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Abstract In this work, nanocomposites (Ncs) from Pd nanoparticles and TiO2

(Pd-Nps-TiO2) were supported on a polystyrene matrix (PS). Chemical liquid

deposition, solvated metal atom dispersion and in situ polymerization were used in

order to synthesize these Ncs. Colloid and nanocomposite characterization were

performed by TEM, SEM, EDX, SAED and TGA. TEM analysis revealed a particle

size of 7 nm for Coll-Styrene and 11 nm for Pd-Nps supported on TiO2 after radical

polymerization. SAED showed phases corresponding to both metallic Pd and TiO2

anatase in the polymeric matrix. Molecular weight (MW) was determined by vis-

cosimetric method. MW varies according to the initiator concentration and

nanoparticle amount used for polymerization. The amount of nanoparticles

increased the decomposition temperature of the Ncs by 10 �C, improving the

thermal stability of these hybrid materials. Photoacoustic properties were evaluated

in order to determine the effect of nanoparticles on thermal diffusivity (a) inside the

matrix. Significant values of (a) were found for Ncs with Pd-Nps in contrast to PS

and Pd/TiO2 Ncs. Structural aspects and colloidal aggregation of Ncs were also

studied.
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Introduction

Inorganic/polymer nanocomposites (Ncs) are of great interest because of their

combined properties of both inorganic nanoparticles and organic molecules [1].

Several methods have been used to prepare polymer Ncs such as sol–gel reactions [2–

4], intercalative polymerization [5–7], melt-processing [8–10], in situ polymerization

[11, 12] and emulsion polymerization [13, 14] among others. Depending on the

nature of nanoparticles and the synthesis/processing of polymeric matrices, the most

important factors in the preparation of nanomaterials with enhanced performance

include the uniform distribution of inorganic nanoparticles within the polymer matrix

and the strong interfacial adhesion between both matrices and nanofillers. Another

important method for the preparation of Ncs is the chemical liquid deposition with

further polymerization [15, 16]. This method has been extensively used for preparing

polystyrene, polymethyl metacrylate, and Ncs as well as for some copolymers with

several metals (Pd, Cu, Ag, Au, Fe, Ga, Ge and Sb) [17]. This method consists of the

formation of metallic colloid with the monomers before polymerization, which is

elaborated by the co-deposition of metallic atoms at 77 K with monomer vapors. The

latter stabilizes the metallic nanoparticles, obtaining stable colloids. Ncs obtained

from this technique present a narrow size distribution of the nanoparticles, between 2

and 6 nm, with good thermal and conductive properties [18].

Nowadays, filled polymers are widely used in many fields of technology.

Polymers containing semiconductor particles play significant roles, especially for the

manufacturing of electronic devices [19]. Metal-polymeric Ncs are now widely used

as drug carriers, magneto-optical media, magnetic liquids, and for information

recording films. In particular, organic–inorganic hybrid composites [20–22] are very

promising photonic materials for optical data storage, optical waveguides, sensors,

electrochromic smart windows, solid-state lasers and screen displays, as well as for

other supramolecular and photonic systems and devices [23–25]. Colloidal surface

engineering is a current topic of applied chemistry in the field of developing new

materials. Composite colloidal particles (core-shell structures) have several expected

applications in the area of coatings, electronics, photonics and catalysis [26].

Extensive studies of NCs and PS introduced on carbon nanotubes [27], metallic

nanoparticles [28], oxides [29, 30] and semiconductor materials such as CdSe, PbS,

HgS, MoS2, GaP, TiO2, SiO2 and Fe2O3 have been developed [31–36]. Current

research in NCs are focused on the enhancing of barrier, thermal and mechanical

properties of the polymers, however, the application of the interesting properties of

nanomaterials have not been exploited for the elaboration of last generation

materials.

This work presents the preliminary results of the preparation of Pd–TiO2 Ncs

supported on a PS matrix. Synthesis was conducted by chemical liquid deposition

(CLD) in order to obtain Pd colloidal nanoparticles with styrene (Pd-Coll-Styr).

Colloidal nanoparticles were supported in situ on the semiconductor oxide, and it

was polymerized using AIBN as an initiator. Thermal and photoacoustic studies

were performed in order to determine the thermal diffusivity (a) of obtained Ncs. (a)

is a measure of rate at which a temperature disturbance at one point in a body travels

to another point and it is related to energy flow with gradients. This parameter is
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affected by the amount and kind of material incorporated into the polymeric matrix.

High values of thermal diffusivity can facilitate the combination process in sensor

particles (Pd/TiO2) in gaseous media, increasing their efficiency on gas detection.

Structural and morphological parameters, colloid stability studies and thermal

properties are also discussed in this paper.

Experimental

Synthesis

Pd-Colls were prepared by CLD method [37], which involves the physical vapor

deposition of Pd metallic in organic media. The reaction was carried out in a glass

reactor. A W-Al2O3 crucible loaded with Pd was assembled in the metallic atom

reactor and the whole system was evacuated. A glass device with styrene (Fisher

Co., USA) dried and degasified by standard freeze–thaw procedure [37] was

attached to the neck of the reactor. The whole system was immersed in liquid

nitrogen (77 K) and evacuated at vacuum (10-5 bar). The crucible was heated at

40 A until Pd boiling point. In the reaction, Pd metallic and the styrene were co-

deposited for half an hour. The frozen matrix obtained on reactor walls, was slowly

warmed for 1 h. Then, the reactor was filled with extra pure nitrogen. After 30 min

under nitrogen flow, a Pd-Styr colloidal dispersion was obtained. A similar

procedure was conducted with 2-propanol p.a. grade rather than styrene in order to

compare the features of both media. In a typical reaction, 1.14 9 10-5 mol of Pd

metallic (Aldrich, USA) was evaporated with 100 ml of styrene. After, Pd colloidal

nanoparticles were supported on TiO2 anatase (1% w/w and 5% w/w) by SMAD

method [38] for 24 h in inert atmosphere with constant stirring. TiO2 was

introduced in the reactor in order to directly support the Pd nanoparticles after

monomer melt temperature and to avoid oxidation of the Pd-Nps.

Polymerization

(Pd/TiO2)/Styrene (10 ml) was placed in each of the four polymerization flasks with

0.1, 1.0 mol% of AIBN, under nitrogen flow. The flasks were closed and placed in an

isothermal bath at 65 �C for 9 h. The content of each flask was poured into beakers

with methanol. The black Ncs obtained were filtered and dried under vacuum (10-3

Torr) for 48 h at 50 �C. The yield of each polymeric fraction was determined.

Viscosity average and molecular weight (MW) was calculated from the Mark–

Houwink equation [39]. The intrinsic viscosity was measured at 25 �C on an Ostwald

viscometer. Polymers were dissolved in benzene at 25 �C, K = 11.6 9 10-5 dL/g,

a = 0.72 [40].

Thermogravimetric analysis

Thermogravimetric analyses were performed on a Perkin Elmer TGA 7 Thermo-

gravimeter Analyzer. All experiments were carried out in a nitrogen atmosphere. All
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specimens were weighted in the range of 3–5 mg and heated to 550 �C at a rate of

10 �C min-1.

Electron microscopy studies

Particle size for colloidal dispersions and Ncs were obtained from histogram

analysis of TEM micrographs. A transmission electron microscope JEOL–JEM

1200EXII with 4 Å resolution was used. A drop of each colloid was placed on a dry

Ni-grid (150 mesh) previously coated with carbon, in an inert atmosphere. The

measure of the particle size population diameter was randomly chosen and obtained

data were represented by a histogram. Therefore, the average particle size was fitted

to both normal and Gaussian curves.

Determination of thermal diffusivity by photoacoustic methods

The experimental arrangement includes, as a heating source, a 250 W halogenous

lamp, in which the polychromatic out-beam is mechanically modulated in intensity

with the aid of a SRS-540 chopper from Stanford Research Systems [41]. The out-

beam is guided towards the cell, where the rear part of the sample is illuminated.

Transmission heating configuration was used (rear incidence). The cell has an

aluminum body with an electret microphone fixed to every one of the walls. Voltage

of the exit signal S of the microphone was measured by means of a SRS-850 lock-in

amplifier connected to a computer. As a sample holder Teflon rings of *1-5 mm

thick and 6 mm inner diameter were used. The sample holder was adhered with

vacuum grease and hermetically sealed to the cell. PA signal measurements were

carried out as a function of the chopping frequency in the range of of *1-5 mm

thick and 6 mm inner diameter because under such conditions, the aluminum holder

is thermically thin. Samples considered for measurements had a thickness between

600 and 800 lm. Measurements of the PS, Pd/PS-NCs y (Pd/TiO2)/PS-NCs were

also taken.

Results and discussion

Black colloids were obtained in the dispersions with styrene and palladium. The

reaction scheme of colloid formation (coll) and Ncs in PS matrix is shown in Fig. 1.

The particle size was controlled by the concentration of metal evaporated mols and

the isolation time of the frozen matrix (monomer-metal). This time rules the

nucleation process of the particles and, in some cases, their structure [42]. A

stability study was performed in order to determine the time at which the particles

remain in suspension before flocculation. Thus, they were incorporated into the

semiconductor oxide in order to avoid the support of Pd aggregated particles with

sizes larger than the disperse particles. Data from Table 1 shows that Pd-Coll-2-

propanol are more stable than Pd-Coll-styrene with a stabilization time of 120 h. On

the other hand, Pd-Coll-styrene is very unstable and it flocculates at 2 h after its

preparation. This instability is produced by the high reactivity of a large fraction of
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Pd-Nps on the surface [43] and the low coordination of Pd-Nps (more reactive than

bulk atoms). Therefore, the interaction between ligands (styrene or 2-propanol)

should form adducts with the metal of the core-shell type to avoid interaction

between particles and thus increasing the colloid stability.

A statistical study of TEM images was carried out for each colloidal system. This

study consisted of the size (diameter) measurement of about 100 particles for the

TEM images of the Pd-Colls, using the (TEM software Digital Micrograph (DM)TM

3.7.0 by Gatan Inc.) software. The counts were then plotted as frequency histograms

using the MicrocalTM Origen 6.0 software of (Microcal Software, Inc.). The mean

particle sizes and standard deviation were also calculated.

Pd-Coll-2-propanol presented a lower particle size than Pd-Coll-styrene for

7 9 10-4 mol/L. The higher particle size and the interaction between particles

increase the trend of flocculation of the colloidal dispersions by strong gravity

effects, such as colloids with styrene. Several CLD studies reported the synthesis of

nanoparticles and colloids with monomer ligands such as MMA, ethylmethacrylate,

buthylmethacrylate and styrene. Lower particle sizes (2.2–5.0 nm) [17, 44, 45] and

higher stability were obtained with acrylates by the formation of bidentate

interactions with the metal surface. Nps were also obtained by CLD with 2-

propanol, with sizes between 2.0 and 4.0 nm. [42]. The CLD methodology presents

a good reproducibility only if the synthesis parameters (evaporation conditions,

colloid concentration, solvent degasification and latency time) remain constant [46].

Figure 2 presents TEM micrographs for palladium colloids obtained with both

Fig. 1 Pd-colloid and nanocomposites formation
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styrene and 2-propanol. SAED analysis allowed us to determine the corresponding

phases to Pd (111), (002), (022) and Pd (224) by comparison with the reference data

[47].

An increase in Pd-Nps size was noted after the SMAD process. The size increase

can be attributed to clusterization of particles supported on the oxide surface.

Figure 3 shows an EDX spectrum for the Pd-Nps supported in TiO2. This analysis

was carried out using a JEOL–JEM 1200EXII which has a EDAX detector, the

samples were tilted 45 �C in situ in the microscope to perform the EDX analyses.

The Ni peaks are attributed to Niquel grid and the peaks at 4.4 and 5.1 eV

correspond to Titanium Ti(Ka) and Ti(b) of the TiO2. The Pd(L‘) signal close to

2.9 eV, confirmed the presence of palladium. The small intensity of Pd signal

compared with those of Ni and Ti is due to the small amount of palladium present in

the samples.

Polymerizations with Pd-Coll-Styrene were performed before the SMAD process

because styrene colloids do not flocculate. Radical polymerization using AIBN as an

initiator was carried out. The yield for the obtained NCs are reported in Table 2.

Good yielding percentages were observed (96.4–85.9%). Incorporation of Nps-Pd

and Pd/TiO2 to the monomer decreases yielding percentage. These values are

different from those reported by Cárdenas et al. [17] for Pd-Styrene-co-Ethylmet-

acrylate-NCs, which were synthesized by CLD, depositing Pd atoms and monomers

post-polymerization. Yielding values of 35.40 and 27.93% using 0.1 and 1.0 mol%,

respectively, were obtained. Average viscosimetric MW (Mv) values of NCs-1 to

NCs-6 were compared and it was shown that the incorporation of Pd-Nps into the

matrix decreases the Mv. It is probable that palladium atoms produce styrene

hydrogenization, decrease the growth of macro-radicals formed or compete with the

initiator radicals, originating lower MWs. These effects are more significant for the

Pd/TiO2 with the incorporation of Pd/TiO2 and the Mv decreased from

13.83 9 104 g/mol to NCs-6. Similar behaviors are reported by Cárdenas et al. [44].

After polymerization, the Pd-Nps agglomerate and distribute in a slightly

uniform way along the polymeric matrix.

TEM micrographs (Fig. 4) show that the interaction between Pd and support

occurs by Pd-Nps fractal aggregates, rather than individual particles. It is probable

that the polymerization temperature and formed radical amount along the matrix

affects the interaction between particles previously supported on the SMAD

Table 1 Stability and particle size of Pd colloidal dispersions with 2-propanol and styrene

Metal Solvent Concentration

mol/L (10-4)

Stability

(h)

Particle

size (nm)

Particle size

supported (nm)

Pd 2-propanol 7.172 \120 6.24 –

3.432 \120 5.90 –

1.143 \120 6.51 8.00

Styrene 7.80 Flocule 7–42 –

3.435 2 7.34 –

1.143 2 7.1 11.10
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process, producing this phenomenon. With the purpose of differentiating between

fractal aggregates of Pd-Nps and the TiO2 particles, Fig. 4e shows the electron

diffraction pattern of anatase TiO2 obtained with an aperture size of 50 nm. In this

pattern we observed two rings with 3.52 and 1.89 Å, corresponding to the phase

TiO2 anatase (101) and (200), respectively.

Pd-Nps and (Pd/TiO2) incorporation into PS matrix increased the decomposition

temperature (TD) of the Ncs. Table 3 and Fig. 5 summarize the (TD) for the studied

systems. On comparing the NCs-1 (0.1 mol% de AIBN), an increase of 5 �C on

thermal stability was seen in contrast to PS (0.1 mol% AIBN). These NCs only

Fig. 2 TEM micrographs, SAED and histograms for: a Pd-Coll-2-propanol (1.43 9 10-4 mol/L). b Pd-
Coll-Styrene (1.43 9 10-4 mol/L)
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contain Pd-Nps. The Pd/TiO2 rate increase produced a stability increase due to the

presence of large amounts of thermically stable particles in the polymeric matrix. In

this case, the decomposition temperature was 556, 10 �C more than the PS. The

same trend in the increase of the TD were obtained to incorporate at PS: carbon

nanotubes [27], Fe2O3 [35] and TiO2 [36]. In most cases, Ncs obtained in the

presence of thermically stable materials in a polymeric matrix are more stable than

the raw polymer.

Thermal diffusivity (a) values were determined by photoacoustic property

evaluation and they are summarized in Table 4. Values of (a) for PS with the NCs-1

and NCs-2 corresponding to Pd/PS (1%)–AIBN (0.1%) and AIBN (1.0%),

respectively, and for NCs-3 (Pd/TiO2) (1%)–AIBN (0.1%). Pd-Nps increase the

thermal diffusivity of Ncs in comparison to the PS without nanoparticles, the latter

showed (a) 0.062 cm2/s and with Pd-Nps, the value was 0.155 cm2/s. This increase

of thermal diffusivity can be explained due to the increase of metallic nanoparticles

Fig. 3 EDX of Pd/TiO2/Styrene

Table 2 Yielding percentage and average viscosimetric molecular weight % for the synthesized nano-

composites (Ncs)

Nomenclature Nanocomposite AIBN

(mol%)

Molar ratio

(Pd/TiO2)

Yield (%) Mv (104)

PS 0.1 – 96.4 13.83

PS 1.0 – 94.7 11.57

Ncs-1 PS/Pd 0.1 – 88.0 12.96

Ncs-2 PS/Pd 1.0 – 86.5 9.14

Ncs-3 PS/(Pd/TiO2) 0.1 1.0 87.3 9.73

Ncs-4 PS/(Pd/TiO2) 1.0 1.0 88.2 7.03

Ncs-5 PS/(Pd/TiO2) 0.1 5.0 85.9 9.10

Ncs-6 PS/(Pd/TiO2) 1.0 5.0 90.4 6.60
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in the polymeric matrix, which shows good thermal conductive properties.

Nanoparticles form energy conduction nuclei, facilitating the heat transfer of

material by vibrations, translations and rotations of polymer chains close to metallic

particles. When Pd/TiO2 sensor particles are aggregated, thermal diffusivity

decreases in contrast to NCs-1 and NCs-2, because the semiconductors oxides do

not show good thermal conductivity as the metals. We considered that the particles

shown in Fig. 4 are in direct contact due to the decrease in the thermal diffusivity of

Fig. 4 TEM micrographs a NCs-3, b NCs-4, c NCs-5, d SAED NCs-4, e TiO2 (anatase) used in the
synthesis
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these Ncs. If it were otherwise, then both the fractal aggregate of Pd-Nps and Pd-

Nps without aggregate distributed homogeneously by polymeric matrix would

increase the thermal diffusivity of the materials to values close to those obtained for

the NCs-1 and NCs-2.

Table 3 Decomposition temperature (TD) of studied Ncs

Nanocomposite TD (�C) Weight loss (%)

PS (0.1 mol% AIBN) 446.57 95.44

PS (1 mol% AIBN) 444.32 97.65

Ncs-1 450.48 99.6

Ncs-2 448.06 99.8

Ncs-3 452.45 99.3

Ncs-4 450.48 99.4

Ncs-5 456.40 98.4

Ncs-6 453.8 97.6

Fig. 5 Thermograms for A: a PS (0.1 mol %AIBN), b NCs-1, c NCs-5
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The materials that adjusted their temperature more quickly to their surroundings

were the NCs with metallic nanoparticles and those which had the least (a) were the

NCs with sensor particles and finally the polystyrene matrix.

Conclusions

Pd-Nps and Pd/TiO2 incorporation in the PS matrix increases the TD of Ncs,

however, their MW are relatively similar.

Thermal diffusivity of Ncs is increased with the nanostructured material amount

on a polymeric matrix. NCs with Pd-Npd had the best diffusivity due to good Pd

thermal properties, which facilitate the heat transfer process of the matrix.

Styrene colloids are relatively stable and they have a strong trend to agglomerate

in the polymerization and can be incorporated in the titanium oxide by SMAD

method in situ producing, composite material with good particle distribution.
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