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Abstract 

We report the synthesis of TiO2 nanoparticles prepared by the hydrolysis of titanium 

isopropoxide (TTIP) in the presence of a DNA complex for solution processable 

dielectric composites. The nanoparticles were incorporated as fillers in polycarbonate at 

low concentrations (1.5, 5 and 7 wt%) to produce hybrid dielectric films with dielectric 

constant higher than thermally grown silicon oxide. It was found that the DNA complex 

plays an important role as capping agent in the formation and suspension stability of 

nanocrystalline anatase phase TiO2 at room temperature with uniform size (~6 nm) and 

narrow distribution. The effective dielectric constant of spin-cast polycarbonate thin-films 

increased from 2.84 to 13.43 with the incorporation of TiO2 nanoparticles into the 

polymer host. These composites can be solution processed with a maximum 

temperature of 90 °C and could be potential candidates for its application in low-cost 

macro-electronics. 

Keywords: TiO2, DNA, hybrid nanocomposite, dielectric constant, solution processed, 

macro-electronics 

1. Introduction 

In the field of electronics, there has been an increasing interest over the last few years 

in the development of the low cost macro-electronics area. For the successful 

development of this technology, not only semiconductor materials, but also dielectric 

materials are required to be solution processable. Those dielectrics, however, need to 

perform in an acceptable way to be introduced in real applications. They should be able 

to provide a low leakage current, high capacitance to enable low voltage operation, and 

uniform and smooth surface. Ceramics such as TiO2 are candidates for dielectric 

materials because of their large band-gap and high dielectric constants [1,2]. Films of 



  

these oxides, however, are brittle and require high temperature processing, which 

makes the technology quite expensive an incompatible with flexible substrates. In 

contrast, polymers such as poly(4-vinylphenol) [3], polyimide [4], polymethylmetacrylate 

(PMMA) [5], polycarbonate (PC) [6] and polyvinylalcohol (PVA) [7], have been used as 

gate dielectrics as an alternative to vacuum deposited insulators. These polymers can 

be processed at low temperatures, but their dielectric constants are low compared to 

those of ceramic films [8]. Inorganic oxide-polymer composites combine the processing 

flexibility of polymers and the high dielectric constant of ceramics [8,9]. Previous studies 

have demonstrated that the use of TiO2 in a polymer matrix can increase its dielectric 

constant [10,11]. However, the results show poor performance due to aggregation and 

sedimentation of the nanoparticles caused by their high surface energy, yielding a non-

uniform dispersion. On the other hand, to produce and stabilize TiO2 nanoparticles in 

composites, complicated systems such as milling or in-situ synthesis are used [12,13]. 

Nevertheless, these systems do not provide small and uniform particle size, limiting the 

thickness of the overall film to avoid pin-holes and discontinuities which impact 

negatively the performance of the electronic devices. 

Uniform small TiO2 nanoparticles that can be stable in a polymer solution and film would 

improve the aforementioned limitations [14]. Furthermore, a smooth composite film 

could be thinned without introducing pin-holes in the film. In order to obtain TiO2 

nanoparticles homogeneously dispersed in a host polymer, the control of several 

parameters is required such as size, shape, surface and self-assemble properties 

[15,16]. It is also desirable to use a simple and scalable synthesis method, ideally one 

with low cost and toxicity. Several methods for the synthesis of TiO2 nanoparticles have 

been reported such as hydrothermal [17], sonication assisted [18], and sol-gel among 

others [19]. Sol-gel is one of the most widely applied approaches for the preparation of 

nano-sized metal oxides. However, the experimental results have shown that 

uncontrolled sol-gel reactions can lack stability or size and shape uniformity due to the 

condensation reaction involved in the hydrolysis of the TiO2 precursors, which take 

place in random locations in an amorphous polymer matrix [20]. On the other hand, 

deoxyribonucleic acid (DNA) is a well-known nanostructured material that, beyond its 

biological function, has been utilized for directing the assembly of various artificial 



  

nanostructures [19, 21 ]. Besides the use of DNA as template for synthesis of 

nanomaterials, this molecule has been extensively studied for its electronic properties 

and potential application in nanoelectronics [22]. However the study of its electrical 

properties is out of the specific aims of this research. 

PC is a well-known dielectric polymer, soluble in non-polar solvents, so it does not 

absorb water. This is an important factor to reduce the leakage current. PC has been 

reported previously as a promising host polymer and it was chosen as the polymer host 

for this study [8]. In this context, the present work describes, for the first time, the 

preparation and characterization of TiO2 nanoparticles by means of a modified sol-gel 

process using hexadecyltrimethyl ammonium bromide (CTAB) and DNA complex as 

template to control the particle size, shape and its size distribution, and provides 

solubility in alcohols. This could help to overcome some of the problems discussed 

above and create homogeneous hybrid composite films with desirable dielectric 

properties using solution processes at low temperature. 

2. Materials and Methods. 

The DNA/CTAB complex was prepared using a similar methodology to that developed 

by Heckman et al. [23]. An aqueous solution (4 g/L) of DNA (Acros Organics) was 

prepared under vigorous stirring until it was completely dissolved. Later, the DNA 

solution was added drop-wise to an aqueous solution of CTAB (C19H42BrN) (Sigma-

Aldrich) (4 g/L) with vigorous stirring. The DNA/CTAB complex precipitated, as the DNA 

was added. The solution was kept under agitation for 4 h at room temperature. The 

mixture was filtered through a 1 µm pore size Teflon membrane to recover the organic 

complex and washed with deionized water. The precipitate was then collected and dried 

in a rotavapor for 4 h at 40 °C and stored at 4 °C until its use. TiO2 nanoparticles were 

prepared by drop-wise addition of a 6.6 mmol solution of titanium (IV) isopropoxide 

(Ti(OPri)4), (99.999%, Sigma-Aldrich), (TIIP), to 6 mL of an homogeneous DNA/CTAB-

isopropanol solution (7 g/L) (solution 1) under vigorous magnetic agitation for 4 h at ~25 

°C. After this, the solution was kept stirring for another 2 h to ensure a homogeneous 

solution. Then, 50 mL of an aqueous solution at pH 2 (previously adjusted with HNO3 

and NH4OH) (solution 2) was used as the hydrolysis catalyst by adding it dropwise to 



  

solution 1 with vigorous stirring; a precipitate was obtained after 20 h. The precipitate 

was washed with deionized water and centrifuged at 10,000 rpm for 5 min, then re-

suspended in methanol. PC was dissolved in chlorobenzene (9 wt%) and blended with 

different concentrations of TiO2/ DNA/CTAB dispersions (1.5, 5 and 7 wt%) with an 

ultrasonic horn. To fabricate metal-insulator-metal (MIM) devices, the composite 

solutions were spin coated at 2000 rpm for 20 sec to produce ~100 nm thick films onto 

silicon (Si) wafers (100) coated with 100 nm of Au (bottom contact), and then dried in air 

at 90 °C for 60 min. Finally, Au was thermally evaporated through a shadow mask to 

produce circular electrodes with different dimensions (diameter ranged from 50 to 500 

µm) as top contacts. The physicochemical characterization of nanoparticles was 

performed by means of Fourier transform infrared (FTIR) spectroscopy using a Nicolet 

6700 spectrophotometer (Thermoscientific). The UV-Vis absorption spectra were 

obtained with a USB 4000 Ocean Optics photodetector. X-ray diffraction (XRD) patterns 

were analyzed in a X’Pert PRO (PANalytical) diffractometer using CuKα radiation at 40 

kV and 50 mA with a scanning speed of 0.02°/min at 2θ steps. A JEOL 2200FS high 

resolution field emission transmission electronic microscope (HR-FE-TEM) was also 

used for morphology characterization, while the thickness of the films was measured 

using a DekTak profilometer. Electrical characterization was done by current-voltage (I-

V), capacitance-voltage (C-V) and capacitance-frequency (C-F) measurements using 

MIM devices applying an electric field in the range of -0.5 to 0.5 MV/cm at room 

temperature in air atmosphere using a 4200 Keithley characterization system under 

dark conditions. 

3. Results and discussion. 

The goal of developing this synthesis method was to obtain crystalline TiO2 

nanoparticles with small size and uniform size distribution that could be deposited via 

solution processes using processing temperatures compatible with flexible electronic 

technologies. Tailoring the nanoparticle surface during the synthesis with DNA/ complex 

resulted in stable suspensions in short carbonated chain alcohols or dimethylformamide 

for more than five days, which is a main requirement to introduce them as nanofillers in 

the organic hosts. In comparison, we tested commercial TiO2 nanoparticles, which 

precipitated immediately in any of these solvents. FTIR spectra of the DNA/CTAB 



  

complex used for the synthesis of the nanoparticles (Figure 1a) exhibit a band from 

1670 to 1636 cm-1, which is attributed to the C=C stretching vibrations of the thymine 

and adenine and N-H bending vibrations of guanine from the DNA molecule. The signal 

at 1470 cm-1 shows stretching vibrations of CH2, due to the CTAB molecule. The bands 

around 1341 cm-1, correspond to a C-C-H chain deformation band of the CTAB. The 

FTIR spectrum of the synthetized TiO2 nanoparticles is also shown and the same 

signals attributed to the DNA/CTAB are observed. This proves that the organic complex 

is still present on the nanoparticles even after the purification treatments, providing a 

way to disperse and stabilize them in suspensions. The spectra also suggest that the 

TiO2 strongly interacts with the organic complex because the signal attributed to the C-

C-H of CTAB (1341 cm-1) shows chain scissoring, while the signal at 1470 cm-1 is 

almost reduced to plane, also, the signals attributed to the DNA molecule in the 

complex suffer a small shifting to lower wavenumbers when interacting with TiO2. Other 

major feature of the FTIR spectrum is a broad and intense band below 1000 cm-1 

assigned to Ti-O-Ti bond vibrations of the metal oxide particles. 

UV-Vis spectra of the DNA/CTAB complex and TiO2 nanoparticles are shown in Figure 

1b. The DNA/CTAB exhibited the maximum absorption at approximately 260 nm, 

identically to the natural DNA owed to the alternating single and double bonds of 

aromatic nitrogenous bases [24]. In contrast, when observing the spectral behavior of 

TiO2 nanoparticles, the absorbance is low between 600 to 500 nm with a gradual 

increment near the Tauc region. This is due to the charge-transfer from the valence 

band (2p orbitals of the oxide anions) to the conduction band (3d of the Ti cations) [25]. 

The optical band-gap (Eg) of the TiO2 nanoparticles has been calculated by plotting the 

energy over the optical density versus the energy in eV and extrapolating the straight 

line portion of the curve to intercept the energy axis. The nanoparticles show an indirect 

type Eg estimated to be 3.66 eV. This value is larger than expected for anatase phase 

(~3.22 eV) [26]. A quantum size effect for the nanoparticles seems to be observed, and 

this differs from a previous report that suggests the size of a TiO2 nanoparticle should 

be 1.5 nm or less in order to show quantum size effects [27]. This discrepancy may be 

due to the fact that, in our case, the TiO2 nanoparticles are mostly separated in 

suspension without large agglomerates. This observation is consistent with the 



  

crystallite sizes obtained from XRD patterns and with previous reported works [16]. 

Other important differences between TiO2 nanoparticles spectra and the DNA/CTAB 

spectra are the bathochromic shift and the absorbance ratio between 240 and 260 nm. 

This shift in the absorbance on the metal-to-ligand charge transfer (MLCT) band is 

indicative of the strong interaction via groove binding between TiO2 nanoparticles and 

DNA/CTAB complex, which is supported by FTIR results and previous reported works 

[28]. 

XRD studies of the TiO2 nanoparticles were performed in order to verify that the titanium 

oxide formation took place under the reaction conditions employed and to elucidate its 

crystal phase. Figure 2 shows the XRD pattern for TiO2 nanoparticles. This pattern 

exhibits peaks at 25.4°, 37.8°, 48.1°, 54.4°, 62.8°, 68.9°, 70.1°, 75.3°, 82.8° and 94.8°, 

which correspond to the (101), (004), (200), (105), (204), (116), (220), (215), (224) and 

(305) lattice planes of the tetragonal structure of anatase phase, respectively. Also a 

small and broad peak appears at 30.6°, which could be assigned to the (121) Miller 

index of orthorhombic brookite, present in the sample in small amounts. The compound 

identification and crystal analysis was obtained through the X´Pert High-Score Plus 

software, and is in agreement with the JCPDS XRD spectra data (JCPDS No. 84-1286, 

73-1764 and 21-1272). These results show that highly crystalline nanoparticles can be 

obtained despite the low reaction temperature (~25 °C). This is a notable feature 

because in most cases sol-gel processes lead to amorphous materials, and subsequent 

annealing is necessary to induce crystallization [29 ,30 ]. Obtaining crystalline TiO2 

improves dielectric performance over the amorphous phase because of their theoretical 

dielectric constants of 40 and 27, respectively [8]. The calculated average crystallite 

size was 5.9 nm, using Scherrer’s equation [31] by peak-broadening analysis of (101) 

and (004) XRD signals of anatase. The interplanar distances (d) were calculated by cell 

refinement for anatase phase giving a=b= 0.35 nm and c= 1.18 nm and a cell volume of 

0.473 nm3. The lattice parameter in a and b are smaller and c larger in comparison with 

the JCPDS values (JCPDS No. 21-1272, a=0.37852 nm and c=0.95139 nm). This effect 

suggests displacement of atoms from their ideal sites when TiO2 becomes 

nanocrystalline, as reported before [32]. 



  

The distribution of particle size, crystallinity, and morphology of the nanoparticles was 

studied by HRTEM in order to achieve consistent and accurate measurement (Figure 

3). In the micrograph of Figure 3a, we can observe well distributed nanoparticles with 

uniform size and shape. The average nanoparticle size was calculated according to 

sampling theory by the analysis of 100 nanoparticles giving a mean particle diameter of 

5.97 nm with a standard deviation of 1.08 nm (inset graph in Figure 3a). The results are 

in good agreement with those obtained from XRD for crystallite size but they differ from 

those obtained by other authors where they used only CTAB as a capping agent [33], 

demonstrating the DNA effect in the organic complex to control the size and shape of 

the nanoparticles. The element composition of the nanoparticles was confirmed by 

energy dispersive X-ray (EDS) spectroscopy analysis under TEM (Figure 3b). EDS 

point spectrum taken from an area highly loaded with nanoparticles showed strong O 

and Ti signals from TiO2 with an atomic ratio of 2.6. The excess in oxygen could be due 

to the presence of adsorbed oxygen as well as the oxygen coming from the bases and 

phosphate groups in the DNA/CTAB, as is expected because of the presence of 

phosphorus, carbon and nitrogen traces in the sample. These observations confirmed 

the results obtained by FTIR. The crystallinity of the nanoparticles was confirmed by the 

selected area electron diffraction (SAED) pattern (Figure 3c). It showed well resolved 

bright polymorphic ring patterns, typical for the anatase phase corresponding to the 

planes (101), (004), (200) and (105). These patterns were in agreement with the XRD 

results in Figure 2. The fringes of the TiO2 nanoparticles were used to determine the 

crystallographic spacings and their orientation. Figure 3d gives an additional evidence 

of nanoparticles crystallinity showing an HRTEM micrograph of anatase nanocrystallites 

consisting of tetragonal particles with crystal lattice planes with a d spacing of 0.35 nm. 

The fringes corresponding to the (101) crystallographic planes of anatase were the most 

prominent. 

To investigate the electrical effects of introducing TiO2 nanoparticles into a host polymer 

(polycarbonate), capacitance-voltage (C-V) were performed at 1MHz in the MIM devices 

(Figure 4a). The capacitance density of the TiO2-PC films was higher than that of the 

pristine PC dielectric layer and it increased remarkably with the increase in nanoparticle 

content, because of the higher dielectric constant of TiO2. In Figure 4b, the dielectric 



  

analysis of capacitance-frequency is presented. Here, same trend as C-V is observed at 

low frequencies, however, we observe that near 1x104 Hz, capacitances abruptly 

decrease and dielectric relaxation occurs. This relaxation at lower frequency is more 

evident as nanoparticle content increases due to more TiO2 powder effect in the organic 

matrix, as observed before [34]. Above 5x105 Hz, the capacitances become more stable 

and a slight reduction is observed along further frequencies. 

From the previous graphs, dielectric constants were calculated using: � = ���/��, where 

C is the capacitance per unit area at 1 mHz, ��  is the vacuum permittivity, �  is the 

dielectric constant and �� is the dielectric thickness. The relative dielectric constant of 

the neat polymer is 2.84 which is close to the value reported earlier [35]. And this 

increases as the amount of nanoparticles in the composite increases as well from 3.22 

for 1.5 wt%, to 8.42 for 5 wt%, and 13.43 for 7 wt%, which represents an increase of 4.6 

times in comparison with that of the pristine PC. This increment is larger than those 

compared with previously reported TiO2 nanocomposites for a given percentage of filler 

[36]. The experimental dielectric constant of the composite with 1.5 wt% of TiO2 is close 

to the values theoretically obtained by the volume-fraction average model, Maxwell 

equation and Bruggerman model [39] using a theoretical dielectric constant of 2.9 for 

the pristine PC and 40 for anatase TiO2 according to reported values [8]. However, the 

experimental values obtained from devices with higher TiO2 content does not follow the 

same trend of the calculated models (Figure 4c). This could be due to the simple 

composite medium theories used, which do not take into account the influence of the 

inter-particle dipolar interactions or their effect on the surrounding medium. Another 

factor that could affect the measured dielectric constant is the nanoparticles size effect, 

as observed previously [37]. Percolation theory and the self-consistent effective medium 

theory (SC-EMT) have been used to model the dielectric properties of hybrid 

nanocomposites [ 38 ], similar to those studied in this work. They have obtained, 

theoretically, a behavior similar to what we experimentally obtained here, attributing the 

giant increase in the dielectric constant to the percolation phenomenon. 

The leakage current of the polycarbonate insulator at 0.5 MV/cm was ~1x10-8 A/cm2, 

due to its dense chemical structure and covalent bonds. The leakage current of the 1.5 

wt% TiO2 sample was ~3.4x10-8 A/cm2, which was almost the same as that of the 



  

pristine PC insulator. It was observed that the current flow through the devices with 

higher nanoparticles load increased with increasing nanoparticle load: at 0.5 MV/cm the 

leakage current increased by 2 orders of magnitude for 5% and 5 orders for 7% load. 

Although, below 0.25 MV/cm, the currents were lower enough for usual operational thin 

film transistors, with a maximum of ~1.2x10-6 A/cm2 for the 7% loaded composite as 

showed in Figure 4d. This increase in the leakage current when a polymer matrix is 

loaded with inorganic filler has been observed before [39]. An explanation has been 

proposed before with an interfacial transition model that considers a free volume or void 

layer at the transition between the host and filler. This could create low dielectric 

permittivity zones that could trigger localized discharge causing free carrier movement 

[9]. Even if these leakage currents increase, those values could be reduced by the 

integration of electrodes with a higher work function, such as Ru or Pt, as found in 

previous works [40]. 

4. Conclusions. 

In the present work we developed a facile modified sol-gel technique performed at room 

temperature for the preparation of suspension stable TiO2 nanoparticles (~6 nm 

diameter) with crystalline anatase phase at room temperature. It was found that the 

DNA/CTAB complex plays a key role in the formation of the crystalline phase, the size, 

and suspension stability of TiO2 nanoparticles. We combined the material crystallinity 

with a tailorable surface, promoting better dispersion of the nanoparticles in the 

polymer. The particles have been incorporated as fillers into a polycarbonate matrix in 

order to increase the effective dielectric constant of composites. The presence of TiO2 

nanoparticles enhanced the effective dielectric constant of the composites. The 

dielectric constant of the films increased when the  TiO2 content increases, reaching a 

value of 13.43 with 7 wt% of TiO2, which was around 4.6 times larger than that of the 

pristine PC. The leakage currents also increased as the TiO2 amount increased; 

however, the composites could sufficiently suppress leakage currents and be used in 

low-voltage conditions, such as 3 V. This method offers an economical way to fabricate 

hybrid nanocomposites as insulators with high capacitance without the aforementioned 

complications associated with inorganic high dielectric constant materials. This also 

provides the opportunity to tune the dielectric constant. The composites can be used in 



  

solution processes with a maximum processing temperature of 90 °C, which enables 

their use in low-cost, flexible electronics.  
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Figures foot notes. 
Figure 1. a) FTIR spectra of TiO2 nanoparticles and the DNA/CTAB complex. b) UV-Vis 

absorbance spectra of TiO2 nanoparticles and DNA/CTAB complex, inset figure 

corresponds to the energy calculations for absorption edge analysis. 

Figure 2. XRD patterns of TiO2 nanoparticles. The peak labels correspond to the Miller 

indices of the crystal planes. 

Figure 3. HR-TEM characterization of TiO2 nanoparticles.  a) bright field image, inserted 

figure corresponds to the size distribution analysis. b) elemental analysis by EDS under 

TEM. c) SAED pattern, and d) HR-TEM micrograph at higher magnification and filtered 

lattice. 

Figure 4. Electrical characterization of TiO2 nanoparticles-polycarbonate composites 

with different filler loading. a) Capacitance density vs. applied electric field. b) 

Frequency response of dielectric composites. c) Effect of TiO2 nanoparticles in the 

dielectric constant at different ratios, experimental and theoretical values. d) Current 

density vs. applied electric field. 
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Research highlights 
 
 
 

Synthesis of Titanium Oxide Nanoparticles Using DNA-Complex as Template for 
Solution- Processable Hybrid Dielectric Composites. 

 
 

• We developed a modified synthesis method to produce titanium dioxide 
nanoparticles using a DNA complex at room temperature by the controlled 
hydrolysis of titanium isopropoxide. 

• The nanoparticles presented anatase phase and were  ~6 nm diameter with 
narrow size, stable in alcoholic solutions. 

• Prepared composites reached a dielectric constant of 13.43 with 7 wt% of TiO2, 
which was around 4.6 times larger than that of the pristine polycarbonate, more 
than the calculated by any of the used models. 

• Maximum processing temperature was 90 °C, which enables their use in low-
voltage, low-cost, flexible electronics. 




