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Synthesis and testing of ZnO nanoparticles for photo-

initiation: Experimental observation of two different 

non-migration initiators for bulk polymerization 

M. Schmitt
a 
 

The migration and transport of polymerization initiators are problematic for commercial ly used 

polymerization procedures. For example, UV printing of packaging generates products with 

potentially harmful components that come in contact with food. Enlarging the size of the 

initiator is the only way to prevent contamination, e.g., by gas phase transport. In this 

manuscript, the synthesis and advanced and full analyses of novel nanoparticle-based types of 

non-migration, fragmenting and non-fragmenting photo-initiators will be presented in detail. 

This study introduces non-fragmenting/“Norrish type II” and fragmenting/“Norrish type I” 

ZnO nanoparticle-based initiators and compares them with two commercial products, a 

“Norrish type I” initiator and a “Norrish type II” initiator. Therefore, inter alia, the recently 

developed analysis involves examining the solidification by UV-vis and the double bond 

content by Raman. Irradiation is performed using absolute and spectrally calibrated xenon 

flash lights. A novel procedure for absolute and spectral calibration of such light sources is 

also presented. The non-optimized “Norrish type II” particle-based initiator is already many 

times faster than benzophenone, which is a molecular initiator of the same non-fragmenting 

type. This experimentally observed difference in reactive particle-based systems without co-

initiators is unexpected. Co-initiators are normally an additional molecular species, which 

leads to migration problems. The discovery of significant initiation potential resulting in a very 

well-dispersed organic-inorganic hybrid material suggests a new field of research opportunities 

at the interface of physical chemistry, polymer chemistry and engineering science, with 

enormous value for human health. 

 

Introduction 

Polymerizations of monomeric units occur in nature and in an 

enormous number of man-made processes. Photo-induced bulk 

polymerization is used for material synthesis (e.g., polymers 

and coatings) in science and industry. UV curing is used in 

dental applications, artificial fingernail treatments and the 

printing and packing industries. In terms of economic and 

ecological considerations, UV printing is superior to any other 

solvent-based processes. Some advantages include high image 

quality, fast and comparatively easy production of printing 

plates, fast printing (e.g., more than 10,000 sheets/h), the 

absence of additional solvents, and the low amount of monomer 

required due to film thicknesses of less than 2 μm. However, in 

applications such as food packaging, the remaining reacted 

initiator, which is necessary to solidify the resin, can be a 

severe problem as a result of migration. Migration is relevant 

for every application using molecular initiators. Multiple 

references concerning the problem of migration can be found 

on the World Wide Web and in the public press1-10. The 

migration of initiators can be defined as a process resulting in 

the contamination of packaged contents by the initiation 

molecules or reaction products. For printing applications, the 

migration of initiators occurs by set-off (transfer from one sheet 

to the inner side of a second sheet), by diffusion and by gas-

phase transport. The curing of films requires 3 to 5 wt% of 

initiators to overcome oxygen inhibition effects11, whereby only 

a small concentration of the photo-initiator will be consumed. 

For example, initiators contents of up to 15 wt% are used for 

the flexo or UV printing of pigmented resins. Unfortunately, 

most well-known photo-initiators such as Irgacure®295912, 

Genocure®DMHA13 or Irgacure®MBF14 derive their 

chromophoric nature from aromatic functionalities, and most of 

them are small molecules. The highly reactive and mobile 

fragmentation products, daughter products and the remaining 

un-consumed initiators can pose a health threat2, 4. To prevent 

migration, the mass of the initiator can be increased by 

fabricating a polymeric initiator13, 15. Conversely, the danger 

can be reduced by combining a non-fragmenting “Norrish type 

II” initiator (Scheme 1) with the necessary co-initiator16. The 

co-initiator is also sometimes called a sensitizer13. The aim of 

this publication is to present novel alternative nanoparticle 

initiators, with the goal of preventing migration and as an 

innovative method of photo-polymerization. The use of a nano-

initiator also produces very well-dispersed hybrid materials. 

Depending on their bandgap, semiconductors such as ZnO have 
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the potential to absorb UV-light-forming excitons (electron-

hole-pairs) (Scheme 1).  

 h 

 h 

 h 

 

Scheme 1: Summary of relevant schematic reactions for initialization by the 

nanoparticulate semiconductor ZnO and by commercial initiators. Weak bonds 

where fragmentation will occur are indicated by a dotted line.  

The radicals necessary for radical polymerization may be 

produced via the Photo-Kolbe reaction (reaction of a 

semiconductor hole with carboxylic acid, followed by 

decarboxylation), which was first reported by Kraeutler 

(1978).17 Kraeutler was also the first to demonstrate the 

initiation of methyl methacrylate polymerization in solution by 

alkyl radicals upon the decarboxylation of acetic acid by a 

semiconductor (TiO2-powder).18 For a long time, no results 

were published concerning any advantages of semiconductor-

based polymerization in bulk systems. Initialization by ZnO 

nanoparticles in an isopropanol dispersion containing methyl 

methacrylate was investigated by Hoffmann et al. (1992)19 and 

Mills et al. (1994)20. At that point, polymerization rates seem to 

be far from any possible application (polymerization occurred 

after 90 min of irradiation). Similar studies have been published 

using other semiconductors, often without an inhibitor21-24. The 

decarboxylation mechanism was first analyzed in 201025, and 

surface-modified ZnO nanoparticles for the initialization of 

bulk polymerization of acrylic esters were developed. For a 

non-optimized system, the reactivity relative to the weight 

content of initiators in the reaction mixture is only 

approximately 10 to 50 times smaller than that of molecular 

fragmenting initiators. These nanoparticulate initiators, based 

on ZnO modified with carboxylic acids, react via a 

fragmentation mechanism similar to that of common molecular 

initiators such as 1-[4-(2-hydroxyethoxy)-phenyl]-2-hydroxy-2-

methyl-1-propane-1-one (Irgacure®2959) (Scheme 1). This type 

of initiator is called a fragmenting or “Norrish type I” initiator. 

For modified ZnO-based systems, the effects of the 

stabilization of the fragmentation product R and the photo-

activity were first investigated in a previous study26. Initiators 

that are characterized by non-fragmentation, such as the well-

known initiators benzophenone or isopropyl-thioxanthone 

(ITX), are called “Norrish type II” initiators (Scheme 1). A 

combination based on a ketone, e.g., benzophenone, and a co-

initiator, e.g., an amine, often MeEt2N, are necessary for these 

systems. During irradiation, the interaction between the ketone 

and co-initiator produces an aminoalkyl radical (initiating 

radical) and a ketyl radical through an electron/proton transfer 

mechanism (Scheme 1). One focus of the present study is the 

development of a novel material, based on ZnO nanoparticles, 

that does not fragment but produces an easily measured effect 

without the addition of any co-initiator. The recently developed 

“Norrish type I” ZnO modified with levulinic acid is used as a 

nanoparticulate reference. This initiation system also lacks any 

aromatic functionality. As mentioned above and shown in 

Scheme 1, the modified ZnO leads to a Photo-Kolbe reaction, 

as demonstrated in previous studies26, 27. The remaining 

electron, the holes and the trapped polymeric radicals are 

detectable by ESR28, 29 (Figure S13), and for semiconductors, 

possible signals have been reported in previous studies28, 30-33. 

Hence, the theoretical motivation leading to the novel research 

on non-fragmenting nano-initiators presented herein was born 

by synthesizing an electron trap from an additional compound, 

such as a metal or metal ion (Scheme 1). Enhancing the lifetime 

of the hole should reduce the recombination of the exciton and 

therefore enhance the effectiveness of polymer initiation. 

Moreover, the systematic evaluation of the reactivity of doped 

particles without surface modification leads to a novel system 

with significant initiation potential, without a co-initiator or 

fragmentation. Additionally, this publication provides advanced 

and full analyses of the systems/curing and a detailed 

description of the synthesis procedure that produces easily 

surface-modified nano-ZnO, whose size is affected by the 

chosen solvent. 

Materials and Methods  

Preparation of n-ZnO 

The nanoparticulate ZnO used for the systematic studies 

described herein was formed by an injection procedure at room 

temperature using inexpensive and easy-to-handle precursors 

(Table 1).25 First, 0.15 mol ZnCl2 (purity ≥ 98%, Sigma-

Aldrich, Germany) and 0.3 mol NaOH (Sigma-Aldrich, 

Germany) were dissolved separately in 180 mL methanol (with 

a cooling period required for the NaOH solution). Precipitation 

by injection of the NaOH solution into the ZnCl2 solution was 

performed at room temperature with fast stirring. Modifications 

of the ZnO with Cu(II), Pt(II), Mn(II) and Fe(III) were achieved 

by co-precipitation. The mixture was stirred for a minimum of 

12 hours at room temperature. It was then centrifuged for 10 

min at 4500 rcf (relative centrifugal force), and after the 

decanting of the solvent, the formation of two solid layers was 

clearly observed (Figure S1). The upper layer contained mainly 

the ZnO particles and the lower one mainly NaCl (confirmed by 

XRD analysis). The upper layer was separated and washed 

twice by dispersion in methanol or ethanol, centrifugation, and 

decantation to remove the remaining NaCl. Excess alcohol was 

removed by decanting after a final centrifugation (10 min, 4500 

rcf), resulting in a white (in the absence of metal salts) paste of 

nano-crystalline ZnO without surface modification. The 

precipitation could be monitored by surface modification of the 

ZnO particles or by dispersion in the resin. For modification, 

the ZnO paste was dispersed in 100 mL of ethanol and heated 

to 80°C under reflux. Subsequently, the surface modifier (31 
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mmol in 10 mL ethanol) was added to the reaction mixture, 

which was maintained at 80°C for 1 h. The reaction mixture 

was then cooled under magnetic stirring and centrifuged (10 

min, 4500 rcf). The solvent was decanted off, and the solid was 

washed twice with ethanol (which involved dispersion, 

centrifugation, and decantation). 

Modification with Pt(0) was performed by an additional 

irradiation procedure. In this case, the freshly prepared n-ZnO 

was dispersed in 450 mL ethanol with 1 mmol Pt(NO3)2 and 

irradiated for half an hour in a UV-RS-1 reactor system 

(Heraeus Noblelight, Hanau, Germany), equipped with a TQ 

150 UV immersion lamp (input rating 150 W). A color change 

from yellow-orange to brown-grey marked the reduction of 

platinum(II) to platinum(0). Before dispersion in the 

monomeric acrylic ester, the solid was separated and washed 

twice with ethanol, as explained above. Early results 

concerning variations, such as those of in situ monitoring and 

flow synthesis, are described in the discussion section. All 

chemicals and solvents not specifically mentioned were of 

standard quality. 

Characterization of n-ZnO: 

In addition to the in situ curing experiments (see below), 

characterizations such as TEM, IR, UV-vis (ex situ and in situ), 

curing of printed samples by laboratory units (IST Metz, 

Germany) and XRD measurements were performed. For the ex 

situ curing experiments, which will not be explained in detail, 

printed films (0.001 mm) and films fabricated by a wire-bar 

applicator (0.01 mm) were irradiated step-by-step by laboratory 

unit, and tacticity tests were performed. For XRD analysis, the 

full width at half maximum (FWHM) was determined using 

pseudo-Voigt functions, similar to equations (2) through (4), 

using up to seven reflexes (Figure 3), and the well-known 

Scherrer equation was used to calculate the crystallite size (with 

the shape factor defined as being equal to 1.0). The aspect ratio 

can be estimated from the crystallite size, which is calculated 

from the (100) and (002) diffraction peaks34, if no significant 

amount of NaCl is measured. 

Procedure for the curing experiments: 

Immediately after fabrication, the methanol- or ethanol-

containing initiator paste was mechanically dispersed 

(Ultraturrax) in a mixture of 75 wt% epoxy acrylate oligomer 

(3R1532, provided without pigments by Zeller&Gmelin 

GmbH&Co, Eislingen (Germany), used as received) and 25 

wt% di-trimethylolpropan-tertraacrylate (DTMPTA). The 

additional solvent was evaporated under reduced pressure, 

resulting in the calculated wt% quantity within the resin in 

Table 2. The resin 3R1532 is an acryl-bisphenol-A-glycerolate 

modified with a fatty acid of moderate polarity. Additional 

information about the resin in comparison with other typical 

resins has been published elsewhere.29 In situ monitoring of the 

irradiation-dependent double bond content was achieved by 

Raman35 and by Raman UV-vis spectroscopy36 (Figure S4). 

Note that the recently introduced automatic Raman UV-vis 

system has the unique ability to monitor both the double bond 

content (deep curing by Raman, Figure S4) and solidification 

(area curing by UV-vis, Figure S5). Due to the construction of 

the curing cells, a 310 nm high-pass filter (Duran glass) was 

used for the Raman spectroscopy measurements, whereas no 

filter (quartz) was used for the Raman UV-vis measurements. 

All samples were sufficiently transparent to avoid heating by 

the 1064 nm Laser (1 W) of the Multiram FT-Raman 

spectrometer (Bruker Optic, Eislingen, Germany). UV-vis 

detection was performed using a MultiSpec Desktop/USB 

system (tec5 AG, Oberursel, Germany). For illumination, a 

specially designed flat cell (thickness 0.050 mm, glass for 

Raman and quartz for Raman UV-vis; Figure 2 in the 

reference26) was coupled via an optical fiber (0.4 mm diameter) 

to a Perkin Elmer optoelectronics xenon flash light (LS-FX) FX 

1160 (maximum output 0.5 J/flash, regular 375 mJ/flash, 66.6 

Hz). Absolute and spectral calibrations were performed using 

an absolute and spectral calibrated fiber optical receiver, 

according to the procedure recently described37. The approach 

is summarized as follows. The receiver was calibrated relative 

to the solar spectrum at 06/07/13, 09:06 AM (true local time). 

The time was determined by a statistical procedure37, and a 

power of 821.3 W/m² was measured by a nearby meteorological 

station. Comparing this spectrum with the scaled ASTM38 

spectrum (Figure S3) results in a detector-specific correction 

function A(λ),  

𝐸(λ) = 𝑛(λ)𝑝ℎ𝑜𝑡𝑜𝑛 ×
ℎ×𝑐

λ
= 𝑛(λ)𝑐𝑜𝑢𝑛𝑡𝑠 × 𝐴(λ) ×

ℎ×𝑐

λ
 

 eq.1, 

which is used to calculate the count number n(λ)count based on 

the average photon number n(λ)photon and the irradiance E(λ). 

The count number determined by illumination with the Xe flash 

light is too high to be directly measurable; therefore, a scaling 

procedure36 is performed. The detection area (< 1.23 mm²) of 

the receiver is fully illuminated by the flash light (< 7 mm²), the 

light of which passes through an ND=3 absorptive neutral 

density filter (NE30A) manufactured by Thorlabs Inc., Newton, 

New Jersey, USA. The spectrum of the light, measured using a 

0.05 mm pinhole (Thorlabs), was scaled to the ND-spectrum 

and resulted in the detector-specific counts n(λ)count, which are 

directly correlated to the irradiance in W/m², as in equation (1) 

(Figure 5). The procedure resulted in an energy density 1.87 J 

m-2 flash-1 below 380 nm, an energy density of 1.70 J m-2 flash-1 

below 350 nm and an energy density of 1.0 J m-2 flash-1 below 

300 nm. The bandgap of the semiconductor is between 350 nm 

and 380 nm (Figure S7), whereas the major absorbance of the 

investigated molecular initiator occurs at wavelengths shorter 

than 300 nm, as described in the discussion. By using these 

parameters, the number of flashes in Table 2 and Figure 4 can 

be expressed as irradiances. However, detailed distinctions 

between the absorption by different initiators, by the resin and 

by the filter will be a topic for future publications. For example, 

the range below 300 nm is affected by the absorbance of the 

resin, by the filter and by its location beyond the calibration 

range due to the solar reference (Figure 5 and Figure S3).  
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Data evaluation of in situ curing experiments 

The data obtained by the automatic in situ Raman 

measurements are fitted by multiple pseudo-Voigt functions 

PV(�̃�), 

𝑃𝑉(𝜈) = 𝑎𝑟𝑒𝑎 ∙ (𝜂 ∙ 𝑔(𝜈) + (1 − 𝜂) ∙ 𝑙(𝜈)) eq.2, 

𝑔(𝜈) =
4∙√ln(2)

𝜔∙√𝜋
∙ exp (−4 ∙ ln(2) ∙ (

�̃�−𝑣𝑝𝑒𝑎𝑘 

𝜔
))  eq.3, 

𝑙(𝜈) =
1

𝜋
∙

0.5∙𝜔

((�̃�−𝑣𝑝𝑒𝑎𝑘)
2

+(0.5∙𝜔)2)
2  eq.4, 

to obtain the area of the vibrational bands. The parameters 𝜔, 

𝑣peak, and 0 ≤ 𝜂 ≤ 1 correspond to the full width at half 

maximum, the peak position (in cm-1) and the relation between 

the Gaussian shape, equation (3), and the Lorentzian shape, 

equation (4). The specific curve shapes relative to the irradiated 

light (“time”) for both the Raman and the UV-vis data were 

analyzed by modified Gompertzian functions (k rate constant, ts 

shift time) (Figure S4 and Figure S5), 

𝑓(𝑡) = 𝑏 − 𝑎 ∙ exp (−exp(−𝑘 ∙ (𝑡 − 𝑡𝑠)))  eq.5, 

𝑡𝑖 =
𝑘∙𝑡𝑠−𝑙𝑛(1.5+0.5∙√5)

𝑘
   eq.6, 

𝑡𝑓 = 2 ∙
𝑘∙𝑡𝑠−𝑙𝑛(1.5−0.5∙√5)

𝑘
− 𝑡𝑖  eq.7, 

which allows for automatic computation of the time when the 

reaction starts, ti, (affected by inhibition and oxygen) and the 

time when the reaction is essentially completed, tf (the system is 

solidified). The term 1-a/b (from limit value consideration) 

denotes the relative final monomer content M∞ for Raman 

measurements and the intensity variation for UV-Vis 

measurements.  

Results 

Syntheses/Characterization and ex situ curing: 

The goal of the author was to perform a fast, high-concentration 

synthesis with easily accessible low-cost chemicals to allow for 

a possible scale-up for industrial application. The synthesis of 

the unmodified ZnO samples and the results of the ex situ 

curing experiments are summarized in Table 1. The first step is 

to perform the synthesis without any surface modifier and to 

prevent strong adsorbance onto the surface of the particles. 

Therefore, only chlorides and NaOH are used as starting 

materials (Table 1). Note, in particular, that the often-cited 

premise that organic acid salts can be used as precursors 

without foreign stabilizers is unsubstantiated. Researchers have 

seemed to ignore the fact that their model systems are flawed; 

the organic acid will interact with the surface, especially that of 

ZnO, due to its basic character (point of zero charge is 

approximately 9.439; Figure 6). This basic character of ZnO is 

also the reason for the very high stability of the organic acid’s 

surface functionalities and their strong dispersion properties, 

which further depend on the dispersion medium. The stability 

of the modification is also analyzed by IR spectroscopy 

(Figure 1). 

 
Figure 1: FTIR spectra of ZnO:levulinic acid (8.5 mol%) absorbed onto a ZnSe 

HATR-prism. The modifier
40

 (Table S1), is clearly recognized after application and 

evaporation of the solvent, M1. Rinsing with ethanol and evaporation, M2, has 

no effect. Successive rinsing with NaOH (5×10
-3 

M) in ethanol and evaporation, 

M3, desorbs the particles from the ZnSe surface. Successive rinsing with HCl 

(5×10
-3 

M) in ethanol and evaporation desorbs/dissolves the whole system. 

Signals from residual ethanol (1050 cm
-1

) are visible for those nanoparticles 

without surface modification. Rinsing with aqueous solutions clearly affects the 

OH vibrational bands (> 3000 cm
-1

). 

A paste containing ZnO is placed on the ZnSe HATR-prism 

(size 20 mm x 55 mm). After evaporating the alcohol, the 

measurement is performed. These few milligrams of adsorbed 

solid are rinsed several times with an excess of different 

solvents (> 1 mL), eventually removing the modifier from the 

ZnO surface (Figure 1, left). If using organic acids in 

combination with the ZnO, the changes in the spectra are 
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explained by desorption or solvation of the ZnO system from 

the ZnSe surface. Adsorption of the unmodified ZnO paste 

appears to be, in general, reduced, and the C-O stretching 

vibrational band (1050 cm-1) of the alcohol is clearly 

recognizable (Figure 1, right). Successive rinsing results in a 

stronger adsorption of the sample onto the ZnSe and in 

modification of the particles with the organic impurities of the 

rinsing solvents (from the leaching of the wash bottle or the 

transfer pipettes). The adsorbed alcohol allows for the 

dispersion of the unmodified ZnO-containing paste after the 

final decantation. The suspension of the ZnO by organic acids 

also affects the synthesis (Table 1). For a modification with 17 

mol% levulinic acid, the solution is observed to clear upon 

addition of the modifier, which most likely signifies additional 

solvation of the ZnO and not merely dispersion of the 

nanoparticles. As demonstrated by TEM images (Figure 2 and 

Figure S22), levulinic acid can produce perfectly dispersed 

nanoparticles in ethanol.  

 

 
Figure 2: TEM image of ZnO:levulinic acid (8.5 mol%) on the right and of the 

ZnO:Cu(II) (1.0 mol%) on the left. Additional images are presented in the 

supporting information, Figure S15 to Figure S23. The size distribution of the 

spherical ZnO:levulinic acid (8.5 mol%) particles is determined via counting and 

statistical analysis, and the average diameter of the particles is determined to be 

5.1 nm ± 1.0 nm (Figure S14). 

Both the content of the levulinic acid used and the complexity 

of this apparently simple synthesis (see discussion) produce 

variations in the composition of the solid (Table 1) and in TEM 

images (Figure 2). XRD analyses (Figure 3) were performed to 

verify the crystallinity and determine the crystallite size 

(Table 1). All presented precipitation syntheses (Table 1) 

produced crystalline particles, which are important for the 

absorption of irradiative light and reactivity, smaller than 10 nm 

of only slightly different sizes (Figure S2). Additionally, no 

significant differences in the FWHMs between the different 

directions (200 and 100) were observed for the samples without 

NaCl. Hence, spherical particles with aspect ratios of 

approximately 1.0 ± 0.3 radii were prepared.FOOTNOTE1 Co-

precipitation in the presence of metal salts appears to affect the 

solid content of the final paste, but the effect is weaker than that 

observed when using a levulinic acid as the modifier. Insertion 

of specific foreign atoms into the crystal lattice cannot be 

conclusively demonstrated, even after sintering the ZnO:Cu(II) 

(1 mol%) particles. 

 
Figure 3: XRD diffraction pattern of nanoparticulate ZnO:Cu(II) (1 mol%). Fitting 

by pseudo-Voigt functions results in the FWHMs. A superposition of the first 

three reflexes is a clear indication of very small-grain crystalline nano-ZnO, also 

seen in Figure S2.  

In situ UV-vis measurements (d = 0.2 mm) were performed to 

investigate the time needed for completion of the reaction. The 

reaction could be monitored by UV-vis for approximately 3.5 s, 

until the clouding was too pronounced (Figure S6). At this time, 

the intended product bandgap of approximately 350 nm was 

nearly reached (Figure S7). This experimental finding is an 

interesting result that will be addressed in the discussion. Ex 

situ curing experiments were performed via a tacticity test, as 

 

20 nm 

Page 5 of 13 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE Journal Name 

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

explained in the materials and methods section (Table 1). The 

coloration of the pastes is in general not recognizable for the 

0.002 mm (printing), for the 0.05 mm (in situ monitoring) and 

also for the 0.5 mm thick layers (ESR spectroscopy), Figure S8 

to Figure S10. Additional testing on an industrial printing 

machine showed that colored resins (color scale CMYB) 

containing up to 50 wt% benzoyl benzoic acid-modified ZnO 

paste could be printing without affecting the image quality. 

Table 1. Synthesis of ZnO nanoparticles and ex situ curing experiments.  

modification 

quantity for 

synthesis 
[mol%] 

color of the paste 
solid content 

[%] 

curing by 

lab.-unitc) 

crystallite size 

(ZnO) 
[nm] 

washing 

remarks 

Pt(II)(NO3)2 0.7 yellow-orange 25 +++ 9.7 ± 1.7 MeOH 

Pt(II)(NO3)2 

Pt(0) 
0.7 brown-grey 15 ++ 11.3 ± 1.4 MeOH 

Cu(II)Cl2 1.0 blue 5.2 + 5.8 ± 0.9 MeOH 

levulinic acida)  17.0 white 24 +++ 7.1 ± 1.1 
MeOH 

Clearing up 
levulinic acida) 4.4 white 56 +++ 6.1 ± 0.9 EtOH 

levulinic acida) 8.5 white - +++ 7.0 ± 0.6 
EtOH 

NaOHb) 

Mn(II)Cl2 0.5 brown 5.7 n.m. 8.7 ± 0.5 MeOH 

Mn(II)Cl2 1.6 brown 5.4 0 (+) 7.7 ± 0.6 MeOH 

Mn(II)Cl2 2.1 brown 5.2 n.m. 7.7 ± 0.5 MeOH 
Cu(II)Cl2 2.0 blue 5.7 0 8.5 ± 0.7 MeOH 

Fe(III)Cl3 0.24 brown 28.3 [0]d) 9.0 ± 1.3 NaCle) 

Fe(III)Cl3 0.49 brown 29.1 [0]d) 8.1 ± 1.5 NaCle) 
Fe(III)Cl3 0.74 brown 12.6 [0]d) 8.7 ± 1.3 NaCle) 

Fe(III)Cl3 0.99 brown 23.0 [0]d) 9.1 ± 1.7 NaCle) 

Fe(III)Cl3 1.24 brown 21.0 0 8.5 ± 0.7 NaCle) 

a) Loss of solid during synthesis (dispersion or solution). b) 1 mol% NaOH added during the modification. c) Manganese and iron produce only a 

moderate to small effect, as measured using a Hg mid-pressure system. Note that for the laboratory curing unit and the test printing applicator, only 

approximations are given; a commercial molecular “Norrish-type II” initiator would be classified at least by “++++++”. d) Film fabricated by a 

0.04 mm wire-bar applicator. e) The Fe(III)Cl3 samples were only washed twice with EtOH; therefore, the XRD diffraction patterns clearly show 

significant amounts of NaCl. 

Table 2. Overview of curing experiments monitored by Raman and Raman UV-vis spectroscopy. 

 

modification quantity Ramana) Raman  UV-visb)    

 
within the 

resin [wt%] 

ti:tf 

[10³ flashes] 

M∞ 

[%] 

ntotal
c)

 

[10³ 
flashes] 

ti:tf 

[10³ flashes] 

ti:tf 

[10³ flashes] 

M∞ 

[%] 

ntotal
c)

 

[10³ 
flashes] 

N
o

rr
is

h
 t

y
p
e 

I levulinic acid  

8.5 mol% 
- n.m. n.m. n.m. 

11.8:29.4 

9.1:33.9 

6.5:45.3 

n.s. 

55 

75d) 

78 

39 

0.8 mol% 5.7 n.m. n.m. n.m. 7.7:20.5 11.0:39.8 72 49 

4.4 mol% 12.3 n.m. n.m. n.m. 
10.4:37.2 

12.6:24.6 

36.1:82.1 

n.s. 

68 

70 

78 

39 

Irgacure® 2959 2.0 32:40 69 49 3.4:14.8 1.9:4.7 51 49 

N
o

rr
is

h
 t

y
p
e 

II
 

Pt(II)(NO3)2 3.6 >10:<15 70 24 11.0:30.2 15.3:36.5 69 39 

Pt(0)a) 3.6 >10:<20 70 42 42.7:89.5 41.2:102 73 98 

Cu(II)Cl2 5.2 37:91 63 150 31.5:81.5 49.2:88.4 67 98 

Mn(II)Cl2 1.6 mol% 5.4 >20:<60 62 60 n.s. n.s. 100 78 

benzophenone 2.0 n.m. n.m. n.m. n.s. n.s. 100 78 

a) A glass filter (high-pass, 310 nm) was used in the measurements. The manual measurements resulted in large deviations (Figure S4), which are indicated by 
> and <. b) Raman and UV-vis monitoring was performed during the same experiment with the same sample26. Only the reference and the acid-containing 

systems were freshly dispersed/prepared. The metal-containing nanoparticulate systems were stored in the acrylic mixture for approximately one year between 

the Raman and the Raman UV-vis measurements. c) Total number of flashes used for the experiment. This number can be converted to irradiance (J/m²) (as 

discussed in the materials and methods section, Figure 5 and Figure S3). d) The final double bond content is undetermined (Figure 4).  

In situ curing experiments 

Only those samples that led to an effect with the laboratory 

curing unit (Table 1) were analyzed by Raman and Raman UV-

vis (Table 2 and Figure 4). Additionally, different attributes of 

this resin mixture were verified: 

1. No polymerization without initiator (< 150k flashes) 

2. No polymerization with 4 wt% unmodified nanoparticulate 

ZnO (< 90k flashes) 

3. No signal change, minimal macroscopic curing with 2 wt% 

benzophenone (< 70k flashes) 

Consequently, it was possible to measure the effects and 

differences in the curing potential for all investigated initiators 

(Table 2, Table 1). The stability over time was also assessed, as 

a result of the time delay between the Raman and the Raman 

UV-vis measurements26. The two monitoring systems did not 

operate simultaneously because components of the Raman 

system were used in construction of the Raman UV-vis system. 
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As a result, a storage time of approximately one year between 

the Raman and Raman UV-vis measurements was imposed for 

all metal-containing samples. This result demonstrates that the 

acrylic mixtures for which reactivity is proven by both systems 

are stable for at least one year (Table 2). 

 
Figure 4: Results and fitting of photo-polymerization measurements by Raman 

UV-vis spectroscopy. Initial and final times (in number of flashes) are marked by 

vertical lines. This number can be converted to irradiance (J/m²), as discussed in 

the materials and methods section (Figure 5 and Figure S3). Neither the un-

modified ZnO nor the non-fragmenting benzophenone resulted in curing, 

whereas the ZnO-containing copper ions and, especially, the ZnO-containing 

platinum ions resulted in curing rates nearly as fast as the ZnO modified with 

levulinic acid. The molecular fragmenting initiator was approximately 10 times 

faster, taking into account the lower weight content of initiator in the reaction 

mixture. 

DISCUSSION 

Synthesis and Characterization: 

The most important aspect of this work is the introduction of a 

possible application for nanoparticulate semiconductors. Thus, 

a focus of this work was the demonstration of curing, which is 

discussed in greater detail in the next section. To aid the reader 

in approaching this topic as a new research avenue, the 

syntheses and some modifications thereof are discussed in this 

report. The one- and two-step syntheses performed in this work 

are simple (co-precipitation of precursors and modification) and 

result in a large amount (0.4 to 0.5 mol/L) of similar or 

comparable samples for testing the photo-reactivity. The 

addition of surface-active compounds during ZnO formation 

can be useful in further optimizing the yield or properties of the 

system; however, for reasons of comparability, such addition 

was not performed in the present study. For example, using 

surface-active modifiers during precipitation can lead to 

variations in morphology41. The ability to produce perfectly 

dispersed nanoparticles, (Figure 2, Figure S14 (statistical 

analysis) and Figure S22 (TEM) using this one- or two-step 

synthesis proves that, under the appropriate experimental 

conditions (aspects related to timing and experience) the 

aggregation of non-modified ZnO is reversible. Two important 

factors that appear to affect the final reactivity have to be 

considered: 

 crystallite size  

o direct size effect = number disadvantage  

o indirect size effect = bandgap effects (absorbance blue 

shift) 

 dispersion quality = surface effect 

The so-called “direct size effect” or “number disadvantage” is 

an unfortunate side effect of the increased mass of the initiating 

species. One sphere of ZnO with d = 5 nm is 700 times heavier 

than one molecular initiator (300 g mol-1). This disadvantage 

increases with d³ such that a diameter of 8 nm, for example, is 

heavier by a factor of 3000. This relationship explains why the 

initiation potential of nanoparticulate semiconductors for bulk 

polymerization remained undiscovered for so long, as 

mentioned in the introduction. The size-induced bandgap 

shift19, 42 is not significant when using a xenon light. This 

observation may be due to the broad wavelength distribution of 

the irradiation source used in this study36 (Figure 5). For 

industrial processes, mainly mid-pressure Hg lamps are used, 

which have specific and very discrete irradiation signals. In this 

case, the bandgap shift43 must be closely monitored because the 

absorption limit of n-ZnO occurs at approximately 350 nm 

(Figure S7) and is therefore attuned to the strong 365 nm signal 

of mid-pressure Hg lamps. 
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Figure 5: Results of the absolute and spectral calibration of the fiber optical flash 

light. The filled range is influenced by the absorbance of the resin, the 

absorbance of the glass filter and is beyond the calibration range of the fiber 

optical receiver.  

 
Scheme 2: Schematic for solvation and condensation during ZnO formation. The 

driving force of the reaction is precipitation of the “non-soluble” NaCl. The 

protonation/deprotonation of the surface are also schematically shown.  

The solvation of the starting material, of the precursors and the 

charge stabilization/dispersion of the final particles, (Scheme 2) 

are major factors, the effects of which are beyond the scope of 

this paper. The semiconductors fabricated by the procedure 

(Table 1) were mostly well-dispersed, resulting in transparent, 

colorless, cured, acrylic mixture films, even for those with 

thicknesses of up to 0.5 mm (Figure S8 to Figure S10), which 

therefore resulted in well-dispersed colorless hybrid materials. 

Note that these cured samples after a high-dose irradiation with 

a 500 W continuous xenon flash light results in no recognizable 

coloration, Figure S8 to Figure S10. Effects on the synthesis 

that most likely derived from different additional parameters, 

such as the water content and the purity of the chemicals, are 

difficult to identify. Additionally, the crystallite size can be 

affected by the solvent during precipitation. Pure, unmodified 

spherical ZnO with diameters as small as 4.1 nm can be 

synthesized using methanol as a solvent, whereas ethanol and 

isopropanol generally result in larger spherical crystallite sizes 

of approximately 10 nm. These effects on the formation 

kinetics and the dispersion stability are also correlated with the 

solubility of NaCl and NaOH. Cleaning by washing with pure 

solvents only results in the complete removal of NaCl for 

MeOH (Table 1). The effects of NaCl on the formation kinetics 

seem to be significant. Influences of water on the formation of 

the neutral precursor (ZnOH2) most likely exist. For example 

such effects of water (as impurity or from the atmosphere) are 

clearly proven in a spectroscopic study for the siloxane 

formation44. Following to Scheme 2 in the case of the ZnO 

formation the formed water can lead to an autocatalytic reaction 

which explains the possibility to suppress the ZnO formation/ 

precipitation if smaller concentrations of starting material are 

used. The reaction is completed in less than 5 s, which is 

interpreted as the time required to mix the reactants (Figure S6 

and Figure S7). Note that calcination is not necessary to obtain 

crystalline particles. The spectroscopic studies of Bahnemann et 

al. (1987)42, performed using Zn acetate as a precursor, 

indicated much longer reaction times: 20 min for a product 

bandgap of 355 nm or 2 h for a product bandgap of 365 nm at 

65°C. Direct comparison is not possible because the 

abovementioned authors used a smaller concentration of only 

1 mmol/L Zn(OAc)2 and a substoichiometric concentration of 

NaOH, but it can be concluded that the formation of NaCl is a 

driving force of the reaction. Due to solubility effects, Ostwald 

ripening appears to be suppressed, resulting in small, uniform 

particles with a bandgap of approximately 350 nm (Figure S6 

and Figure S7). After precipitation, the reaction mixture can 

even be stirred overnight without further growth of the 

particles. Precipitation in water results in larger, non-phase-

pure ZnO particles. A substoichiometric concentration of 

NaOH, as used in the abovementioned reference42, results in 

positively charged nanoparticles, which are modified by acetic 

carboxylate ions present in solution. The unmodified ZnO is 

even able to adsorb ethanol and extract organic impurities from 

the rinsing solvents used in the IR experiments (Figure 1, right). 

An adsorption study by Degen and Kosec45 confirmed that 
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positive surface charge is important for the adsorption of 

modifiers onto powdered material.  

 
Figure 6: Zeta potential measurement of unmodified colloidal ZnO nanoparticles 

in water, calculated relative charge of acetic acid (in water) and isoelectric points 

reported by select references (arrows; ref. A46; ref. B47; ref. C39). Within the 

hashed pH range, the nano-ZnO is positively charged, whereas a significant 

-Oxo carboxylic acids are stronger 

acids than acetic acid (due to their resonance stabilization). 

The proton activity and the activities of the protonated and 

deprotonated modifier in non-aqueous systems are not 

measureable. In aqueous systems of unmodified ZnO, zeta 

potential measurements were performed, which can be 

compared with the calculated relative charge (i.e., the relation 

between the content of the acid and of the carboxylic ion) 

(Figure 6). These measurements are in accord with the known 

pH dependencies of the ZnO particles and the possibility of 

charge reversal. It can be assumed that, during the condensation 

presented in this study, the particles are neutral or slightly 

negatively charged (Scheme 2). Protonation during (due to) 

surface modification results in a reversal of the particle charge, 

followed by very strong adhesion of the modifier onto the 

particle surface (Figure 1). A reduction in the crystallite size, 

due to the modification, is also likely for ZnO. The increase in 

viscosity during the mixing of the modifier solution into the 

dispersion containing the unmodified ZnO is an additional 

indication of charge reversal. On the one hand, for the non-

surface modified ZnO, free access to surface hydroxyl groups, 

indicated in IR measurements by the strong OH vibrational 

bands at approximately 3330 cm-1 (Figure 1), is likely 

necessary for reactivity and dispersion stability. On the other 

hand, hydrogen bridges between the OH functionalities of the 

resin and the surface of the semiconductor (e.g., ZnO -) will 

definitely affect the dispersion stability, as well as the 

possibility of producing polymerization-inducing radicals 

(Scheme 1). The literature also confirms the effect of hydroxyl 

groups on photo-reactivity. For the oxidation of isopropanol 

with TiO2, Kobayakawa et al. (1990)48, came to the conclusion 

that the photocatalytic activity increases with the concentration 

of surface hydroxyl groups before decreasing from an inflection 

point. An inverse dependence of the oxygen produced by TiO2 

dispersed in water on the surface concentration of hydroxyl 

groups was observed by Oosawa and Grätzel.49, 50 For the 

presented non-fragmenting system in particular, the surface 

charge will most likely affect the reactivity of the initiator. In 

the following, possible variations of the synthesis, which may 

ultimately have the potential to enhance reactivity and 

reproducibility, are summarized. As mentioned in the materials 

and methods section, the manual removal of the NaCl-rich 

phase (Figure S1) and washing with methanol results in phase-

pure ZnO. Likewise, additional washing of the surface-

modified samples with ethanol will eliminate NaCl, whereas 

the doped particles contain NaCl (Table 1). Water, as impurities 

in the solvents or formed (Scheme 2), definitely affects the 

solubilities. Newer studies involving a single washing of the 

unmodified paste using 1:1 mixtures of water and ethanol 

indicate that removal of NaCl is possible without using 

methanol, but potential effects on aggregation have yet to be 

evaluated. Optimization of the modifiers, content and 

preparation conditions remains to be accomplished for the 

system to be fully understood and controlled. Other factors to 

be considered are the purity (as mentioned above) and the 

stability of the chemicals. For example, ZnCl2 can form ZnO, 

and NaOH absorbs both water and carbon dioxide, which can 

result in a slightly green solution in ethanol. A promising 

approach involves separating the NaCl before ZnO formation. 

It should be possible to first remove the NaCl after the reaction 

of the ZnCl2 solution with an alcoholate such as sodium 

isopropanolate. The water-free solution of zinc isopropanolate 

will react with water to form the ZnO. Due to the lack of proper 

equipment for keeping the first step of the synthesis water-free, 

only a small fraction of crystalline ZnO (13 nm) was separable 

by the first test synthesis. To explore the possibility of scaling 

the synthesis up, simple flow syntheses were also performed. 

The fast precipitation (< 5 s) in ethanol (Figure S6) led to larger 

particles with crystallite sizes of 19.7 nm±3.3 nm, which were 

less reactive relative to the same weight content of initiators in 

the reaction mixture produced by the unvaried synthesis (see 

above). The precipitation resulted in an improvement in 

viscosity, followed by blockages in the flow precipitation 

reactor. This problem should be solvable, e.g., by applying jet 

systems. 

To summarize, highly reproducible batch syntheses producing 

large amounts (> 0.4 mol/L) of alcohol-stabilized or short-

chain-acid-modified reactive crystalline nanoparticles for 

transparent and clear (colorless) dispersion in polar solvents 

(specifically, acrylic ester) are an interesting finding of the 

presented study. Optimization of the synthesis can also result in 

perfectly dispersed nanoparticles (Figure 2, Figure S14 and 

Figure S22). 

In situ curing experiments: 

Most likely due to the “direct size effect” discussed above, the 

initiation potential for the bulk polymerization of 

nanoparticulate fragmenting ZnO systems was reported as 

recently as 201225, 26. Non-fragmenting nanoparticulate 
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initiators, first presented in the current paper, are obtained by 

combining the nanocrystalline ZnO with small amounts of 

integrated or attached compounds. Thus, to prevent exciton 

recombination of the semiconductor (Scheme 1), small 

quantities of metal ions (Pt(II), Cu(II)) or metal (Pt(0)) are 

combined with nano-ZnO, which should lead to electron 

trapping. Because the resin containing unmodified 

nanoparticulate ZnO undergoes no curing under a xenon flash 

light over fewer than 90,000 flashes, all of the varied ZnO 

particles (fragmenting and non-fragmenting) result in an 

enhanced initiation potential (Figure 4 and Table 2). Without a 

high-pass filter, the potential of the particle-based initiators for 

either deep curing (Raman) or area curing (UV-vis36) is not as 

high as that of the initiators available from Irgacure®2959. The 

final monomer content, M∞, is calculated from the parameters 

in equation (5) and is always checked for the slope in the 

monomer content after curing (Figure 4). The M∞ of this acrylic 

ester resin mixture, obtained via particle-based systems, is 

higher than the M∞ resulting from initiation by the molecular 

“Norrish type I” initiator (Table 2, Raman UV-vis). This result 

is in accord with the expected lower mobility of the smaller 

number of initialization compounds (due to the increase in mass 

by a factor of > 3000), which also typically affects the ESR 

spectra[10] (Figure S11 and Figure S12), and can be interpreted 

as an additional immobilization of the nanoparticle-based 

initiator. For ZnO:Cu(II), a reduction in the typical ESR signal 

(Figure S13) due to electron transfer is also detectable. The 

reactivity of the holes is also experimentally manifested by 

photo-reactivity, as explained in detail in Schmitt et al., 2012.25 

In this case, 1-undecanol reacts after a first electron transfer 

from an un-doped ZnO to form undecanal. Both species are 

measured and identified by GC-MS. Hence, it can be concluded 

that, for these ZnO:M systems (M=Pt(II)/Cu(II)), it is likely 

that the holes generated by the semiconductor are able to react 

with the hydroxyl groups of the monomers to form intrinsic 

initiating radicals (Scheme 1). This observation is in clear 

contrast to the behavior of non-fragmenting molecular 

initiators, such as the classical “Norrish type II” initiator 

benzophenone, which require a co-initiator. As expected, 

verification of the abovementioned effects, using the initiator 

benzophenone, results in hardly any curing under similar 

conditions. The Raman measurements presented in Table 2 are 

not quantitatively comparable with the Raman UV-vis 

measurements due to construction characteristics (Raman 

incorporates a high-pass filter composed of Duran glass), the 

time between the measurements and the geometry of the sample 

cell (differences in distribution of the irradiation). For the 

particle-based initiators, the effect of the high-pass filter is very 

low, whereas, for the molecular initiator, the effect is extreme 

(Table 1). Following to the supplier, the maximum absorbance 

of Irgacure®2959 occurs at approximately 280 nm, reaching up 

to 340 nm for 0.1 % in acetonitrile. UV-vis transmission 

measurements of a saturated solution of Irgacure®2959 in 

cyclohexane (d = 10 mm) show no additional absorbance above 

300 nm (due to insufficient miscibility). Interestingly, the 

“time” required for the reaction to start (i.e., the inhibition 

period) increases from 3.4×103 to 32×103 flashes (multiply by 

1.0 J m-2 flash-1 to obtain the relevant irradiance), whereas the 

curing (ignoring differences in M∞) proceeds with similar doses 

of light (Table 2) (the resolution and area are difference for 

each measuring cell). Such differences are very interesting with 

respect to the optimization of molecular or particulate initiation 

systems, for example, the optimization of wavelength 

sensitivity. These differences are only simultaneously 

detectable in one experiment by the recently developed Raman 

UV-vis system. Again, the tested molecular initiator produces 

enhanced area curing with the higher energy light (Table 2) 

compared to the depth attained by Raman spectroscopy and the 

area curing of UV-vis spectroscopy. The higher energy light 

has the lower penetration depth due to absorption by the resin 

and the initiator. This finding and the similar M∞s imply that 

the ZnO systems (Table 2) primarily operate with light in the 

range of the bandgap (350 nm) not absorbed by the acrylic 

group (299.5 nm, absorbance > 1)29, presenting a possible 

application of the material as an initiator under LED irradiation. 

First, measurements of specific irradiation wavelengths 

demonstrate that systems containing ZnO modified with 

benzoyl formic acid are thoroughly cured, even by irradiation 

across the range of 371 to 379 nm, at the very base of the 

bandgap. Absorbance by molecular initiators, especially those 

used in LED applications, occurs at wavelengths longer than 

400 nm such that a yellowing of transparent films (lacquers) 

occurs. The sharp bandgaps characteristic of semiconductors 

are another typical, unique property of nanoparticle initiators 

that leads to multiple research opportunities which results in no 

yellowing or other coloration of the system. Even the photo 

degeneration of the ZnO seems to be suppressed which is 

known to occur in liquid water. In the future, the reactivity of 

the semiconductor ZnO can be altered by modifying the particle 

size51 and morphology52 and incorporating additional modifiers 

such as electron-trapping nitro compounds53. Other effects that 

remain to be investigated are sorption properties54 and the 

relations between modification and the resin used. The 

dispersion associated with the interaction and radical transfer 

between the particle system and the curable monomers is a 

particularly interesting field of research. Additional reactions of 

the nanoparticles can also take place, such as acid-induced ester 

cleavage of the acrylic ester monomers, which must be closely 

monitored. The monomeric acrylic esters are widely varied in 

terms of functionalization and, therefore, in polarity. But 

acrylic esters are not the only photo polymerizable systems. 

Hence, the modifier and the doping can be adjusted for the 

resin, or the entire curing process (resin, conditions and 

hardware) could even be adjusted for the nanoparticle system.  

Conclusion 

The synthesis (> 0.4 molar) of modified bi-functional 

crystalline ZnO nanoparticles is described in detail. The 

synthesis produces stable dispersions in polar solvents, such as 

polar acrylic ester resins, and the particles vary in reactivity via 

photo-initiation. Test prints of pigmented resin (CMYB) result 
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in no interference of the printing image. Additionally, layers 

measuring at least 0.5 mm, cured to form transparent solids by 

irradiation with a 500 W continuous xenon light, are formed 

without recognizable yellowing or other coloration (Figure S8 

through Figure S10). First, variations in the synthesis with 

respect to solvents, the content of the modifier or preparation 

conditions (flow reactor) and the analysis of the effects of these 

changes on the products are presented within this study. Low-

solubility compounds (NaCl, precursors and products) appear to 

suppress ZnO growth and a fast reaction within the range of 

mixing times of the starting solutions. The investigated 

transparent model resin is commonly used in off-set printing 

processes. Due to their size, nearly all common molecular 

initiators result in migration problems, which is a major 

problem associated with UV-induced polymerization. The 

results of in situ analyses of curing clearly demonstrate the 

potential of the recently introduced Raman UV-vis system[17] to 

simultaneously measure both deep curing and area curing in 

situ and to monitor the dependence of the penetration depth of 

illumination on polymerization. The UV-vis solidification is 

can even be applied for non-transparent systems. The present 

work also explained these novel analysis procedures including 

the absolute and spectral calibration of the light source in detail. 

The in situ curing experiments performed in this study show 

that the reactivity of the reported non-optimized, non-

fragmenting n-ZnO:Pt(II) initiator is similar to that of the 

fragmenting n-ZnO initiator modified with levulinic acid, 

whereas ZnO fabricated by the same procedure without 

modification leads to no reaction. It has been shown in the 

publication that the first one is reactive due to the enhanced 

lifetime of the exition whereas the second one is reactive due to 

the attached reactive carboxylat ion. Both demonstrate similar 

photo-polymerization properties under UV-A illumination and 

UV-LED illumination, which require further investigation. 

However, even without the use of any co-initiators, most metal-

containing systems demonstrate significant reactivity. Every 

known non-fragmenting initiator, e.g., benzophenone or ITX, 

requires a co-initiator. This point is emphasized because this 

difference is fundamental and of major importance as a unique 

attribute of potential nanoparticulate, non-migration “Norrish 

type II” initiators. Whether a co-initiator could further enhance 

the curing rate of one or both nanoparticulate systems remains 

an open question. An advantage of using ZnO is the fact that 

the nanoparticles, if consumed, will rapidly decompose in 

nearly any acid, resulting in non-toxic zinc ions and, eventually, 

platinum or other investigated compounds. Additionally, one 

nanoparticulate ZnO initiator with a diameter of 8 nm is more 

than 3000 times heavier than a single molecular initiator, 

whereas the difference in reactivity between the ZnO systems 

and the “Norrish type I” molecular initiator is in the range of 

101. At the moment, the “Norrish type II” particle-based 

system, even without a co-initiator, appears to be too slow or 

too expensive in fabrication and development for commercial 

use. However, for particle-based systems, migration, 

particularly via diffusion or gas-phase transfer, is eliminated. 

With respect to human health, the possibility of a non-migration 

initiator composed of harmless compounds demands further 

investigation, for the sake of posterity.  

Analyses of the attributes affecting the efficiency of the 

particles by varying the particle type, structure34, 41, 52, 55, 56, 

surface modification57, size51 and bandgap41, or by changing the 

resin or process parameters, provide many avenues of further 

scientific and industrial research. The more acidic TiO2 

(anatase) semiconductor, whose preparation, properties and 

photo-reactivity have been reported on in multiple studies21, 43, 

58-63, are interesting but unlikely to produce a stable system with 

tunable dispersion upon modification with organic acids 

(Figure 6). The stable dispersion of the nanoparticles within the 

acrylic ester is a necessary condition for measurable initiation. 

It should therefore be possible to optimize the monomers, e.g., 

acrylic esters, to attain the properties of a perfectly prepared 

functionalized nanoparticle. Whether stability over time (e.g., 

more than one year in the resin) is an effect of the reactivity or 

of an energy barrier is another polymer physics topic that 

requires further investigation. Another interesting topic is the 

effect of the degradation of the potentially reactive ZnO 

(intended and unintended). Early results obtained from in situ 

ESR spectroscopy lead to the conclusion that the particles are 

integrated in a highly immobile29, rigid matrix (Figure S11 

through Figure S13). 

To conclude, the presented results and suggested possibilities 

present a wide array of topics for scientific research in 

nanoscience, nanotechnology and polymer science. It should be 

emphasized that optimized, modified or doped 

semiconductors can be both “Norrish type I” fragmenting 

and “Norrish type II” non-fragmenting initiators, with 

additional properties like corrosion and irradiation protection 

for the final hybrid-coating, green fluorescing which leads to 

additional applications64-67. 
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