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Abstract    ZnO nanoparticles with highly controllable 
particle sizes (less than 10 nm) were synthesized using 
organic capping ligands in Zn(Ac)2 ethanolic solution. 
The molecular structure of the ligands was found to 
have significant influence on the particle size. The 
multi-functional molecule tris(hydroxymethyl)-
aminomethane (THMA) favoured smaller particle 
distributions compared with ligands possessing long 
hydrocarbon chains that are more frequently employed. 
The adsorption of capping ligands on ZnnOn crystal 
nuclei (where n = 4 or 18 molecular clusters of (0001) 
ZnO surfaces) was modelled by ab initio methods at the 
density functional theory (DFT) level. For the 
molecules examined, chemisorption proceeded via the 
formation of Zn…O, Zn…N or Zn…S chemical bonds 
between the ligands and active Zn2+ sites on ZnO 
surfaces. The DFT results indicated that THMA binds 
more strongly to the ZnO surface than other ligands, 
suggesting that this molecule is very effective at 
stabilizing ZnO nanoparticle surfaces. This work, 
therefore, provides new insight into the correlation 
between the molecular structure of capping ligands and 
the morphology of metal oxide nanostructures formed 
in their presence. 
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1. Introduction  

Semiconductor nanomaterials, especially low-
dimensional metal oxides have attracted attention in 
recent years due to their size-dependent physical 
properties which are expected to prove to be useful in 
optoelectronic and other devices (Li et al. 2004; Huynh 
et al. 2002). Among these materials, ZnO 
nanostructures have been one of the most intensively 
studied due to their potential applications in photo-
catalysis (Jian et al. 2009; Wang et al. 2009), light-
emitting devices (Mao et al. 2010; Qian et al. 2011), 
solar cells (Westermark et al. 2002; Neubauer et al. 
2011; Park et al. 2011) and gas sensors (Liao et al. 
2007; Liu et al. 2011; Forleo et al. 2010; Choi and Jang 
2010). For this reason, many studies have been reported 
on the synthesis of ZnO nanostructures by physical 
methods, such as by chemical vapor deposition (CVD) 
(Xing et al. 2006; Wu and Liu 2002), magnetron 
sputtering (Jouane et al. 2011) and laser ablation (Usui 
et al. 2004). These approaches can successfully produce 
high-quality nanostructures, but require special 
equipment or harsh conditions which hinder both their 
application and large scale production. 

Wet chemical synthesis of ZnO nanoparticles and 
nanostructures for these applications has also attracted 
much attention, a notable example being the innovative 
work of Hoffmann et al. (Bahnemann et al. 1987). 
Compared with physical methods, chemical synthesis 
holds several potential advantages, including their 
potential to be readily scaled-up, flexible post-synthetic 
processing and the fact that chemical synthesis takes 
place at moderate temperature (less than 200 ºC). It can 
also be easier to isolate, purify and functionalize 
nanocrystals and build up nanoscale architectures 
through self-assembly (Shortell et al. 2010; Pacholski et 
al. 2002), spin-coating (Norris and et al. 2003), 
template-assisted synthesis (Xu et al. 2010b) and 
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similar methods (Deng et al. 2010; Mao et al. 2010). 
ZnO nanocrystals have been studied extensively and 
modified by various organic molecules, especially those 
with long alkyl-chains (Dev et al. 2006). For example, 
octanethiol has been reported to quench the growth of 
ZnO nanoparticles (Pesika et al. 2002). It is suggested 
that adsorption of thiolates on ZnO crystallite surfaces 
has an inhibiting effect on the crystal growth where 
binding of the sulfur groups to the ZnO particles results 
in the decrease of the particle’s surface energy. 
Moreover, alkylamine has also been used as modifying 
agent in the process of ZnO synthesis. In Gamelin’s 
work, ZnO nanocrystals were annealed in dodecylamine 
(DDA), which resulted in the removal or drastic 
deduction of defects at the ZnO surfaces leading to pure 
excitonic emission in the product in their fluorescence 
study (Norberg and Gamelin 2005). The interaction of 
both thiols and amines on ZnO surfaces has been 
investigated by x-ray photoelectron spectroscopy (XPS) 
(Sadik et al. 2007; Ballerini et al. 2007; Dvorak et al. 
2001). Other long-chain organic ligands, such as tert-
butyphosphonic acid (TBPA) (Cozzoli et al. 2003), 
octylamine (OA) (Li et al. 2004) and oleic acid (OLA) 
(Yin et al. 2004) have also been applied to modify ZnO 
nanocrystals (Luo et al. 2009). However, there are far 
fewer reports on the modification of ZnO nanocrystals 
using short-chain molecules with multifunctional 
groups and where these studies have been performed; 
the correlation between ZnO nanocrystals and ligand 
structures was often ignored. 
    In this paper, we describe the synthesis of organic-
modified ZnO nanoparticles (ZnO NPs) by a wet 
chemical method from zinc acetate solution. 
Tris(hydroxymethyl)aminomethane (THMA) and three 
other organic molecules (n-Hexadecylamine (HDA), n-
dodecanethiol (DDT) and n-trioctylphosphine oxide 
(TOPO)) were used as capping ligands. The ZnO 
samples were characterized by UV-vis absorption, 
photoluminescence (PL), Fourier transform infrared 
(FT-IR), powder X-ray diffraction (XRD) and 
transmission electron microscopy (TEM). We found that 
these organic ligands have profoundly different effects 
on the growth of ZnO NPs and interparticle interactions. 
THMA modified ZnO NPs were produced much smaller 
than the particles modified by other ligands. To explain 
this observation, the interactions between the capping-
ligands and ZnO surfaces were investigated by quantum 
chemistry calculation based on density function theory 
(DFT). 

2. Experimental 

2.1 Materials 

Anhydrous zinc acetate (Zn(CH3CO2)2 or Zn(Ac)2, 
99.99%), n-dodecanethiol (C12H25SH, or DDT, 99%), n-
hexadecylamine (C16H33NH2, or HDA, 99%), n-
trioctylphosphine oxide ((C8H17)3PO or TOPO, 99%), 
tris(hydroxymethyl) aminomethane (C4H11NO3 or 
THMA, 99%) and absolute ethanol. All chemicals were 
used as received without further purification or 
distillation. 

2.2 Synthesis of ZnO NPs 

Ligand-capped ZnO NPs were synthesized by wet-
chemical method. In a typical synthesis, Zn(Ac)2 (0.5 
mmol, 92 mg) and THMA (0.2 mmol, 24 mg) were 
added into absolute ethanol (30 mL) while stirring. 
Then the mixture was heated at around 80 ºC for 1 h to 
dissolve Zn(Ac)2 and THMA. Following complete 
dissolution of the precursors, a NaOH/ethanol solution 
(20 mL, 0.05 M) was injected into the hot solution and 
then refluxed for a further 72 h. The obtained cloudy 
solution was centrifuged and rinsed by deionized water 
and ethanol to remove byproducts. For the synthesis of 
other ligand-capped ZnO samples, all the reaction 
conditions were the same, except that THMA was 
replaced by TOPO, DDT and HDA, respectively. For 
comparison, bare ZnO NPs were also synthesized in the 
same procedure without using capping ligands. 

2.3 Characterization 

The absorption spectra were recorded using a Cary 100 
(Varian) spectrometer. PL spectra of ZnO colloids in 
ethanol were measured at room temperature with a Cary 
Eclipse (Varian) fluorescence spectrometer. Appropriate 
filters were used to avoid second-order contribution. PL 
spectra were taken with the absorbance of the samples 
at the excitation of 330 nm. FT-IR spectra were 
collected by a Bruker Alpha FT-IR spectrometer with 
attenuated total reflectance (ATR) accessory. 
Measurements were performed with a resolution of 4 
cm-1 and 64 scans. XRD patterns of ZnO powders were 
collected with a PANanalytical XPert Pro Multi Purpose 
Diffractometer with Cu Kα radiation (λ = 1.54178 Å). 
Transmission Electron Microscopy (TEM) images were 
obtained using a JEOL JEM-2100 microscope. The 
samples were prepared by dropping diluted solutions of 
ZnO colloids in ethanol onto 200-mesh carbon-coated 
copper grids and evaporating the solvent. 

2.4 Computational Details 
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ZnO in its wurzite form was created by Materials Studio 
software and used as the basis for the ab initio 
calculations (where the lattice parameters a, b, and c are 
3.24927, 3.24927, and 5.20544 Å, respectively; and the 
α, β, and γ angles are 90°, 90°, and 120°, respectively; 
the space group of ZnO is P6_3mc). According to 
Nakatsuji’s work (Lü et al. 1998), it is recommended 
that metal oxides cluster models should be cut out so as 
to be neutral and stoichiometric, and must contain as 
few dangling bonds as possible. The electronic and 
chemical properties (including adsorption behavior) of 
metal oxides are often dominated by defects such as 
vacancies and/or surface atoms possessing a low 
coordination number (Wahlström et al. 2004; Klabunde 
et al. 1996). Therefore a small neutral cluster containing 
four Zn atoms and four O atoms (Zn4O4, the Z model in 
Fig. 1a) was used here to investigate interactions 
between ligands and low coordination number atoms 
present in a real crystal and which are likely to be 
highly reactive. A large cluster size was also examined 
in order to investigate interactions with a regular ZnO 
(0001) surface. This large modelled surface contained 
18 Zn atoms and 18 O atoms, consisting of two layers 
of Zn atoms and two layers of O atoms, as shown in 
Fig. 1b (the ZL model). Application of these ZnO 
cluster sizes have been previously been used to 
efficiently investigate the interactions of nerve agents 
on ZnO surfaces (Paukku et al. 2009). 
    Density functional theory (DFT) (Robert G. Parr and 
Yang 1994) methods have been used to elucidate the 
interactions between ZnO surfaces and various small 
molecules, such as O2 (Xu et al. 2010a), H2O (Meyer et 
al. 2006), NH3 (Martins et al. 2004) and glycine (Irrera 
et al. 2009). It was validated that DFT is well-suited for 
these weak chemical interactions on ZnO surfaces. 
Therefore, in our present study, calculation of 
adsorption of the capping-ligands to the ZnO model 
surfaces were conducted by DFT method (Robert G. 
Parr and Yang 1994), in conjunction with the B3LYP 
(Becke 1993) and LanL2DZ basis sets (Hay and Wadt 
1985b; Wadt and Hay 1985; Hay and Wadt 1985a), as 
implemented in the Gaussian 09 program package 
(Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, 

G. E.; Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; 
Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuji, 
H.; Caricato, M.; Li, X.; Hratchian, H. P.; Izmaylov, A. 
F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.; 
Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; 
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, 
H.; Vreven, T.; Montgomery, Jr., J. A.; Peralta, J. E.; 
Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.; 
Kudin, K. N.; Staroverov, V. N.; Kobayashi, R.; 
Normand, J.; Raghavachari, K.; Rendell, A.; Burant, J. 
C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; 
Millam, N. J.; Klene, M.; Knox, J. E.; Cross, J. B.; 
Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; 
Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; 
Pomelli, C.; Ochterski, J. W.; Martin, R. L.; Morokuma, 
K.; Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; 
Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas, 
Ö.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. 
J. Gaussian 09, Revision A.1; Gaussian, Inc., 
Wallingford CT, 2009.). The geometry of the THMA 
structure was fully optimized while the ZnO was 
partially or fully frozen, consistent with optimization 
methods used in previous studies (Martins et al. 2004; 
Paukku et al. 2009). The intermolecular interactions and 
their character were examined by the Atoms in 
Molecules (AIM) theory (Bader 1994; Koch and 
Popelier 1995; Popelier 1998). According to this theory, 
the existence and the type of chemical interactions 
between two atoms can be determined by the electron 
density () and the Laplacian of the electron density 
(2

). Corrections to the interaction energies to account 
for basis set superposition error (BSSE) were also 
calculated. 
 

3. Results and Discussion 

3.1 Modification of ZnO NPs 

ZnO NPs were synthesized and in-situ modified by 
THMA, TOPO, HDA and DDT from Zn(Ac)2 solution. 
Compared with bare ZnO, ligand-modified ZnO NPs 
exhibited markedly different particle growth rates. This 
is reflected in the rate of change of the ZnO absorption 
band-edge present in the ZnO colloid solution UV-vis 
absorption spectra given in Figure 2. When HDA and 
DDT were used as capping ligands, the ZnO particles 
obviously grow faster than bare particles. In the case of 
TOPO, no significant difference was found when 
compared to synthesis without the capping ligand. 
However, the growth was significantly inhibited in the 
case of THMA. 

Fig. 1 Models of the ZnO surface: (a) the Z (Zn4O4) model 
and (b) the Z-L (Zn18O18) model. 
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Fig. 2 shows the UV-vis absorption spectra of as 
prepared ZnO colloids at different stages of the particle 
growth and capping by organic molecules on ZnO 
surfaces (Cozzoli et al. 2003; Kahn et al. 2005; Luo et 
al. 2009). Therefore, we propose THMA also interacts 
with the active sites on growth with each capping 
ligand. Well-defined absorption peaks were observed 
immediately upon injection of NaOH solution into the 
zinc precursor, except in the case of THMA. Then, the 
reaction solution was annealed in ethanol at 80 °C to 
investigate the ligand effects on particle growth. The 
absorption onset was red-shifted with increasing time, 
consistent with particle growth of these quantum-
confined nanocrystals. By comparison, the absorbance 
peak of ZnO-THMA was actually observed to be blue-
shifted, indicating smaller particle size. This could be 
attributed to the multi-functional groups (–NH2 and –
OH) present in THMA molecule. It was reported that 
amino and hydroxyl groups were often involved in the 

adsorption ZnO surfaces to decrease the surface energy 
and inhibit growth of the ZnO particles. This 
assumption will be discussed further in the 
computational section of this work. 

In contrast to THMA, it was found that HDA and 
DDT modified ZnO NPs were larger than bare ZnO 
particles. These modified nanoparticles also showed a 
strong tendency to aggregate. The particle aggregation 
effect was particularly noticeable in these spectra as a 
long “tail” of high absorbance in the spectra at 
wavelengths longer than 350 nm. We suggest there are 
three types of interactions in the ZnO-ligand system: the 
interaction between ZnO crystal nuclei; the interactions 
between ZnO crystal nuclei and capping ligands and the 
interactions between capping ligands themselves. 
Without capping ligands, ZnO nuclei will grow to a 
certain size until the surface energy is stabilized or 
balanced with environment, consistent with coarsening 
models of growth where larger particles grow at the 
expense of smaller particles models (Wong et al. 2001). 
In the presence of capping ligands, such as THMA, the 
surface of ZnO crystallites will be stabilized by strong 
ligand bonds. In the case of HDA and DDT, 
stabilization will also occur, however one difference 
with these two species is that the effective diameter for 
a particular crystal nuclei will be far larger than THMA-
capped ZnO nanoparticles. This is represented 
schematically in Fig. 3, where it is assumed that Van 
der Waals forces between the ligand straight alkyl-
chains can result in a large percentage of all-trans 
configurations of the bound ligands for HDA and DDT 
in particular. Accordingly, aggregation is more likely to 
occur with HDA and DDT-capped ZnO nanoparticles 
due to interpenetration of the linear alkythiol and 

Fig. 2 Absorption spectra of ZnO colloids after annealing in 
ethanol for (a) 0 h; (b) 1 h and (c) 48 h in the presence of 
different organic ligands. 

Fig. 3 Schematic diagram of the capping effect of different 
organic ligands on ZnO nanocrystal surface: (a) THMA; (b) 
TOPO; (c) HDA or DDT. 
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alkylamine ligand shells between adjacent particles 
(Heath et al. 1997). This interpenetration is likely to  
maximize dispersion attractions between ligand shells. 
Aggregation was clearly present in the UV-vis of the 
linear alkythiol and alkylamine ligands in Fig. 2 and has 
been observed previously in the case of DDT-coated 
ZnO NPs where in fact linear chain aggregates were 
observed under similar synthetic conditions (Shortell et 
al. 2010). Decreased aggregation of particles was 
evident in the UV-vis spectra of TOPO capped ZnO 
NPs. The structure of TOPO differs significantly from 
the linear chain HDA and DDT ligands, it has a 
tetrahedral structure with three long carbon chains. It is 
reasonable to assume that the major chemical binding 
interaction of TOPO with the ZnO surface is through 
the oxygen. The large space occupied by the 
hydrocarbon chains of each TOPO unit causes them to 
have a large molecular footprint at the ZnO surface. The 
density of TOPO molecules at ZnO surfaces is therefore 
likely to be lower than HDA or DDT which can close 
pack (Sadik et al. 2007). Decreased intermolecular 
interaction and the particle growth of TOPO 
functionalised ZnO NPs is therefore likely as well. 

3.2 Structural and Morphological 

Characterization 

The presence of capping ligands and the formation of 
ZnO NPs were supported by the FT-IR spectra as 
shown in Fig. 4. The broad absorption bands near 3400 
cm-1 represented O-H stretching vibration of absorbed 
water on the ZnO surface. The C=O stretching and C-O 
stretching vibration of acetate groups on ZnO surfaces 
have been reported to be around 1585 cm-1 and 1444 
cm-1, respectively (Sakohara et al. 1992). It was also 
suggested these characteristic peaks varied slightly due 
to different bonding types of acetate and metal 
(Sakohara et al. 1998). It is notable that these 
observations were obtained using LiOH as base source 
while NaOH was used in our case. As shown in Fig. 4, 
three characteristic peaks (except Fig. 4e) around 1400-

1640 cm-1 were observed and corresponded to acetate 
groups. This was supported by the results of a previous 
study which prepared ZnO samples from zinc acetate 
and NaOH as well (Wahab et al. 2007). 

Compared with bare ZnO NPs, ZnO-THMA powder 
exhibited a weak C-H stretching vibration at about 2872 
cm-1 and 2930 cm-1 (Fig. 4b). The N-H stretching 
vibration of THMA and HDA ligands were overlapped 
by the O-H stretching vibration of hydroxyl groups on 
the ZnO surface (Fig. 4b and Fig. 4d). The bands 
around 2857 cm-1 and 2926 cm-1 in Fig. 4c were 
attributed to the C-H stretching vibration of ZnO-
TOPO. Fig. 4d and 4e exhibited clear C-H stretching 
vibration peaks assigned to HDA and DDT at around 
2850 cm-1 and 2919 cm-1. The strong C-H stretching 
vibration peak in ZnO-DDT indicates that DDT was 
heavily absorbed on ZnO surfaces with respect to other 
ligands. The C-H bending and CH2 rocking vibrations 
of DDT were identified at around 1462 cm-1 and 720 
cm-1, respectively. The C=O and C–O stretching 
vibrations of acetate group were overlapped by the C-H 
bending band of DDT in Fig. 4e. In addition, all of the 
capping ligands (except DDT) could be removed by 
rinsing ZnO powder with ethanol and deionized water 
repeatedly. This is critical for those applications where 
organic ligands might interfere with and weaken ZnO’s 
useful properties, optical properties in particular (Wang 
et al. 2009). 

Fig. 5 shows the X-ray diffraction patterns of ZnO 
NPs which were annealed in ethanol for 72 h at around 
80 °C. By comparing the diffraction peak positions with 
those reported in the International Crystallographic data  

Fig. 5 X-ray diffraction patterns of ZnO NPs along with the 
wurtzite ZnO diffraction lines: (a) ZnO-THMA; (b) bare ZnO; 
(c) ZnO-TOPO; (d) ZnO-HDA and (e) ZnO-DDT. 

Fig. 4 The IR spectra of ZnO NPs with various capping 
ligands: (a) bare ZnO; (b) ZnO-THMA; (c) ZnO-TOPO; (d) 
ZnO-HDA and (e) ZnO-DDT. 
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Table 1 Values of the average particle size (d) calculated by 
Scherrer’s Formula for the (101) and (102) XRD peaks of 
ZnO powders. 

Samples d(101) (nm) d (102) (nm) 
Bare ZnO 6.8 6.3 
ZnO-THMA 5.3 3.6 
ZnO-HDA 6.9 6.9 
ZnO-TOPO 7.3 7.6 
ZnO-DDT 8.9 8.7 
 

table (ICDD), all samples were assigned to be 
hexagonal wurtzite crystal structures. It is observed that 
the XRD peak full width at maximum (FWHM) was 
widened by THMA while sharpened by DDT. 

The average particle size, d, was estimated by using 
the Scherrer formula. Table 1 shows the primary 
crystallite size calculated from the full width at half-
maximum of the (101) and (102) diffraction peaks. It is 
shown that apart from ZnO-THMA, other ZnO 
nanoparticle sizes along the (101) planes are similar 
with that of the (102) planes, indicating almost spherical 
particles. The particle size of ZnO-THMA was smaller 
than bare ZnO powder while other ZnO NPs were 
slightly larger. This trend in ZnO particle sizes was 
consistent with trends observed in the measurement of 
UV-vis absorption spectra. We are careful to note that 
although we have called the unmodified sample “Bare 
ZnO”, acetate ligands from the hydrolysed precursor 
readily bind to ZnO surfaces and are in fact essential to 
keep the colloid size small and size distribution narrow. 
Strong evidence of acetate playing a major role in 
colloid stabilization and growth can be found in earlier 
work focused on developing the acetate hydrolysis 
method. See for example, work by Spanhel (Spanhel 
2006), Meulenkamp (Meulenkamp 1998) and Anderson 
(Sakohara et al. 1998; Sakohara et al. 1992). 

The morphology of the particles was confirmed by 
TEM measurement after annealing for 30 min in 
ethanol (Fig. 6). Particle size distributions were also 
calculated by measuring the particle diameters in the 
TEM images from >100 particles for each sample. In 
the absence of capping ligands, ZnO crystals appeared 
indistinct and non-spherical, with a mean size of around 
1.7 nm (Fig. 6b). In Fig. 6a, nanoparticles appeared 
rather well separated on the grid and without tendency 
of aggregation because of the THMA capping. The 
average particle size of ZnO-THMA was reduced to 
around 1.3 nm. In contrast to these small particle size 
distributions, nanoparticles modified by TOPO, DDT 
and HDA all exhibited bigger sizes and broader size 
distributions. In addition, the TEM image of ZnO-HDA 
(Fig. 6e) shows obvious signs of significant particle 

aggregation, in agreement with the results of the 
adsorption spectra and the XRD data fitting. 

3.3 Photoluminescence 

In Fig. 7, the photoluminescence spectra of ZnO colloid 
modified with different ligands (THMA, TOPO, HDA 
and DDT) and the spectra of ZnO-TOPO colloid at 
different annealed time are reported. As shown in Fig. 
7a, typical PL spectra of ZnO colloid consisted of a 
broad green emission attributed to surface defect states 
and a relatively narrow UV emission ascribed to band-
edge recombination (Kroger and Vink 1954; Anpo and 
Kubokawa 1984; Sakohara et al. 1992). These spectra 
were measured for the as prepared ZnO colloid after 
annealing in ethanol at 80 °C for 48 h. By comparison, 
both UV and green emissions of ZnO-THMA colloid 
were blue-shifted with respect to other samples, 
indicating smaller particle size in the quantum 

Fig. 6 TEM images and size distribution analyses of ZnO 
nanocrystals after refluxing in ethanol for 30 min: (a) ZnO-
THMA; (b) bare ZnO; (c) ZnO-TOPO; (d) ZnO-DDT and (e) 
ZnO-HDA. 
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confinement regime (van Dijken et al. 2001). Compared 
with bare ZnO colloid, the intensity of green emission 
was decreased for ligand-capped ZnO NPs. Particularly, 
the green emission of ZnO-DDT was almost entirely 
quenched, in agreement with the intensive characteristic 
peaks of DDT in FT-IR spectra. This decrease of green 
emission intensity implied reduction of surface defects. 
We suggest that the oxygen vacancies at the ZnO 
surface were passivated by ligands, consistent with 
similar photoluminescence studies of dodecylamine 
(DDA) (Norberg and Gamelin 2005) or TOPO (Shim 
and Guyot Sionnest 2001) capped ZnO nanocrystals.  

Fig. 7b presents the normalized PL emission spectra 
of ZnO-TOPO colloid in ethanol after annealing at 80 
°C for certain times. It was observed that the green 
emission intensity gradually reduced with the annealing 
time, consistent with the particle growth process in 
previous studies (Wood et al. 2003; van Dijken et al. 
2001; Norberg and Gamelin 2005). In addition, as 
increasing the annealing time, the UV emission red-
shifted slightly (inset figure), in agreement with the red-
shift of absorption peaks. This red-shift caused by 
annealing of the ZnO material can be attributed to 
particle coarsening (growth) during the anneal step 
(Spanhel and Anderson 1991; Sakohara et al. 1992; 
Morfa et al. 2010). 

3.4 Simulation of Ligands Adsorbed on 

ZnO 

The optimized structures of capping ligands adsorbed 
on the Zn4O4 fragment are illustrated in Fig. 8. The 
main purpose for the calculation of this model was to 
investigate interactions between capping-ligands and 
the low-coordination number, active sites of ZnO 

Fig. 7 Normalized PL emission spectra of as prepared ZnO 
colloid annealed at 80 °C: (a) modified with different capping 
ligands (THMA, TOPO, HDA and DDT) and annealed for 48 
h; (b) ZnO-TOPO colloid annealed for various time from 1 h 
to 72 h and the enlarged region of 342-400 nm (inset). 

Fig. 8 Optimized geometries of capping-ligands adsorbed on 
the Zn4O4 surface obtained at the B3LYP/LanL2DZ level of 
theory: (a) Z-TH system, (b) Z-TO system, (c) Z-DT system 
and (d) Z-HD system. 

Fig. 9 Optimized geometries of capping-ligands adsorbed on 
the Zn18O18 surface (0001) obtained at the B3LYP/LanL2DZ 
level of theory: (a) Z-TH-L system, (b) Z-TO-L system, (c) 
Z-DT-L system and (d) Z-HD-L system. 
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crystal nuclei, and in the case of corner sites (which can 
be considered as sites present on the (0001) surfaces), to 
compare ligand-binding effects. The calculated 
interaction distances (r) (between ligands and ZnO 
fragment) with the corresponding electron density (ρ(r)) 
and Laplacian of the electron density (2ρ(r)) values are 
shown in Table 2. In the Z-TH system, chemical bonds 
are formed between N, O atoms of THMA and the Zn 
atom of the Zn4O4 fragment. The Zn…N and Zn…O 
distances are 2.20 Å and 2.25 Å, respectively, and these 
bonds are created with a two-coordinated Zn2+ site. The 
Z-TH system is further stabilized by the formation of an 
O-H…O type hydrogen bond, possessing 1.51 Å H…O 
distance. The values of the electron density for Zn…N, 
Zn…O and H…O are 0.051 e/au3, 0.029 e/au3 and 

0.045 e/au3, respectively. Therefore, the strongest and 
weakest interactions in Z-TH system come from Zn…N 
and H…O bonds, while the Zn…O appears to give only 
a moderate contribution to stabilization of the system. 
Compared with Z-TH system, in each of other systems, 
there is only one chemical bond created with each Zn2+ 
site, accompanied by hydrogen bonds of varying 
strength, depending on adsorbed species. For Z-TO, one 
chemical bond between O of TOPO and the Zn2+ site 
and two C-H…O hydrogen bonds are created. The 
Zn4O4 cluster was mainly stabilized by the formation of 
the Zn…O bond, as indicated by the electron density 
value of Zn…O bond (0.060 e/au3) which is almost four 
times larger than that of hydrogen-bond interactions 
(0.016 e/au3 and 0.014e/au3). With Z-DT, the significant

Table 2 Electron density (ρ), Laplacian of the electron density (2ρ), H…Y and X…Y distances (Å), and ∠X-H-Y bond angles of the 
formed bonds for the Zn4O4-Ligand and Zn18O18-Ligand systems calculated at the B3LYP/LanL2DZ level of theory. 

Bonds 
Z-TH Z-TH-L 

ρ 
(2) ∠X-H-Y H…Y 

(X…Y) 
ρ 

(2) ∠X-H-Y H…Y 
(X…Y) 

N…Zn1 0.051195 
(0.177667)  (2.198) 0.049483 

(0.160077)  (2.216) 

O1…Zn1 0.028728 
(0.153888)  (2.251)    

O1…Zn2    0.026122 
(0.090443)  (2.393) 

O2-H…Oa 0.044548 
(0.368253) 162.2 1.511 0.059425 

(0.173788) 164.7 1.596 

O1-H…Ob    0.049174 
(0.154834) 138.2 1.705 

 
Z-TO Z-TO-L 

ρ 
(2) ∠X-H-Y H…Y 

(X…Y) 
ρ 

(2) ∠X-H-Y H…Y 
(X…Y) 

O1…Zn1 0.059788 
(0.304820)  (2.038) 0.050490 

(0.210971)  (2.117) 

C1-H…Oa 0.015587 
(0.057457) 140.9 2.254 0.017728 

(0.052152) 152.9 2.232 

C2-H…Oa 0.014114 
(0.051235) 140.9 2.293    

C3-H…Zn2    0.009435 
(0.035839) 105.6 2.587 

 
Z-DT Z-DT-L 

ρ 
(2) ∠X-H-Y H…Y 

(X…Y) 
ρ 

(2) ∠X-H-Y H…Y 
(X…Y) 

S…Zn1 0.039453 
(0.075146)  (2.568) 0.033690 

(0.070484)  (2.627) 

C1-H…Oa 0.016439 
(0.051004) 153.1 2.241 0.023805 

(0.090594) 145.4 2.074 

C2-H…Ob    0.014177 
(0.062915) 160.8 2.325 

 
Z-HD Z-HD-L 

ρ 
(2) ∠X-H-Y H…Y 

(X…Y) 
ρ 

(2) ∠X-H-Y H…Y 
(X…Y) 

N…Zn1 0.054199 
(0.182129)  (2.179) 0.049074 

(0.160313)  (2.213) 

C1-H…Oa 0.008414 
(0.027419) 149.0 2.630    

N-H…Oa    0.020226 
(0.076019) 120.4 2.124 
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interaction with the Zn4O4 fragment was the chemical 
bond between the S atom of DDT and the Zn2+ site of 
the ZnO cluster. Values of the electron density of the 
Zn…S bond and the C-H…O hydrogen bond were 
0.040 e/au3 and 0.016 e/au3, respectively. In the case of 
Z-HD system, a N…Zn chemical bond and C-H…O 
hydrogen bond formed between HDA and the Zn4O4 
model, where the N…Zn bond clearly provides the 
main contribution toward the intermolecular interaction 
with the ZnO model surface. By comparing the electron 
density values of the formed bonds in these systems, it 
was obvious the interaction was highest for the Z-TH 
system while the interaction was lowest for the Z-HD 
system. 

Fig. 9 exhibits the optimized structures of capping 
ligands adsorbed on the Zn-terminated Zn18O18 cluster 
(0001 surface). It was shown THMA interacted with 
two top Zn atoms and two O atoms at the boundary of 
the second layer. The main interaction comes from the 
formation of hydrogen bonds involving the second layer 
O atoms. This stabilized role of these O atoms was also 
confirmed for the adsorption of methanol on (0001) 
ZnO surface (Vohs and Barteau 1986, 1989). It was 
notable the Zn1…N and Zn1…O1 bonds in Z-TH 
system were slightly stronger than that in Z-TH-L 
system (the differences in  are 0.002 and 0.003 e/au3, 
respectively). This is because N and O1 atoms were 
bonded with the same Zn atom in Z-TH system, 
forming a stable five-membered ring. In Z-TH-L 
system, N atom was bonded with Zn1 while O1 atom is 
bonded with adjacent Zn2 atom, forming a less stable 
seven-membered ring. For Z-TO-L system, the main 
interaction is contributed by the formation of Zn1…O1 
bond in which the P=O group of TOPO is involved. The 
P=O group has been recently reported to react with ZnO 
clusters with different sizes (Paukku et al. 2009). The 
difference between Z-TO and Z-TO-L systems is that 
C3-H…Zn2 bonds were formed in latter system, 
although they were very weak and negligible. 
Compared with Z-DT system, one more hydrogen bond 
(C2-H…Ob) was formed in Z-DT-L system. However, 
the Zn1…S chemical bond was relative weaker in the 
Z-DT-L system (the difference in ρ is ~0.006 e/au3, and 
the difference in 2

 is ~0.005 e/au5). For Z-HD-L 
system, the Zn1…N bond was weaker than that in the 
Z-HD system, while N-H…Oa hydrogen bond was 
formed. 

3.5 Interaction Energies 

Interaction energies (EI) were calculated by taking the 
difference between the energy of the interacting system  

Table 3 Interaction energy values (kJ/mol) of the Zn4O4-
ligand and Zn18O18-ligand systems obtained at the 
B3LYP/LanL2DZ level of theory. 

 Z-TH Z-TO Z-HD Z-DT 
EI+BSSE -152 -101 -72.5 -43.5 
EBSSE 26.0 19.3 13.4 9.70 

 Z-TH-L Z-TO-L Z-HD-L Z-DT-L 
EI+BSSE -85.2 -78.9 -54.5 -37.4 
EBSSE 45.0 28.2 14.8 11.8 

 
(EZnO-L) and the sum of the energies of ZnO cluster 

(EZnO) and isolated capping ligand (EL) with Eq. (1): 

      EI = EZnO-L - EZnO - EL.                   (1) 
In addition, the basis set superposition error (BSSE) 

was also calculated, using the Boys-Bernardi 
counterpoise method.(Boys and Bernardi 1970) The 
corrected interaction energies (EI+BSSE) were therefore 
calculated with Eq. (2): 

      EI+BSSE = EI + EBSSE.                       (2) 
Table 3 presents the corrected interaction energies 

and the basis set superposition error for all the 
interacting systems. For both Zn4O4-Ligand and 
Zn18O18-Ligand systems, the interaction energies 
decreased in the order of: THMA > TOPO > HDA > 
DDT. The interaction energy of Z-TH was determined 
to be -152 kJ/mol, which was much higher than Z-DT 
system (-43.5 kJ/mol). It was also shown that for the 
systems with same ligands, the interaction energies 
decreased as the extension of ZnO cluster. For Zn18O18-
Ligand systems, the highest and lowest interaction 
energies were -85.2 kJ/mol (Z-TH-L) and -37.4 kJ/mol 
(Z-DT-L), respectively. Similar results were found in 
the simulation of HCOOH adsorbed on ZnO surfaces, 
which has shown that heats of dissociative adsorption of 
HCOOH decreased as the ZnnOn (n = 4, 9, 16, 25, 36, 
49) cluster extended (Zhanpeisov et al. 1997). These 
findings were consistent with our experimental results, 
which show that THMA significantly inhibited the 
growth of ZnO particles. We suggested this is due to the 
strong adsorption of THMA on ZnO crystal nucleus, 
therefore stabilize the crystal facets and prevent the 
particle growth. 

4. Conclusions  

In conclusion, the effect of ligand structures on the 

growth of ZnO nanoparticles has been investigated 

experimentally and theoretically. Ab initio DFT 

calculations indicated that small molecules with multi- 
functional groups (THMA) adsorb to the ZnO surface 
with stronger bonds and higher interaction energy. 
Interactions between ZnO clusters and long carbon-
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chain ligands (such as DDT and HDA) were relatively 
weak in comparison. This explained our experimental 
observations that THMA significantly inhibited the 
growth of ZnO nanoparticles. It is reasonable to assume 
that THMA interacted with ZnO crystal nuclei to 
stabilize the crystal facets and prevented the particle 
growth. The observation of significant ZnO 
nanoparticle aggregation effects occurring in the case of 
ZnO-DDT and ZnO-HDA particles, suggests Van der 
Waals forces between the DDT or HDA linear 
hydrocarbon chains weight the particle-stabilization 
effects of these ligands. This is likely since the strength 
of the Van der Waals force scales with the length of 
carbon chains in organic compounds. This scenario was 
also supported by investigating the TOPO-capped ZnO, 
which showed only a slight ligand-effect on the particle 
growth because of weakened Van der Waals interactions 
arising from the steric effect of adjacent TOPO 
molecules. This work provides a simple and efficient 
way to control the size of ZnO nanoparticles, but also 
explains the effects of ligand structures on ZnO 
nanoparticles which could be employed toward the 
morphology control of metal oxide nanoparticles. It also 
gives insight into the correlation between the nature of 
binding of the ligands and ZnO nanoparticles which 
could be used to guide the synthesis of similar metal 
oxide nanomaterials systems.  
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