transverse,

obtained from the
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Figure 2. (a) Brillouin light scattering (BLS) spectra for in-plane
phonon propagation at ¢ = 0.013 55 nm™". The polarized spectra (in
the range of —8 to 8 GHz) are represented by single Lorentzian peaks
for the bulk TE (black line) and TE/TiO, nanocomposite (red line for
TiO,-30 wt % and blue line for TiO, nanoparticle films). The
depolarized BLS spectrum of the bulk TE (in the range of —4 to 4
GHz) is also represented by a single Lorentzian peak (gray line),
indicating a weak cross-linked structure of TE matrix. (b) The phonon
dispersion relations for these three compositions shown with the same
color are linear, f(q) ~ g, as indicated by the four black lines.

respectively. Based on the ¢; rg and ¢r, g, the Poisson’s ratio,

2

—2 . c

v=— with x = ( == ] , turns out to be about 0.4, and
Z(x - 1) CT,TE

thus suggests a weakly cross-linked and soften matrix. The
relatively low ¢ 1,0, compared with the value for bulk
crystalline anatase TiO, film (with a longitudinal sound velocity
of around 8880 m/s*®) could be attributed to the granular
structure of the TiO, nanoparticle film. Similar to the BLS
spectra of the bulk TE and TiO, nanoparticle films, the BLS
spectra of the nanocomposite film with 30 wt % of TiO,
nanoparticles show a single longitudinal mode (see Figure 2a),
suggesting a homogeneous medium.”” The corresponding
longitudinal effective medium sound velocity ¢, .¢ estimated
from the linear dispersion relation (see Figure 2b) of the film, is
2820 + 20 m/s, which falls between the sound velocities of the
pure TE and TiO, nanoparticle films.

To gain more insights, the sound velocities were represented
by Wood’s law*”*" as

1 ¢TiOZ " 1= ¢Ti02
Mg Myro, My g (1)

which can be combined with My = pci, peg = prio,Prio, + Pre(1
- ¢Ti02)1 and @0, = (pTEWTiOZ)/ (Prewrior + pTiOZ(l -
WTiOZ)) to give

CL,TiOZCL,TE[pTEwTiOZ + /’Tioz(l - wTiOZ)]

CLef = T 2 2 2 2 0.5

[pTECL,TEWTio2 + pTiOZCL,TiOZ(l - wTiOZ)J (2)
Here, M is the longitudinal modulus, and ¢r,o, and wr,o, are
the volume and weight fractions of the TiO, nanoparticles,
respectively. In the least-squares fitting with eq 2, which
expresses ¢y . as a function of ¢y, the following materials
properties were fixed: prg = 1000 kg/m® and ¢, 15 = 2480 m/s,
whereas prio, and ¢, 1i0, were treated as fitting parameters. The
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Figure 3. (a) Effective longitudinal sound velocity of the TE/TiO, nanocomposites at varying weight fraction of the TiO, nanoparticles. The Wood’s
law fitting based on eq 2 was conducted with two sets of adjustable values of the density and sound velocity of TiO, (red line: pr;o, = 870 kg/ m> and
¢, Tio, = 3650 m/s; blue line: pro, = 3900 kg/ m? and ¢, Tio, = 8880 m/s). (b) Computed effective elastic longitudinal modulus of the TE/TiO,
nanocomposites as a function of the weight fraction of the TiO, nanoparticles (see text).
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Figure 4. Effective thermal conductivity of TE/TiO, nanocomposites at varying wt % of TiO, nanoparticles. The experimental data from the 3w
measurements (solid circles) are represented (blue solid line) by a modified Bruggeman model (eq 3).

experimental ¢ .4 data are shown in Figure 3a, which also
includes the best fit with pr,o, = 870 kg/ m’ and ¢ Tio, = 3650
m/s, and another fit with the bulk TiO, film values, pr,o, =
3900 kg/m?® and ¢, tio, = 8880 m/s. It is surprising that such a
low prio, (even lower than prg) is needed to capture the
experimental composition dependence of the effective medium
sound velocity with Wood’s law. To check whether the TiO,
nanoparticles are porous, XRD measurements were conducted
to analyze their crystallinity. The X-ray diffraction pattern
shown in Figure S2, however, confirms that the TiO,
nanoparticles are indeed crystalline, without pores inside. We
note that in a previous report on the sound velocity of PMMA/
BaTiO;, nanocomposites,9 a ¢, o trend in better agreement
with the Wood’s law’s prediction is observed. If pr;q, is fixed at
3900 kg/m® and ¢, Tio, at 8880 m/s, the trend of the fitted
curve deviates from the experimental data but shows a similar
trend with the results for the PMMA/BaTiO; nanocompo-
sites.” The surprisingly low Prio, required to represent the
experimental ¢, 5 could be attributed to the specific interfacial
effects (i.e, covalent cross-linking) in this polymer nano-
composite. In Figure 3b, we show the variation of the effective
elastic longitudinal modulus with the TiO, wt %. It is seen that

25572

My, ¢ increases monotonically from 6.2 to 37.5 GPa, as the
TiO, wt % increases from 0 to 90%. Note that pr,, = 3900 kg/

m?> was used to calculate pg in the calculations of My, o

Thermal Conductivity. The cross-plane thermal con-
ductivities of the TE/TiO, nanocomposite films were measured
with the differential 3w method.** To eliminate the effects of
the interfacial thermal resistances (ie., between the Cr/Au
electrode and TE/TiO, film, and between the TE/TiO, film
and silicon wafer) and the thermal resistance of the silicon
substrate, two TE/TiO, samples with different thicknesses
(e.g, hy and hy; hy < h,) were fabricated (see Figure 4a). The
temperature vs. ac current frequency responses of the two
samples can be used to calculate the thermal conductivity
corresponding to a film of thickness, (h, — h;) (refer to the
Methods section for more details). The experimental thermal
conductivities are shown in Figure 4b, as a function of the TiO,
weight fraction. For the pure TE film, the measured thermal
conductivity (0.04 W/m K) is lower than the typical values
(0.1-0.3 W/m K®) of amorphous polymers. With increasing
fraction of the TiO, nanoparticles, the thermal conductivity of
the nanocomposite increases monotonically and for the 100 wt
% TiO, nanoparticle film reaches 1.0 + 0.3 W/m K,
comparable to that of amorphous TiO, thin film and TiO,
nanoparticles.”*>
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The thermal conductivities were fitted with a modified
Bruggeman model>*** as

k (14+2a)/(1-a)
(1 =g ) = [E]

keff

3/(1-a)
[ kg — kpio,(1 — @) ]

krg = krio,(1 — @)

©)

where @ = 2krg/(Dh,) is a parameter depending on the thermal
conductivity of the TE matrix (krg), the diameter of the TiO,
nanoparticles (D), and the interfacial thermal conductance (k)
between the TiO, nanoparticles and the TE matrix. This model
by definition takes into account the interactions between the
nanoparticles and the matrix, as well as the effect of the
interfacial thermal resistance. In the fitting, the following
parameters were adopted:>> D = 6.5 nm, kg = 0.2 W/m K, and
krio, = 2.0 W/m K. Note that the thermal conductivity of the

TE matrix is set as that of a typical polymer, instead of the
experimentally measured value for the pure TE film. Based on
the representation of the experimental data shown in Figure 4b,
the thermal conductivity trend is well captured, confirming the
good predictability of the model for the thermal conductivity of
composites with high particle filling fractions.””* From the
best fit, the interfacial thermal conductance was determined to
be 164 MW/m?K, which falls in the range of 10'—10* W/m? K
for typical interfacial thermal conductances between organic/
inorganic interfaces.'”>> Since the TiO, nanoparticles are
covalently linked to the TE polymer matrix, this relatively high
interfacial thermal conductance is expected.

By comparing the relative increases of the sound velocities in
Figure 3a and the thermal conductivities in Figure 4b, it is seen
that as the wt % of the TiO, nanoparticles increases from 0 to
90%, the ¢;, . increases by around 40%, but the k¢ increases by
a factor of 18. From the kinetic theory of thermal conductivity,

o 1
it is known that k.4 = gCeffvgyeffAeff, where Cep Vg op and Ag

are the effective specific heat, phonon group velocity, and
phonon mean free path, respectively. Since the specific heat of
polymers is typically around 1000 J/kg K*° and the heat
capacity of TiO, nanoparticles with a diameter of 6.5 nm is 850
J/kg K* (obtained from extrapolation), the change in the
effective specific heat caused by increasing the wt % of TiO,
nanoparticles is expected to be insignificant. For the effective
phonon group velocity, it can be reasonably assumed to be
equal to the sound velocity and thus increases by 42% as the wt
% of the TiO, nanoparticles increases from 0 to 90%.
Therefore, the increase of the thermal conductivity with the
increasing TiO, wt % is primarily due to the increase in the
effective mean free path. In fact, it has been shown that at high
filling fractions, conductive channels could be formed by the
nanoparticles to allow for effective thermal transport (the so-
called percolation phenomenon).’***

B CONCLUSIONS

This study investigates the elastic modulus and thermal
conductivity of thiol-ene/TiO, nanocomposite thin films with
varying weight fractions of TiO, nanoparticles by using the
Brillouin light spectroscopy and 3w measurements, respec-
tively. The effective elastic longitudinal moduli of the films are
found to increase with the weight fraction of the TiO,
nanoparticles, from 6.2 GPa at 0 wt % of TiO, to 37.5 GPa

at 90 wt % of TiO,. The corresponding effective thermal
conductivity shows a much more significant increase, from 0.04
to 0.76 W/m K (by a factor of 18). The increase of the
modulus is not predicted by the effective medium model,
probably due to the specific interactions between the
components of the nanocomposites. The strong composition
dependence of the effective thermal conductivity can be
captured by the effective medium model by using a physically
meaningful interfacial thermal conductance. However, the
relation between the thermal conductivity and sound velocity
is found to be nonlinear, in contrast to the linear relation
observed in amorphous polymers. The pronounced enhance-
ment of the effective thermal conductivity could be ascribed to
the addition of high thermal conductivity TiO, nanoparticles
and the formation of possible conductive channels at high TiO,
weight fractions.
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