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Zinc oxide particles were synthesized from zinc acetylacetonate in the presence of triethanolamine (TEA)
and various alcoholic solvent, ethanol or octanol, at 170 °C. The structural, optical and morphological
characteristics of ZnO particles were monitored using X-ray powder diffraction (XRD), UV—Vis and FT-IR
spectroscopies and field emission scanning electron microscopy (FE-SEM). The experimental findings
were confirmed by means of DFT calculations which were obtained in nonpolar alcohol 1-octanol, as a
follow up to our previous study in polar ethanol [9]. The nucleation and formation mechanism of ZnO
nanoparticles is proposed considering the results obtained from a computational study of Gibbs free
energies of ZnO—TEA molecular interactions (AG*nt) in various solvent system. The calculations revealed
different binding affinities which initiated the nucleation processes of ZnO nanoparticles in the presence
of alcohols of different size and polarity. The high chelating efficiency of TEA towards zinc with tetra-
hedral geometry is observed. The results of X-ray diffraction size-strain analysis indicate the presence of
size anisotropy as well as a reduction in the ZnO crystallite size with the change of solvent from ethanol
to 1-octanol (<10 nm).

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Zinc oxide is of interest in many applications as an important
material with excellent combination of optical, electrical and
microstructural properties. In order to optimize the properties of
ZnO material for the highly technical or biomedical applications it
is necessary to control its structure and morphology [1]. Many re-
searchers focused their investigations on relationship between
synthetic parameters and properties of the ZnO [1—4]. One of the
most powerful synthesis routes is represented by nonhydrolytic
routes in which surfactants in the reaction mixture provide excel-
lent control over crystallite size, shape and dispersibility [4]. Demir
et al. [5] described method to obtain ZnO nanoparticles of mono-
disperse size distribution via acid-catalyzed esterification of zinc
acetate dihydrate with 1-pentanol. The catalytic effect of p-TSA
accelerated the nucleation rate and generated smaller particles
with narrower size distribution. It is well known that to synthesize
uniform nanoparticles it is required to generate nuclei at same
time.
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Ethanolamine molecules play an important role as particle
growth modifiers; they are complexing, assembling and structure-
directing agents in the reaction system and significantly influence
the morphology of ZnO particles [6—9]. Wang et al. [6] reported a
facile synthesis of ZnO with different morphologies (flowerlike,
spindlelike, swordlike, umbrellalike) via an ethanolamine-assisted
hydrothermal process. The flowerlike ZnO displayed an enhanced
photocatalytic performance as compared with other ZnO archi-
tectures, which may be due to specific site-selective photocatalytic
behavior related to Zn sites [6]. However, non-aqueous systems
offer the possibility of better control of the reaction mechanism and
the rate of particle growth in comparison with aqueous system
[3,8,10]. Contrary to methods with ex situ introduction of hydroxyl
ions into the reaction system, which cause uncontrolled growth of
ZnO nanoparticles, conversion of zinc precursors in organic sol-
vents, allows the synthesis of nanomaterials with high crystallinity
and well-defined uniform particle morphologies. It is well known
that the one of the very important tasks was to avoid the influence
of any external moisture to the system. Recently, Sari¢ et al. [11]
investigated the esterification reaction for obtaining ZnO in highly
anhydrous conditions and from zinc precursor without intrinsic
water. The esterification reaction generated water molecules in situ
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and can be considered as the initiation step of ZnO formation. Thus
slowly released water molecules act as promoter of particle for-
mation, including both nucleation and ZnO crystal growth. Woj-
narowicz et al. [12—14] focused on the investigation of the
significance of water in the microwave solvothermal synthesis of
undoped and Co-doped ZnO NPs. The authors emphasized that by
changing the water content in the precursor solution of hydrated
zinc acetate in ethylene glycol, it is possible to control the size of
both, undoped [12,14] and Co-doped [13] ZnO NPs. It is confirmed
that an increase in the water content in precursor resulted in the
increase in the size of obtained ZnO NPs, as a consequence of the
change of quantity of the formed crystalline nuclei of ZnO to the
remaining unreacted quantity of the zinc acetate [12—14]. Woj-
narowicz et al. [12—14] proposed a size control growth mechanism
of undoped and Co-doped ZnO nanoparticles.

Generally, nonaqueous routes can be distinguished as surfactant
or solvent controlled preparation routes [10]. Many researchers
[3,15—17] investigated the influence of a solvent on the ZnO for-
mation in surfactant-free nonaqueous synthesis routes. Ambrozic
et al. [3] proposed the formation mechanism of ZnO nanoparticles
produced by starting from zinc acetylacetonate hydrate and 1-
butanol or isobutanol. Tonto et al. [15] investigated the reaction
mechanism of ZnO nanorods synthesized using the solvothermal
esterification between zinc acetate and various alcohols in a series
from 1-butanol to 1-decanol. The authors emphasized the inter-
esting relationship between boiling point of the alcohol used and
aspect ratio of ZnO nanorods, which increased from 1.7 to 5.6 when
the alcohol was changed from 1-butanol to 1-decanol. On the other
side, Bilecka et al. [18] studied the formation of ZnO nanoparticles
in the presence of aromatic alcohol via a non-aqueous route by the
use of benzyl alcohol. The formation mechanism of nanocrystalline
ZnO particles from the reaction of zinc acetylacetonate with NaOH
in ethanol was likewise investigated by Inubushi et al. [19].

Salavati-Niasari research group [20—25] investigated the influ-
ence of synthesis procedure on the formation and properties of ZnO
nanomaterial and composites. Along with other physical and
chemical properties the size and morphology of ZnO nanoparticles
can be modified by using different routes of the synthesis. ZnO
nanoflowers were synthesized from zinc oxalate without using
additives by a fast microwave-assisted polyol method [23]. Also,
Salavati-Niasari's research group reported synthesis of ZnO nano-
particles by solid-state reaction [20—22]. Solvent-free syntheses
have recently attracted considerable attention in the field of green
chemistry as novel and simple mechano-chemical solid-solid
method [22]. Also, the solid-state thermal decomposition of zinc
acetylacetonate was already utilized in the production of ZnO
nanofibers and nanoparticles [24]. Notwithstanding the simplicity
of this method, the mechanism of thermal decomposition of zinc
acetylacetonate obtained by the sublimation process of Zn(acac);
powder is complex. This method can be developed to prepare
various morphologies of metal oxides [24]. ZnO morphology has a
significant influence on the optical properties of ZnO, as well as on
the other semiconductor photocatalyst material [25].

Here we present new results obtained by the theoretical study,
by means of quantum chemical calculations at the density func-
tional theory level, related to ZnO nanomaterial synthesized in 1-
octanol following our previously reported procedure [8]. This
research is a follow up to our previous combined experimental and
theoretical study of ZnO nanomaterial obtained in ethanol [9]. In a
previous paper [9] we studied and compared the impact of a ver-
satile family of ethanolamines (MEA and TEA) on the microstruc-
tural properties of the ZnO particles prepared in ethanol. The aim of
present combined experimental and theoretical study is to better
understand on a molecular level the mechanism which initiated the
ZnO nucleation process continued by the growth of nanoparticles

in the presence of alcohols of different size and polarity and TEA, as
well as to improve the predictability of formation of nanoparticles
and their aggregation.

2. Experimental
2.1. Materials and synthesis

Zinc acetylacetonate monohydrate (Zn(CsH;0,),-H,0; Alfa
Aeser®™), triethanolamine (CgHisNOs; Fisher Chemical), absolute
ethanol (C;H50H; J. T. Baker) and 1-octanol (CH3(CH,)70H; Sigma
Aldrich), all of analytical purity, were used for the preparation of
samples. Commercial ZnO was supplied by Ventron.

Sample notation and the experimental conditions used for their
preparation are given in Table 1 following our previously reported
procedure [8]. In a typical synthetic procedure triethanolamine
(TEA) was first dissolved in alcohol. Alcohols used in this research
were ethanol (samples E) and 1-octanol (samples O). Then Zn(a-
cac);-H,0 was added to this solution and the molar ratio of TEA to
Zn(acac),-Hy0 was adjusted to 1:2 and 1:1 (TEA/alcohol precursor
solutions). Each precipitation system contained 0.5 g of Zn(acac)s.
Different amounts of TEA were dissolved in alcohol. Thus prepared
transparent precursor solution was autoclaved at 170°C for 4 or
24 h. A 50 mL Teflon-lined stainless steel autoclave was used. After
autoclaving the precipitates were separated from supernatants by
centrifugation, washed several times with ethanol and dried.

2.2. Measurements and characterization

Field Emission Scanning Electron Microscope (FE-SEM) model
JSM-7000F, manufactured by Jeol Ltd. was used to examine the
morphology and size of the particles. UV/Vis absorption spectra
were recorded with a Shimadzu UV/Vis/NIR spectrometer equipped
with an integrated sphere (model UV-3600). FT-IR spectra were
recorded using a Perkin Elmer spectrometer (model 2000). The
structure of samples was determined at room temperature by X-ray
diffraction (XRD) using Italstructures X-ray powder diffractometer
(APD 2000, Cu-K,, radiation, graphite monochromator, scintillation
detector).

2.3. Size—strain line-broadening analysis

Size—strain line-broadening analysis of the ZnO samples was
performed using the results of Williamson-Hall analysis [26]. The
values of volume-averaged domain size (Dy) and the upper-limits of
microstrains (e) were estimated from the results of Williamson-
Hall analysis by using equation:

Table 1
The notation and experimental conditions used for the preparation of ZnO samples.
Each precipitation system contained 0.5 g of Zn(acac), [8]. Ageing temperature was
170°C.

Sample [TEA]/[Zn (acac)s] Ethanol/ml Octanol/ml tageing/N
E1l 1:2 30 4

E2 1:2 30 24

E3 1:1 30 4

E4 1:1 30 24

01 1:2 30 4

02 1:2 30 24

03? 1:1 30 4

04 1:1 30 24

2 There was no precipitation.
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where 1 is wavelength, § stands for the physical broadening of
diffraction line and K is constant close to 0.9. The 8 values were
obtained by convolution-fitting approach (program SHADOW [27])
in which the instrumental profile (diffraction lines of well-
crystalline zincite powder) is convoluted with a refinable Voigt
function to fit the observed profile.

2.4. Computational methods

All calculations were performed by means of quantum chemical
calculations at the density functional theory (DFT) level using the
Gaussian 09 program (revision D1) [28]. The M05-2X functional
[29] designed by the Truhlar's group has been chosen. It provides
very accurate thermodynamic parameters, being particularly suc-
cessful in nonbonding interactions treatment [29—31], especially in
reproducing geometries, dipole moments and homolytic bond en-
ergies in various zinc complexes [32,33]. The 6-
31 + G(d,p) + LANL2DZ mixed basis set has been utilized. The
Pople's 6-31 + G(d,p) double-£ basis set was chosen for N, O, H
atoms and the LANL2DZ basis (LANL2 pseudopotential for inner
electrons and its associated double-£ basis set (DZ)) was used for
the transition-metal (Zn) atoms [34]. This gave rise to the M05-2X/
6-31 + G(d,p) + LANL2DZ model utilized for geometry optimization
which has been frequently used for studies of transition-metal
containing systems. The geometric structures of the molecules
were optimized by minimizing energies with respect to all
geometrical parameters without imposing any molecular symme-
try constraints and using a tight convergence condition. The Berny
algorithm using redundant internal coordinates was employed.
Frequency calculations were made under the harmonic approxi-
mation on all the optimized structures at the same level of theory
with no scaling in order to confirm that the structures correspond
to the true minima, meaning that no imaginary frequencies were
present, as well as to extract thermal Gibbs free energy corrections.
The final single point energies were obtained using a highly flexible
6-311++G(2df,2pd) basis set for the N, O, H atoms, while the same
LANL2DZ ECP type basis set for zinc atoms was employed. The self-
consistent field (SCF) calculations were conducted under a tight
condition imposing the threshold value of 10~8 hartree to total
energy difference during the iteration process. The integration grid
in self-consistent field calculations was set to FineGrid having 75
radial shells and 302 angular points per shell. The 2-electron in-
tegral accuracy was set to 10~'>. The FoFCou algorithm with
NoSymm option was used. All geometry optimizations, frequency
calculations and single point energy evaluations were conducted by
taking solvent effects into account. To evaluate the bulk solvent
effects (1-octanol, ¢ =9.86; ethanol, ¢ =24.85) the implicit SMD
polarizable continuum solvation model [35] has been employed. It
represents a very practical approach to simulate the solvation
environment and determine the effect of the medium on the
structure and stability of solutes in a solution.

One of major difficulties in modelling the formation process of
ZnO—TEA monomers, as well as their association into oligomers, is
the correct sampling of the conformational space of molecules. Due
to many different monomer structures, as well as their associate
structures, optimization for a large number of different starting
structures had to be performed in order to find the global mini-
mum. In practice, different ways are utilized to create such starting
structures. They are usually obtained by a low-level quantum-
chemical method, or by an empirical force-field combined with
molecular dynamics or Monte Carlo techniques, or using generic

algorithms. Starting structures are also frequently build from
literature data (X-ray data), or manually sampled by using chemical
intuition. In this work the latter approach was used to generate the
starting structure of the ZnO—TEA monomer as well as other olig-
omers. The conformational space was manually sampled for the
ZnO—TEA monomer, taking into account various donor and
acceptor sites of the ZnO and TEA molecule. The numbers of con-
figurations were optimized, then the most stable ones were
selected and further used as a starting point for building the di-
mers. The two most stable dimers were then associated directly
into tetramers.

The Gibbs free energy of interaction, AG |yy, was computed using
the supramolecular approach according to the simple formula:

AG Nt = G'ap — G'A — G (1)

as the difference between the total free energy (G"ag) of the asso-
ciates (ZnO—TEA, or their oligomers), and the sum of the total free
energies (G a + G') of the associating units A and B. The total free
energy of the species in the liquid was computed using the
expression

G*X = ETOtsoln + AG*VRTA,soln (2)

where the term E™%, corresponds to the basic energy of a density
functional theory calculation using the SMD model, while the
AG*VRT,SOIH term encompasses vibrational, rotational and trans-
lational contribution to the solution free energy, being computed
by applying the ideal gas partition functions to the frequencies
calculated in the dielectric medium and the 1M standard state. A
more negative value of the binding energy implied the more stable
formed species. No BSSE correction to the binding energies has
been applied.

The topological analysis of the charge density distribution using
the Bader's quantum theory of atoms in molecules (QTAIM) [36]
was performed by employing AIMALL software package [37] using
the SMD/MO05-2X/6-31 + G(d,p) + LANL2DZ wave function ob-
tained from optimization. Within the QTAIM analysis the electron
density was analyzed for two major characteristics including (a) the
existence of critical points (CPs), which are special points where
electron density exhibits maximum, minimum, or a saddle point in
space, and (b) for the bond paths [38], the line of maximum elec-
tron density connecting two interacting atoms in the energetic
minimum structure which indicates that the two atoms are
bonded. The point of the minimum value of electron density along
that line is called the bond critical point (BCP) and the value of
topological parameters, such as electron density p(rc), Lap-
lacianv?p(r¢), electronic kinetic energy G(rc), electronic potential
energy density V(r), total energy density H(r.) at that point explain
the features of interatomic interactions. V2p(r¢) <0 indicates that
the charge density is locally concentrated, while VZp(r)>0 in-
dicates that the charge density is locally depleted. The chemical
bond nature can be described qualitatively concerning the signs
and values of the electron density Laplacian V2i(r¢) and of the
electron energy density H(r.) at the corresponding bond critical
point in accordance with the following criteria. The interactions
characterized by V?p(r¢) <0 and H(r¢) <0 point to a shared inter-
action, i.e., weakly polar and nonpolar covalent bonds. On the other
hand, the interaction characterized by Vzp( rc)>0 and H(r.)>0
suggests the closed shell interactions such as weak hydrogen
bonds, van der Waals interactions and ionic bonds. The interme-
diate interactions which include strong hydrogen bonds and most
of the coordinate bonds are characterized by V?p(r.)>0 and
H(r:) <0 [39,40]. A very high negative value of the Vzp(rc) is an
indication of a strong covalent bond, while a high positive value



254 A. Sari¢ et al. / Journal of Molecular Structure 1178 (2019) 251-260

corresponds to a strong noncovalent bond. The energies of the
coordinate bonds (Zn—0, Zn—N) and of other intra- and intermo-
lecular hydrogen bonds have been calculated by the Espinosa's
equation

E =0.5V(rc) (7)

where E is the bond energy (a.u.), and V(r.) is potential energy
density (a.u.) at the corresponding critical point [41]. The Espinosa's
relationship is widely used for the energy estimation of different
types of hydrogen [42,43], van der Waals [44] coordinate [45,46]
and homopolar bonds [47].

3. Results and discussion
3.1. Microstructural analysis

The morphologies and microstructures of ZnO particles in as-
synthesized samples (Table 1) [8] were examined with FE-SEM
and XRD. Fig. 1 shows the SEM images of ZnO particles in sample
01 prepared in 1-octanol solution (a), and sample E1 prepared in
ethanol solution (b), both obtained in the presence of small amount
of TEA (mole ratio [TEA]/[Zn(acac);] = 1:2). Sample O1, prepared in
octanol (Fig. 1a) consists mostly of small irregular spherical ag-
gregates ~100 nm in size made up of loosely assembled nano-
particles (<20nm). Alongside, the much smaller irregular
nanoparticle aggregates are also visible. However, in the ethanol
solution, there was no tendency of aggregation of fine uniform ZnO
nanoparticles (<20 nm), as shown in the SEM image in Fig. 1b
(sample E1). It seems that this experimental condition provided a
sufficient combination of favourable electrostatic interaction be-
tween ZnO nanoparticles, polar molecules of ethanol and mole-
cules of TEA to prevent particles from aggregating. The results of X-
ray diffraction line-broadening analysis (Table 2) show that ZnO
crystallites in sample O1 prepared in octanol solutions appear to be
significantly smaller (~5nm, Dy|jc-ax ~9nm; microstrains
<2 % 10~%) than in ethanol in sample E1 (~9 nm, Dy||c-ax ~19 nm;
microstrains <2 x 107%).

However, the formation of bigger densely packed spheres
(500 nm) assembled from fine and uniform ZnO nanoparticles is
favoured by increasing the TEA concentration (|[TEA]/[Zn(a-
cac);]=1:1) in both, polar ethanol and nonpolar octanol. Fig. 2
shows the SEM images of ZnO particles in sample O4 prepared in
1-octanol solution (a), and sample E4 prepared in ethanol solution
(b), both obtained at the mole ratio [TEA]/[Zn(acac),] = 1:1. Sample
04, prepared in octanol (Fig. 2a) consists of the large compact
spheres (*500 nm) formed by the aggregation of several smaller
spheres. The presence of ethanol along with TEA molecules at

SElI 10.0kV X100,000 100nm WD 10.0mm

Table 2

Estimated values of the volume averaged domain sizes (Dy) and upper limits of
microstrains (e) and the corresponding values in the directions parallel to the c-ax of
zincite lattice as determined from the results of diffraction line broadening [8]
(Williamson-Hall analysis).

Sample Dy/nm ex10° Dy||c-ax/nm e x 10%||c-ax
E1 9 (1) 06 (2) 19 (2) <02

E2 12(1) 06(2) 21(2) <02

E3 7(1) <02 12(2) 1.5 (2)

E4 9(1) 03(2) 21(2) 16 (2)

o1 5(1) 03(2) 9 (1) <02

02 7(1) <02 14(1) 11(2)

04 7(1) 10 (2) 16 (1) <02

[TEA]/[Zn(acac);] =1:1 also favoured the aggregation of ZnO
nanoparticles into big regular spheres (500 nm) as shown in Fig. 2b
and Fig. S1c, in comparison with freestanding ZnO nanoparticles
prepared at the deficiency of TEA ([TEA]/[Zn(acac);] = 1:2) (Fig. 1b,
Fig. S1b). Small nanoparticles (<20 nm) on the surface of spheres
are well visible (Fig. 2a and b). It seems likely that an increase in TEA
concentration could potentiate TEA coating on ZnO nanoparticles,
which allowed for the nanoparticles to attach to each other more
tightly and favoured the formation of big ZnO spheres. The differ-
ence in these processes might be explained by different in-
teractions of the solvent molecules with the surface of
nanoparticles.

The results of X-ray diffraction line-broadening analysis show
that ZnO crystallites in sample O4 prepared in octanol solutions
appeared to be smaller (~7nm, Dy|c-ax ~16 nm; microstrains
<2 x 1074 than in ethanol in sample E4 (~9 nm, Dy||c-ax ~21 nm;
microstrains 1.6 x 103, Table 2). The results of XRD analysis are
summarized in Table 2 and Fig. 3. XRD measurements showed that
in all samples ZnO was present as a single phase. Fig. 3 shows
characteristic XRD patterns of samples 02, 04, E2, E4 and Fig. S2
XRD patterns of samples O1, E1 and E3. The results of our previ-
ously obtained [8] Williamson-Hall analysis are summarized in
Table 2. The results of individual profile fitting (program XFIT)
indicated presence of size anisotropy with significantly narrower
diffraction lines along the direction (00l) (Fig. 2). Therefore, we
separately estimated Dy and e values in the direction parallel to c-ax
from the § values of the diffraction lines 002 and 004. In summary,
the results of XRD analysis show that for the same experimental
conditions the change of solvent from octanol to ethanol caused a
reduction in the ZnO crystallite size (Table 2, Fig. 3). Long-chain
alcohols were introduced by Park et al. [48], as solvents which
were expected to decrease the overall polarity of the system and to
provide a repulsive force between particles. The authors concluded
that the lowered polarity decreased the solubility of small

%
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Fig. 1. FE-SEM images of samples: (a) 01, (b) E1.
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Fig. 2. FE-SEM images of samples: (a) 04, (b) E4.
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Fig. 3. X-ray diffraction patterns of samples 02, 04, E2 and E4.

oligomers in the system, which shortens the turbidity time. From
the relationship between the dielectric constant and turbidity time
it can be concluded that the reaction participating units are small
oligomers rather than monomers [48]. Sadasivan et al. [49] also
observed similar results. The authors concluded that the steric
hindrance may be predominant factor for lower alcohols, weaker
hydrogen bonding predominant one for the higher alcohols.
Namely, a weaker hydrogen bonding between solvent molecules
and nucleophile enhance the rate of hydrolysis, while the steric
hindrance of an alkyl group expressed through higher solvent vis-
cosity for higher alcohols slow down the rate of hydrolysis [49]. The
authors concluded that the final particle size depend on the solvent
polarity [48,49]. Triethanolamine (TEA) molecules play important
roles as complexing, assembling and structure directing ligands in
the precursor solution probably as coordinated ions [Zn(TEA)x]** or
[ZnO(TEA),] (besides remaining (Zn(OH),, [(Zn(OH)4]*" and Zn?*)
which limits the existence of free zinc ions and controls the ZnO
nuclei formation.

3.2. UV—Vis and FT-IR spectroscopies

The optical absorbance spectra of ZnO particles are shown in
Fig. 4. Fig. 4 shows the UV—Vis spectra of selected samples and the
reference ZnO material, their corresponding particle morphologies
(inset) and calculated band gap values. As can be seen, the as

292 3§4
E=324eV 02

T T T T T T T
o] 30,5 3£|'35
©
[0))
o
c
@®
o
—
(@]
%)
0
<

T T T T T T T

3'67
E=319ev ZnO
ref.
' I T T T T T T T T T
200 300 400 500 600 700 800

Wavelength / nm

Fig. 4. UV—Vis spectra of samples 02, E2, and reference ZnO. Inset images show the
corresponding SEM images at the same magnification (10000 x ) and calculated band
gap values.

prepared powder, as well as reference ZnO, had no optical ab-
sorption in the visible region, but there was good absorption nearly
in the whole UV region. The UV—Vis spectra of ZnO samples, as well
as commercial ZnO, are characterized by broad and intensive ab-
sorption between 400 and 200 nm. The band gap values were ob-
tained using the procedure described by Dharma and Pisal [50].
One can see from Fig. 4 that the as prepared sample in octanol (02)
solution show a UV absorption edge which is blue-shifted with
respect to the absorbance of reference ZnO material. It is attributed
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to the size induced change of ZnO band gap energy. The relation-
ship between the particle size and optical properties of ZnO
nanoparticles was recently reported [51]. ZnO morphology has a
significant influence on the optical properties of ZnO, as well as on
the other semiconductor photocatalyst material. Among the
various semiconductor photocatalyst material nanostructured
Zn3V,0g has attracted significant consideration for degradation of
anionic and cationic dyes under UV irradiation in a short time [25].

Fig. S3 shows characteristic parts of the FT-IR spectra of all ZnO
samples. The right panel shows the spectra of samples synthesized
in the presence of octanol (01, 02 and 04), whereas the left panel
shows the FT-IR spectra of samples synthesized in the presence of
ethanol (E1, E2, E3 and E4). The FT-IR bands between 540 and
397 cm~! with two poorly resolved bands are characteristic of ZnO.
Besides, the FT-IR spectra of ZnO samples are characterized by the
bands above 600 cm~! due to the adsorbed water and organic
molecules. The IR band at ~1630cm™! can be attributed to the
bending vibration of H,O molecules adsorbed on ZnO particles. The
FT-IR bands at 1582 to 1619 cm ™}, as well as the bands at 1385 to
1414 cm™!, can be attributed to the stretching vibration of chem-
isorbed C=0 bands originating from acetylacetonate [8]. The pre-
sented FT-IR spectra indicate chemisorptions of carbonyl and
carbonate groups on the surface of ZnO nanoparticles.

3.3. The mechanism of ZnO particle formation

The formation of final ZnO particles can be considered in several
sequential steps: (1) monomer formation, (2) nucleation, (3) crystal
growth, and (4) possibly aggregation of ZnO nanoparticles. The
presence of triethanolamine in alcoholic solvent of different size
and polarity, had a significantly different influence on the all steps,
nucleation as well as on the crystal growth and aggregation of ZnO
nanoparticles. Triethanolamine combines the properties of amines
as weak bases and alcohols with three hydroxyl chains. Due to
special ability of TEA to participate in reactions common to both
groups, the spontaneous nucleation and growth of ZnO nano-
particles was limited.

On the basis of both microstructural and theoretical studies, the
nucleation and growth mechanism of ZnO nanoparticles is pro-
posed. Based on the results obtained by means of quantum
chemical calculations at the density functional theory level, it was
established that the nucleation kinetics and ZnO nanoparticles
growth, in the presence of TEA as a particles growth modifier and
alcoholic solvent of different size and polarity, are strongly
dependent on the properties of alcohol. The nucleation and for-
mation mechanism of ZnO nanoparticles was proposed considering
the results obtained from a computational study of Gibbs free en-
ergies of ZnO—TEA molecular interactions (AG*|y7) in 1-octanol and
our previously reported results in ethanol [9]. The calculations
revealed different binding affinities which initiated the nucleation
processes of ZnO into nanoparticles in the presence of alcohols of
different size and polarity. These processes involve noncovalent
interactions such as coordinate bonding, hydrogen bonding, van
der Waals forces, electrostatic forces, etc. Here, as a follow-up to our
previous investigations [9] performed in the presence of polar
ethanol solvent, we systematically studied and compared all non-
covalent interactions involved in the processes of nucleation and
ZnO nanoparticle growth in the presence of nonpolar octanol
solvent.

It is interesting to relate the structural motif for both most stable
isolated ZnO—TEA monomers obtained in the presence of one polar
[9] or the other nonpolar alcohol, as well as calculated values of
Gibbs free energies of interactions for their formation (Fig. 5,
Table 3). It is noticed that the structural motif for ZnO—TEA
monomer (Fig. 5a) obtained in the presence of 1-octanol doesn't

correspond to the motif of ZnO—TEA monomer obtained in ethanol
[9] (Fig. 5b). Namely, when a ZnO—TEA monomer was formed, all
three TEA hydroxyl chains could be attached to the ZnO molecule in
different ways depending on the type of alcohol used (shown in
Fig. 5 as ZnO—TEA(octanol) or ZnO—TEA(ethanol)).

To sum up, in the most stable conformation of isolated ZnO—TEA
monomers obtained in both polar ethanol or nonpolar octanol, the
strongest binding was accomplished via a similar coordinate bond,
initiated with a characteristic ionic—dipolar interaction between
hydrogen atoms from the OH group in TEA and oxygen in ZnO,
which resulted in hydrogen atom transferring from the OH group
on oxygen to ZnO. As a consequence of this process a lone electron
pair on the oxygen atom from the OH group was involved in a new
exceptionally strong coordinate bond with zinc (ZnO—TEA(ethanol)
[9]: dzn_o = 1.948 A, Ezn_o = —38.0 kcal mol ™1 ZnO—TEA(octanol):
dzn_o=1954A, Ezn_o=-375kcalmol™!). The Zn—O bond is
attributed to an intermediate type of interaction according to
v2p(re)> 0 and H(r) <0. It is more of an ionic type as indicated by
the higher positive value of V2p(r.) compared with a corresponding
value in the Zn—N bond. Namely, in the most stable ZnO—TEA
monomers in both ethanol and 1-octanol a free electron pair on the
nitrogen atom was involved in the coordinate bond with zinc
(ZnO—TEA(ethanol) [9]: dzn_n = 2.257 A, Ezn—n = —17.9 kcal mol;
ZnO—TEA(octanol): dzn_n=2.246 AA, Ezy_n=- 18.6 kcalmol ).
The critical point of the Zn—N bond was characterized by the
positive values of electron density Laplacian V2p(rc)>0 and by
negative value of electron energy density H(r¢) <0 indicating this
type of interaction also as intermediate which is a feature of the
coordinate bond. However, the most important binding responsible
for additional stabilization of the most stable ZnO—TEA(octanol)
monomer in comparison to ZnO—TEA(ethanol) monomer was
accomplished via a newly coordinate bond where a free electron
pair on the oxygen atom from the second remaining free TEA hy-
droxyl group was involved in bonding with zinc (dzy_o = 2.2231A,
Ezn—o = —16.7 kcal mol~1), being more stabilized by strong O—H---O
hydrogen bond between the hydrogen atom from remaining free
TEA hydroxyl group and oxygen in ZnO (do . y=1563A, Eo
y=—18.9kcalmol~!, see Fig. 5a). Differently, the most stable
ZnO—TEA(ethanol) monomer was stabilized by the weaker bifur-
cated O—H---0O hydrogen bonds between the hydrogen atoms from
both remaining free TEA hydroxyl groups and oxygen in ZnO (do ..
nH=1644A Eo n=-13.7kcalmol™! and do . n=1677A, Eo .
1= —12.1kcal mol~', see Fig. 5b [9]). It is important to emphasize
that the most stable ZnO—TEA monomer obtained in the presence
of octanol possess stronger coordination ability which could
replace weaker hydrogen bonds obtained in ethanol media. Obvi-
ously, the synergistic effect of all the above mentioned noncovalent
interactions was present. The formation of such completely
enclosed structure of ZnO—TEA(octanol) monomer in nonpolar
alcohol was a consequence of the exceptional flexibility of all three
of TEA hydroxyl chains compared to ethanol media. The calculated
value of the Gibbs free energy interaction obtained in nonpolar
octanol suggested that the amount of especially stable
ZnO—TEA(octanol) monomer with AG*;nt = —62.50 kcal mol~! was
found to be the main controlling parameters for both nucleation
and growth of ZnO nanoparticles, being 10.5 kcal mol~! more stable
than ZnO—TEA(ethanol) monomer with
AG*INT = —51.50 keal mol ! [9]. Moreover, when all is considered,
the tetrahedral geometry in ZnO—TEA(octanol) monomer which
increases zinc stability, as well as the AG*|yr of its formation, one
might conclude that in the presence of nonpolar octanol monomers
found to imply most important parameters which initiated the
nucleation processes of ZnO nanoparticles.

Furthermore, the formation of most stable dimer from the as-
sociation of most stable monomers provide evidence of coordinate
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(a) ZnO-TEA(octanol)

(b) ZnO-TEA(ethanol)

Fig. 5. The most stable structures of (a) ZnO—TEA monomers in 1-octanol and (b) ZnO—TEA monomers in ethanol (selected values of bond distances in A and bond energies in kcal

mol~1).

Table 3

Formation of the most stable ZnO—TEA monomers® and their oligomers®, and
ZnO—TEA—ZnO species® in 1-octanol and ethanol [9]. Standard state (1M) free en-
ergies of interaction in 1-octanol and ethanol AG"\yt computed by using the SMD
solvation model at the MO05-2X/6-311++G(2df2pd) + LANL2DZ//M05-2X/6-
31 + G(d,p) + LANL2DZ level of theory (in kcal mol~1).

species ZnO—TEA AGINT species ZnO—TEA AG Nt [9]
(octanol) (ethanol)

ZnO—TEA (octanol) —-62.5 ZnO—TEA (ethanol) -51.5
(ZnO—TEA),(octanol) -10.5 (ZnO—TEA),(ethanol) -11.5
ZnO—TEA—ZnO(octanol) —-63.2 ZnO—TEA—ZnO(ethanol) -28.3
(ZnO—TEA)4(octanol) 8.2 (ZnO—TEA)4(ethanol) 5.8

2 According to the reaction: ZnO + TEA— ZnO—TEA.

b According to the reaction for dimer: ZnO—TEA + ZnO—TEA — (ZnO—TEA), and
for tetramer: (ZnO—TEA); + (ZnO—TEA), — (ZnO—TEA),.

€ According to the reaction for ZnO—TEA—ZnO species: ZnO—TEA + ZnO —
ZnO—TEA—ZnO.

bonding via free electron pair on oxygen atoms with zinc atoms,
having the same structural motif for the both most stable
(ZnO—TEA)y(octanol) and (ZnO—TEA),(ethanol) dimers, having
closely  followed the values of Gibbs energies,
AG*int = —10.5 kcal mol~! and AG*yy = —11.5 keal mol ! [9] (Fig. 6,
Table 3). Thanks to high chelating efficiency of triethanolamine
towards zinc, a same tetrahedral geometry which increased its
stability was noticed in both (ZnO—TEA),(octanol) (Fig. 6a) and
(ZnO—TEA)(ethanol) (Fig. 6b, [9]) dimers. The advantages of as-
sociation of a ZnO—TEA(ethanol) monomers during the formation
of (ZnO—TEA),(ethanol) dimer should be emphasized in compari-
son to the association of a ZnO—TEA(octanol) monomers into dimer
due to higher energetic requirements during the process of
dimerization in octanol media, which involve at first an additional
step of releasing one of the coordinate bonds in especially stable

(a) (ZnO-TEA),(octanol)

(b) (ZnO-TEA ),(ethanol)

Fig. 6. The most stable structures of (a) (ZnO—TEA), dimers in 1-octanol and (b) (ZnO—TEA), dimers in ethanol (selected values of bond distances in A and bond energies in kcal

mol~1).
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monomeric structure. On the other hand, the possibility of the
process of releasing one of the coordinate bonds in especially stable
ZnO—TEA(octanol) monomer, as well as its potential dimerization,
is also expected to be dependent on the access of other species with
stronger coordination ability, as in the example at the excess
amount of zinc salt. Namely, it is important to note the large ca-
pacity of the ZnO—TEA(octanol) monomer to attract other ZnO
molecule when it's in excess ([TEA]/[Zn(acac),] = 1:2]), via coor-
dinate bonding of free electron pairs on oxygen atoms with atoms
zinc, which was accompanied by the formation of
ZnO—TEA—ZnO(octanol) species. The tetrahedral structural motif of
ZnO—TEA—ZnO(octanol) (Fig. 7a) species corresponds to the motif
of the (ZnO—TEA),(octanol) dimer (Fig. 6a). Interestingly, supple-
mentary adding of ZnO molecule to the isolated ZnO—TEA(octanol)
monomer increased the stability of the system yielding the espe-
cially stable species ZnO—TEA—ZnO(octanol) with
AG*INT = —63.2 kcal mol ), being 1.2 kcal mol~! even more stable
than the existing ZnO—TEA(octanol) monomer and 52.7 kcal mol~!
more stable than the (ZnO—TEA)y(octanol) dimer with
AG* Nt = —10.5 kcal mol~! (Table 3). However, as shown in Fig. 7,
the structural motif for most stable ZnO—TEA—ZnO(octanol) spe-
cies doesn't correspond to the motif of ZnO—TEA—ZnO(ethanol)
species, having very big difference in values of Gibbs energies,
AG*iNT = —63.2 kcalmol~! and AG*ny= —28.3 kcalmol~! [9]. The
higher chelating efficiency of TEA towards zinc with tetrahedral
geometry is observed with the change of solvent from ethanol to
octanol. Despite the mentioned differences related to octanol me-
dia, the most stable species of ZnO—TEA—ZnO(ethanol) with
AG*int = —28.3 kcal mol~ !, being 16.8 kcal mol~! more stable than
the existing (ZnO—TEA),(ethanol) dimer with
AG* Nt = —11.5 kcal mol~! was found to imply important process
parameters in controlling the ZnO nanoparticles nucleation at the
excess amount of zinc salt in ethanol media [9]. It is interesting to
note that the precipitation of ZnO was delayed for at least 4 h (it
occurred after 24h of ageing) at the mole ratio [TEA]/[Zn(a-
cac)] = 1:1] solely in octanol media, indicating the strong impact
of three TEA chains in such nonpolar media [8]. It seems that it is
not possible to predict mechanisms responsible for nucleation and
preferential growth of ZnO nanoparticles only from the knowledge
of the most thermodynamically stable prenucleation intermediate.

The observed results point to a different formation mechanism
of ZnO—TEA intermediates which initiated the nucleation processes
of ZnO nanoparticles in the presence of alcohols of different size

and polarity and at different molar ratio [TEA]/[Zn(acac),]. Based on
the results obtained by the theoretical study which was in excellent
agreement with the experimental microstructural study, it was
established that the presence of solvent of different size and po-
larity had a strong impact on the ZnO nucleation process as well as
crystal growth. To sum up, the use of 1-octanol as a nonpolar sol-
vent leads to ZnO crystallites smaller than those obtained using
polar ethanol. The results of X-ray diffraction line-broadening
analysis show that for the same experimental conditions ZnO
crystallites prepared in octanol solutions in the presence of small
amount of triethanolamine ([TEA]/[Zn(acac);] = 1:2]) appeared to
be significantly smaller (~5 nm) than in ethanol (~9 nm) both ob-
tained in same experimental conditions [8]. This could be attrib-
uted to the spontaneous formation of ZnO—TEA intermediates
(AG*|NT<0) which initiated the nucleation processes and plays a
crucial role in the growth kinetics of ZnO nanoparticles. Calculated
Gibbs free energies of ZnO—TEA molecular interactions revealed
that the use of octanol as solvent leads to more spontaneous for-
mation of ZnO—TEA monomers, as well as ZnO—TEA—ZnO species
in comparison to ethanol solvent, which results in a higher nucle-
ation rate of ZnO nuclei. It is well known that nucleation and
growth are competitive processes. Therefore, the higher concen-
tration of the initial nuclei results in smaller ZnO nanoparticles. The
influence of solvents on the nucleation and growth of ZnO nano-
particles was studied in a series of alcohols from ethanol to 1-
hexanol [16,17]. Changing the solvent from hexanol to ethanol
indicate an increase of time required for nucleation and growth.
Nucleation and growth are retarded in ethanol and 1-propanol in
comparison to longer chain alcohols where nucleation and growth
are fast. The solubility of the ZnO particles increases with increasing
dielectric constant of the solvent [17]. This dependence indicates
that the partially covalent bonding in ZnO is an important factor for
determining the dissolution mechanism. Namely, for a purely ionic
solid it would be expected that the solubility increases with
increasing of the solvent dielectric constant.

Furthermore, possible formation of other kinds of stable oligo-
mers, i. e. the most stable tetramer of (ZnO—TEA), in both, octanol
or ethanol solvent (Figure S4), from the association of two most
stable (ZnO—TEA), dimers implies a species for which the associ-
ation process is endergonic (AG*|nt>0). Here, only the free hydroxyl
groups from one (ZnO—TEA), dimer could be attracted to free hy-
droxyl groups of other neighbouring (ZnO—TEA), dimers by several
bifurcated O—H---O hydrogen bonds, giving most stable tetramers

(a) ZnO-TEA-ZnO(octanol)

(b) ZnO-TEA-ZnO(ethanol)

Fig. 7. The most stable structures of (a) ZnO—TEA—ZnO species in 1-octanol and (b) ZnO—TEA—ZnO species in ethanol (selected values of bond distances in A and bond energies in

kecal mol~?).
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of (ZnO—TEA)4(ethanol) (Figure S4b) with AG*nt = 5.8 kcal mol~!
[9], and (ZnO—TEA)4(octanol) (Figure S4a) with AG*|yr= 8.2 kcal
mol~L. Due to hydrogen type of bonding, the advantages of asso-
ciation of (ZnO—TEA); dimers during the formation of (ZnO—TEA),4
tetramers should be emphasized in polar ethanol related to
nonpolar octanol.

4. Conclusions

In this research paper in a combined experimental and theo-
retical study we presented impacts of alcohols of different size and
polarity and different molar ratio [TEA]/[Zn(acac);] on the nucle-
ation and growth mechanism of ZnO nanoparticles. Here, we pre-
sent new results obtained by the theoretical study, by means of DFT
calculations, related to ZnO nanomaterial synthesized in nonpolar
alcohol 1-octanol, as a follow up to our previous study in polar
ethanol [9]. The main part of the manuscript comprises a theoret-
ical study based on DFT calculations which are in agreement with
the experimental microstructural study.

Based on the results of, both microstructural and theoretical
studies, the nucleation and growth mechanism of ZnO nano-
particles is proposed. The results obtained by means of quantum
chemical calculations at the density functional theory level are in
excellent agreement with the experimental microstructural study.
It was established that the kinetics of nucleation and ZnO nano-
particles growth in the presence of TEA as particles growth modi-
fier and alcoholic solvent of different size and polarity are strongly
dependent on the properties of alcohol. The observed results point
to a different formation mechanism of ZnO—TEA intermediates
which initiated the nucleation processes of ZnO nanoparticles in
the presence of alcohols of different size and polarity and at
different molar ratio [TEA]/[Zn(acac),]. The calculations revealed
different binding affinities which initiated the nucleation processes
of ZnO nanoparticles in the presence of alcohols of different size
and polarity. It was established that the most stable ZnO—TEA
monomer obtained in the presence of octanol possess stronger
coordination ability which could replace weaker hydrogen bonds
obtained in ethanol media. The higher chelating efficiency of TEA
towards zinc with tetrahedral geometry is observed with the
change of solvent from ethanol to octanol. The calculated value of
the Gibbs free energy interaction obtained in nonpolar octanol
suggested that the amount of especially stable ZnO—TEA(octanol)
monomer with AG*nt= —62.50kcalmol~! was found to be the
main controlling parameters for both nucleation and growth of ZnO
nanoparticles, being 10.5kcalmol~! more stable than
ZnO—TEA(ethanol) monomer [9]. The formation of such completely
enclosed structure of ZnO—TEA(octanol) monomer in nonpolar
alcohol was a consequence of the exceptional flexibility of all three
of TEA hydroxyl chains compared to ethanol media.

It is interesting to note that the precipitation of ZnO was delayed
for at least 4 h (it occurred after 24 h of ageing) at the mole ratio
[TEA]/[Zn(acac);] =1:1] solely in octanol media, indicating the
strong impact of three TEA chains in such media. On the other hand,
the large capacity of the ZnO—TEA(octanol) monomer to attract
other ZnO molecule when it's in excess ([TEA]/[Zn(acac)y] =1:2])
was observed. This was accompanied by the formation of the
especially  stable  ZnO—TEA—ZnO(octanol) species  with
AG*INT = —63.2 kcal mol~ L. The big difference in values of Gibbs free
energies of ZnO—TEA molecular interactions revealed that the use
of octanol as solvent leads to more spontaneous formation of
ZnO—TEA monomers, as well as ZnO—TEA—ZnO species in com-
parison to ethanol solvent, which results in a higher nucleation rate
of ZnO nuclei. The use of octanol as a nonpolar solvent leads to ZnO
crystallites smaller than those obtained using polar ethanol
(<10 nm).

The results of present investigation show the impact of surface
interactions between the formed ZnO nanoparticles and the mol-
ecules of solvent and TEA on the way of growth and aggregation,
which enables the control of their morphological properties.
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