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The Influence of Ethanolamines on the Solvothermal
Synthesis of Zinc Oxide: A Combined Experimental and
Theoretical Study
Ankica Šarić,*[a] Ines Despotović,*[b] Goran Štefanić,[a] and Goran Dražić[c]

The solvothermal synthesis of ZnO particles from zinc acetyla-
cetonate [Zn(acac)2] in the presence of monoethanolamine

(MEA) or triethanolamine (TEA) at 170 8C is reported. The

structural, optical and morphological characteristics of ZnO
particles have been studied by X-ray diffraction, UV-Vis

spectroscopy, FE-SEM and TEM/STEM microscopy. The exper-
imental findings are confirmed by means of DFT calculations.

On the basis of the results, both experimental and theoretical,
the growth mechanism is proposed which initiated the ZnO
nucleation process continued by the growth of primary nano-

particles and immediately thereafter the spherical aggregation
of ZnO particles. The calculations suggest that the process of

ZnO nucleation proceeded mainly through the reaction of small

dimers rather than oligomeric or monomeric species. The high
chelating efficiency of both ethanolamines towards zinc with

tetrahedral geometry is observed, having the same structural

motif for the most stable ZnO–MEA and ZnO–TEA dimers. It
was found that the way of primary ZnO nanoparticles growth

and their spherical aggregation into final particles strongly
depend on the type of ethanolamine used and the molar ratio

[ethanolamine]/[Zn(acac)2]. The results show that the increase
in TEA concentration could potentiate TEA coating on ZnO

nanoparticles, which induced the formation of bigger, densely
packed spherical aggregates. The reduced band gap energies
were noticed with the increased sample microsphere size.

Introduction

Zinc oxide (ZnO) is a multifunctional material with useful
optical, electrical, and microstructural properties. Morphologi-

cally ZnO is a very rich compound that possesses thermal and
chemical stability, which allows for its wide area of application
as a new low- priced material. As a wide band-gap semi-
conductor (3.37 eV), zinc oxide is a suitable alternative to TiO2

due to similar band gap energy and its lower cost and
nontoxicity.[1,2] Due to its low toxicity, biocompatibility and

essential photocatalytic properties, ZnO is increasingly used for

degradation of various environmental pollutants, in biomedi-
cine and in pro-ecological systems.[3] In order to optimize the

properties of ZnO material in the above applications it is
necessary to control its structure and morphology.[4,5]

In comparison with the extensively used aqueous systems
with less controlled growth of metal oxide and doped metal

oxide nanoparticles, non-aqueous systems offer the possibility

to control the reaction mechanism and the rate of particle

growth.[6–9] Non-aqueous synthetic routes can be classified as
those controlled by a surfactant and those controlled by a
solvent.[7] Many researchers[6,10,11] investigated the influence of a

solvent on the ZnO formation. Moreover, Tonto et al.[10]

emphasized the interesting relationship between the boiling
point of the alcohol used and the aspect ratio of ZnO nanorods.
The aspect ratio of ZnO nanorods increased from 1.7 to 5.6

when alcohol was changed from 1-butanol to 1-decanol.
Ambrožič et al.[6] proposed the formation mechanism of ZnO

nanoparticles produced by starting from zinc acetylacetonate

hydrate and 1-butanol or isobutanol. On the other side, Bilecka
et al.[11] studied the formation of ZnO nanoparticles in the

presence of aromatic alcohol via a non-aqueous route by the
use of benzyl alcohol.

Zinc oxide can appear in various morphologies, namely
one- (1D), two- (2D) or three-dimensional (3D), due to the

impact of various organic additives known as “growth particle

modifiers”.[12–14] The morphological effects of growth modifiers
on ZnO nanorods were explained by Garcia and Semanick[14] in

terms of anisotropic, face specific growth kinetics. Among the
various “growth modifiers” used to date, a multilateral family of

ethanolamines, which combines the properties of amines and
alcohols, caused a prominent change in the morphology of

zinc oxide.[9,15–17] Razali et al.[15] investigated the influence of

diethanolamine (DEA) on the morphology of ZnO particles. In
order to better explain the effect of DEA the ZnO nano-

structures were also prepared in monoethanolamine (MEA) and
triethanolamine (TEA). The obtained results showed DEA to be

a good polymerization agent that could be used as a stabilizer
in the solvothermal synthesis of fine ZnO powder.[15] Wang
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et al.[17] reported a facile synthesis of ZnO with different
morphologies (flowerlike, spindlelike, swordlike, umbrellalike)
via an ethanolamine-assisted hydrothermal process. Ethanol-
amine molecules play important roles as complexing, assem-

bling and structure-directing agents in the system and
significantly influence the morphology of ZnO products. The

flowerlike ZnO displayed an enhanced photocatalytic perform-
ance as compared with other ZnO architectures, which may be

due to specific site-selective photocatalytic behavior related to

Zn sites.[17] The 3D oriented attachment of ZnO nanoparticles
can also form spherical morphology, in which the so-called

“particle-based growth mechanism” as a nonclassical mecha-
nism was present.[18,19] The combination of oriented attachment

together with the Ostwald ripening of small primary particles in
a later stage of the reaction produced a cavity inside the

spherical mesocrystals.[18] Spherical agglomerates 200 nm dia.

were produced by the 3D oriented attachment of 4–6 nm ZnO
nanoparticles in a mixed water-isopropanol solution using

triethanolamine.[19] It was suggested that the adsorption of
triethanolamine molecules on the surface of ZnO particles plays

an important role in their oriented attachment, leading to the
formation of flocky spheres with a single-crystal structure.

Liao et al.[20] reported a method to prepare amine-function-

alized ZnO nanosheets by using monoethanolamine. Mono-
ethanolamine via terminal amine groups on ZnO surfaces

substantially increased the capability of CO2 adsorption, which
consequently resulted in significantly enhanced photocatalytic

CO2 reduction as compared with the clean ZnO without surface
amine groups. Great effort has been committed to introduce
amine groups on solid material to improve CO2 adsorption.[21]

In a previous paper[9] we studied the solvothermal synthesis
of ZnO particles starting from zinc acetylacetonate and
triethanolamine as an additive in the various solvents. The
strong impact of triethanolamine as a particle growth modifier

was observed. Besides, it was noted that the size and polarity
of the solvent molecules had a strong influence on the size,

morphology and aggregation of primary ZnO nanoparticles

during the solvothermal synthesis. Here, as a follow-up to our
previous investigation,[9] we systematically studied and com-

pared the impact of a versatile family of ethanolamines (MEA
and TEA) on the microstructural properties of the obtained ZnO

particles. The aim of this research was to get a better insight
into the mechanisms which initiated the ZnO nucleation

process continued by the growth of primary nanoparticles and

immediately thereafter the spherical aggregation in the pres-
ence of various ethanolamines, with one (MEA) or three (TEA)

hydroxyl groups. To the best of our knowledge, no similar
combined experimental and theoretical study has been

performed up to now. The main goal of the systematic
investigation was to improve the predictability of aggregation

behavior of ZnO nanoparticles of different size and morphology

to ZnO microspheres with well-defined morphologies and
physico-chemical properties (optical, structural), suitable for

different applications, e. g., for the adsorption and removal of
various environmental pollutants.

Results and Discussion

Morphological study

A good control of the size and morphology of primary ZnO

nanoparticles, as well as their spherical aggregates, was
achieved in the solvothermal synthesis which started from

homogenous ethanol solutions in the presence of different
ethanolamines. Sample notation and the experimental con-

ditions used for their preparation are given in Table 1.

The morphologies and microstructures of as-synthesized

samples were examined with FE-SEM and STEM. Generally, the
formation of primary ZnO nanoparticles which further assemble

to form regular secondary spherical aggregates can be
considered as two stages in the formation of final ZnO particles.
The mechanism of final ZnO particle formation can be complex
and often hardly understood. The electron microscopy analysis
is useful not only in the characterization of ZnO particles but

also for the explanation of their formation mechanism.
The morphology of ZnO particles in samples prepared at

170 8C in MEA media for different aging times between 4 and
72 hrs at the mole ratio [MEA]/[Zn(acac)2] = 1:2 was studied in

Figure 1(a-d). Figures 1a, b show the FE-SEM images at different
magnifications of sample prepared after 4 hr aging (M1). At

lower magnification (Figure 1a) the characteristic regular

spheres ~400 nm in size dominate, but much smaller irregular
nanoparticle aggregates are also visible. The increase of the

MEA to Zn(acac)2 mole ratio from 1:2 to 2:1 (shown in
Figure S1) has a negligible impact on the size and shape of

spherical aggregates prepared after 4 hr aging. At higher
magnification discrete and uniform nanosized ZnO particles (~

Table 1. The notation and experimental conditions used for the prepara-
tion of ZnO samples. Each precipitation system contained 0.5 g of Zn(acac)2

and 30 ml of ethanol. Ageing temperature was 170 8C.

Sample [MEA]/[Zn(acac)2] [TEA]/[Zn(acac)2] tageing / h

E1 0 0 4
E2 0 0 24
E3 0 0 72
M1 1:2 4
M2 1:2 24
M3 1:2 72
M4 1:1 4
M5 1:1 24
M6 1:1 72
M7 2:1 4
M8 2:1 24
M9 2:1 72
T1 1:2 4
T2 1:2 24
T3 1:2 72
T4 1:1 4
T5 1:1 24
T6 1:1 72
T7[a] 2:1 4
T8 2:1 24
T9 2:1 72

[a] There was no precipitation.
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20 nm) that constitute a slightly rough sphere surface become

well-visible (see Figure 1b). ZnO nanoparticles assembled into
spherical aggregates after 4hr autoclaving but became sepa-

rated and freestanding after prolonged aging (24 and 72hrs), as
shown in the SEM images of Figures 1c, d. Additionally, with

the aging time prolonged from 24 to 72 hrs one can notice a
slight decrease in ZnO nanoparticles, (shown in Figure 1c, d)

indicating their dissolution.

This observation showed that in the presence of MEA at pH
values greater than the pH of the point of zero charge ZnO

nanoparticles (pHZPC = 9.3) a slight dissolution of ZnO particles
occured, which is in agreement with the investigations of

charge (zpc) of ZnO of Bahnemann[22] and Xu.[23] In order to
minimize the disssolution of ZnO particles all samples, depend-

ing on the added amount of MEA, were prepared in the pH

range of 9–11. Figure 2 shows the TEM/HRTEM images of

sample M6 prepared at [MEA]/[Zn(acac)2] = 1:1 after 72hr aging.
The left panel shows very well-defined, rounded nanoparticles,

uniform in shape and nearly monodispersed, having the mean
particle size distribution of 8 nm as shown in the inset. The

right lower panel shows a high resolution image of several
stacking nanoparticles.

On the other hand, the assembled ZnO particles prepared
in the presence of TEA have retained their stable microsphere

morphology up to 24hrs (see Figure 3a, b) or even up to 72hr

aging (shown in Figure S2). Here, as shown in Figure 3a, b,

doubling the molar ratio of TEA to Zn(acac)2 for 24 hrs favored
the formation of huge spherical aggregates (&gt“;3 mm),

assembled from fine and uniform ZnO nanoparticles. The
cracked spheres and much smaller irregular nanoparticle
aggregates are also visible, as well as the number of channels

oriented from the centre of a broken sphere towards the
surface. Detailed examination of spherical aggregates at higher

magnification showed the presence of irregular cracks that
could cause a complete fracture of those spheres. The observed

cracking of huge spherical aggregates probably happened due
to the internal pressure associated with trapped solvent and

additive molecules and product gases (probably CO2, NO, H2O),

as in the case of our previous investigation.[9]

A closer look at the broken sphere shows a compact

nanostructure with the similar density of ZnO nanoparticles in
the core and near the surface of the sphere. Figure 3b shows a

magnified image of big spheres that consist of discrete and
uniform ZnO nanoparticles (~20 nm). It was established that

the increase of the TEA to Zn(acac)2 mole ratio from 1:1 (sample

T6, Figure S2) to 2:1 (sample T8; Figure 3a) favored the
formation of bigger ZnO spheres.

However, upon the addition of a small amount of TEA, at
[TEA]/[Zn(acac)2] = 1:2 there was no tendency of spherical

aggregation, as shown in the TEM/STEM image in Figure 4
(sample T2). The left panel of Figure 4 shows uniform and

nearly monodisperse slightly anisotropic ZnO nanoparticles,

obtained after 24 hr aging, with an average particle size
distribution of 16 nm for 24 hrs (right lower inset). The Selected

Area Electron Diffraction (SAED) patterns of this sample (left
upper inset) were indicated on randomly orientated crystalline

ZnO nanoparticles. The right upper panel of Figure 4 shows a

Figure 1. FE-SEM images of ZnO particles prepared at 170 8C at the mole
ratio [MEA]/[Zn(acac)2] = 1:2 for (a, b) 4 h (M1) at different magnifications, (c)
24 h (M2) and (d) 72 h (M3).

Figure 2. TEM/HRTEM images of ZnO nanoparticles prepared at 170 8C at the
mole ratio [MEA]/[Zn(acac)2] = 1:1 for 72 h (M6) at different magnifications.
Inset in the left panel shows particle size distribution.

Figure 3. FE-SEM images of ZnO particles prepared at 170 8C at the mole
ratio [TEA]/[Zn(acac)2] = 2:1 for (a, b) 24 h (T8) at different magnifications.
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high resolution image (BF/STEM) of a large monocrystalline

nanoparticle with clearly visible polyhedral crystal planes.
The right lower panel exhibits an atomic resolution image

(HAADF/STEM). Obviously, the surfaces of primary ZnO nano-

particles were covered with TEA molecules that slow down the
particle growth, which resulted in the synthesis of well-

dispersed slightly anisotropic ZnO nanoparticles. It seems likely
that this experimental condition provided a sufficient combina-

tion of favorable electrostatic interaction between ZnO nano-
particles, molecules of TEA and ethanol to prevent (free-

standing) particles from aggregating. ZnO nanoparticles were

too far apart to reach each other so there was no aggregation
after 72 hrs of aging. It could be assumed that the addition of a

small amount of TEA provided a limited control of the
morphology and particle size, acting both as a suppressor of

the primary ZnO nanoparticle growth and as a suppressor of
their assembly. Razali et al.[15] proposed the formation mecha-

nism of microsphere ZnO nanostructures synthesized by the

solvothermal method in diethanolamine (DEA). The formed
ZnO nanoparticles were attracted to DEA chains due to an

interaction between hydrogen atoms in DEA and oxygen in
ZnO. Therefore, DEA acted as a bridge to form the ZnO

microsphere and stopped the growth of ZnO nanoparticles.
The morphology studies of samples prepared in monoethanol-

amine (MEA) and triethanolamine (TEA) confirm that DEA is a

good polymer agent which plays an important role in
preparing microsphere ZnO nanostructures.[15] Jiang et al.[16]

discussed the formation mechanism of uniform ZnO micro-
sphere formed by the aggregation of nanoparticles synthesized

by simple hydrothermal method by using TEA aqueous
solution. Each microsphere was composed of numerous ZnO

aggregates nanocrystallines with diameter of 16.4-21.9 nm.

The tendency of spherical aggregation of primary ZnO
nanoparticles was also observed in reference sample E1

obtained in ethanol without ethanolamines (see Figure 5a, b).
Figure 5a, b shows SEM images at different magnification of

sample E1 prepared after 4 hr aging. At lower magnification
(Figure 5a) the characteristic thistle-like regular ZnO spheres

~500 nm in size dominate, but much smaller irregular nano-
particle aggregates are also visible. These particles are less

compact in comparison with particles prepared in MEA or TEA

media. At higher magnification discrete rod-like ZnO nano-
particles on the rough surface of loosely stacking spheres

become visible (Figure 5b). ZnO nanoparticles are assembled
together into a sphere after 4hrs of autoclaving but become

separated and freestanding after 72hrs, as shown in the SEM
image of Figure S3 (sample E3). Figure S3 shows the rod-like

particles about 100 nm long with the aspect ratio (length/

width) around 2–3. Namely, in reference sample prepared
without ethanolamines ethanol has the dual role of reactant

and solvent. The primary rod-like nanoparticles of ZnO showed
a high tendency to minimize surface energy by forming

spherical aggregates with the lowest possible surface to
volume ratio. Ethanol, well known as a very reactive small

molecule with high polarity, was involved in the aggregation of

ZnO nanoparticles via hydrogen bonding between the surfaces
of the primary particles. The difference in secondary aggrega-

tion could be explained by different interactions of the solvent
molecules with the surface of the primary particles.[24–26] These

processes of noncovalent interactions in addition to hydrogen
bonding include the screening effect. Park et al.[25] concluded

that the polarity of the solvent was a key factor for the final

particle size.

The mechanism of ZnO particle formation

Generally, the formation of final ZnO particles can be consid-
ered in two steps. In the first step the nucleation process

continued by the growth of primary ZnO nanoparticles. In the

second step primary ZnO nanoparticles aggregated into nano/
micron spheres of regular shape. Firstly, the different non-

covalent interactions of ethanolamines with ZnO nuclei were
present. Due to this reason the spontaneous nucleation and

growth of ZnO nanoparticles was limited. Hence, the slowdown
growth of primary nanoparticles was provided. Secondly, the

adsorption of ethanolamines to primary ZnO nanoparticles

changed their surface energy and decreased the anisotropic
growth. On the other hand, ethanolamines may have con-

tributed in aggregation via hydrogen bonding interactions
between the surfaces of primary ZnO nanoparticles, which

served as a link between neighbouring ZnO particles. The
spherical aggregates of final ZnO particles became the most

Figure 4. TEM/STEM images of ZnO nanoparticles prepared at 170 8C at the
mole ratio [TEA]/[Zn(acac)2] = 1:2 for 24 h (T2) at different magnifications.
Insets in the left panel show electron diffraction patterns and particle size
distribution.

Figure 5. FE-SEM images of ZnO particles prepared at 170 8C in ethanol for
(a, b) 4 h (E1) at different magnifications.
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convenient choice in the second step due to the smallest
surface area. Obviously, ZnO nanoparticles showed a tendency
of spherical aggregation in all investigated systems, in refer-
ence ethanol system without ethanolamines, as well as in

systems with them.
To sum up, in the presence of ethanolamines the ZnO

nuclei of nanoparticles could associate by means of different
forces such as hydrogen bonding interactions, coordinate

bonding, electrostatic forces, etc. Ethanolamines combine the

properties of amines as the weak base with a free electron pair
on the nitrogen atom and alcohol with hydroxyl chains,

possessing a unique ability of undergoing reactions common
to both groups. On the basis of the results obtained by the

novel theoretical study, by means of quantum chemical
calculations at the density functional theory level, it was

established that the mechanism of ZnO nuclei association into

nanoparticles strongly depended on the type of ethanolamine
used and the molar ratio [ethanolamine]/[Zn(acac)2]. Details of

the calculations can be found in the Supporting Information
under the title Computational Methods. One should mention

that only the thermodynamically most stable monomers and
investigated oligomers are discussed here whereas the geo-

metries of the remaining structures picked up by sampling the

conformational space are given in Supporting Information file.
The number in the parenthesis within the label of the molecule

refers to its particular structure (for clarity see the Figure S4-
S14).The association mechanism was investigated considering

the results obtained from a computational study of Gibbs free
energies of ZnO–TEA (ZnO–MEA) molecular interactions

(DG*INT). In order to get a deeper insight into the binding

affinities which initiated the ZnO nucleation process in the
presence of various ethanolamines, with one (MEA) or three
(TEA) hydroxyl chains, a detailed computational analysis was
performed. Besides, it is interesting to relate the calculated

values of Gibbs free energies of interactions for the formation
of ZnO–ethanol species for reference sample obtained in

ethanol without ethanolamine to Gibbs free energy of inter-

actions for the formation of ZnO–MEA or ZnO–TEA species
obtained in the presence of one or the other ethanolamine. In

the most stable conformation of isolated ZnO–ethanol mono-
mer (DG*INT = @11.4 kcal mol@1, Table S2) ethanol was involved

in the interaction via O–H···O hydrogen bonding. The transfer
of hydrogen atom from the ethanol OH group (d = 1.609 Å) to

oxygen in ZnO (d = 1.012 Å) was observed in that most stable

conformation of the ZnO–ethanol monomer (Figure S4).
On the basis of the results obtained by the theoretical study

it was established that the presence of TEA molecules had a
strong impact on the ZnO nucleation process. Namely, TEA

molecules combined the specific properties of amines with a
free electron pair on the nitrogen atom on one side and alcohol

characterized by considerable flexibility of three hydroxyl

groups on the other. When a ZnO–TEA monomer was formed,
all the three hydroxyl chains could be attached to the ZnO

molecule (closed structure, shown in Figure 6 as ZnO–TEA(8)),
or some of them were released (being free) (opened structure,

shown in Figure 6 as ZnO–TEA(6)). In the most stable
conformation of isolated ZnO–TEA monomer in its closed form

Figure 6. The most stable structures of ZnO–MEA and ZnO–TEA monomers
(selected values of bond distances are given in Å and bond energies in kcal
mol@1).
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a free electron pair on the nitrogen atom was involved in the
coordinate bond with zinc (dZn–N = 2.257 Å, EZn–N =-17.9 kcal

mol@1). The critical point of the Zn@N bond was characterized
by the positive values of electron density Laplacian r21(rc) > 0

and by negative value of electron energy density H(rc) < 0
indicating this type of interaction as intermediate which is a

feature of the coordinate bond. However, the most important
driving forces responsible for additional stabilization of the

isolated ZnO–TEA monomer were three diverse noncovalent

interactions which involved all the three TEA hydroxyl groups.
The strongest binding was accomplished via a 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 transfer 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 (dZn–O = 1.948 Å, EZn–O =-38.0 kcal mol@1). The

Zn@O bond is also attributed to an intermediate type of
interaction according to r21(rc) > 0 and H(rc) < 0. It is more of

an ionic type as indicated by the higher positive value of
r21(rc) compared with a corresponding value in the Zn@N

bond (Table S6). The most stable ZnO–TEA monomer was

additionally stabilized by double hydrogen bonding between
the hydrogen atoms from remaining free TEA hydroxyl groups

and oxygen in ZnO (dO···H = 1.644 Å, EO···H =-13.7 kcal mol@1 and
dO···H = 1.677 Å, EO···H =-12.1 kcal mol@1, see Figure 6).

When coordinate and hydrogen bonds were formed, the
free energies of ZnO–TEA molecular interactions were released
(DG*INT = @51.5 kcal mol@1). All the most stable monomers and

oligomers with Gibbs free energies of interactions are summar-
ized in Table 2.

It seems that the synergistic effect of all the above
mentioned noncovalent interactions was present. The forma-

tion of such completely enclosed structure was a consequence
of the exceptional flexibility of all three of TEA hydroxyl chains

when the molecules of ZnO and TEA were in the optimal
position. If the formation of such bifurcated O–H···O hydrogen

bonds were unlikely, possibly when the molecules could not
overcome the steric hindrance, then another stable ZnO–TEA

monomer with only one O–H···O hydrogen bond (ZnO–TEA(6),
Figure 6) would become energetically competitive, having

DG*INT = @49.0 kcal mol@1, which would predict a different

molecular association mechanism. The ability of the process of
closing and release of hydroxyl chains in a TEA molecule,

included in this bifurcated O–H···O bonding of such completely
enclosed structure, is also expected to be dependent on the

access of other species with stronger coordination ability which
could replace weaker hydrogen bonds. This suggests that both

of the most thermodynamically stable ZnO–TEA monomers

could provide a competitive molecular association with
pronounced dynamics of the process of closing and release of

TEA hydroxyl chains.
Most likely, the mechanism providing the outcome of the

formation process of ZnO nanoparticles does not always
involve the most thermodynamically stable molecular associ-

ates. For example, it is important to note the large capacity of

the ZnO–TEA monomer to attract other ZnO molecules, at its
possible excess ([TEA]/[Zn(acac)2] = 1:2]), via coordinate bond-

ing of free electron pairs on the oxygen atom from a monomer
with zinc, which was accompanied by the simultaneous release

of one TEA hydroxyl group (ZnO–TEA–ZnO, Figure S11). Inter-
estingly, on the basis of calculated free energies of molecular

interactions, supplementary adding of ZnO molecules to the

isolated ZnO–TEA monomer increased the stability of the
system yielding the especially stable species ZnO–TEA–ZnO

with DG*INT = @28.3 kcal mol@1 (Table S4), being 16.8 kcal
mol@1 more stable than the existing ZnO–TEA dimer with DG*INT

= @11.5 kcal mol@1 (Table 2). Herein, the remaining free
hydroxyl group of TEA molecule in the ZnO–TEA monomer was

rather attracted to another isolated ZnO molecule by the O–

H···O hydrogen bonding interaction, which served as an
initiating link that supported strong coordinate bonding of the

ZnO–TEA monomer and ZnO (dZn–O = 1.959 Å, EZn–O =-35.4 kcal
mol@1, Figure S11, Table S6). This characteristic coordinate

bonding in which a free electron pair on the oxygen atom from
the ZnO–TEA monomer was involved in coordinate bonds with

zinc in supplementary adding a ZnO molecule was the most

important driving force responsible for additional stabilization
of isolated ZnO–TEA–ZnO as the predominant most stable

species at the excess amount of zinc salt, at [TEA]/[Zn(acac)2] =

1:2]. In addition to that, the calculated value of the free energy

of molecular interactions (DG*INT = @16.6 kcal mol@1) observed
by adding one more molecule of ZnO to ZnO–TEA–ZnO

provided evidence of two strong coordinate bondings via two

free electron pairs on the oxygen atom from the ZnO–TEA
monomer with zinc (ZnO–TEA– (ZnO)2, Figure S11) in adding

ZnO molecules, being also more stable by 5.1 kcal mol@1 than
the existing most stable ZnO–TEA dimer with DG*INT =

@11.5 kcal mol@1. It is important to note the large capacity of
the ZnO–TEA monomer to attract ZnO molecules via coordi-

Table 2. Formation of the most stable ZnO–MEA and ZnO–TEA monomer-
s[a] and their oligomers[b]. Standard state (1 M) free energies of interaction in
ethanol DG*INT computed by using the SMD solvation model at the M05-2X/
6-311 + + G(2df,2pd) + LANL2DZ// M05-2X/6-31 + G(d,p) + LANL2DZ level

of theory (in kcal mol@1).

species ZnO–MEA DG*INT

ZnO–MEA(6) -47.9
(ZnO–MEA)2(8) -8.8
(ZnO–MEA)3(8) -2.1
(ZnO–MEA)4(6) 0.2
species ZnO–TEA

closed structure DG*INT open structure DG*INT

ZnO–TEA(8) -51.5 ZnO–TEA(6) -49.0
(ZnO–TEA)2(6) -11.5 (ZnO–TEA)2(16) -9.5
(ZnO–TEA)3(4) 8.2 (ZnO–TEA)3(9) 4.1
(ZnO–TEA)4(4) 5.8 (ZnO–TEA)4(5) 4.8

[a]According to the reaction: ZnO + MEA! ZnO–MEA; [b] according to the
reaction for dimer: ZnO–MEA + ZnO–MEA! (ZnO–MEA)2; for trimer (ZnO–
MEA)2 + ZnO–MEA !(ZnO–MEA)3 and for tetramer (ZnO–MEA)2 + (ZnO–
MEA)2 ! (ZnO–MEA)4. For the formation of ZnO–TEA monomers and
corresponding associates the analogous reactions are considered.
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nate bonding of free electron pairs on the oxygen atom which
was supported by a double O–H···O hydrogen bonding
interaction, either through the remaining free or released TEA
hydroxyl groups, which primarily served as an initiating link.

One can surmise an example of a completely enclosed
structure without free binding sites. Calculated Gibbs free

energies for molecular association in TEA media suggested that
the amount of especially stable completely enclosed ZnO–TEA–

ZnO species with DG*INT = @28.3 kcal mol@1 was found to

imply important process parameters in controlling the size and
morphology of ZnO nanoparticles at the excess amount of zinc

salt. Obviously, at the deficiency of TEA in relation to zinc salt,
the formation of primary ZnO nanoparticles is not strongly

limited. Furthermore, a decrease in TEA concentration may lead
to less TEA coating on ZnO nanoparticles, which allows for the

nanoparticles to keep on separating. This finding pointed to

excellent agreement with the experimental morphology study
reported herein, wherein ZnO nanoparticles were quite sepa-

rated and no aggregation was observed (shown in Figure 4).
On the contrary, it is interesting to note that in the presence

of an excess amount of TEA ([TEA]/[Zn(acac)2] = 2:1]) the
precipitation of ZnO was delayed for at least 4 hours, indicating

the strong impact of three TEA chains in preventing the

nucleation process. However, for a longer aging time (24 hrs)
the formation was observed of huge spherical aggregates (~
3.5 mm) assembled from especially fine and uniform, nearly
spherical ZnO nanoparticles (~20 nm) (shown in Figure 3a,b).

The slowdown of nucleation was continued by the prevention
of uncontrolled growth of primary ZnO nanoparticles due to

good adsorption of TEA on particle surfaces. It is important to

emphasize the exceptional flexibility of free hydroxyl chains
which have a large capacity to attract all other neighbours by

O–H···O hydrogen bonding forces, and acted as a bridge to
form final ZnO particles. Such noncovalent interaction could be

even more contributed to the compactness and stability of
ZnO nanoparticle aggregates. Accordingly, an increase in TEA
concentration could potentiate TEA coating on ZnO nano-

particles, which allowed for the nanoparticles to attach to each
other more tightly. It can be assumed that higher steric

requirements of TEA molecules could be compensated by the
great flexibility of three hydroxyl chains.

However, the ZnO nanoparticles obtained in the presence
of MEA were assembled into a sphere for 4hrs of autoclaving in
all samples, but became separated and freestanding for 24 and

72hrs of aging. Similarly to TEA, MEA molecules also combined
the specific properties of amines with a free electron pair on
the nitrogen atom, but possessed only one hydroxyl chain.
There were no free hydroxyl chains in a MEA molecule which
could so strongly slow down the formation of primary ZnO
nanoparticles as in the case of a TEA molecule. It is interesting

to note that in the presence of an excess amount of MEA
([MEA]/[Zn(acac)2] = 2:1]) the precipitation of ZnO was not
delayed for 4 hrs as was the case in TEA media. Also, there was

no presence of free hydroxyl groups on the ZnO nanoparticle
surface which could be attracted to each other by strong O–

H···O hydrogen bonding and serve as a link between
neighbouring particles during their assembling. However, the

possibility of hydrogen bonding by weaker N–H···O hydrogen
bonding interaction is not excluded.

On the basis of the results obtained by detailed computa-
tional analysis different binding affinities were established

which initiated the association processes of ZnO nuclei into
nanoparticles in the presence of MEA molecules related to TEA

media. In the most stable conformation of an isolated ZnO–
MEA monomer (ZnO–MEA(6), Figure 6) a free electron pair on

the nitrogen atom was involved in the coordinate bond with

zinc (dZn–N = 2.172 Å, EZn–N = @21.7 kcal mol@1). According to
the topological parameters, r21(rc) > 0 and H(rc) < 0, this

interaction was also associated with the intermediate inter-
action as it was the case with the Zn@N bond in the most

stable ZnO–TEA monomers. Interestingly, a higher value of
r21(rc) (Table S6) was found for the Zn@N interaction in ZnO–

MEA(6) compared with those in ZnO–TEA(8) and ZnO–TEA(5)

indicating less covalency in its nature. Here, as was the case in
the ZnO–TEA monomer, the most important interaction

responsible for association and additional stabilization was the
ionic–dipolar interaction between hydrogen atoms from the

OH group in MEA and oxygen in ZnO, which resulted in
hydrogen atom transfer from the OH group to oxygen in ZnO.

As a consequence of this process a lone electron pair on the

oxygen atom from the OH group was involved in a new
coordinate bond with zinc (dZn–O = 1.973 Å, EZn–O = @35.0 kcal

mol@1) When two mentioned coordinate bonds were formed,
free energies of ZnO–MEA molecular interactions were released

and the most stable ZnO–MEA monomer with DG*INT =

@47.9 kcal mol@1 (Table 2) was isolated. It is interesting to note
that both thermodynamically stable ZnO–TEA monomers, one

with a completely enclosed structure (DG*INT = @51.5 kcal
mol@1) and the other with one free hydroxyl group (DG*INT =

@49.0 kcal mol@1) were more stable than the ZnO–MEA
monomer with DG*INT = @47.9 kcal mol@1.

The calculated value of the Gibbs free energy interaction
(DG*INT = @12.5 kcal mol@1; Table S5) obtained by adding a

molecule of ZnO to the ZnO–MEA monomer provides evidence

of coordinate bonding via another free electron pair on the
oxygen atom from the ZnO–MEA monomer with zinc in adding

ZnO molecules (ZnO–MEA–ZnO, Figure S6), but is closely
followed by energy of the existing ZnO–MEA dimer in its most

stable form having DG*INT = @8.8 kcal mol@1 (Table 2).
It seems that the present ZnO–MEA dimer and also the

ZnO–MEA–ZnO species, both having close values of DG*INT,

could become energetically competitive process parameters
during association at the deficiency of MEA. Interestingly, as

shown in Figure 7, the structural motif for both most stable
isolated ZnO–TEA dimers (closed (ZnO–TEA)2(6)) and opened

structure (ZnO–TEA)2(16)), corresponds to the motif of the
ZnO–MEA dimer, having closely followed the values of Gibbs

energies, DG*INT = @11.5 kcal mol@1 and DG*INT = @9.5 kcal

mol@1, being 2.7 kcal mol@1 and 0.7 kcal mol@1 more stable than
the MEA–ZnO dimer with DG*INT = @8.8 kcal mol@1. The

calculations revealed shorter Zn–O distances in the correspond-
ing structural motif in TEA–ZnO dimers, in all but one Zn–O

bond, compared with the ZnO–MEA dimer, indicating the
importance of the support of a strong O–H···O hydrogen
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bonding interaction of a free TEA hydroxyl group, which
produced more stable structures. It seems that the dimer can
be mainly considered a unit of the spontaneous association
process. Obviously, thanks to high chelating efficiency of both

ethanolamines towards zinc, a tetrahedral geometry which
increased its stability was noticed.

Furthermore, the formation of the most stable trimer of
ZnO–MEA ((ZnO–MEA)3(8), shown in Figure 8) from the associ-

ation of the most stable dimer and the most stable monomer
with DG*INT = @2.1 kcal mol@1 provides evidence of coordinate

bonding (dO–Zn = 2.050 Å, EO–Zn = @26.9 kcal mol@1) via a free

electron pair on the oxygen atom from the ZnO–MEA dimer
with zinc from the monomer, which was supported by a weaker

N–H···O (dH···O = 1.904 Å, EH···O = @7.2 kcal mol@1) hydrogen
bonding interaction.

There is a possibility that the presence of other kinds of
stable oligomers except the dimers in MEA media could be

responsible for a different growth mechanism of ZnO nano-

particles, related to TEA media.
However, the formation of the most stable tetramer of

ZnO–MEA ((ZnO– MEA)4(6), Figure 9) from the association of
two most stable dimers with DG*INT = 0.2 kcal mol@1 implies a

species for which the association process is slightly endergonic.
In the most stable conformation of an isolated ZnO–MEA

Figure 7. The most stable structures of ZnO–MEA and ZnO–TEA dimers
(selected values of bond distances are given in Å and bond energies in kcal
mol@1).

Figure 8. The most stable structures of ZnO–MEA and ZnO–TEA trimers
(selected values of bond distances are given in Å and bond energies in kcal
mol@1).
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tetramer a free electron pair on the oxygen atom from one
dimer was involved in a coordinate bond (dO–Zn = 2.067 Å, EO–

Zn =-25.9 kcal mol@1) with zinc in another dimer, despite their
high steric requirements.

However, due to higher steric requirements of the two

ZnO–TEA dimers when the steric hindrance could not be
overcome, there is not always a possibility of coordinate

bonding between two dimers, especially in the case of a
completely enclosed ZnO–TEA dimeric structure. This suggests

that both ZnO–TEA dimer species, with a completely enclosed
structure (DG*INT = @11.5 kcal mol@1) and an opened structure

(DG*INT = @9.5 kcal mol@1) could provide for the formation of

trimers or tetramers of ZnO–TEA in the endergonic association
process. The advantages of association of a ZnO–TEA opened

dimeric structure, characterized by free hydroxyl chains, during
the formation of oligomers should be emphasized. Herein, only

the free hydroxyl groups from one ZnO–TEA dimer could be
attracted to free hydroxyl groups of other neighbouring ZnO–

TEA dimers by several bifurcated O–H···O hydrogen bonds,

giving most stable mirror-symmetrical tetramers of (ZnO–TEA)4

(5), Figure 9 with DG*INT = 4.8 kcal mol@1, almost similar to the

free energy of interactions for the TEA–ZnO trimer with DG*INT

= 4.1 kcal mol@1). The observed results point to a different

molecular association mechanism during the association of
ZnO–MEA in relation to ZnO–TEA oligomers. That difference is

a consequence of the higher steric requirements of the ZnO–
TEA compared with ZnO–MEA oligomers. It should be noted

that the computational study of the formation of oligomers did
not consider the possibility of their association from monomers.

It seems most likely that the amount of dimers, which can be
considered as optimal association unit of the spontaneous

association process in the presence of both ethanolamines, was
found to be important but not the only process parameter in

controlling the size and morphology of ZnO nanoparticles. If all

is considered, the tetrahedral geometry which increases zinc
stability, as well as the same structural motif observed for ZnO–

TEA and ZnO–MEA dimers and also the DG*INT of the formation
corresponding to monomers, one might conclude that ZnO

nanoparticles nucleation and growth proceeded mainly
through the reaction of small dimers rather than oligomeric or

monomeric species. It is worth mentioning that the calculated

values of Gibbs free energy of molecular interactions of
association units in TEA media suggest evidence of stronger

coordinate bonding, being more stabilized by O–H···O hydro-
gen bonds (EH···O ranges from @3.7 to @21.9 kcal mol@1),

whereas in the association process in MEA media coordinate
bonding was stabilized by weaker N–H···O bonds (EH···O were

found to be @7.2 kcal mol@1 (in trimer) and @7.3 kcal mol@1 (in

tetramer). Except for the two types of hydrogen bonding, it is
also important to mention two types of coordinate bonds, one

between a free electron pair on the nitrogen atom with zinc
(EZn–N ranges from @14.9 to @21.7 kcal mol@1, as found in

monomers and dimers), and the strongest between the oxygen
atom and zinc (EZn–O ranged from @38.3 to @24.1 kcal mol@1). It
can be assumed that the higher steric requirements of TEA

molecules during the association process of small ZnO–TEA
species into primary nanoparticles could be compensated by
the exceptional flexibility of three hydroxyl chains.

Moreover, it is important to emphasize the impact of two

types of hydrogen bonds present in ZnO–TEA (O–H···O) and
ZnO–MEA species (N–H···O) on the process of spherical

aggregation of ZnO nanoparticles in the second step of the

formation of final ZnO. TEA favored the formation of bigger
densely packed spherical aggregates of high stability, as-

sembled from fine and uniform ZnO nanoparticles. The impact
is assumed of the remaining free hydroxyl groups of ZnO–TEA

species present on the nanoparticle surface which could be
attracted to each other more tightly by stronger O–H···O

hydrogen bonding forces and acted as a link between

neighbouring ZnO particles, as opposed to the weaker N–H···O
forces available in the ZnO–MEA species. Decreased effective-

ness is assumed of the Ostwald ripening by the prevention of
growth or dissolution of ZnO nanoparticles assembled in

densely packed spherical aggregates in TEA media. Owing to
that considerable spherical aggregate stability of final particles

in TEA media was achieved. However, the density of ZnO

nanoparticles assembled in spherical aggregates in MEA media
was lesser compared with TEA media, which increased the

possibility of Ostwald ripening by providing the growth or
dissolution of ZnO nanoparticles. Due to this additional factor,

ZnO nanoparticles assembled for 4 hrs in MEA spherical
aggregates became easily separated after 24 hrs of aging.

Figure 9. The most stable structures of ZnO–MEA and ZnO–TEA tetramers
(selected values of bond distances are given in Å and bond energies in kcal
mol@1).
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X-ray diffraction line-broadening analysis

Size–strain line-broadening analysis of ZnO samples was
performed using the results of Le Bail refinements[27] (program

GSAS[28] with a graphical user interface EXPGUI[29]) by following
the procedure proposed in the Size/Strain Rround Robin.[30] In

the refinements we used a modified pseudo-Voigt function
defined by Thompson, Cox and Hastings[31], which gave the

following expression for the observed Gaussian and Lorentzian

line widths:

GG
2 ¼ Utan2q þ V tanq þ W þ P=cos2q ð1Þ

G L ¼ ðX þ Xe cos@Þ=cosq þ ðY þ Ye cos@ Þ tanq þ Z

ð2Þ

where q is the Bragg angle, f is the angle between the

principal anisotropic broadening axis (in case of ZnO crystallites
chosen to be 001) and the corresponding reciprocal lattice
vector, G is the full width at half maximum (FWHM) of the

Gaussian (GG) and Lorentzian (GL) line profiles, while U, V, W, P,
X, Y, Z, Xe and Ye are refinable parameters. The size and strain
contribution to the line broadening can be given by the
following equations:

bS ¼ l=ðDV cosqÞ ð3Þ

bD ¼ e 4tanq ð4Þ

where b is the integral breadth of the Voigt function resulting

from size (bS) and strain (bD) contribution, l is the wavelength,
while Dv and e represent the volume-averaged domain size and

the upper limits of micro-strain, respectively. The values of
integral breadths were obtained from FWHM values by simple

conversions.[30] By comparing the equations (1) and (2) with the

equations (3) and (4) it is easy to recognize that parameters X, P
and Xe are related to size broadening and Y, U and Ye to strain

broadening. Therefore, only these 6 profile parameters were
refined in the Le Bail refinements of ZnO samples, while all

other profile parameters assumed the values obtained upon
refinement of the standard for which the corresponding ultra-

pure zincite powder (Ventron) was used.[32] In order to obtain

pure physically broadened profile parameters the values of the
refined parameters were corrected by the corresponding values

obtained from the standard.

Figure 10 shows the results of individual profile fitting

(program XFIT) of three most prominent diffraction lines of the
ZnO phase (lines 100, 002 and 101) in samples M1, M2 and M3.

In all prepared samples the obtained FWHM values of the
diffraction line 002 appeared to be significantly narrower

compared with the FWHM values of adjacent diffraction lines

100 and 101, which indicated the presence of size anisotropy
with extended domain size along the crystallographic direction

c.
Size-strain analysis of all obtained ZnO products (samples

M1 to M9) was performed using Le Bail refinements on powder
diffraction patterns (shown in Figure S15, S16). During the

refinements the anisotropic broadening axis was fixed along

the 00 l direction. The obtained results are summarized in
Table 3.

Figure 10. Individual profile fitting results (program XFIT) of ZnO samples
prepared at 170 8C at the mole ratio [MEA]/[Zn(acac)2] = 1:2 for 4 h (M1), 24 h
(M2) and 72 h (M3).

Table 3. Estimated values of the volume averaged domain sizes (Dv) and
upper limits of microstrains (e) in the direction parallel (f = 08) and

perpendicular (f = 908) to the c-ax of zincite lattice as determined from the
results of Le Bail refinements on powder diffraction patterns.

Sample Dv (f= 908)/
nm

e 3 103

(f= 908)
Dv (f= 08)/
nm

e 3 103

(f= 08)
Rwp

M1 12(1) 3.5(1) 25(2) 3.8(2) 0.054
M2 19(1) 1.8(1) 37(5) 2.5(2) 0.068
M3 15(1) 2.2(3) 19(2) 2.7(5) 0.059
M4 14(1) 3.5(1) 25(3) 3.9(2) 0.066
M5 11(1) 3.6(2) 13(1) 4.2(4) 0.062
M6 9(1) 3.0(1) 11(2) 4.4(2) 0.069
M7 11(1) 3.3(2) 20(2) 3.8(2) 0.062
M8 7(1) 3.0(2) 10(2) 4.9(2) 0.064
M9 8(1) 2.1(2) 10(2) 4.2(2) 0.055
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In all diffraction patterns the size and strain contribution to
the line broadening appeared to be anisotropic with a
significantly bigger Dv and e values in the direction parallel to
the broadening axis 001 than in the directions perpendicular to

the broadening axis 001.

UV-Vis spectroscopy analysis

In order to investigate the optical properties of synthesized

samples, the UV-Vis study was performed. Figure 11 shows the

UV-Vis spectra of selected samples and the reference ZnO

material, their corresponding particle morphologies (inset) and
calculated band gap values. The band gap values were

obtained using the procedure described by Dharma and
Pisal.[33] Figure 11 shows that ZnO had no optical absorption 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
absorption between 400 and 200 nm. One can see the red shift

of the absorption edge and reduced band gap energies with
the increased sample microsphere size. The relationship

between the particle size and optical properties of ZnO
nanoparticles was recently reported.[34] ZnO morphology has a

significant influence on the optical properties of ZnO. A notable
increase in the absorption at a wavelength shorter than

400 nm can be assigned to the intrinsic band gap adsorption of

ZnO due to electron transitions from the valence band to the
conduction band.[35] Defects in the ZnO nanorods due to the

“oriented attachment” of nanoparticles are the reason for a red-
shifted absorption examined by the UV-Vis absorption spec-

trum.[35]

Conclusion

In this research paper we presented the impact of a versatile

family of ethanolamines on the microstructural properties of
the obtained ZnO particles. On the basis of both micro-

structural and theoretical studies, the growth mechanism is
proposed of ZnO particles prepared in the presence of various

ethanolamines, MEA or TEA. The formation mechanism of final

ZnO particles was considered in two steps; the nucleation
process continued by the growth of primary ZnO nanoparticles

and immediately thereafter their aggregation in microsphere. It
was established that the way of primary ZnO nanoparticles

growth and their spherical aggregation into final secondary
particles strongly depend on the type of ethanolamine used

and the molar ratio [ethanolamine]/[Zn(acac)2].

The formation mechanism of ZnO nanoparticles was
proposed considering the results obtained from computational
investigations of Gibbs free energies of ZnO–MEA(TEA) molec-
ular interactions (DG*INT). Established were different binding

affinities which initiated the nucleation processes of ZnO into
nanoparticles in the presence of MEA or TEA media. The values

of Gibbs free energy of interactions for association units in TEA

media suggest the existence of strong coordinate bonding,
which was more stabilized by O–H···O hydrogen bonds (EH···O

ranges up to @21.9 kcal mol@1), whereas in the association
process in MEA media coordinate bonding was stabilized by

weaker N–H···O (EH···O are found to be up to @7.3 kcal mol@1)
hydrogen bonds. The high chelating efficiency of both ethanol-

amines towards zinc with a tetrahedral geometry which

increases its stability was noticed, as well as the same structural
motif observed for the most stable ZnO–TEA and ZnO–MEA

dimers. The calculations revealed shorter Zn–O distances in the
corresponding structural motif in the ZnO–TEA dimer com-

pared with the ZnO–MEA species, provided by the support of a
strong O–H···O hydrogen bonding interaction of the remaining

free TEA hydroxyl group. It seems that the synergistic effect of

both, coordinate and hydrogen noncovalent interactions, was
involved. One might conclude that ZnO nanoparticles nuclea-

tion and growth proceeded mainly through the reaction of
small dimers rather than oligomeric or monomeric species.

There is also a possibility that the presence of other kinds of
stable oligomers except the dimers in MEA media could be

Figure 11. UV-Vis spectra of ZnO particles prepared at 170 8C: in ethanol for
4 h (E1), at the mole ratio [MEA]/[Zn(acac)2] = 1:2 for 4 h (M1), at the mole
ratio [TEA]/[Zn(acac)2] = 2:1 for 24 h (T8) and reference ZnO. Inset images
show the corresponding SEM images at the same magnification (10,000 3)
and calculated band gap values.
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responsible for the different growth mechanism of ZnO nano-
particles in relation to TEA media. Moreover, a distinguishing
molecular association mechanism was established during the
formation of ZnO–TEA tetramers in relation to ZnO–MEA

tetramers. That difference is a consequence of the higher steric
requirements of the ZnO–TEA tetramer compared with the

ZnO–MEA tetramer. However, it seems that the higher steric
requirements of TEA molecules during the association process

of a small ZnO–TEA species into primary nanoparticles could be

compensated by the exceptional flexibility of three hydroxyl
chains.

Immediately thereafter, the obtained ZnO nanoparticles
showed a tendency of spherical aggregation in all investigated

systems. It is important to emphasize the exceptional flexibility
of remaining free TEA hydroxyl groups which possess a large

capacity to attract each other by hydrogen bonding forces and

served as a link between neighbouring ZnO nanoparticles, and
could be attracted to each other more tightly by stronger O–

H···O hydrogen bonding forces, as opposed to weaker N–H···O
forces available in the ZnO–MEA oligomers. Such additional

noncovalent interaction could contribute even more to the
compactness and stability of ZnO nanoparticle aggregates.

Accordingly, the increase in TEA concentration could potentiate

TEA coating on ZnO nanoparticles, which allowed for the
nanoparticles to approach each other more tightly. In compar-

ison with MEA, the presence of TEA favored the formation of
bigger, more densely packed and stable spherical aggregates

assembled from fine and uniform ZnO nanoparticles. The
results of present investigation show a profound effect of

surface interactions between the formed ZnO nanoparticles

and ethanolamines on the way of ZnO particle growth and
aggregation, which enables the control of their morphological

properties.
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structures of all investigated species, The results of Le Bail

refinements on powder diffraction patterns, Tables of inter-
action Gibbs free energies, QTAIM parameters, data of energies

(ETot
soln, DG*

VRT,soln, G*
X), Optimized Cartesian atomic coordinates).
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