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ZnO nanorods (length 30-150 nm) were synthesized in di(ethylene glycol) using Zn(CH3COO), as a precursor and para-toluene
sulphonic acid, p-TSA, as an end-capping agent. Increasing the concentration of p-TSA above 0.1 M causes the reduction of the
ZnO length. Nanocomposites with poly(methyl methacrylate) were prepared using unmodified nanorods. They enhanced the UV
absorption of nanocomposites (~98%) at low ZnO concentrations (0.05-0.1 wt.%), while visible light transparency was high. At
concentrations of 1 wt.% and above, nanorods enhanced the thermal stability of nanocomposites. At low concentrations (0.05—
0.1 wt.%), they increased the storage modulus of material and shifted T, towards higher temperatures as shown by dynamic
mechanical analysis, DMA, while at higher concentrations (1.0 wt.%) this effect was deteriorated. DMA also showed that spherical
ZnO particles have a more pronounced effect on the storage modulus and T, than nanorods.

1. Introduction

Nanostructured materials constitute one of the most propul-
sive fields of materials, science and have received great
attention due to their potential application [1, 2] in various
fields such as electronics [3], microelectronics [4-6], sensors
[7], photovoltaics [8, 9], electro-optical devices [10-12], and
catalysis [13]. Zinc oxide (ZnO) is an inorganic material with
alarge direct band gap (3.34 eV), high exciton binding energy
(60 meV), high isoelectric point (9.5), and fast electron
transfer kinetics as well as having a unique combination
of properties [14, 15]. All these features suggest the syn-
thesis of special ZnO nanostructures and how to use these
materials in novel unexplored applications. Nano ZnO can
be synthesized in many forms: rods, wires, whiskers, belts,
bipods, tetrapods, tubes, flowers, propellers, bridges, and
cages [16-18]. A special field of nanomaterials is represented
by extended and oriented nanostructures which are desirable
for many applications [19].

One-dimensional ZnO nanostructures have been syn-
thesized by many preparation techniques such as thermal
evaporation, hydrothermal synthesis, metal organic chemical

vapor deposition, spray pyrolysis, ion beam-assisted depo-
sition, laser ablation, sputter deposition, template-assisted
growth, chemical vapor deposition, sol-gel process, and
solvothermal synthesis [20-22]. ZnO nanorods have been
synthesized also by solvothermal reaction in various alcohols
(23, 24].

A special type of solvothermal synthesis of ZnO is the
polyol procedure which uses various diols as a reaction
medium [25, 26]. Besides acting as a reaction medium polyol
also serves as a stabilizing agent and it reduces the particle
growth [27-29]. The advantage of the polyol procedure
is that it produces particles with an organophilic surface
layer which needs no additional surface modification for the
application in nanocomposites [30]. Combining the organic
polymers with inorganic particles, fillers can result in mate-
rials with enhanced mechanical and other properties [31].
By reducing the size of filler the interface between the filler
particles and the polymer matrix is substantially increased
and therefore their impact on the properties of the composite
is significantly enhanced [32, 33]. Many polymer materials
undergo chemical degradation when exposed to sunlight.
Due to the thinner ozone layer and higher intensity of UV



light, their degradation is becoming more intense and con-
sequently their UV stabilization is of increased importance.
Poly(methyl methacrylate), PMMA, is an amorphous ther-
moplastic material with exceptional optical properties. Due
to favorable mechanical and processing properties, it replaces
inorganic glass in many applications [30]. Despite intense
research efforts, the development of a simple and effective
method of preparation of homogeneous nanocomposites
with PMMA matrix on both the laboratory and on the
industrial scale is still a challenge. By combining the PMMA
matrix and nano ZnO, transparent materials with high UV
absorption and improved thermal stability can be prepared.

In the present work we report on the synthesis of
ZnO nanorods with organophilic surface at high con-
centration of the precursor (1 M) by the polyol method,
using di(ethylene glycol), DEG, as a medium and p-toluene
sulphonic acid, p-TSA, as an end capping agent. The primary
aim of our work was to demonstrate that homogeneous
transparent PMMA/ZnO nanocomposites using unmodified
ZnO nanorods, synthesized by the polyol method, can be
prepared with potential application as UV stabilized PMMA
materials with enhanced properties. UV stabilization using
ZnO nanoparticles as UV absorbers represents an alternative
to conventional UV stabilizers. The secondary aim was to
determine the difference between the impacts of spherical
ZnO particles and ZnO nanorods on the properties of
PMMA/ZnO nanocomposites.

2. Experimental

2.1. Materials. The materials used are di(ethylene glycol),
DEG (Merck, 99%, for synthesis); Zinc(II) acetate mono-
hydrate, Zn(Ac), (Sigma-Aldrich, 99%, ACS reagent); p-
toluenesulfonic acid monohydrate, p-TSA (Sigma-Aldrich,
98.5%, ACS reagent); methyl methacrylate, MMA (techni-
cal); 1,1-Azobis(1-cyclohexanecarbonitrile), AICN (Aldrich,
98%); and ethanol (technical).

2.2. Synthesis of ZnO Nanorods. Zinc(Il) acetate (1.0 M), p-
TSA (0.1 M), and deionised water (2 mole/1 mole Zn) were
mixed with 60 mL of DEG and sonicated for 10 min. The
mixture was transferred into a 250 mL glass reactor equipped
with a mixer, condenser, and digital thermometer. The
temperature and color changes of the reaction medium were
monitored over time. The temperature was raised over about
10 min to 190°C and kept constant for 50 min with constant
stirring. Between 90°C and 120°C Zn(Ac), dissolved in the
DEG, after 20 to 30 minutes at 190°C the solution became
white, and after 60 min a white suspension of ZnO was
obtained. The suspension was left overnight and centrifuged
(8000 rpm, 20 min). The ZnO was washed twice with ethanol
and centrifuged (8000 rpm, 20 min.). The obtained ZnO
powder was left to air dry. Spherical ZnO nanoparticles were
synthesized by the same procedure in ethylene glycol (size
20-40 nm) and in 1,2-propane diol (size 30-50 nm) [34].

2.3. Synthesis of ZnO/PMMA Nanocomposites. Nanocom-
posites of the synthesized ZnO nanorods and PMMA matrix
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were prepared by the radical chain polymerization of MMA
monomer in bulk in three variations: radical polymerization
between glass plates starting directly from the ZnO disper-
sion in monomer (MMA) (procedure A), polymerization
between glass plates starting from the previously prepared
dispersion of ZnO in prepolymer (procedure B), and
polymerization between two glass plates starting from ZnO
dispersion in prepolymer which was polymerized during
constant sonication (procedure C). The detailed description
of all three procedures is given in the previous publication
[34]. The nanocomposite plate thickness using procedure A
was 1.5 mm, while procedures B and C gave nanocomposite
plates with a thickness of 3.5 mm.

2.4. Characterization Methods. The morphology of the syn-
thesized ZnO nanorods was studied by SEM (Zeiss Supra
35 VP, acceleration voltage —3.37 or 5.0 kV, working distance,
3-6mm, gold-sputtered samples) and HR TEM electron
microscopy (JEM 2000FX microscope, JEOL, acceleration
voltage —200 kV). For HR TEM microscopy, ZnO nanorods
were dispersed in an organic solvent. A drop of dispersion
was placed on a Cu grid and left to evaporate the solvent. The
nanocomposite materials were studied by STEM microscopy
(Supra 35VP, Zeiss, acceleration voltage —20.0kV, work-
ing distance —4.5-5mm, STEM detector, ultramicrotomed
sections). Nanocomposites were sectioned on the ultra-
microtome (Leica Ultracut, Leica, thickness 80-250 nm).

The sizes of ZnO nanorods and their aggregates in MMA
were measured by dynamic light scattering (3D-DLS-SLS
spectrometer, LS Instruments equipped with 20mV He-
Ne laser—Uniphase JDL 1145, P, wavelength 632.8 nm).
Scattering was measured at an angle of 90°. Samples in
scattering cells were immersed in a thermostated bath at
20°C, and ten measurements of 60 s were recorded for each
sample and averaged afterwards. The translational diffusion
coefficient, D, was determined while the hydrodynamic
radius, Ry, was calculated from D using the Stokes-Einstein
equation (viscosity of MMA, # = 0.6 cP at 20°C).

UV-Vis spectra of nanocomposites were measured on
an Agilent 8453 UV-Vis spectrometer, Agilent Technologies,
(spectral range 290—-380 nm, sample width 12 mm, thickness
1.6 and 3.5 mm).

The chemical composition of ZnO nanorods was studied
by FTIR spectroscopy using an FTIR spectrometer (Spec-
trum One, Perkin Elmer, spectral range 400-4000cm™!,
spectral resolution 4 cm ™!, transmittance mode, KBr pellets).

Thermal properties of PMMA/ZnO nanorod composites
were studied by TGA (STA 409, Netsch, temperature range
50-600°C, heating rate 1°C/min, air flux of 100 mL/min,
sample quantity ~50 mg).

Crystalline fractions of nano-ZnO were characterized by
XRD diffraction (D-5000 diffractometer, Siemens, Cu anode
as the X-ray source, 25°C, 2@ range 2-90°, step 0.04°, step
time 15s). Crystallite sizes were calculated using the Scherrer
formula.

DMA measurements were performed on DMA Q800,
Thermal Analysis, using a single cantilever clamp (tem-
perature range 30—150°C, heating rate 5°C/min, amplitude
15 ym, frequency 10 Hz).
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FiGurk 1: (a) STEM micrograph, (b) and (c¢) HR-TEM micrographs of ZnO nanorods, and (d) electron diffraction pattern of ZnO nanorods.

3. Results and Discussion

ZnO nanorods were synthesized by the hydrolysis of Zn(II)
acetate in DEG with p-TSA as the end-capping agent, while
in other diols predominantly spherical ZnO particles were
produced. STEM and HR TEM micrographs (Figures 1(a)
and 1(b)) show ZnO particles in the form of nanorods
(diameter 10-50 nm, length 30-150 nm) with narrow parti-
cle size distribution. The HR TEM micrograph in Figure 1(c)
shows characteristic crystallite fringes confirming that nano-
rods are highly crystalline.

The XRD diffractogram (Figure 2(a)(A)) shows charac-
teristic ZnO diffraction maxima at 20 values of 31.8, 34.5,
36.2, 47.6, 56.6, 62.9, 66.4, 67.9, 69.1, 72.6, and 76.9 [35].
Calculated crystallite size using the Scherrer equation [36]
is 45 nm. Compared to the XRD diffractogram of spherical
ZnO nanoparticles (Figure 2(a)(B)) it shows higher intensity
of (002) peak, indicating the preferential growth of wurtzite
rods along (002) direction (c-axis) [8, 18, 24, 37, 38]. The
preferential growth in one direction is the consequence of
the growth rate difference in various directions of the ZnO
crystal. It is reported that during hydrothermal synthesis
the relative growth of (0001) face is higher than that of
other ones, leading to the formation of extended prismatic
hexagonal ZnO crystals [39]. Nanorod growth is, as reported,
caused by the adsorption of DEG molecules to the nonpolar
faces of the crystal, while highly polar (0001) faces at both
ends are able to develop and grow faster resulting in the
formation of ZnO nanorods [40]. This explains why ZnO

nanorods are formed only in DEG, while in other diols ZnO
with regular morphology is formed [34]. The crystallinity
of ZnO nanorods was additionally confirmed by HR TEM
microscopy where characteristic fringes of crystallites were
observed (Figure 1(c)). The electron diffraction pattern
(Figure 1(d)) confirms that synthesized ZnO nanorods are
polycrystalline. By increasing the concentration of p-TSA
from 0.1 to 0.4 M the length of ZnO nanorods was reduced,
indicating its important role in the mechanism of ZnO
particle formation (Table 1).

The IR spectrum of ZnO usually shows a characteristic
absorption band between 420 and 510cm™!' due to two
transverse optical stretching modes of ZnO [41]. In the case
of ZnO nanorods this maximum is split into two maxima,
one at 507 and the second one at 423 cm™! (Figure 2(b)(A)),
while spherical ZnO nanoparticles show only one maximum
at471 cm™! (Figure 2(b)(B)) (21, 42, 43]. These two absorp-
tion peaks correlate with the bulk TO-phonon frequency
and the LO-phonon frequency [44]. Additional absorption
bands at 1590, 1415, and 1340 cm ™! were ascribed to organic
impurities originating from reaction intermediates, which
can be identified as Zn hydroxo acetate complex [45] or
tetra nuclear oxo zinc acetate cluster (ZnsO(CH3COO)g)
[34, 46, 47], while the one at 3435 cm™! was assigned to the
OH groups on the surface of ZnO.

The combination of PMMA matrix and ZnO nanopar-
ticles gives optically transparent materials with high UV
absorption [16]. Such materials have high potential in
various outdoor applications with high UV light loads.
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FIGURE 2: (a) XRD diffractograms and (b) FTIR spectra of (A) ZnO nanorods and (B) ZnO nanoparticles.

TasLE 1: The length of ZnO nanowires in correlation with the p-
TSA concentration.

Designation Concentration of Length of ZnO
of the sample p-TSA (mol/L) nanorods (nm)
Zn0O-1 0.05 50-180
Zn0O-2 0.1 50-150
Zn0O-3 0.2 30-100
Zn0O-4 0.4 20-70

For the preparation of PMMA/ZnO nanocomposites, ZnO
nanorods were first dispersed in MMA which was subse-
quently polymerized by free-radical chain polymerization
of MMA in situ between glass plates starting (a) directly
from the ZnO dispersion in MMA (procedure A), (b)
from previously prepared dispersion of ZnO in prepolymer
(procedure B), and (c) the same as in procedure B only with
constant sonication during the entire polymerization process
(procedure C).

The most important parameter in preparing the homo-
geneous PMMA/ZnO nanocomposites is dispersion stability
of ZnO particles in MMA monomer. Dispersion stability,
that is, R, of ZnO nanorods in dependence of time and
ZnO concentration (Table 2), was studied by dynamic light
scattering, DLS. Comparing Ry, after 10 min and after 25 min
we observed an increase of Ry, indicating a slight aggregation
of ZnO nanorods in MMA, but at longer times (45 min) Ry,
no longer increased, indicating that the dispersion became
stable. The stability of ZnO nanorod/MMA dispersion can
be explained by the strong interactions between ZnO surface
and carbonyl groups of MMA [48].

When MMA is polymerized by the radical chain mech-
anism, the weight average molar mass, M,, of PMMA
reaches values well above 100000 g/mol [30] after 45 min
of reaction, and this can explain the stability of dispersion
of ZnO nanorods in the reaction mixture. It has been
reported [49] that at isothermal conditions, at temperatures
between 70 and 80°C, bulk radical chain polymerization of

MMA reaches gel effect (Tromsdorff effect) in reaction time
between 25 and 50 min. Gel effect raises the viscosity of the
system in a few minutes to values above 1 x 10°Pas, and
due to the high viscosity of the system ZnO nanorods remain
dispersed in the PMMA matrix.

The distribution of ZnO nanorods in the PMMA
nanocomposites prepared by procedure A was studied by
STEM microscopy of their ultra-microtomed sections. STEM
micrographs in Figure 3 show cross sections of PMMA/ZnO
nanorod composite containing 1 wt.% of ZnO. The distribu-
tion of ZnO nanorods in PMMA is homogeneous with a few
agglomerates. The ZnO nanorod structure can be observed
only for some of the particles because the nanorods are
statistically oriented in the three-dimensional space.

Since ZnO is a highly efficient absorber in the UV region
from 32 to 400 nm due to its wide direct band gap of 3.37 eV
[50], the addition of nano-ZnO into the PMMA matrix
significantly enhances UV absorption and UV resistance
of nanocomposite materials [51-53]. Transmittances in the
UV-Vis spectral region of PMMA/ZnO nanorod composites,
prepared by procedure A, are given in Table 3. ZnO nanorods
are extremely efficient UV absorbers since they absorb more
than 98% of the incident UV light at concentration of
0.1 wt.% and higher. Transparency for visible light is poor
due to the formation of cavities in the PMMA matrix and
due to a certain extent of ZnO aggregation.

By modifying the MMA polymerization process (pro-
cedure B) the transparency of composites for visible light
was improved (Figure 4(A)). The prepolymer procedure
significantly reduces the shrinking of PMMA and conse-
quently reduces the cavity formation, thus enhancing the
visible transparency of nanocomposites [54]. By reducing
the concentration of ZnO, the aggregation of ZnO is
substantially reduced and therefore visible transparency has
been additionally improved (Figures 4(B) and 4(C), while
the absorption in the UV region is reduced only at the ZnO
concentration of 0.01 wt.% (Figure 4(C)).

The modification of nanocomposite preparation pro-
cedure by the introduction of the sonication through
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Figure 3: STEM micrographs of ultramicrotomed sections of PMMA/ZnO nanorod composites (1wt.% of ZnO nanorods) at two
magnifications: (a) 50000x and (b) 100000x.

TasLE 2: Hydrodynamic radii of ZnO nanorods in MMA medium in dependence on the concentration and time.

Sample designation ZnO concentration (wt.%) . . . Ry (nm)' . .
Time (10 min) Time (25 min) Time (45 min)
7ZnO (nanorod)/MMA 0.01 102 116 101
ZnO (nanorod)/MMA 0.1 135 198 176
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FiGure 4: UV-Vis spectra of PMMA/ZnO nanorod composites
prepared by procedure B in dependence on ZnO concentration: (A)
0.1 wt.%, (B) 0.05wt.%, (C) 0.01 wt.%, and (D) PMMA.

the complete prepolymer synthesis (procedure C) addi-
tionally reduced ZnO agglomeration enhancing its visible
transparency and significantly increasing the absorption in
the UV region (Figure 5(C)).

The influence of the addition of ZnO nanorods on
the mechanical properties of PMMA nanocomposites was
studied by dynamic mechanical analysis, DMA. The storage
modulus of nanocomposites is decreasing with temperature
due to softening, but it increases with the addition of
small amounts of ZnO nanorods (0.01 and 0.1 wt.%), while
at higher concentrations (1wt.%) the reinforcing effect is
not intensified (Figure 6(a)). This can be explained by the

Wavenumber (nm)

FiGure 5: UV-Vis spectra of PMMA/ZnO nanorod composites
prepared by different procedures (ZnO concentration = 0.01 wt.%):

(A) procedure A, (B) procedure B, (C) procedure C, and (D)
PMMA.

increased aggregation of ZnO nanorods at higher concentra-
tions, leading to a decrease of the interfacial surface. Similar
effects were observed also by other authors [55]. The increase
of the storage modulus in the glassy state (up to 75°C) is
approximately 25%, while in the intermediate temperature
region (from 75°C to 95°C) it is increased by 50 to
100%. Comparison of the storage modulus of PMMA/ZnO
nanorods (length 30-150nm) composites with those of
PMMA composites with spherical ZnO nanoparticles (size
20-50 nm, Figure 7(a)) reveals that the latter show a higher
increase of the modulus. Therefore ZnO particle size (specific
surface-interface) is a more important factor influencing
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TaBLE 3: UV light transmittances of PMMA/ZnO nanorod composites in dependence on the UV wavelength and on the ZnO concentration.

Sample Concentration Transmittance at various UV wavelengths (nm) [%]
designation of ZnO [%)] 290 300 320 340 360 380
PMMA — 10.2 51.5 72.1 72.6 79.0 90.8
PMMA/ZnO-1 0.01 19.4 26.5 29.9 32.4 33.9 48.8
PMMA/ZnO-2 0.1 0.16 0.14 0.17 0.042 0.077 0.40
PMMA/ZnO-3 1.0 0.19 0.20 0.31 0.072 0.15 0.047
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FIGURE 6: Storage modulus (a) and tan & (b) of PMMA/ZnO
nanorod composites as a function of the ZnO nanorods concen-
tration.

the storage modulus of PMMA/ZnO nanocomposites than
is the shape (length) of the particle.

Figure 6(b) shows the dependence of tan § on the
concentration of ZnO nanorods as a function of temperature
showing relaxation peaks corresponding to glass transition
of the amorphous phase. The dependence reveals that
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—o— ZnO nanorods:length 150 nm
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—a— ZnO particles:size 35nm
—v— ZnO particles:size 25nm

tan &

0+ T T T T T T T T
40 50 60 70 80 90 100 110 120

Temperature (°C)

—o— PMMA —a— ZnO particles:size 35nm
—o— ZnO nanorods:length 150nm —v— ZnO particles:size 25nm

(b)

FIGURE 7: Storage modulus (a) and tan & (b) of PMMA/ZnO
nanorod composites as a function of the ZnO particle size and
shape—concentration of ZnO is 0.1 wt.%.

glass transition is shifted to higher temperatures when a
low concentration of ZnO nanorods is added (0.01 and
0.1wt.%), while at higher concentrations no additional
shift was observed which is consistent with the results in
Figure 6(a). It is interesting that the shift of glass transition
temperature to higher temperatures (Figures 6(b) and 7(b))
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Ficure 8: DTG curves of degradation of PMMA/ZnO nanorod
composites in dependence on ZnO concentration.

and the increase of storage modulus (Figures 6(a) and 7(a))
both show similar trends. In the temperature region above
85°C, tan 0 of these materials is above 0.3 meaning that they
are good damping materials [55].

ZnO nanoparticles can substantially enhance the thermal
stability of PMMA chains, when MMA is polymerized
in their presence [56-58]. DTG decomposition curves of
PMMA/ZnO nanorod composites in dependence of ZnO
concentration are shown in Figure 8. The DTG curve of pure
PMMA (Figure 8) shows three degradation peaks at 270°C
(scission of head to head linkages), at 330°C (scission of
vinylidene double bonds), and at 370°C (random scission
of PMMA chain) [59]. DTG curves of PMMA/ZnO nanorod
composites (Figure 8) show less intense peaks of head to head
linkage decomposition and of vinylidene double-bond scis-
sion at 270 and 330°C, respectively, while the peak of random
scission at 370°C becomes much more intense. This indicates
that ZnO nanorods thermally stabilize the PMMA matrix in
concentration of 1 wt.% and higher. Compared to spherical
ZnO nanoparticles their thermal stabilization is less intense.
It is interesting to note that thermal stabilization of PMMA
is observed only when MMA is polymerized in the presence
of nano-ZnO, while nano-ZnO admixed to the PMMA has
no influence on the thermal properties of nanocomposite
[57]. The absence of a vinylidene double-bond scission peak
in DTG curves at ZnO concentrations of 1 wt.% and above
suggests that nano-ZnO reduces the double-bond concen-
tration in PMMA chains [57]. The reduced concentration of
vinylidene double bonds with increasing ZnO concentration
was confirmed by 'H NMR spectroscopy [30].

4. Conclusions

ZnO nanorods with organophilic surface were synthesized
by hydrolysis of Zinc(II) acetate in DEG medium with the
addition of p-TSA as an end-capping agent. p-TSA reduces
the average particle size, increases the ZnO crystallinity,

and influences the preferential growth of ZnO in c-axis as
shown by the electron microscopy. ZnO nanorods have been
synthesized at high concentration of the precursor (1 M),
thus allowing their preparation in gram quantities which is
beneficial in the preparation of composites.

ZnO nanorods form stable dispersions in MMA for at
least 45 min at concentrations of 0.1 wt.% and below. During
the radical chain polymerization of MMA, the system reaches
gel effect in the reaction time of 20 to 50 min at temperatures
between 70 and 80°C. Due to the high viscosity (above
1 X 10° Pas) of the PMMA/ZnO dispersion, ZnO nanorods
remain dispersed in the PMMA matrix.

ZnO nanorods are excellent UV absorbers because they
quantitatively absorb UV light in the 290 to 370 nm region at
concentrations of 0.1 wt.% of ZnO and above. PMMA plates
with high visible light transparency and high UV absorption
were prepared using the prepolymer procedure (procedure
C). The optimal concentration of ZnO nanorods is between
0.01 and 0.1 wt.% to obtain materials with high absorption
of UV light and high transparency for visible light.

DMA analysis of PMMA/ZnO nanorods composites
shows that ZnO nanorods increase the storage modulus
of nanocomposites and shift the T, towards higher tem-
peratures at low concentrations (0.01-0.1wt.%), while at
higher concentrations (1.0wt.%) the reinforcing effect is
deteriorated, which was ascribed to the aggregation of
ZnO nanorods. Comparing the reinforcing effects of ZnO
nanorods and ZnO nanoparticles it was observed that the
latter show a more pronounced effect on the storage modulus
and T, than the former, due to their smaller size and larger
specific surface.

ZnO nanorods enhance the thermal stability of PMMA
at concentrations of 1 wt.% and above. The thermal degra-
dation of PMMA is shifted towards higher temperatures by
20-40°C, which was ascribed to the reduced concentration
of vinylidene chain end double bonds as indicated by the
changes of DTG curves.
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