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Robustness of elastic properties 
in polymer nanocomposite films 
examined over the full volume 
fraction range
E. Alonso-Redondo1, L. Belliard2, K. Rolle1, B. Graczykowski1, W. Tremel  3,  
B. Djafari-Rouhani4 & G. Fytas1

Polymers with nanoparticle inclusions are attractive materials because physical properties can be 
tuned by varying size and volume fraction range. However, elastic behavior can degrade at higher 
inclusion fractions when particle-particle contacts become important, and sophisticated measurement 
techniques are required to study this crossover. Here, we report on the mechanical properties of 
materials with BaTiO3 nanoparticles (diameters < 10 nm) in a polymer (poly(methyl methacrylate)) 
matrix, deposited as films in different thickness ranges. Two well-known techniques, time and 
frequency domain Brillouin light scattering, were employed to probe the composition dependence 
of their elastic modulus. The time domain experiment revealed the biphasic state of the system 
at the highest particle volume fraction, whereas frequency domain Brillouin scattering provided 
comprehensive information on ancillary variables such as refractive index and directionality. Both 
techniques prove complementary, and can in particular be used to probe the susceptibility of elastic 
properties in polymer nanocomposites to aging.

Polymer nanocomposites are of current interest due to the possibility of tuning material properties by vary-
ing size and volume fractions of included nanoparticles1,2. In particular, the elastic modulus is an important 
property for applications and knowledge of the component moduli is not sufficient for predicting it, effective 
medium theories being often unreliable3,4. Thus, the combination of the two materials can sometimes exceed 
the bulk behavior of the constituents, owing to a synergistic interplay between the two components. More fre-
quently however, unwanted side effects appear, because thermodynamically, polymer nanocomposites present a 
two component system which in the absence of specific interactions is virtually immiscible. To avoid the result-
ing non-equilibrium morphologies and obtain stable dispersions, a number of alternative strategies, e.g. poly-
mer tethered particles5–7, exist. However, this and similar approaches require non-trivial chemistry as opposed 
to homogeneous hybrid materials fabricated by creating strong attachment of the nanoparticles to a polymer 
network8.

Where elastic behavior is concerned, if and how particles form contacts is known to be a determining factor, 
and fast acoustic techniques have recently been deployed to investigate the problem9,10. While giving insight 
into the transition between different chemical bonding regimes (van der Waals, covalent), a simpler and often 
more practical distinction is that between absence and presence of bonds altogether, depending on inter-particle 
distance. Studying this change in composition not only requires looking at a wider range of polymer fractions 
than previously considered, but can also benefit from a diversification of optical spectroscopy techniques. Time 
domain acoustic Brillouin scattering (also known as picosecond pump-probe acoustics)11,12 and frequency 
domain Brillouin Light Scattering (BLS)13 are presently the two most commonly utilized techniques for mechan-
ical characterization at GHz frequencies and on the microscale. While frequently competing to study similar 
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systems, to the best of our knowledge, the two methods have never been used complementarily. Polymer nano-
composites, due to their wide tunability, may however be expected to benefit from a multi-pronged approach to 
elastic characterization.

From our previous study3, we know that nanoparticle films can display lower sound velocities than their 
bulk constituent material, depending on the contact stiffness between the nanoparticles4,14. This was unexpected 
behavior, since polymer nanocomposites are generally stiffer than their constituent polymers15–17. However, the 
effect depends on the density of the filler of macroscopic and micrometer-sized composite particles18,19. Since the 
emphasis of the previous work was on superlattice type geometries, here, we focus on samples of BaTiO3 nanopar-
ticles (diameters < 10 nm), with and without polymethyl methacrylate (PMMA) matrix, which we will examine 
by the two experimental techniques mentioned above. One single acoustic mode was observed by a wave vector q 
dependent BLS experiment that indicates a morphologically homogeneous polymer nanocomposite16. The phase 
sound velocity, however, was much lower than anticipated from effective medium models. This behavior was 
confirmed by a pump-probe experiment with access to single (backscattering) q for a sample of symmetric com-
position. We found that polymer nanocomposites are robust with respect to sound velocity and phonon lifetime 
for high polymer contents, but exhibit instability and pronounced aging effects for the highest particle fraction. 
A combination of two techniques – BLS and picosecond ultrasonics – is best adapted to probing the intermediate 
volume fraction range, revealed to have a biphasic character by measurement on thin samples.

Results
Spincoated samples. The films were prepared from PMMA and BaTiO3 nanoparticles solution by 
spin-coating. The BaTiO3 particles were synthesized hydrothermally20. Solutions with different concentrations 
of BaTiO3 and PMMA were spin-coated on substrates several times until the desired thickness was achieved. 
The films used in the BLS experiments were spin-coated on transparent glass substrates and annealed at 100 °C 
for 3 h (no vacuum), while the films for picosecond acoustics were spin-coated on silicon wafers. In the latter 
case, the lone PMMA-BaTiO3 film was prepared from equal parts (50 wt%) solution of BaTiO3 and PMMA. 
The exact thickness of the films was determined by scanning electron microscopy (SEM) shown in Fig. 1 and 
confocal microscopy (Fig. S1). The thicknesses for the picosecond acoustics films are found to fluctuate between 
480–580 nm for pure BaTiO3, and 640–760 nm for PMMA-BaTiO3. For the BLS films, the average thickness was 
around 5 µm (Fig. S2).

Brillouin light scattering (BLS). In the (frequency domain) BLS experiment, the elasto-optic interaction of 
the incident light with thermally activated phonons causes a Brillouin shift in the light scattering spectrum. This 
frequency shift f is recorded as a function of the wave vector q to reveal the dispersion relation. The magnitude of the 
probing wave vector q depends on the scattering geometry. In transmission geometry (Fig. 2a), q lies in the substrate 
plane and its magnitude is q‖ = 4π/λBsinθB/2 where λB = 532 nm and θB is the scattering angle. In reflection geometry 
(Fig. 2b), q is perpendicular to the substrate plane, and its magnitude π λ θ= −⊥q n4 / cos /2B B

2 2 is dependent on 
the refractive index n of the sample21. The polarized BLS spectra at single wave number q acquired using transmis-
sion geometry are displayed in Fig. 2b for six films of PMMA-BaTiO3 composite and pure BaTiO3. Spectra are given 
for samples freshly drop-casted and annealed at 100 °C for 3 h under vacuum. The spectra were each fitted to a single 
Lorentzian curve in order to determine the peak positions and linewidths. The peak position as a function of q 
reveals the dispersion relation of the acoustic waves with phase velocity, c = 2πf/q. For clarity and easier comparison 
with the picosecond case considered below, dispersion relationships are given in Fig. 2d for two samples (50 wt% and 
100 wt% BaTiO3) only.

Given that the dispersion is linear as observed for all wavenumbers probed in transmission geometry, the 
refractive index of the sample can be determined by recording the BLS spectrum in reflection geometry. Since the 
refractive index is needed for use with the picosecond acoustics experiment below, we thus determined it for two 
samples (50 wt% and 100 wt% BaTiO3), discussed in the supplementary information (Fig. S1). Refractive index 
values were found to be n = 1.56 (50 wt%) and n = 1.41 (100 wt%) at 532 nm, not far from our previous value for 
PMMA-BaTiO3 superlattices3.

Picosecond acoustics. In this optical pump-and-probe method, an ultra-short pump laser pulse creates a 
sudden and small temperature rise. The induced thermal stress relaxes by launching a longitudinal acoustic strain 
field into the system22. The acoustic strain field is detected through the change of the sample reflectivity by a varia-
ble time-delayed laser pulse, commonly called the probe beam. In our experimental setup, the real and imaginary 
parts of the relative change of the sample reflectivity induced by the strain field can be measured by interferomet-
ric measurements12,23,24. To prevent sample damage induced by the pump energy, the acoustic transduction was 
carried out on a 100 nm thin aluminum layer evaporated on the backside of a silicon wafer. The thermal diffusion 
length is much lower than the thickness of the wafer, therefore heating induced by the pump can be neglected. 
After around 12 ns, the longitudinal pulse emerges at the silicon-film interface where the detection is performed 
across the transparent nanocomposite film (Fig. 3a). For the probe laser, a very low energy of 30 μW was utilized, 
again to preclude sample deterioration. Indeed, no signal fluctuation was observed during the averaging process 
(though for the volume fractions dominated by PMMA, which is in the glassy state, the effect of heating on sound 
velocity would anyhow be expected25 to be very weak, around dc/dT ~5 × 10−4 K−1). The beam is scanned over the 
sample surface in order to locate the pump epicenter, where a time-resolved measurement is done. The detection 
is performed perpendicularly to the film and at room temperature.

Figure 3b,c present the real part of the reflectivity after the echo emergence in the film sample. Following 
the sharp echo signature, the acoustic feature is characterized by typical oscillations, so-called Brillouin oscilla-
tions, resulting from interferences between light reflected by the sample-wafer interface and by the acoustic pulse 
propagating into the nanocomposite film26. The number of Brillouin oscillations of the signal before the jump 



www.nature.com/scientificreports/

3ScIeNtIfIc REPORTS |         (2018) 8:16986  | DOI:10.1038/s41598-018-35335-1

in phase, due to the reflection of the acoustic pulse at the free surface of the film, corresponds to the number of 
acoustic wavelengths in the Fabry-Perot cavity formed by the free surface and the transducer interface. This num-
ber amounts to 2nd/λP where d is the thickness of the film, n the refractive index and λP = 800 nm the probing 
wavelength. In the case of the PMMA-BaTiO3 film (Fig. 3b) the number of oscillations is ~2.5 and in the case of 
the BaTiO3 film (Fig. 3c) it is ~2.2, which agrees well with the observed time domain waveform.

The Brillouin frequency (fB) is obtained by representing the transient reflectivity data (inset to Fig. 3b,c) by the 
damped sinusoidal function π +τ−e ft asin(2 )t/ 0 , where a is the phase and τ0 the decay time. The Brillouin fre-
quency can be also obtained directly from the fast Fourier transformation (FFT) of the transient reflectivity as 
indicated by the arrows in Fig. 3b,c. The spectral resolution of the FFT is rather poor, due to the small number of 
Brillouin oscillations before the back reflection, with a broad peak and additional peaks of smaller amplitude. The 
Brillouin frequency amounts to 10.7 GHz and 6.7 GHz respectively for the as-prepared PMMA-BaTiO3 (50 wt%) 
and BaTiO3 film. Unexpectedly, aging influenced only the latter particle film as witnessed by the blue shift of its 
Brillouin frequency to be discussed in the next section. The subsequent calculation of the sound velocity from27 
fB = (2nc/λP)sin(θP/2), with θP being the angle between incident and reflected probe light, requires independent 
access to the refractive index n; backscattering θP = 180° was experimentally utilized. Assuming negligible disper-
sion of n(λ) in the range 532–800 nm, we use n obtained from BLS measurements on out-of-plane acoustic prop-
agation to compute the longitudinal sound velocity in BaTiO3 and PMMA-BaTiO3 (50 wt%). A comparison of the 
sound velocity and the attenuation values from both techniques is given in Table 1, with linewidth values for BLS 
given after subtraction of the convoluted instrumental response (intercept in Fig. S4). For the pump-probe exper-
iment, the decay times τ0 cannot be directly compared, because the wave vectors q = 0.0221 nm−1 and 
q = 0.0245 nm−1 (calculated from q = 4πn/λP) are different due to different refractive indices of the samples. Since 
the half-width at half-height scales with q2 (cf. Fig. S4 for BLS), we listed the extrapolated value at q = 0.0135 nm−1 
corresponding to the wave vector of the BLS experiment. For the polymer nanocomposite film with 50 wt% com-
position, the phonon mean free path (≈cΓ) obtained from the two techniques is quite similar. For the pure 

Figure 1. Polymer nanocomposite films. Cross-section SEM micrographs of (a,b) a PMMA-BaTiO3 and (c) a 
BaTiO3 film used in the picosecond ultrasonic experiment. The top surface of the PMMA-BaTiO3 film in (a) has 
a homogeneous thickness over the total area (circular spot of ≈20 µm diameter).
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BaTiO3 nanoparticle case however, the phonon mean free path is much shorter (larger Γ) in the samples used in 
BLS than in the pump-probe experiment, suggesting significant phonon scattering in the BLS samples. It should 
be noted that the estimated phonon lifetime represents an upper bound as dephasing of the signal due to spatial 
inhomogeneities has been neglected. In addition, the phonon lifetime from the pump-probe experiment is bound 
to increased errors as the number of the Brillouin oscillations decreases.

Figure 2. Brillouin light scattering experiment. (a,b) Scattering geometries in the BLS experiment, 
transmission (a) and reflection (b). (c) Polarized BLS spectra (anti-Stokes side) recorded in transmission 
geometry at q|| = 0.0135 nm−1 before (black) and after (light green) annealing. The peak has been fitted by 
Lorentzian curves, red and dark green, before and after annealing, respectively. (d) In-plane and out-of-plane 
(grey shaded area) phonon dispersion for BaTiO3 and PMMA-BaTiO3 (50 wt%). Filled (●, ■) and empty (○, □)  
symbols denote measurements on 5 and 2 [µm] thick samples respectively. See supporting information for 
spectra acquired using 2 [µm] thick samples.

Figure 3. Picosecond pump-probe experiment. (a) Experimental schematic. (b,c) Inset: transient reflectivity 
as a function of the delay time for the (b) PMMA-BaTiO3 film and (c) two BaTiO3 films as prepared and after 
annealing. The transient reflectivity in (b) is represented by a damped sine shape (red line) and the arrow 
marks the change of phase due to the pulse arriving at the free surface of the film. Main: The fast Fourier 
transformation (FFT) of the transient reflectivity patterns in the insets to (b,c).

Parameter
PMMA-
BaTiO3 BaTiO3

Picosecond acoustics

c (m/s) 2740 ± 60 1900 ± 140 (2800 ± 200)

Γ = 1/(2πτ0) (MHz) 550 ± 40 640 ± 30

Γ (MHz) @ q = 0.0135 nm−1 167 ± 12 239 ± 11

BLS
c (m/s) 2700 ± 15 2090 ± 10

Γ (MHz) @ q = 0.0135 nm−1 120 ± 8 503 ± 55

Table 1. Comparison of acoustic parameters of similarly composed films measured with the pump probe and 
BLS experiments. Parenthesized value from small side peak in Fig. 3c.
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Discussion
Comprehensive investigation of composition-dependent behavior requires consistency between samples for com-
parison purposes, which makes thin films, afflicted by weak signals and large relative thickness fluctuations, a 
poor choice. Conversely, thicker films require many repetitive spin-coating steps rendering defect formation and 
hence inhomogeneity probable. Nevertheless, the BLS study over the full composition range was performed using 
about 5 µm thick films, and the variation of the sound velocity with nanoparticle volume fraction is depicted in 
Fig. 4. Corresponding to the BLS spectra from Fig. 2c, we can distinguish robustness of polymer nanocomposite 
properties for the three polymer-rich compositions with less than about 20 vol% hard component (shaded grey 
area). In this regime, the computed longitudinal modulus reveals the anticipated hardening. However above 
this filling ratio, lower sound velocities are observed in Fig. 2c, as well as increased sensitivity to annealing. 
Additionally, the spectra reveal a substantial linewidth broadening that seems to accompany this crossover 
behavior.

Turning to thinner films, we crosschecked the results for two compositions utilizing the picosecond acoustics 
technique. We note that BLS cannot be straightforwardly used for films thinner than 1 μm due to the spatial con-
finement effect and small scattering volume3. For the symmetric weight composition picosecond measurements 
are consistent with BLS results as is the case for bulk PMMA films (Fig. S3). For the as-prepared BaTiO3 film, 
however, the pump-probe experiment reveals a second peak at 10 GHz in addition to the main peak at 6.7 GHz 
(Fig. 3c). The existence of this peak, located at a frequency close to that of the main peak in the PMMA-BaTiO3 
composite, is interpreted as evidence of biphasic regions in the sample. Its Brillouin frequency has been listed 
in Table 1 separately in parentheses. This double phonon structure is not discernible in the BLS spectrum of a 
thicker “as-prepared” BaTiO3 film that displays a broad but single spectral line (Fig. 2b, but note that laser spot 
size for the BLS measurement was also larger). The obtained sound velocity in the thicker “as-prepared” BLS 
measurement falls between the two values of the pump-probe experiment (Table 1, Fig. 4a). Interestingly, the 
structural heterogeneities in the “as-prepared” BaTiO3 film are absent in the polymer nanocomposite and might 
hint at a granular-like behavior, where contacts between BaTiO3 nanoparticles become important. Between 20–65 
vol%, the sound velocity decreases with the solid fraction, whereas the modulus is virtually composition inde-
pendent due mainly to the density increase.

BaTiO3 particles can interact via surface polycondensation in the binary mixture of PMMA and BaTiO3 parti-
cles due to reaction with water molecules in humid air to form surface hydroxyl groups28; the bridging OH groups 
are acidic, while the terminal OH groups are basic29. This leads to surface condensation (aging) and therefore par-
ticle aggregation, which is suppressed in polymer matrices, because there is no direct contact between particles. 
For sufficiently high volume fractions of the BaTiO3 particles, their effective attraction can cause microphase sep-
aration into dense BaTiO3 aggregates (“clustering”) and a dilute PMMA phase for compositional ratios between 
20–65%. For low (<20%) volume fractions the interaction probability of the BaTiO3 particles is too low to lead to 
a significant effect. Above about 65%, the maximum packing density (of ≈64%) is reached for particles arranged 
at random positions. The distribution of microregions can be either random or build a gradient from the surface 
to the substrate. These extreme film morphologies can be discriminated from the present experiment with very 
few Brillouin frequencies (Fig. 3c)30,31.

The crossover behavior in Fig. 4 was verified by both naturally and artificially aging the samples, in picosecond 
acoustics and BLS respectively. In Fig. 3c the small side peak at 10 GHz in the ‘biphasic’ sample is thus seen to 
increase in amplitude upon aging, and annealing of the BLS samples is seen to affect only samples with higher 
BaTiO3 fractions. The absence of a significant response to aging proves that for low particle fractions, the polymer 
nanocomposite system is in quasi-equilibrium. For higher inclusion volumes, the change in behavior is in line 

Figure 4. Volume fraction dependence. (a) Sound velocity against volume fraction for all 6 films3. Dashed line 
guide to the eye only. (b) Corresponding longitudinal modulus. Blue line shows density, with the deviation at 
high volume fraction due to porosity3. Square symbols (■, □) represent data points from “as prepared” and 
round ones (●, ○) from “annealed” or “aged” samples. Filled (●, ■) and empty (○, □) symbols denote data 
points from BLS and picosecond acoustics measurement respectively. The structures at low and very high 
volume fraction are schematically shown in the insets to (a).
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with what can be expected if a transition from van-der-Waals to covalently bonded particles takes place, as stud-
ied elsewhere9,10. Finally, we see that robustness to aging effects is achievable by lowering nanoparticle fractions 
(see insets to Fig. 4a).

To make a prediction about sound velocity behavior as a function of volume fraction (Fig. 4), it would be 
necessary to make a detailed analysis of the morphology32 and then hypothesize about the way the elastic waves 
are propagating in the material. This is out of the scope of this paper, but we can address a few possibilities: If we 
assume first that spherical BaTiO3 nanoparticles are embedded in a PMMA matrix with a perfect elastic contact, 
the calculation of the effective sound velocity in a face centered cubic crystal reveals a very slight decrease of the 
sound velocity as a function of the filling fraction despite the high elastic impedance contrast (Δ(ρcL)) between 
BaTiO3 and PMMA3. This is in good agreement with the experimental trend at relatively low volume fraction but 
does not explain the significant drop of the velocity observed at higher volume fraction in Fig. 4. This corrobo-
rates the notion that the arrangement of the nanoparticles in the PMMA has been subject to some modifications. 
As already mentioned, the particles may attach to each other with small contact area and hence the transmission 
between them may involve other contact mechanisms than elastic transmission as well particle-particle interac-
tions33,34. Additionally disorder in the NP chains, e.g. zigzag shapes and holes, can also affect the sound propaga-
tion. All these scattering mechanisms would be able to contribute to a drop of the sound velocity. Nevertheless, 
other scattering mechanisms may be active and compete as well. Therefore, an investigation of different models 
based on a detailed experimental analysis of the morphology, to discriminate each contribution, should be the 
object of a study by its own.

Conclusion
Polymer nanocomposites show instability for high nanoparticle volume fractions, meaning decreased phonon 
lifetime and greater susceptibility to sample aging. Both BLS and picosecond acoustics can elucidate these phe-
nomena, with the latter profiting from higher resolution afforded by its capability to measure samples that are 
thinner and by implication have weaker signals. BLS is better adapted to measurement of bulk samples, with only 
minimal preparation and no need for external phonon injection to boost signal. Thus, we were able to evidence 
the existence of biphasic regions using picosecond acoustics, and obtain a comprehensive picture covering dif-
ferent composition fractions using BLS. We hope these results will be useful to engineers having to tune polymer 
material properties for applications while assuring elastic robustness, and material scientists having to character-
ize new types of polymer nanocomposites.

Methods
Film preparation. Films were prepared from solution by the spin-coating technique (5000 rpm, 20 s, 
5000 rpm/s). The BaTiO3 particles were prepared by a hydrothermal synthesis using barium (Alfa-Aesar) and 
titanium isopropoxide (Acros)20. The synthesized particles are approximately spherical and their size is 7 ± 1 nm, 
determined by transmission electron microscope (JEOL 1400). The PMMA-BaTiO3 films were prepared from 
varying parts of a solution of BaTiO3 (3.4 wt% in ethanol) and solution of PMMA (35000 g/mol; 3.4 wt% in 
toluene), while for the BaTiO3 films a single solution of BaTiO3 nanoparticles was used. The solutions were spin-
coated several times on glass (silicon) substrate in the case of BLS (picosecond acoustics) technique, until the 
desired thickness is achieved. For BLS, the thickness is about 5 µm in order to avoid out-of-plane elastic excita-
tions and measure a single longitudinal acoustic mode. After each layer, the sample is dried at 80 °C for 20 min. 
The thickness of the films is determined by SEM (Zeiss LEO Gemini) and confocal (Nanofocus) microscopes.

Brillouin light scattering. The probed samples are held in the center of a goniometer, to which the probing 
laser (532 nm wavelength) is attached, in order to record the spectra at several scattering angles. The polarized 
scattered light is collected by an arrangement of lenses and directed to the tandem Fabry-Perót interferometer 
(JRS Instruments). The Brillouin frequencies represented as a function of the probing q reveal the dispersion rela-
tion, which is linear in the case of the homogeneous films.

Picosecond acoustics. The experimental setup is based on a mode-locked Ti:Sapphire (MAI-TAI Spectra) 
laser source operating at 800 nm, with a repetition rate of 79.8 MHz. The pulse time width is less than 100 fs at 
the laser output. The pump beam is modulated at 1.8 MHz to perform synchronous detection on the sample 
reflectivity. Using a detection scheme based on a Michelson interferometer, the real and the imaginary part of the 
transient reflectivity change is recorded. The fast Fourier transformation (FFT) of the transient reflectivity (insets 
to Fig. 3b,c) reveals the spectral information shown in Fig. 3b,c. Due to the small thickness of the sample, the 
number of Brillouin oscillations is small before the back reflection, and consequently the spectral resolution of the 
fast Fourier transform (FFT) is poor, with a broad peak and additional peaks of smaller amplitude. Additionally, 
by fitting the damped sinusoid piecewise (see Fig. 3b), we notice that the Brillouin frequency after the jump in 
phase is lower by 0.5 GHz (BaTiO3) and 1.2 GHz (PMMA-BaTiO3). This may be explained as follows: Due to the 
small thickness of the system, we only observe very broad Brillouin signatures. The rough sample surface (Fig. 1) 
may induce a lower specular reflection for the high frequency components of this broad signature, leading to 
harmonic distortion in the time domain waveform. The fit, which assumes a pure sine wave, then interprets this 
distortion as a frequency reduction. Thus, roughness influence on the specular reflection of acoustic pulses in 
GHz domain has already been reported35. This is probably also the reason why we do not observe standing waves 
as in some similar nanocomposite systems10,14,36. A jump of the transient reflectivity in the case of PMMA-BaTiO3 
(arrow in Fig. 3b) located at 316 ps could be used to obtain the sound velocity given that the film thickness 
is well known37,38. This jump is related to modifications induced by the strain pulse in the probe optical path. 
Unfortunately the polymer layer exhibits thickness fluctuation (≈130 nm) which makes this determination tricky.



www.nature.com/scientificreports/

7ScIeNtIfIc REPORTS |         (2018) 8:16986  | DOI:10.1038/s41598-018-35335-1

References
 1. Srivastava, S., Schaefer, J. L., Yang, Z. C., Tu, Z. Y. & Archer, L. A. 25th Anniversary Article: Polymer-Particle Composites: Phase 

Stability and Applications in Electrochemical Energy Storage. Adv Mater 26, 201–233, https://doi.org/10.1002/adma.201303070 
(2014).

 2. Kumar, S. K. & Krishnamoorti, R. Nanocomposites: Structure, Phase Behavior, and Properties. Annu Rev Chem Biomol 1, 37–58, 
https://doi.org/10.1146/annurev-chembioeng-073009-100856 (2010).

 3. Alonso-Redondo, E. et al. Direction-dependent elastic properties and phononic behavior of PMMA/BaTiO3 nanocomposite thin 
films. The Journal of Chemical Physics 146, 203325, https://doi.org/10.1063/1.4978675 (2017).

 4. Schechtel, E. et al. Elastic Modulus and Thermal Conductivity of Thiolene/TiO2 Nanocomposites. J Phys Chem C 121, 25568–25575, 
https://doi.org/10.1021/acs.jpcc.7b08425 (2017).

 5. Akcora, P. et al. Anisotropic self-assembly of spherical polymer-grafted nanoparticles. Nat Mater 8, 354–U121, https://doi.
org/10.1038/Nmat2404 (2009).

 6. Grabowski, C. A. et al. Performance of Dielectric Nanocomposites: Matrix-Free, Hairy Nanoparticle Assemblies and Amorphous 
Polymer-Nanoparticle Blends. Acs Appl Mater Inter 6, 21500–21509, https://doi.org/10.1021/am506521r (2014).

 7. Alonso-Redondo, E. et al. A new class of tunable hypersonic phononic crystals based on polymer-tethered colloids. Nat Commun 6, 
https://doi.org/10.1038/ncomms9309 (2015).

 8. Fuhrer, R., Athanassiou, E. K., Luechinger, N. A. & Stark, W. J. Crosslinking Metal Nanoparticles into the Polymer Backbone of 
Hydrogels Enables Preparation of Soft, Magnetic Field-Driven Actuators with Muscle-Like Flexibility. Small 5, 383–388, https://doi.
org/10.1002/smll.200801091 (2009).

 9. Avice, J. et al. Controlling the Nanocontact Nature and the Mechanical Properties of a Silica Nanoparticle Assembly. J Phys Chem C 
121, 23769–23776, https://doi.org/10.1021/acs.jpcc.7b08404 (2017).

 10. Ayouch, A. et al. Elasticity of an Assembly of Disordered Nanoparticles Interacting via Either van der Waals-Bonded or Covalent-
Bonded Coating Layers. Acs Nano 6, 10614–10621, https://doi.org/10.1021/nn303631d (2012).

 11. Grahn, H. T., Maris, H. J. & Tauc, J. PicosecondUltrasonics. Ieee J Quantum Elect 25, 2562–2569, https://doi.org/10.1109/3.40643 
(1989).

 12. Xu, F. et al. Complete elastic characterization of lithium phosphorous oxynitride films using picosecond ultrasonics. Thin Solid Films 
548, 366–370, https://doi.org/10.1016/j.tsf.2013.08.080 (2013).

 13. Lindsay, S. M., Anderson, M. W. & Sandercock, J. R. Construction and Alignment of a High-Performance Multipass Vernier Tandem 
Fabry-Perot-Interferometer. Rev Sci Instrum 52, 1478–1486, https://doi.org/10.1063/1.1136479 (1981).

 14. Poyser, C. L. et al. Coherent Acoustic Phonons in Colloidal Semiconductor Nanocrystal Superlattices. ACS Nano, https://doi.
org/10.1021/acsnano.5b06465 (2016).

 15. Hsieh, T. H., Kinloch, A. J., Masania, K., Taylor, A. C. & Sprenger, S. The mechanisms and mechanics of the toughening of epoxy 
polymers modified with silica nanoparticles. Polymer 51, 6284–6294, https://doi.org/10.1016/j.polymer.2010.10.048 (2010).

 16. Zhao, D., Schneider, D., Fytas, G. & Kumar, S. K. Controlling the Thermomechanical Behavior of Nanoparticle/Polymer Films. Acs 
Nano 8, 8163–8173 (2014).

 17. Neikirk, C. C., Chung, J. W. & Priestley, R. D. Modification of mechanical properties in polymer nanocomposites by the 
incorporation of specific self-complementary hydrogen bonding interactions. Polymer 79, 212–220, https://doi.org/10.1016/j.
polymer.2015.10.019 (2015).

 18. Torrent, D. & Sánchez-Dehesa, J. Acoustic metamaterials for new two-dimensional sonic devices. New Journal of Physics 9, 323–323, 
https://doi.org/10.1088/1367-2630/9/9/323 (2007).

 19. Termonia, Y. Speed of sound and ballistic resistance of nanocomposite films. Polymer Composites 33, 1525–1529, https://doi.
org/10.1002/pc.22282 (2012).

 20. Huang, L., Jia, Z., Kymissis, I. & O’Brien, S. High K Capacitors and OFET Gate Dielectrics from Self-Assembled BaTiO3 and (Ba,Sr)
TiO3 Nanocrystals in the Superparaelectric Limit. Advanced Functional Materials 20, 554–560, https://doi.org/10.1002/
adfm.200901258 (2010).

 21. Gomopoulos, N., Cheng, W., Efremov, M., Nealey, P. F. & Fytas, G. Out-of-Plane Longitudinal Elastic Modulus of Supported 
Polymer Thin Films. Macromolecules 42, 7164–7167, https://doi.org/10.1021/Ma901246y (2009).

 22. Thomsen, C. et al. Coherent Phonon Generation and Detection by Picosecond Light Pulses. Phys Rev Lett 53, 989–992, https://doi.
org/10.1103/PhysRevLett.53.989 (1984).

 23. Bienville, T., Belliard, L., Siry, P. & Perrin, B. Photothermal experiments in the time and frequency domains using an optical near 
field microscope. Superlattices and Microstructures 35, 363–374, https://doi.org/10.1016/j.spmi.2003.11.007 (2004).

 24. Decremps, F., Belliard, L., Gauthier, M. & Perrin, B. Equation of state, stability, anisotropy and nonlinear elasticity of diamond-cubic 
(ZB) silicon by phonon imaging at high pressure. Physical Review B 82, https://doi.org/10.1103/PhysRevB.82.104119 (2010).

 25. Kim, H. et al. Direct observation of polymer surface mobility via nanoparticle vibrations. Nat Commun 9, https://doi.org/10.1038/
s41467-018-04854-w (2018).

 26. Thomsen, C., Grahn, H., Maris, H. & Tauc, J. Surface generation and detection of phonons by picosecond light pulses. Physical 
Review B 34, 4129–4138, https://doi.org/10.1103/PhysRevB.34.4129 (1986).

 27. Brillouin, L. Diffusion de la lumière et des rayons X par un corps transparent homogène. Influence de l'agitation thermique. In 
Annales de physique 9, 88–122, https://doi.org/10.1051/anphys/192209170088 (1922).

 28. Dislich, H. New Routes to Multicomponent Oxide Glasses. Angew Chem Int Edit 10, 363–370, https://doi.org/10.1002/anie.197103631 
(1971).

 29. Lin, H. X. et al. In situ IR study of surface hydroxyl species of dehydrated TiO2: towards understanding pivotal surface processes of 
TiO2 photocatalytic oxidation of toluene. Phys Chem Chem Phys 14, 9468–9474, https://doi.org/10.1039/c2cp40893g (2012).

 30. Danworaphong, S. et al. Three-dimensional imaging of biological cells with picosecond ultrasonics. Appl Phys Lett 106, https://doi.
org/10.1063/1.4918275 (2015).

 31. Kuriakose, M. et al. Longitudinal sound velocities, elastic anisotropy, and phase transition of high-pressure cubic H2O ice to 82 GPa. 
Physical Review B 96, https://doi.org/10.1103/PhysRevB.96.134122 (2017).

 32. Bouju, X. et al. Nonisotropic Self-Assembly of Nanoparticles: From Compact Packing to Functional Aggregates. Adv Mater 30, 
https://doi.org/10.1002/adma.201706558 (2018).

 33. McEwan, M. E., Egorov, S. A., Ilavsky, J., Green, D. L. & Yang, Y. Mechanical reinforcement of polymer nanocomposites: theory and 
ultra-small angle X-ray scattering (USAXS) studies. Soft Matter 7, 2725–2733, https://doi.org/10.1039/c0sm00393j (2011).

 34. Mattarelli, M., Montagna, M., Still, T., Schneider, D. & Fytas, G. Vibration spectroscopy of weakly interacting mesoscopic colloids. 
Soft Matter 8, 4235–4243, https://doi.org/10.1039/c2sm07034k (2012).

 35. Wen, Y. C. et al. Specular scattering probability of acoustic phonons in atomically flat interfaces. Phys Rev Lett 103, 264301, https://
doi.org/10.1103/PhysRevLett.103.264301 (2009).

 36. Girard, A. et al. Mechanical Coupling in Gold Nanoparticles Supermolecules Revealed by Plasmon-Enhanced Ultralow Frequency 
Raman Spectroscopy. Nano Lett 16, 3843–3849, https://doi.org/10.1021/acs.nanolett.6b01314 (2016).

 37. Rossignol, C. et al. Nondestructive evaluation of micrometric diamond films with an interferometric picosecond ultrasonics 
technique. Journal of Applied Physics 95, 4157–4162, https://doi.org/10.1063/1.1687049 (2004).

 38. Wright, O. B. Thickness and sound velocity measurement in thin transparent films with laser picosecond acoustics. Journal of 
Applied Physics 71, 1617, https://doi.org/10.1063/1.351218 (1992).

http://dx.doi.org/10.1002/adma.201303070
http://dx.doi.org/10.1146/annurev-chembioeng-073009-100856
http://dx.doi.org/10.1063/1.4978675
http://dx.doi.org/10.1021/acs.jpcc.7b08425
http://dx.doi.org/10.1038/Nmat2404
http://dx.doi.org/10.1038/Nmat2404
http://dx.doi.org/10.1021/am506521r
http://dx.doi.org/10.1038/ncomms9309
http://dx.doi.org/10.1002/smll.200801091
http://dx.doi.org/10.1002/smll.200801091
http://dx.doi.org/10.1021/acs.jpcc.7b08404
http://dx.doi.org/10.1021/nn303631d
http://dx.doi.org/10.1109/3.40643
http://dx.doi.org/10.1016/j.tsf.2013.08.080
http://dx.doi.org/10.1063/1.1136479
http://dx.doi.org/10.1021/acsnano.5b06465
http://dx.doi.org/10.1021/acsnano.5b06465
http://dx.doi.org/10.1016/j.polymer.2010.10.048
http://dx.doi.org/10.1016/j.polymer.2015.10.019
http://dx.doi.org/10.1016/j.polymer.2015.10.019
http://dx.doi.org/10.1088/1367-2630/9/9/323
http://dx.doi.org/10.1002/pc.22282
http://dx.doi.org/10.1002/pc.22282
http://dx.doi.org/10.1002/adfm.200901258
http://dx.doi.org/10.1002/adfm.200901258
http://dx.doi.org/10.1021/Ma901246y
http://dx.doi.org/10.1103/PhysRevLett.53.989
http://dx.doi.org/10.1103/PhysRevLett.53.989
http://dx.doi.org/10.1016/j.spmi.2003.11.007
http://dx.doi.org/10.1103/PhysRevB.82.104119
http://dx.doi.org/10.1038/s41467-018-04854-w
http://dx.doi.org/10.1038/s41467-018-04854-w
http://dx.doi.org/10.1103/PhysRevB.34.4129
http://dx.doi.org/10.1051/anphys/192209170088
http://dx.doi.org/10.1002/anie.197103631
http://dx.doi.org/10.1039/c2cp40893g
http://dx.doi.org/10.1063/1.4918275
http://dx.doi.org/10.1063/1.4918275
http://dx.doi.org/10.1103/PhysRevB.96.134122
http://dx.doi.org/10.1002/adma.201706558
http://dx.doi.org/10.1039/c0sm00393j
http://dx.doi.org/10.1039/c2sm07034k
http://dx.doi.org/10.1103/PhysRevLett.103.264301
http://dx.doi.org/10.1103/PhysRevLett.103.264301
http://dx.doi.org/10.1021/acs.nanolett.6b01314
http://dx.doi.org/10.1063/1.1687049
http://dx.doi.org/10.1063/1.351218


www.nature.com/scientificreports/

8ScIeNtIfIc REPORTS |         (2018) 8:16986  | DOI:10.1038/s41598-018-35335-1

Acknowledgements
This project has received funding from the European Research Council (ERC) under the European Union’s 
Horizon 2020 research and innovation program (SmartPhon, grant agreement n° 694977). B.G. acknowledges 
support from the Alexander von Humboldt Foundation.

Author Contributions
G.F., L.B. and W.T. designed the research; W.T. synthesized nanoparticles and polymer nanocomposites; E.A. and 
L.B. collected the experimental data; B.G. and B.D. contributed to the theory and E.A., K.R., L.B., B.D. and G.F. 
wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-35335-1.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-35335-1
http://creativecommons.org/licenses/by/4.0/

	Robustness of elastic properties in polymer nanocomposite films examined over the full volume fraction range
	Results
	Spincoated samples. 
	Brillouin light scattering (BLS). 
	Picosecond acoustics. 

	Discussion
	Conclusion
	Methods
	Film preparation. 
	Brillouin light scattering. 
	Picosecond acoustics. 

	Acknowledgements
	Figure 1 Polymer nanocomposite films.
	Figure 2 Brillouin light scattering experiment.
	Figure 3 Picosecond pump-probe experiment.
	Figure 4 Volume fraction dependence.
	Table 1 Comparison of acoustic parameters of similarly composed films measured with the pump probe and BLS experiments.




