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Abstract 

In this work, TiO2 nanoparticles were dispersed and stabilized in water using a 

novel type of dispersant based on tailor-made amphiphilic block copolymers of 

poly(ethylene glycol)-block-poly(4-vinyl pyridine) (mPEG-b-P4VP) prepared by 

atom transfer radical polymerization (ATRP). The performance of this new block 

copolymer as dispersant was compared to a polyelectrolyte dispersant 

commonly used for TiO2, sodium salt of polyacrylic acid (Na-PAA). The effect of 

dispersion technique and type and amount of dispersant on deagglomeration 

and stability of the TiO2 aqueous suspensions were studied. After incorporation 

in a standard waterborne acrylic varnish formulation, dry film transparency, 

photocatalytic activity, and nanoparticle cluster size were also evaluated. The 

results show that mPEG-b-P4VP copolymer with appropriate block lengths can 

have a better performance than Na-PAA in terms of aqueous dispersion 

stabilization and cluster size reduction in the acrylic matrix. This translates into 

higher film transparency and photocatalytic performance. 

 

 

1. Introduction 

 

Photocatalytic titanium dioxide (TiO2) nanoparticles (nano-TiO2), normally 

anatase, are used in a wide range of applications, including self-cleaning, air-

cleaning, anti-microbial, anti-fouling, water treatment, and photovoltaic cells, on 

different matrixes and supports, such as plastics, ceramics and coating [1–4]. Due 
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to its photocatalytic activity nano-TiO2 can be used to eliminate organic matter 

from a surface [4] [5]. This process is based on the formation of pairs of electrons 

and holes (e−/h+) upon absorption of ultraviolet light corresponding to the band 

gap energy (3.2 eV). The photo- generated positive holes react with water 

adsorbed at the surface, forming hydroxyl radicals. On the other hand, the 

electrons injected from the valence to the conduction band reduce adsorbed 

oxygen to superoxide. The hydroxyl radicals formed in this redox process can 

subsequently degrade oxidatively organic molecules at the surface [5,6]. 

However, a significant difficulty is posed by the nanoparticles strong tendency 

to agglomerate, due to large specific surface area. This behaviour is generally 

associated with Van der Waals attraction forces, and can be compensated by 

electrostatic and steric stabilization [7,8], or by specific surface treatments [9,10], 

even though complete deagglomeration into primary particles may be difficult 

or even impossible [11]. In the particular case of applications that demand 

dispersion in aqueous medium, cluster size and stability can be critical factors 

with repercussion on the quality of the final product. 

For nano-TiO2, a sodium salt of poly(acrylic acid) (Na-PAA) is often used as 

electrosteric stabilizer. It is known that this polyelectrolyte adsorbs at the surface 

by coordination between dissociated carboxyl groups and Ti4+ Lewis acid sites 

[4,5]. 

The alternative use of amphiphilic block copolymers for aqueous stabilization of 

nanoparticulated metal oxides has been reported in literature [12,13], due to the 

possibility of selective anchoring of the hydrophobic block to the metal surface, 

whereas the hydrophilic, water-soluble, block creates steric and/or electro- static 

repulsive interactions. The use of 4-vinyl pyridine (4VP)  as the anchoring block, 

which is hydrophobic at pH above its  pKa  ( ~ 4.5) [14], has been successfully 

used in the stabilization   of nanoaggregates of superparamagnetic iron oxide 

nanoparticles [14]. The anchoring of pyridyl groups is  achieved  by formation  

of  strong  coordination  complexes  with  the  metal cations [8,15]. The advent of 

Controlled/“Living” Radical Polymerization (CLRP) brought unprecedented 

tools to synthesize polymers with controlled structures, chain-end 

functionalities, architecture and narrow molecular weight distribution [16–19]. 

Among the CLRP methods, Atom Transfer Radical Polymerization [20] is the 

most used method due to several intrinsic advantages, such as: easy procedures, 

commercial availability of the compounds, mild reaction conditions and, more 

recently, residual amounts of metal complexes [21–27]. 

In this paper, we report the use of an amphiphilic copolymer based on 

poly(ethylene glycol) and poly(4-vinyl pyridine) blocks (mPEG-b-P4VP) [28] for 

dispersing photocatalytic TiO2 nanoparticles in water, followed by its 
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incorporation in an acrylic varnish formulation. Considering that the varnish is 

intended to have photocatalytic activity with minimal loss of transparency, only 

small amounts of nano-TiO2 were incorporated, and therefore reduction of 

cluster size is paramount to maximize efficiency. Well-defined copolymer blocks 

of different molecular weights were prepared by atom transfer radical 

polymerization (ATRP) to evaluate the effect of the block copolymer design on 

the dispersion efficacy and varnish performance. 

 

 

2. Experimental 

 

2.1. Materials 

 

Photocatalytic nano-TiO2 used in this study was P25 from Evonik Industries 

(Germany). The reported average diameter of the primary particles is 21 nm, and 

the specific surface area (BET) of the powder is 50 ± 15 m2/g. Sodium salt of 

polyacrylic acid (Na- PAA) with Mw 2100 g/mol was purchased from Sigma–

Aldrich. The aqueous acrylic resin Polidisp 7778 (ca. 46 wt% in solids), based on 

acrylic and methacrylic acid esters was supplied by Resiquimica (Mem-Martins, 

Portugal), as well as the other components of varnish formulation (Preventol 

BM5, Preventol A14-D, Additol VXW 6393, Additol VXW 6503, Polidisp 7778, 

Texanol, Rheolate 278). 

Poly(ethylene  glycol)  methyl  ether  (mPEG)  (mPEG113:   Mw = 5000 Da, and 

mPEG45: Mw = 2500 Da; Sigma–Aldrich) was dried by azeotropic distillation 

from toluene. 2-Chloropropionyl chloride (CPC) (97%; Sigma–Aldrich), CuCl2 

(99%+ extra pure, anhydrous; Acros) were used as supplied. Cu(0) wire (99%; 

Acros) was activated with nitric acid, washed with acetone and dried before use. 

Isopropanol (IPA) (99.97%; Fisher Chemical), diethyl ether (>99.8%; Sigma–

Aldrich), deuterated chloroform (CDCl3) (+1% tetramethylsilane (TMS); 

Eurisotop), sodium hydroxide (pellets QP; Panreac) and hydrochloric acid 

solution (HCl) (37%; Aldrich) were used as received. Milli-Q water (Milli-Q®, 

Millipore) was obtained by reverse osmosis. 4-vinylpyridine (4VP) (96%; Fluka), 

triethylamine (TEA) (96%; Sigma–Aldrich) and dichloromethane (DCM) 

(+99.6%; Fisher Scientific) were dried and distilled under reduced pressure, 

prior to use. 4- Dimethylaminopyridine (DMAP) (99%; ACROS) was recrystallized 

before use. Tris(2-dimethylaminoethyl)amine (Me6TREN) was synthesized 

according to procedures described in the literature [29]. The mPEG-Cl ATRP’s 

macroinitiators were prepared through an adaptation of a reported methodology 
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[30]. For Gel Permeation Chromatography (GPC), poly(methyl methacrylate) 

(PMMA) standards (Polymer Laboratories) (Acros, 99%, 70 mesh) and high 

performance liquid chromatography (HPLC) DMF (HPLC grade; Panreac) were 

used as received. 

 

2.2. Synthesis of diblock copolymer dispersants 

 

mPEG-b-P4VP block copolymers were prepared by ATRP based on   a   previously   

reported   methodology   that   used   Cu(0)  and [CuCl2]/[Me6TREN] = 1/1 as the 

catalytic system [31]. In a typical procedure, a mixture of mPEG113-Cl (0.472 g, 

0.09 mmol), CuCl2 (12.47 mg, 0.09 mmol), Me6TREN (21.36 mg, 0.09 mmol) and 

IPA (3.11 mL) was placed in a Schlenk reactor and immediately frozen in liquid 

nitrogen. Activated Cu(0) wire was placed in the reactor and the system was 

deoxygenated by three freeze-vacuum-thaw cycles and purged with nitrogen. 

4VP (3.0 mL, 28 mmol) was then added to a Schlenk reaction vessel under a 

nitrogen atmosphere and the reaction mixture was immediately frozen in liquid 

nitrogen and deoxygenated by conducting two freeze-vacuum-thaw cycles and 

purged with nitrogen. The Schlenk reactor was placed in a pre- heated oil bath at 

50 ◦C and left reacting under magnetic stirring. The reaction was stopped by 

opening the Schlenk reactor to air. The block copolymer was precipitated in cold 

diethyl ether and the solid dissolved in chloroform and passed through an 

alumina column. The solution was concentrated by rotary evaporation and the 

product recovered by precipitation in cold diethyl ether, followed by filtration. 

Final copper removal was achieved by re-dissolving the product in methanol and 

dialysis for 12 h (molecular weight cut-off (MWCO) = 1000 au). Finally, the crude 

product was obtained by precipitation in cold diethyl ether, filtered and dried, 

under vacuum, at 40 ◦C for 48 h. 

Molecular weight distribution was determined by Gel Permeation Chromatography 

(GPC) using high performance size- exclusion chromatography (HPSEC), with 

refractive index (RI) (Knauer K-2301) detection. The column set consisted of a PL 10- 

µL guard column (50 mm 7.5 mm), followed by two MIXED-B PL columns (300 

mm   7.5 mm, 10 µL). DMF eluent containing 0.3% of LiBr was passed at a flow 

rate of 1 mL/min and the columns were heated to 60 ◦C. Before injection, the 

samples were filtered through a polytetrafluoroethylene membrane with 0.2 µm 

pore size. The system was calibrated against PMMA standards. 

400 MHz 1H NMR spectra were recorded on a Bruker Avance III 400 MHz 

spectrometer, with a 5-mm TXI triple resonance detection probe, in CDCl3 using 

tetramethylsilane (TMS) as an internal standard. 
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2.3. Preparation of nano-TiO2 aqueous dispersions 

 

The dispersant (mPEG-b-P4VP or Na-PAA) was first dissolved in water at a 

defined concentration. Then, nano-TiO2 (1 wt%) was added and the pH adjusted 

to a value of 9 (typical pH for acrylic varnishes) using sodium hydroxide 

solution 0.2 mol L−1. Dispersant mPEG45-b-P4VP65 had to be dissolved at pH = 

3.7 before TiO2 addition due to the high molecular weight of the P4VP block. 

Proto- nation of the basic pyridyl group at acidic pH induces solubilization. The 

final pH was then adjusted to 9 after adding the nanoparticles, as in the other 

cases. 

Different techniques were used for dispersing the TiO2 nanoparticles,  after  pH  

correction:  high-power  ultrasound  probe  (UIP 1000hd by Hielsher Ultrasound 

Technology), rotor-stator high-shear  mixer  at  14000 rpm  (Ultra-Turrax  T18   by   

IKA),   and Cowles-type disperser at 2000 rpm (Dispermat by VMA- Getzmann). At 

the end of the intended dispersion time, the pH value was measured again to confirm 

that it remained at 9. 

 

2.4. Preparation of acrylic varnishes 

 

The varnish formulation was provided by Resiquimica and is shown in Table 1. This 

is a previously validated standard formulation for waterborne acrylic varnishes. For 

preparation, the biocides, defoamer and wetting agent were first mixed in water 

using a helix impeller. The pH was adjusted to 9 by using an aqueous solution  of 

NaOH (10 wt%). The acrylic resin was then added slowly and the mixture was 

homogenized for 10 min. Finally, coalescent and thickener were added and stirring 

was maintained for 5 min. For the photoactive formulations, 35 g of the previously 

prepared aqueous dispersion of nano-TiO2 was added before the acrylic resin. The 

total final mass was maintained by removing the corresponding amount of initial  

water. 

 

2.5.   Particle  size distribution 

 

After preparation, the dispersions were left to rest for 1 h and then a sample was 

collected for particle size distribution (PSD) analysis on a Beckman Coulter LS230 

light scattering system equipped with polarization intensity differential 

scattering (PIDS) analysis. The particle size distributions were computed by the 

equipment’s software, based on Mie light scattering theory. 
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2.6. Dispersion stability 

 

Evaluation of nano-TiO2 dispersions stability along time was based on a 

reported methodology [13]. Each dispersion was left to rest for 1 h after its 

preparation, in a 50 mL flask. After that,    a 3 µL sample was carefully taken at 

certain liquid height with    a micropipette and then diluted in 2.5 mL of distilled 

water. The absorbance of the diluted sample was measured on PU 8625 UV/VIS 

spectrophotometer at 320 nm. This value was defined as the “time zero” 

measurement. Other collections were made at different time intervals during 15 

days. Samples were always taken at the same liquid height. Three replicates were 

made for each dispersion formulation. 

 

2.7. Varnish transparency 

 

A film of varnish was applied on a glass slab with a wet thickness of 100 µm with 

a blade applicator. The film was left to dry for 24 h. The transmittance was 

measured at 700 nm on a Perkin Elmer Lambda 750 UV/VIS spectrophotometer, 

using a clean glass slab as reference. 

 

2.8. Photocatalytic activity 

 

The photocatalytic activity of the varnish was determined by degradation of blue 

methylene solution under UV light. A varnish film with a controlled wet 

thickness (100 µm) was applied on the white portion of a Leneta 2C opacity chart, 

and left to dry for at least 24 h. Five drops of 150 mg/L blue methylene solution 

(50:50 ethanol/water) were spread over the varnish film and dried for 24 h. After 

that, the blue methylene stain was irradiated under an average irradiance of 7 

W m−2 (Vilbert Lourmat lamp system) with a UV BLB 365 nm for 6 h. The 

reflectance values were measured every 2 h at 600 nm using UV-3600 Shimadzu 

UV-VIS-NIR spectrophotometer. 

 

2.9. Transmission electron microscopy 

 

TEM images of nano-TiO2 dispersions were obtained on a Zeiss 902A/JEOL 1400, at 

IBMC – Institute for Molecular and Cell Biology (University of Porto). Dispersion 

samples were diluted in distilled water and a drop was placed on the TEM copper 

grip and left to dry. 
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2.10. Scanning electron microscopy 

 

Scanning electron microscopy (SEM) images were obtained using a JEOL JSM 35C-

Noran Voyager equipment, at CEMUP – Centro de Materiais da Universidade do 

Porto. Varnish film were applied on 1 cm2 glass slabs, dried for 24 h and then 

fractured in liquid nitrogen. Samples were coated with a gold/palladium alloy. 

 

3. Results and discussion 

 

3.1. Selection of dispersion technique and conditions 

 

Different dispersion techniques were compared in order to identify the most 

effective in creating a well deagglomerated nano-TiO2  aqueous suspension. 

Sodium salt of polyacrylic  acid (Na-PAA), conventionally used in industry for 

TiO2 aqueous dispersions was used as reference dispersant at this stage. Fig. 1 

shows the volume particle size distributions (PSD) obtained, using Cowles 

disperser (30 min at 2000 rpm), rotor-stator mixer (30 min at 14000 rpm), and 

ultrasound probe (2 min at 50% amplitude). Using Cowles disperser the particles 

sizes were in three different ranges: 40–100 nm, 350–1000 nm and 1200–4000 nm. 

The larger agglomerates clearly dominate the distribution, showing that this 

technique is inefficient. The rotor-stator also provided unsatisfactory results, 

independently of the nanoparticles being added at once or gradually along the 

mixing time. The major difference observed in the Cowles’s result is related to 

the shifting of the middle peak to the higher particle size, partly merging with 

the right-most peak. On the other hand, use of ultrasounds yielded a much better 

result, with a narrow peak centred at 0.1 nm and two much smaller ones in the 

150–280 nm and 380–800 nm ranges. This result agrees with the work by Sato et 

al. [3], reporting better results with ultrasonication than with other techniques for 

dispersing nanosized TiO2 particles in water. The shock waves created by collapsing 

cavitations lead to high energy particle collisions and efficient deagglomeration. For 

comparison, the PSD obtained with ultrasonication and without Na-PAA dispersant 

is also shown. Very large agglomerates, with sizes above 1 µm are formed, and only 

a small fraction of the dispersed mass lies in the 100 nm peak, showing the 

importance of the dispersant in stabilizing the nano-TiO2 particles in the aqueous  

medium. 

The amplitude of sonotrode vibration was changed to evaluate its effect on cluster 

deagglomeration. Fig. 2 shows the particle size distribution of nano-TiO2 

dispersions for amplitudes of 50%, 80% and 100%. The results suggest that better 
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deagglomeration can be obtained by using the maximum amplitude, with the peak 

centred at 600 nm almost  disappearing. 

For the selected ultrasonic vibration amplitude of 100%, the ultrasonication 

time was increased up to 10 min. Fig. 3 shows the slight improvements obtained 

in the PSD. The small peak at 600 nm is eliminated with 5 or 10 min sonication. 

However, it was observed that it appears again after a few hours resting. This 

observation, combined with the fact that these sonication times cause a 

significant increase in the liquid temperature, demanding cooling in an ice bath, 

lead to the decision to keep ultrasonication time at 2 min. Also, a special attention 

was given to the time between dispersion preparation and PSD analysis. As 

shown in Fig. 4, agglomeration tends to become more significant along time due 

to limited dispersion stability. One-hour rest time after ultrasonication was 

carefully kept for all PSD measurements presented in this work. 

 

3.2. Block copolymer synthesis and characterization 

 

The use of an ATRP methodology to prepare the mPEG-P4VP block copolymers 

allowed obtaining block copolymers of con- trolled molecular weight and 

compositions. Table 2 presents the average molecular weight determined by NMR 

and GPC analysis and the polydispersity obtained from GPC analysis. The success 

of the adopted methodology is evidenced by the narrow molecular weight 

distributions and by the ease in controlling the molecular design. 

Fig. 5 provides the NMR data spectrum obtained for the mPEG113-b-P4VP25-Cl 

block copolymers, where it is possible to identify the different peaks for each 

polymeric segment. Since the molecular weight of the mPEG segment (used as the 

ATRP macroinitiator) is well known, and considering the narrow polydispersities 

obtained through the ATRP methodology, the P4VP chain length can be 

accurately determined through the integral ratio of P4VP to mPEG peaks in the 

NMR spectra. This value was, therefore, assumed as the P4VP chain length 

throughout the study. 

GPC traces of the mPEG-b-P4VP block copolymers prepared from the mPEG45-

Cl macroinitiators are presented in Fig. 6. The complete shifting towards lower 

retention volumes for higher molecular weight block copolymers are a clear 

indication of the success of the adopted methodology, since higher P4VP to mPEG 

ratios correspond to block copolymers with higher molecular weights and with 

very narrow distributions. 

Two different functionalized mPEGs were used as macroinitiators for the ATRP 

of 4VP, a short segment of 2000 g/mol (DP = 45) and a longer segment of 5000 

g/mol (DP = 113), in order to evaluate the influence of the hydrophilic of segment 
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in the block copolymer. Then, the segment size of P4VP was also changed to 

determine the influence of the balance between the hydrophilic segment and the 

nano-TiO2 anchoring segment on the performance of the new dispersant. The 

influence of the block copolymer molecular weight, maintaining similar mPEG 

to P4VP molar ratios, can be provided by comparison of performance of block 

copolymers mPEG113-b- P4VP25  and mPEG113-b-P4VP8. 

These block copolymers were tested as alternative dispersants to Na-PAA, using 

the methodology established for nano-TiO2 dispersion with Na-PAA. mPEG45 

and mPEG113 homopolymers were also tested, in order to evaluate the 

performance of the hydrophilic chains alone. 

 

3.3. Particle  size distribution 

 

For the selected dispersion conditions – ultrasonication at 100% amplitude for 2 

min, the performance of mPEG-b-P4VP amphiphilic block copolymers was 

evaluated in terms of particle size distribution measured 1 h after dispersion. 

Fig. 7a shows the results obtained for mPEG113, mPEG113-b-P4VP8 and 

mPEG113-b-P4VP25. mPEG113 homopolymer was found to be unable to 

provide good stabilization of TiO2 nanoparticles, showing a very large fraction of 

agglomerates with sizes higher than 1 µm. Peng et al. had already shown that 

PEG is not effective for these systems at basic pH [4]. On the other hand, with 

the mPEG-b-P4VP copolymers the distributions show improving 

deagglomeration as the P4VP chain length increases. With these amphiphilic 

chains, formation of a self-assembled protective barrier at the particle surface is 

expected to occur, with the 4VP units strongly coordinated with the metal, and 

the mPEG blocks oriented towards the aqueous phase. This micellar 

conformation provides a more effective steric stabilization than mPEG alone, since 

an anchoring block is used. Nonetheless, the PSD for mPEG113-b-P4VP25 shows 

significantly more agglomerates than the PSD obtained with Na-PAA 

polyelectrolyte under the same conditions (see Fig. 2). 

Fig. 7b depicts the results for mPEG45, mPEG45-b-P4VP13, mPEG45-b-P4VP36    

and mPEG45-b-P4VP65. Again, mPEG45 homopolymer showed a poor 

dispersant performance, even though the PSD shows smaller agglomerates 

above 1 µm than  for mPEG113. The mPEG45-b-P4VP13 copolymer provided a 

better dispersion, similar to that obtained with mPEG113-b-P4VP25. One should 

note that the two copolymers have similar ratios of number of mPEG to P4VP 

units: 3.5 and 4.5, respectively. On the other hand, the PSD for mPEG45-b-

P4VP36 shows more agglomeration in the 300–500 nm range, and for mPEG45-

b-P4VP65 most of the material is in the form of agglomerates larger than 1 µm. 



10 

These results show that increasing the ratio of P4VP to mPEG units is not 

beneficial to the dispersion of nano-TiO2. The hydrophobic (at pH 9) P4VP 

segments are expected to form aggregates with too strong hydrophobic character, 

which cannot be efficiently stabilized in an aqueous dispersion by relatively short 

hydrophilic mPEG blocks [28]. 

TEM images were obtained for dispersions prepared with Na- PAA and 

mPEG113-b-P4VP25 (Fig. 8). Both images show clusters of nano-TiO2 particles, 

but interestingly these are much larger for the dispersion stabilized with Na-

PAA. The dispersion prepared with the amphiphilic block copolymer shows 

better individualized particles forming agglomerates a few hundred nanometers in 

length. This result is apparently contradictory with the PSD measurements 

discussed above, where Na-PAA showed a more deagglomerated size distribution. 

It is important to note that the Beckman Coulter wet sample particle size analyzer 

uses a recirculation pump to move the particles through the sample cells and 

minimize agglomeration during analysis. TEM analysis, on the other hand, implies 

placing a drop of dispersion on the support grid and allow drying at rest. It is 

therefore suggested that even though Na-PAA provides smaller nano-TiO2 clusters, 

under no stirring conditions these tend to agglomerate faster than those stabilized 

with the mPEG-P4VP copolymer, i.e. dispersion stability at rest is worse with Na-

PAA. Another relevant aspect is that ionic stabilizers, such as Na-PAA, may lose 

effectiveness in dry medium. These issues will be analyzed further below. 

 

3.4. Dispersion stability 

 

Fig. 9 illustrates dispersion stability results during 15 days for dispersions 

without any stabilizer, and stabilized with mPEG113- b-P4VP25, mPEG45-b-

P4VP13 (block copolymers with the most suitable PSD determined above), and 

Na-PAA. In Fig. 9, the zero value corresponds to 1 h resting after the sonication 

procedure. The samples prepared without dispersant presented very rapid 

sedimentation. After 15 days absorbance was near zero, with most nano-TiO2 

deposited at the bottom of the sample holder. The samples containing dispersants 

showed much higher stability, but the one containing Na-PAA displayed lower 

absorbance throughout most measurements. This is consistent with the TEM 

observations of larger clustering in Na-PAA dispersions. mPEG113-b-P4VP25 

presented higher absorbance among the samples tested. 

For mPEG113-b-P4VP25, different weight ratios of dispersant to nano-particles 

(rd/n) were tested. Fig. 10a shows that 1:4 ratio provided the better dispersion 

of nano-TiO2, followed by 1:1. It has been proposed that as dispersant 

concentration is increased, bridging flocculation may gain importance, 
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counteracting the steric stabilization effect [4,5]. 1:6 and 1:10 ratios yielded  

similarly high agglomeration, indicating dispersant insufficiency. The 

corresponding dispersion stability measurements (Fig. 10b) show that 1:1 ratio 

had the most interesting results, followed closely by 1:4. The lower ratios, as 

expected, gave significantly poor stabilities, with an absorbance about 75% lower 

after 15 days. 

 

3.5. Film transparency 

 

Some of the dispersions previously studied were incorporated in waterborne 

acrylic varnishes, with TiO2 content equal to 0.4 wt% in relation to solids content. 

Transmittance at 700 nm was measured in a spectrophotometer to assess film 

transparency. From Fig. 11 it can be seen that when using Na-PAA as dispersant 

the transparency decreases about 37% in relation to the varnish without nano-

TiO2. On the other hand, transparencies decrease only 26% with mPEG45-b-

P4VP13 and 19% with mPEG113-b-P4VP25. These lower transmittances, which 

are perceptible through visual inspection, suggest that nano-TiO2 is dispersed into 

smaller agglomerates within the acrylic matrix when mPEG-P4VP copolymers 

are used. This was confirmed by SEM imaging of the varnishes free surfaces (Fig. 

12). It can be clearly seen that micron-sized agglomerates are present in the 

varnish with TiO2/Na-PAA. The varnishes with the copolymer dispersants 

show TiO2 agglomerates in the tenths of micron. mPEG113-b-P4VP25, which 

had the highest transparency, presents an homogeneous distribution of very 

small agglomerates. SEM images taken from fracture surfaces after film breakage 

under liquid nitrogen, not shown here, revealed similar features across the 

thickness for all films. 

The improved results obtained with mPEG-P4VP copolymers may not be 

directly related to only the better nano-TiO2 dispersion in water. During water 

evaporation, the polymeric particles coalesce to form a homogeneous film 

enveloping the filler. The dispersant used may play a role in compatibilizing the 

nanoparticles with the matrix, which mitigates the agglomeration in the dry 

coalesced film. Besides, it is known that ionic dispersants may not be effective in 

preserving dispersion stability during the film drying process [32]. Especially, if 

one considers the hydrophobic character of P4VP, the anchoring block may also 

play an important role in the compatibility with the acrylic matrix. 

 

3.6. Photocatalytic activity 

 

The varnish formulations were tested for degradation of blue methylene under 
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UV light irradiation. The reflectance change history of the stained varnishes is 

shown in Fig. 13. The varnish containing nano-TiO2 stabilized with mPEG113-

b-P4VP25 showed the highest photocatalytic performance. After 6 h UV exposure, 

the increase in reflectance is 34% higher than for the Na-PAA stabilized sample. 

 

4. Conclusions 

 

The preparation of acrylic waterborne varnishes with photocatalytic activity 

provided by TiO2 nanoparticles was studied. Since dry film transparency is a key 

characteristic, the quality of nano-TiO2 deagglomeration throughout the 

polymer matrix is paramount. Ultrasonication revealed to be the most efficient 

to disperse the nanoparticles in water using conventional Na-PAA polyelectrolyte, 

when compared to mixing with rotor-stator or Cowles impeller. 

Use of novel mPEG-b-P4VP block copolymers as dispersants, synthesized by 

ATRP with different molecular weights, yielded apparently more agglomerated 

particle size distributions in water than Na-PAA. However, dispersion 

absorbance versus time measurements indicated that the copolymers that gave 

better PSDs (mPEG113-b-P4VP25 and mPEG45-b-P4VP13) performed better than 

Na-PAA in terms of dispersion stability along time. TEM imaging of dried 

dispersions also indicated lower dry-state agglomeration with the block 

copolymers. 

After incorporating the nanoparticle dispersions in an acrylic varnish 

formulation, lower loss in transparency and higher photocatalytic activity was 

obtained with the copolymers, especially with mPEG113-b-P4VP25, suggesting 

more effective cluster deagglomeration in the dry varnish film. SEM imaging 

confirmed that the films obtained from the dispersions prepared with mPEG113-

b-P4VP25 and mPEG45-b-P4VP13 contained much smaller clusters than those 

with Na-PAA. 

The results suggest that the use of amphiphilic copolymers based on 4-vinyl 

pyridine as the anchoring block, and poly(ethylene glycol) as the steric 

stabilization block, is promising for incorporation of TiO2 nanoparticles in 

organic matrices prepared from waterborne dispersions, namely for 

photocatalytic applications. 
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Fig. 1. Particle size distributions of nano-TiO2 aqueous dispersions (10 mg 

mL−1, pH = 9) prepared using different dispersion techniques. When 

dispersant (Na-PAA) was used, the ratio to nano-TiO2 was 1:1 

 

 

 

Fig. 2. Particle size distributions of nano-TiO2 aqueous dispersions 

stabilized with 1 wt% Na-PAA, and prepared under different ultrasonic 

amplitudes during 2 min. 
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Fig. 3. Particle size distributions of nano-TiO2 aqueous dispersions 

stabilized with Na-PAA, and prepared under 100% ultrasonic amplitude and 

different times 

 

Fig. 4. Particle size distributions of nano-TiO2 aqueous dispersions 

stabilized with Na-PAA, one and four hours after the dispersion was 

prepared. 
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Fig. 5. 1H NMR spectrum of mPEG113-b-P4VP25-Cl block copolymer. 

Their chemical structure and the proton identification scheme adopted for 

the NMR spectral assignments are also indicated. 

 
 

 
 

Fig. 6. GPC traces that were obtained for the block copolymers prepared from 

initiation  of mPEG45-Cl 
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Fig. 7. Particle size distributions of nano-TiO2  aqueous dispersions (10 mg 

mL−1, pH = 9) prepared by ultrasonication (2 min at 100% amplitude) with 

dispersant/nano-TiO2 weight ratio 1:1. The dispersants used were: a) 

mPEG113, mPEG113-b-P4VP8 and mPEG113-b-P4VP25, and b) mPEG45, 

mPEG45-b-P4VP13, mPEG45-b-P4VP36   and mPEG45-b-P4VP65. 
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Fig. 8.  TEM micrographs of TiO2  nanoparticles suspensions at 60000x 

magnification a) with Na-PAA and b) with mPEG45-b-P4VP13. 

 

 

Fig. 9. Dispersion stability along time for nano-TiO2 aqueous dispersions 

with and without dispersant. Dispersions were prepared in the same 

conditions described in Fig. 7. The measurements are an average of three 

replicas; error bars represent standard deviations 
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Fig. 10. Particle size distributions history of nano-TiO2 aqueous dispersions 

(a), and dispersion stability (b), for different dispersant/nano-TiO2 weight 

ratios: rd/n = 1 :1, rd/n = 1 :4, rd/n = 1 :6 and rd/n = 1 :10. The dispersant used 

was mPEG113-b-P4VP25 

 

 

Fig. 11. Transmittance of different varnish films, with and without nano-

TiO2, at 700 nm. Films contain 0.4 wt% of nano-TiO2 and the same amount 

of dispersant. 
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Fig. 12. SEM micrographs of surface of varnishes containing nano-TiO2 

stabilized with different dispersants. (a) and (b) Na-PAA, (c) and (d) 

mPEG45-b-P4VP13, (e) and (f) mPEG113-b-P4VP25. Magnification is 5000× 

for images on the left column and 20000× for images on the right column 
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Fig. 13. Reflectance variation of different varnishes stained with blue 

methylene, with and without nano-TiO2, versus irradiation time. Samples 

contain 0.4 wt% nano- TiO2 and the same amount of dispersant, except for 

the one labelled “without TiO2”. 
 

Table 1 

Formulation of acrylic varnish 

 
 

 

Table 2 

M̄ n and M̄ w/M̄ n values determined by 1H NMR and GPC for the mPEG-b-

P4VP block copolymer    products. 

 


