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Synthesis and testing of ZnO nanoparticles
for photo-initiation: experimental observation
of two different non-migration initiators for
bulk polymerizationt

M. Schmitt

The migration and transport of polymerization initiators are problematic for commercially used polymeri-
zation 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 ana-
lyses 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 frag-
menting/“Norrish type 1" 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 devel-
oped 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
[I” 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

www.rsc.org/nanoscale 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., poly-
mers 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 per h), the
absence of additional solvents, and the low amount of
monomer required due to film thicknesses of less than 2 pm.

Saarland University, Campus B 2 2, 66123 Saarbruecken, Germany.

E-mail: mic.schmitt@mx.uni-saarland.de

tElectronic supplementary information (ESI) available: Multiple additional
figures and images concerning the synthesis, characterization, data evaluation,
TEMs and ESR spectra are available free of charge. See DOI: 10.1039/c5nr00850f

9532 | Nanoscale, 2015, 7, 9532-9544

However, in applications such as food packaging, the remain-
ing 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. Mul-
tiple references concerning the problem of migration can be
found on the World Wide Web and in the public press.’™° 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 effects,"* whereby
only a small concentration of the photo-initiator will be con-
sumed. For example, initiators contents of up to 15 wt% are
used for the flexo or UV printing of pigmented resins. Unfortu-
nately, most well-known photo-initiators such as Irga-
cure®2959,"> Genocure®@DMHA" or Irgacure®MBF' derive
their chromophoric nature from aromatic functionalities, and
most of them are small molecules. The highly reactive and
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mobile fragmentation products, daughter products and the
remaining un-consumed initiators can pose a health threat.>*
To prevent migration, the mass of the initiator can be
increased by fabricating a polymeric initiator.">"'® Conversely,
the danger can be reduced by combining a non-fragmenting
“Norrish type II” initiator (Scheme 1) with the necessary co-
initiator.'® The co-initiator is also sometimes called a sensi-
tizer."* The aim of this publication is to present novel alterna-
tive nanoparticle initiators, with the goal of preventing
migration and as an innovative method of photo-polymeri-
zation. The use of a nano-initiator also produces very well-dis-
persed hybrid materials. Depending on their bandgap,
semiconductors such as ZnO have the potential to absorb UV-
light-forming excitons (electron-hole-pairs) (Scheme 1).

The radicals necessary for radical polymerization may be
produced via the Photo-Kolbe reaction (reaction of a semicon-
ductor hole with carboxylic acid, followed by decarboxylation),
which was first reported by Kraeutler (1978)."” Kraeutler was
also the first to demonstrate the initiation of methyl methacry-
late polymerization in solution by alkyl radicals upon the de-
carboxylation of acetic acid by a semiconductor (TiO,-
powder).'® For a long time, no results were published concern-
ing any advantages of semiconductor-based polymerization in
bulk systems. Initialization by ZnO nanoparticles in an isopro-
panol dispersion containing methyl methacrylate was investi-
gated by Hoffmann et al. (1992)" and Mills et al. (1994).>° At
that point, polymerization rates seem to be far from any possi-
ble application (polymerization occurred after 90 min of
irradiation). Similar studies have been published using other
semiconductors, often without an inhibitor.**** The decarboxy-
lation mechanism was first analyzed in 2010,>® and surface-
modified ZnO nanoparticles for the initialization of bulk
polymerization of acrylic esters were developed. For a non-opti-
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mized 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-hydroxy-
ethoxy)-phenyl]-2-hydroxy-2-methyl-1-propane-1-one (Irga-
cure®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 fragmenta-
tion product R" and the photo-activity were first investigated in
a previous study.?® Initiators that are characterized by non-frag-
mentation, 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
MeEt,N, 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 1” ZnO
modified with levulinic acid is used as a nanoparticulate refer-
ence. This initiation system also lacks any aromatic functional-
ity. As mentioned above and shown in Scheme 1, the modified
ZnO leads to a Photo-Kolbe reaction, as demonstrated in pre-
vious studies.>®*” The remaining electron, the holes and the
trapped polymeric radicals are detectable by ESR*®?*°
(Fig. S12t), and for semiconductors, possible signals have
been reported in previous studies.’®*°* Hence, the theore-
tical motivation leading to the novel research on non-frag-
menting 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 life-
time 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 pro-
vides 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 pre-
cursors (Table 1).%® First, 0.15 mol ZnCl, (purity >98%, Sigma-
Aldrich, Germany) and 0.3 mol NaOH (Sigma-Aldrich,

Nanoscale, 2015, 7, 9532-9544 | 9533


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5nr00850f

Open Access Article. Published on 28 April 2015. Downloaded on 12/9/2025 8:59:10 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Nanoscale
Table 1 Synthesis of ZnO nanoparticles and ex situ curing experiments
Quantity for Color of Solid Curing by Crystallite size Washing
Modification synthesis [mol%] the paste content [%] lab.-unit’ (znO) [nm] remarks
Pt(11)(NO3), 0.7 Yellow-orange 25 +H+ 9.7 +1.7 MeOH
Pt(u)(NO3), — Pt(0) 0.7 Brown-grey 15 ++ 11.3+1.4 MeOH
Cu(u)Cl, 1.0 Blue 5.2 + 5.8+0.9 MeOH
Levulinic acid” 17.0 White 24 +++ 71+1.1 MeOH
Clearing up
Levulinic acid” 4.4 White 56 +++ 6.1+0.9 EtOH
Levulinic acid® 8.5 White — +++ 7.0 £0.6 EtOH
NaOH”
Mn(u)Cl, 0.5 Brown 5.7 n.m. 8.7+ 0.5 MeOH
Mn(u)Cl, 1.6 Brown 5.4 0(+) 7.7+0.6 MeOH
Mn(u)Cl, 2.1 Brown 5.2 n.m. 7.7+0.5 MeOH
Cu(n)Cl, 2.0 Blue 5.7 0 8.5+0.7 MeOH
Fe(ur)Cls 0.24 Brown 28.3 [0)* 9.0+1.3 NacCl*
Fe(u)Cl; 0.49 Brown 29.1 [0} 8.1+1.5 NaCl®
Fe(ur)Cls 0.74 Brown 12.6 [o] 8.7+1.3 NacCl’
Fe(m)Cl, 0.99 Brown 23.0 [0)* 9.1+1.7 Nacl®
Fe(ur)Cls 1.24 Brown 21.0 0 8.5+0.7 NacCl*

“Loss of solid during synthesis (dispersion or solution). * 1 mol% NaOH added during the modification.  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 I1” initiator would be classified at least by “++++++”. ¢ Film fabricated by a
0.04 mm wire-bar applicator. ¢ The Fe(m)Cl; samples were only washed twice with EtOH; therefore, the XRD diffraction patterns clearly show

significant amounts of NaCl.

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 ZnCl, solution was
performed at room temperature with fast stirring. Modifi-
cations of the ZnO with Cu(u), Pt(n), Mn(u) and Fe(m) were
achieved by co-precipitation. The mixture was stirred for a
minimum of 12 hours at room temperature. It was then centri-
fuged 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 (Fig. S1f). The upper layer con-
tained mainly the ZnO particles and the lower one mainly
NaCl (confirmed by XRD analysis). The upper layer was separ-
ated 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. After the precipitation either a (surface)
modification or the dispersing in the resin were performed.
For modification, the ZnO paste was dispersed in 100 mL of
ethanol and heated to 80 °C under reflux. Subsequently, the
surface modifier (31 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), and
irradiated for half an hour in a UV-RS-1 reactor system
(Heraeus Noblelight, Hanau, Germany), equipped with a TQ
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150 UV immersion lamp (input rating 150 W). A color change
from yellow-orange to brown-grey marked the reduction of
platinum(n) to platinum(0). Before dispersion in the mono-
meric acrylic ester, the solid was separated and washed
twice with ethanol, as explained above. Early results concern-
ing variations, such as those of in situ monitoring and flow
synthesis, are described in the Discussion section. All chemi-
cals 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 eqn (2) through (4), using
up to seven reflexes (Fig. 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 peaks,** if no significant
amount of NaCl is measured.

Procedure for the curing experiments

Immediately after fabrication, the methanol- or ethanol-con-
taining initiator paste was mechanically dispersed (Ultraturrax)
in a mixture of 75 wt% epoxy acrylate oligomer (3R1532, pro-

This journal is © The Royal Society of Chemistry 2015
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Table 2 Overview of curing experiments monitored by Raman and Raman UV-vis spectroscopy

Raman® Raman UV-vis?
Quantity
within the tiit;[10° My, Mol [10° &2 6¢[10° t:te[10° M, Neotal’ [10°
Modification resin [wt%]  flashes] [%] flashes] flashes] flashes] [%] flashes]
Norrish type I Levulinic acid 8.5 mol% — n.m. n.m. n.m. 11.8:29.4 6.5:45.3 55 78
9.1:33.9  ns. 757 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 36.1:82.1 68 78
12.6:24.6 n.s. 70 39
Irgacure® 2959 2.0 32:40 69 49 3.4:14.8 1.9:4.7 51 49
Norrish type T Pt()(NO;), 3.6 >10:<15 70 24 11.0:30.2  15.3:36.5 69 39
Pt(0)* 3.6 >10:<20 70 42 42.7:89.5 41.2:102 73 98
Cu(u)Cl, 5.2 37:91 63 150 31.5:81.5 49.2:88.4 67 98
Mn(u)Cl, 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 glass filter (high-pass, 310 nm) was used in the measurements. The manual measurements resulted in large deviations (Fig. S4), which are
indicated by > and <. ? Raman and UV-vis monitoring was performed during the same experiment with the same sample.?® 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.  Total number of flashes used for the experiment.
This number can be converted to irradiance (] m™2) (as discussed in the Materials and methods section, Fig. 5 and Fig. $3). ? The final double

bond content is undetermined (Fig. 4).

vided without pigments by Zeller&Gmelin GmbH&Co, Eislin-
gen (Germany), used as received) and 25 wt% di-trimethyl-
olpropan-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 else-
where.”® In situ monitoring of the irradiation-dependent
double bond content was achieved by Raman®’ and by Raman
UV-vis spectroscopy’® (Fig. S41). Note that the recently intro-
duced automatic Raman UV-vis system has the unique ability
to monitor both the double bond content (deep curing by
Raman, Fig. S47) and solidification (area curing by UV-vis,
Fig. S57). Due to the construction of the curing cells, a 310 nm
high-pass filter (Duran glass) was used for the Raman spec-
troscopy measurements, whereas no filter (fused silica) 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 fused silica for Raman UV-vis;
Fig. 2 in the ref. 26) 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 per flash, regular
375 m] per flash, 66.6 Hz). Absolute and spectral calibrations
were performed using an absolute and spectral calibrated fiber
optical receiver, according to the procedure recently
described.”” 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

This journal is © The Royal Society of Chemistry 2015

2 was

statistical procedure,’” and a power of 821.3 W m~
measured by a nearby meteorological station. Comparing this
spectrum with the scaled ASTM®® spectrum (Fig. S3t) results
in a detector-specific correction function A(4),

hxc hxc

E(’l) = n()*)photon X —ﬂ

(1)

= 1(4)counts X A(4) X

which is used to calculate the count number 7(4).ounc based on
the average photon number 7(4)photon and the irradiance E(2).
The count number determined by illumination with the Xe
flash light is too high to be directly measurable; therefore, a
scaling procedure®® is performed. The detection area
(<1.23 mm?) of the receiver is fully illuminated by the flash
light (<7 mm?), 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 7(4)count, Which are directly correlated to the
irradiance in W m™>, as in eqn (1) (Fig. 5). The procedure
resulted in an energy density 1.87 J m™> per flash below
380 nm, an energy density of 1.70 J m™" per flash below
350 nm and an energy density of 1.0 J] m™> per flash below
300 nm. The bandgap of the semiconductor is between
350 nm and 380 nm (Fig. S71), 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 Fig. 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

2
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of the resin, by the filter and by its location beyond the cali-
bration range due to the solar reference (Fig. 5 and Fig. S37).

Data evaluation of in situ curing experiments

The data obtained by the automatic in situ Raman measure-
ments are fitted by multiple pseudo-Voigt functions PV(?),

PV(0) = area (ng(d) + (1 —n) 1(D)) @)
1(0) = 1 05w @

T (0 — vpear)” + (0.50)%)

to obtain the area of the vibrational bands. The parameters ,
Upeak, and 0 < 7 < 1 correspond to the full width at half
maximum, the peak position (in em™) and the relation
between the Gaussian shape, eqn (3), and the Lorentzian
shape, eqn (4). The specific curve shapes relative to the irra-
diated light (“time”) for both the Raman and the UV-vis data
were analyzed by modified Gompertzian functions (k rate con-
stant, ¢, shift time) (Fig. S4 and S57),

S() = b —a exp(—exp(—k(t — &))) (5)
- kt, — ln(l.kS +0.5V/5) ©)
= 2ktS — 1n(1.k5 —0.5/5) 4 )

which allows for automatic computation of the time when the
reaction starts, ¢; (affected by inhibition and oxygen), and the
time when the reaction is essentially completed, ¢ (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-concen-
tration 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 modi-
fier 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 9.4;*° Fig. 6). This basic character of
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Fig. 1 FTIR spectra of ZnO: levulinic acid (8.5 mol%) absorbed onto a
ZnSe HATR-prism. The modifier*® (Table S17), 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 x 1073
M) in ethanol and evaporation, M3, desorbs the particles from the ZnSe
surface. Successive rinsing with HCL (5 x 10~ M) in ethanol and evapor-
ation desorbs/dissolves the whole system. Signals from residual ethanol
(1050 cm™) are visible for those nanoparticles without surface modifi-
cation. Rinsing with aqueous solutions clearly affects the OH vibrational
bands (>3000 cm™).

ZnO is also the reason for the very high stability of the organic
acid’s surface functionalities and their strong dispersion pro-
perties, which further depend on the dispersion medium. The
stability of the modification is also analyzed by IR spec-
troscopy (Fig. 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 sol-
vents (>1 mL), eventually removing the modifier from the ZnO
surface (Fig. 1, top). If using organic acids in combination
with the ZnO, the changes in the spectra are explained by de-
sorption or solvation of the ZnO system from the ZnSe surface.
Adsorption of the unmodified ZnO paste appears to be, in

This journal is © The Royal Society of Chemistry 2015
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general, reduced, and the C-O stretching vibrational band
(1050 cm™") of the alcohol is clearly recognizable (Fig. 1,
bottom). Successive rinsing results in a stronger adsorption
of the sample onto the ZnSe and in modification of the par-
ticles with the organic impurities of the rinsing solvents
(from the leaching of the wash bottle or the transfer pip-
ettes). The adsorbed alcohol allows for the dispersion of the
unmodified ZnO-containing paste after the final decanta-
tion. 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 (Fig. 2
and Fig. S227), levulinic acid can produce perfectly dispersed
nanoparticles in ethanol.

Both the content of the levulinic acid used and the com-
plexity of this apparently simple synthesis (see discussion)
produce variations in the composition of the solid (Table 1)
and in TEM images (Fig. 2). XRD analyses (Fig. 3) were per-
formed 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 (Fig. S2). Additionally,
no significant differences in the FWHMSs 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.i 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 con-
clusively demonstrated, even after sintering the ZnO: Cu(u)
(1 mol%) particles.

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 (Fig. S67). At this
time, the intended product bandgap of approximately 350 nm
was nearly reached (Fig. S77). 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
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), Fig. S8-
S10.f 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.

iDue to the superposition of the reflexes within the diffraction patterns (Fig. 3),
the accuracy of the determined difference in the ratios is low.
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Fig. 2 TEM image of ZnO: levulinic acid (8.5 mol%) on the right and of
the ZnO : Cu(i) (1.0 mol%) on the left. Additional images are presented in
the ESI, Fig. S15-S23.1 The size distribution of the spherical ZnO:
levulinic acid (8.5 mol%) particles is determined via counting and statisti-
cal analysis, and the average diameter of the particles is determined to
be 5.1 nm + 1.0 nm (Fig. S14+).

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 Fig. 4). Additionally, different attributes of
this resin mixture were verified:
1. No polymerization without initiator (<150k flashes)
2. No polymerization with 4 wt% unmodified nanoparticu-
late 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
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Fig. 3 XRD diffraction pattern of nanoparticulate ZnO : Cu(n) (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 crystal-
line nano-ZnO, also seen in Fig. S2.F

(Tables 1 and 2). The stability over time was also assessed, as a
result of the time delay between the Raman and the Raman
UV-vis measurements.*® The two monitoring systems did not
operate simultaneously because components of the Raman
system were used in construction of the Raman UV-vis system.
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).

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 modifi-
cation) 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 for-
mation can be useful in further optimizing the yield or pro-
perties of the system; however, for reasons of comparability,
such addition was not performed in the present study. For
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Fig. 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
(3 m™2), as discussed in the Materials and methods section (Fig. 5 and
Fig. S31). Neither the un-modified ZnO nor the non-fragmenting benzo-
phenone 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 mole-
cular fragmenting initiator was approximately 10 times faster, taking into
account the lower weight content of initiator in the reaction mixture.
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example, using surface-active modifiers during precipitation
can lead to variations in morphology.** The ability to produce
perfectly dispersed nanoparticles, (Fig. 2, Fig. S147 (statistical
analysis) and S221 (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:

o 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 initi-
ating species. One sphere of ZnO with d = 5 nm is 700 times
heavier than one molecular initiator (300 g mol™"). This dis-
advantage increases with d@* 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 semi-
conductors for bulk polymerization remained undiscovered for
so long, as mentioned in the introduction. The size-induced
bandgap shift'®** is not significant when using a xenon light.
This observation may be due to the broad wavelength distri-
bution of the irradiation source used in this study*® (Fig. 5).
For industrial processes, mainly mid-pressure Hg lamps are
used, which have specific and very discrete irradiation signals.
In this case, the bandgap shift*®> must be closely monitored
because the absorption limit of n-ZnO occurs at approximately
350 nm (Fig. S71) and is therefore attuned to the strong
365 nm signal of mid-pressure Hg lamps.

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 (Fig. S8-5S107), 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 recog-
nizable coloration, Fig. S8-510.F 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 syn-
thesized using methanol as a solvent, whereas ethanol and iso-
propanol 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 solubi-
lity of NaCl and NaOH. Cleaning by washing with pure sol-
vents 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 (ZnOH,) most likely exist. For example such

This journal is © The Royal Society of Chemistry 2015

View Article Online

Paper

1.4 T T T : :

!

- xenon flashlight
- solar light

irradiance [W m~2 nm

0200 300 400 500 600
wavelength [nm]
500 e

A xenon flashlight
400 r - solar light Vs
350 | S
300 | :
250 -
200 | -
150 | e
100+ 7/ :

50 ‘ ]
0 e

200 300 400 500 600 700 800
wavelength [nm]

irradiance [W m'2]

Fig. 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.

Solvation of the starting material

ZnCl, ZnCl,(MeOH),

+2-
+ MeOH

y -
* y-2[CI(MeOH),|

+MeOH

NaOH

+1-z -
[NaOH,(MeOH){ "+ z-1 OH(MeOH){
ye{0,1,2};ze {0,1};abc,...e {0,1,2,3,..}
Multi-stage condensation

Formation of the reactive precursors

|ZnCl,(MeOH), Y2 [OH(MeOH)4

-CI" -MeOH

0
ZnOH(MeOH), |

Condensation to the oxide

n | ZnOH,(MeOH),

i [ 2n0)u@NOH)(ZNO)y(MeOH), |

dispersion effects

MeOH
] 0 H,0

Formation of the salt = driving force

[Na(MeOH). | .

CI(MeOH),| =2~ NaCI §

pH-dependancies

|(@N0)ouk(ZnOHy )| ” ((ZnO)ouik@nOH), | ° ¢ pH

H

0 1
|@nO)oun(znOH), | |(@nO)ouk@nOH), @nOY|  + a H*
Scheme 2 Schematic for solvation and condensation during ZnO for-
mation. The driving force of the reaction is precipitation of the “non-
soluble” NaCl. The protonation/deprotonation of the surface are also
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effects of water (as impurity or from the atmosphere) are
clearly proven in a spectroscopic study for the siloxane for-
mation.** Following to Scheme 2 in the case of the ZnO for-
mation 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 inter-
preted as the time required to mix the reactants (Fig. S6 and
S71). Note that calcination is not necessary to obtain crystal-
line particles. The spectroscopic studies of Bahnemann et al.
(1987),** 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 abovemen-
tioned authors used a smaller concentration of only 1 mmol L™
Zn(OAc), 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 ripen-
ing appears to be suppressed, resulting in small, uniform par-
ticles with a bandgap of approximately 350 nm (Fig. S6 and
S7t). After precipitation, the reaction mixture can even be
stirred overnight without further growth of the particles. Pre-
cipitation in water results in larger, non-phase-pure ZnO par-
ticles. A substoichiometric concentration of NaOH, as used in
the abovementioned reference,*” 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 (Fig. 1, bottom). An
adsorption study by Degen and Kosec*® confirmed that posi-
tive surface charge is important for the adsorption of modi-
fiers onto powdered material.

The proton activity and the activities of the protonated and
deprotonated modifier in non-aqueous systems are not measure-
able. In aqueous systems of unmodified ZnO, zeta poten-
tial 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) (Fig. 6).
These measurements are in accord with the known pH depen-
dencies of the ZnO particles and the possibility of charge rever-
sal. 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 (Fig. 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™" (Fig. 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 defi-
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Fig. 6 Zeta potential measurement of unmodified colloidal ZnO nano-
particles in water, calculated relative charge of acetic acid (in water) and
isoelectric points reported by select references (arrows; ref. A;*¢ ref. B;*’
ref. C*). Within the hashed pH range, the nano-ZnO is positively
charged, whereas a significant amount of the acid is negatively charged.
a-Oxo carboxylic acids are stronger acids than acetic acid (due to their
resonance stabilization).

nitely 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 TiO,, Kobaya-
kawa et al. (1990),"® came to the conclusion that the photo-
catalytic activity increases with the concentration of surface
hydroxyl groups before decreasing from an inflection point. An
inverse dependence of the oxygen produced by TiO, dispersed
in water on the surface concentration of hydroxyl groups was
observed by Oosawa and Gritzel.*>® 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 (Fig. S17})
and washing with methanol results in phase-pure ZnO. Like-
wise, additional washing of the surface-modified samples with
ethanol will eliminate NaCl, whereas the doped particles
which were washed only one cycle 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 accom-
plished 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, ZnCl,
can form ZnO, and NaOH absorbs both water and carbon
dioxide, which can result in a slightly green solution in
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ethanol. A promising approach involves separating the NaCl
before ZnO formation. It should be possible to first remove the
NacCl after the reaction of the ZnCl, solution with an alcoho-
late 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 (Fig. S61) 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 solva-
ble, e.g., by applying jet systems.

To summarize, highly reproducible batch syntheses produc-
ing 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 (Fig. 2, Fig. S14 and S227).

In situ curing experiments

Most likely due to the “direct size effect” discussed above, the
initiation potential for the bulk polymerization of nanoparticu-
late fragmenting ZnO systems was reported as recently as
2012.>>*® Non-fragmenting nanoparticulate 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(u), Cu(u)) 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 (Fig. 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-vis®*®) is not as high as that of the initiators avail-
able from Irgacure®2959. The final monomer content, M., is
calculated from the parameters in eqn (5) and is always
checked for the slope in the monomer content after curing
(Fig. 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'® (Fig. $11 and S127), and can
be interpreted as an additional immobilization of the nano-
particle-based initiator. For ZnO:Cu(u), a reduction in the
typical ESR signal (Fig. S11}) due to electron transfer is also
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detectable. The reactivity of the holes is also experimentally
manifested by photo-reactivity, as explained in detail in
Schmitt et al., 2012.>° In this case, 1-undecanol reacts after a
first electron transfer from an un-doped ZnO to form undeca-
nal. Both species are measured and identified by GC-MS.
Hence, it can be concluded that, for these ZnO : M systems (M
= Pt(u)/Cu(n)), it is likely that the holes generated by the semi-
conductor 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 charac-
teristics (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 approxi-
mately 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 x 10° to 32 x 10°
flashes (multiply by 1.0 J m™~> per flash 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 differ-
ences 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 spec-
troscopy. 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),>° 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 appli-
cations, occurs at wavelengths longer than 400 nm such that a
yellowing of transparent films (lacquers) occurs. The sharp
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bandgaps characteristic of semiconductors are another typical,
unique property of nanoparticle initiators that leads to mul-
tiple 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 size’* and mor-
phology>* and incorporating additional modifiers such as elec-
tron-trapping nitro compounds.®® Other effects that remain to
be investigated are sorption properties®® 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 nano-
particles can also take place, such as acid-induced ester cleav-
age 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 hard-
ware) 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 pro-
duces 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
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
(Fig. S8 through Fig. S10%). First, variations in the synthesis
with respect to solvents, the content of the modifier or prepa-
ration 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 pro-
ducts) appear to suppress ZnO growth and to result in a fast
reaction within the range of mixing times of the starting solu-
tions. 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'” 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 per-
formed in this study show that the reactivity of the reported
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non-optimized, non-fragmenting n-ZnO:Pt(u) initiator is
similar to that of the fragmenting n-ZnO initiator modified
with levulinic acid, whereas ZnO fabricated by the same pro-
cedure 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 signifi-
cant 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 nanoparti-
culate, 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 inves-
tigated 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 differ-
ence in reactivity between the ZnO systems and the “Norrish
type I” molecular initiator is in the range of 10'. 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 par-
ticles by varying the particle type, structure,*®*"°*3>°% gurface
modification,”” size®* and bandgap,*" or by changing the resin
or process parameters, provide many avenues of further scien-
tific and industrial research. The more acidic TiO, (anatase)
semiconductor, whose preparation, properties and photo-reac-
tivity have been reported on in multiple studies,"***7%* are
interesting but unlikely to produce a stable system with
tunable dispersion upon modification with organic acids
(Fig. 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 immobile,>® rigid matrix (Fig. S11
through Fig. S137).

This journal is © The Royal Society of Chemistry 2015
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To conclude, the presented results and suggested possibili-
ties present a wide array of topics for scientific research in
nanoscience, nanotechnology and polymer science. It should
be emphasized that optimized, modified or doped semiconduc-
tors 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 applications.®**’
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