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Abstract: The processes involved in the assembly of zinc acetate dihydrate {Zn(CH3COO)2·2H2O} and 

ethanolamine (H2NCH2CH2OH), with or without 2-methoxyethanol as solvent, have been analysed by 

infrared spectra, mass spectrometry, nuclear magnetic resonance, powder X-ray diffraction and 

computational studies. Thermal evolution of the mixtures was characterized by thermoanalytical and 

structural techniques (thermogravimetry, differential thermal analysis, differential scanning calorimetry, 

X-ray diffraction and X-Ray photoelectron spectroscopy). Computational studies together with 

experiments served to thoroughly describe the precursor and its decomposition. The thermal 

decomposition of the mixture and its transformation into crystalline ZnO take place in a temperature 

range between 50 and 450 °C through different processes. With solvent, the processes need temperatures 

90 oC higher with respect to the mixture without solvent, and ZnO arises at 250 oC.  

INTRODUCTION 

ZnO has tremendous interest because of its applications in a variety of fields such as surface acoustic-

wave devices, photonic crystals, photodetectors, photodiodes, varistors, transparent electronics, chemical 

sensors or solar cells. It has a direct energy band gap of 3.37 eV and it is a promising material for light 

emiting devices in many spectral regions. ZnO properties are well studied1-5. The sol–gel deposition 
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method6 is routinely used, but the details of the process are still controversial. Some works demonstrate 

the huge influence that ambient humidity7, precursor8 or solvent9 have on the pyrolysis of zinc acetate 

dihydrate (ZAD) and the subsequent formation of ZnO10,11,12. Other reports highlight the appearance of 

different intermediate compounds, such as hydroxyl- or anhydrous acetates13, oxo-acetates14 or hydrated 

hydroxyl-acetates15 when similar ZAD species degrade, giving rise to nanowires16, nanobelts17 or other 

nanostructures18,19,20.  

The synthesis and thermal treatment of precursors to obtain a very well crystalline ZnO film as seeding 

layer for the further growth of vertically oriented ZnO nanowires is crucial. Deep studies of the synthesis 

conditions (crystallization temperature, deposition method, concentration …) of zinc acetate is 

responsible of a well crystalline film and then of nice ZnO nanowires21, 22. 

Search for the sol-gel precursor to minimize problems related with solubility or high temperature 

decomposition is a key point for this evolving technology. Various precursors involving ZAD mixed with 

nitrogen-based organic compounds have been studied23,24, demonstrating that these mixtures evolve 

towards periodic oligomer molecules. In these cases, aminoalcohols are expected to bridge zinc-acetate 

units in a single molecule, thus covering the metal-oxygen core with an organic shell and making it more 

soluble in non-polar solvents. Other works add a stabilizer to the precursor25-28. Nevertheless, the detailed 

progress from solution towards crystalline ZnO is still ambiguous. 

In this work we focus on the evolution from the usual initial solution (ZAD plus stabilizer) to the final 

structure of the ZnO obtained after thermal treatment. We pay attention to the processes involved in the 

assembly of the precursor, its crystal structure and thermal decomposition, thoroughly controlling the 

ZnO formation. The influence of the solvent will be also analyzed. 

EXPERIMENTAL PROCEDURE 

Samples preparation 

Zinc acetate dihydrate [Zn(CH3COO)2·2H2O, ZAD], ethanolamine (H2NCH2CH2OH, EA) and 2-

methoxyethanol [CH3O(CH2)2OH, ME] were purchased from Panreac, Acrös Organics and Aldrich, 

respectively, and used as received. 

The two samples used in this study (hereinafter referred to as “Precursor” and “Ink”) were prepared as 

follows: 
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• Synthesis of the Precursor: ZAD (1.8 g, 7.7×10-3 mol) was treated with an equimolar29,30 

amount of EA (0.47 mL). The mixture was kept at 60 °C under continuous stirring for 24 h. 

After this period the flask containing the homogeneous gel was stored in a silica gel desiccator 

for several days until a powder was formed. 

• Preparation of the Ink: This sample, suitable for printed electronics, was prepared as described 

for the Precursor but adding ME (7 mL) as solvent.  

Ink thin films were prepared by the drop coating method on a glass substrate.  

Characterization, Structural, Thermal and Computational details 

The as-obtained Precursor was characterized by Infrared (IR) spectroscopy, 1H and 13C{1H} Nuclear 

Magnetic Resonance (NMR) and Mass Spectrometry (MS). IR spectra were registered with a Nicolet 

400FTIR instrument using KBr pellets. 1H and 13C{1H} NMR studies were carried out at 25 °C by a 

Mercury-400 MHz instrument using CDCl3 (99.9 %) as solvent and SiMe4 as reference. ESI+-MS was 

performed with a LC/MSD-TOF (Agilent Technologies) mass spectrometer. The dried Precursor powder 

was characterized by X-ray diffraction (XRD) in a PANalytical X’Pert PRO MPD θ/θ powder 

diffractometer, with Cu Kα1 radiation (λ = 1.5406 Å) in a convergent-beam configuration with a 

transmission geometry.  

To study the thermal evolution of both Precursor and Ink, Thermogravimetric Analyses (TGA), 

Differential Scanning Calorimetry (DSC) and Differential Thermal Analyses (DTA) were carried out in 

an atmosphere of dry air with 50 mL/min flow rate and heating rate of 10 oC/min up to 600 oC. DSC was 

performed by a Mettler-Toledo DSC-822e calorimeter, with uncovered aluminium crucibles (of 40 μL 

volume). TGA experiments were performed on a Mettler-Toledo TGA-851e thermobalance, also with 

uncovered aluminium crucibles (of 70 μL volume). Complementary Evolved Gas Analysis (EGA) of the 

evolved species (up to m/z = 70) was done by coupling a mass spectrometer at the exit of the TGA 

apparatus. A MKS quadrupole mass spectrometer (Microvision Plus) was used. 

The evolution of the crystalline structure with temperature was analysed by in-situ and ex-situ (for 

Precursor and Ink, respectively) XRD experiments. In ex-situ measurements, the desiccated powders were 

heated inside the TG furnace at 10 oC/min up to the desired temperature and then cooled down without 

any delay. A new sample was used for each temperature. In contrast, in-situ experiments were carried out 

on one single Ink sample that was held during 8 min. at isothermal conditions (to allow for an XRD 
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measurement) every 10 oC, with a high-temperature camera (HTK – 1200N, Antoon Paar). The heating 

rate between isotherms was 10 oC/min from room temperature to 600 oC, what resulted in an average 

heating rate of 1.1 oC/min, i.e. much slower than for ex-situ experiments. 

The deposited Ink was analyzed by X-Ray photoelectron spectroscopy (XPS) in a ultra-high vacuum 

(UHV) chamber using a PHI 5500 Multitechnique System (from Physical Electronics) with a 

monochromatic X-ray source (Al Kα line of 1486.6 eV energy and 350 W), placed perpendicular to the 

analyser axis and calibrated using the 3d5/2 line of Ag with a full width at half maximum (FWHM) of 0.8 

eV. The selected resolution for the spectra was 187.85eV of Pass Energy and 0.8 eV/step for the general 

spectra and 23.5 eV of Pass Energy and 0.1 eV/step for the spectra of the different elements in the depth 

profile spectra. A low energy electron gun (less than 10 eV) was used in order to discharge the surface 

when necessary. The Ink films were heated at a constant rate of 10 oC/min up to several maximum 

temperatures and cooled down without any delay before the XPS measurements. 

Computational studies (optimization of the geometries, calculation of total and free energies and 

frequencies) were performed with UB3LYP method implemented in the Gaussian 0331 software, using the 

LANLD2Z basis set.   

RESULTS AND DISCUSSION 

Characterization of the Precursor 

As stated above, the Precursor was characterized by IR, 1H and 13C{1H}-NMR and mass spectrometry. 

Figure 1 shows the IR spectra obtained for the Precursor and ZAD. A larger separation between 

asymmetric and symmetric stretching bands of the carboxylate unit (νas and νs, respectively) is detected 

for the Precursor than for ZAD. According to the bibliography32, this indicates the existence of bridging 

acetate ligands in the Precursor. 

In the 1H NMR spectrum of the Precursor (Figure 2), the signal due to the –NH2 protons (around 3.6 

ppm) is broad and shifted in relation to EA. Moreover, some changes are detected in chemical shifts and 

multiplicities of the resonances of the -(CH2)2- protons (around 2.85 ppm), when compared with those of 

the free ligand. These differences suggest, according to the literature33,34, the presence of "[Zn{κ2-N,O-

(H2N-(CH2)2O)}]” cores that arise from the binding of the amine nitrogen and the deprotonated oxygen to 

the Zn(II) cation. In addition, the singlet at δ ≈ 2.1 ppm is attributed to the acetato- ligand.  
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Figure 1. Infrared spectra (in the range 1800-400 cm-1) of ZAD (dashed line) and the Precursor (solid 

line). The bands due to asymmetric (νas) and symmetric (νs) stretching modes of the carboxylate unit in 

the Precursor are marked. 
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Figure 2. 1H-NMR spectra (400 MHz) of ethanolamine (EA) (top) and the Precursor (bottom). The 

intense signal that appears in the spectrum of the Precursor in the range 1.5 ppm ≤ δ ≤ 1.8 ppm is due to 

the residual water of the solvent. 

The 13C{1H}  NMR spectrum of Precursor (Figure 3) shows four singlets, of which those at lower and 

higher fields are due to the acetate ligand; while the remaining two correspond to the -CH2- carbons of the 

coordinated EA. It should be noted that the chemical shifts of these resonances were not coincident with 

those of the free ZAD or EA.  

 

 Figure 3. Partial views of the 13C{1H}-NMR spectrum of the Precursor in CDCl3 at 25 oC. 
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All these findings suggest that ZAD interacts with EA, giving rise to new species in which the 

environment of the metal centre is “Zn(H2NCH2CH2O)(µ-OAc)”. It is well-known that these monomeric 

arrays may assemble giving polymetallic complexes of higher nuclearity. Some authors have postulated 

the formation of tetranuclear and hexanuclear Zn(II) complexes containing simultaneously carboxylate 

and aminoalcoholate ligands. Only a few among these crystal structures have been determined by X-ray 

diffraction23, 24, 35-37, and in most of them there is one H2O molecule “trapped” in tetrametallic units.  

Complementarily, the ESI+-MS spectrum of the Precursor (Figure S1 in Supporting Information) shows 

peaks with the isotopic pattern expected for cations with different nuclearities: [Zn]x (with x = 2, 4 or 6) 

and {[Zn]x + H2O}. Unfortunately, data available do not allow stablishing whether these species arise by 

fragmentation of cations with higher nuclearity or by assembly of smaller units (i.e. monomers or 

dimers). However, it is clear that only Zn dimers, tetramers and hexamers are compatible with our results, 

and XRD could help describing the exact composition resulting from the interaction between ZAD and 

EA. 

Since attempts to obtain single crystals suitable for X-ray diffraction failed, powder XRD studies of the 

dried precursor were performed (Exp. day 1 in Figure 4). Indexation of the peaks observed in the 

spectrum is consistent with a monoclinic system and Z = 16. The lack of (0 k 0) reflexions with k = odd 

values indicates that the space group is P21. As shown in Fig. 4, the experimental XRD spectrum of 

freshly-prepared dried Precursor matches with the calculated one for the Monoclinic P21/m system, 

although after a few days at room conditions of temperature and humidity, the Precursor becomes 

amorphous (Exp. day 5 in Fig. 4). However, the P21/m system is centrosymmetric and implies 4 

asymmetric units, what, since Z = 16, indicates that only [Zn]x with x = 4 is possible in fresh Precursor. 

As a conclusion, the present structure must be made from four tetramers (4[Zn]4), in good agreement with 

the literature37.  
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Figure 4. Experimental XRD spectrum of freshly-obtained Precursor (Exp. day 1), calculated 

diffractogram for a monoclinic P21/m system with the parameters shown at the upper-right corner, and the 

difference between both. After five days of storage at room conditions (Exp. day 5) only the (100) 

reflection remains. 

Computational study of the Precursor 

In order to understand why small mononuclear ([Zn]1)
  or dinuclear ([Zn]2)

  blocks assemble to form 

[Zn]4 oligomers compatible with XRD results, computational studies were undertaken. In a first stage, the 

geometries of the [Zn]x entities (x = 1, 2 or 4) were optimized (Fig. 5) by means of Gaussian 03 software. 

In the three cases bond lengths and angles of the optimized geometries were consistent with those 

reported for other Zn(II) complexes with identical sets of donor atoms37. Vibrational calculations were 

also carried out, and no peaks at negative frequencies appeared, indicating that these systems remained at 

the minimum state of the Potential Energy Surface. 
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Figure 5. Optimized geometries of the monomer ([Zn]1, a), dimer ([Zn]2, b) and tetramer ([Zn]4, c) using 

UB3LYP method and LANLD2DZ base. Hydrogen atoms have been omitted for clarity.  

 

On the other hand, calculations of free energy (∆G) suggest that each individual tetramer is much more 

stable than two isolated dimers or four monomers, indicating that tetramers are the stable form for this 

type of system. Referring to their formation, binary collision (two monomers into a dimer or two dimers 

into a tetramer) is kinetically more probable than quaternary collision (four monomers into a tetramer). 

Furthermore, calculated free energies at 300 K were used to estimate the ∆G for the assembly of: a) 2 
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dimers or b) 4 monomers to give the tetramer. The results showed that ∆G of process a) is (ca. 33 Kcal / 

mol) smaller than that of b), thus indicating that tetramers coming from the union of two dimers with a 

water molecule are the stable form for this type of system, in good agreement with our experimental 

results and with crystal structures of similar Zn-carboxilate aminoalcohol compounds.  

Comparative studies of the thermal evolution of the Precursor and the Ink 

Once the Precursor has been fully characterized, research has been focused on its thermal behavior and 

the influence of the solvent (ME) on it. To this aim, TGA analyses were performed for both the Ink and 

the Precursor.  

As depicted in Figure 6, the Ink undergoes a very pronounced mass-loss process (step A), that is not 

observed for the Precursor, near the boiling point of ME (120 oC) that is attributed to solvent evaporation. 

At higher temperatures, TGA curves of both Ink and Precursor also show two additional mass-loss steps 

(B and C) at around 170 and 230 oC respectively, but with different relative heights. This feature 

deformations, together with the clear shape difference of the additional higher-temperature step D (290 

oC) in the Ink curve (see the Inset of Fig. 6), makes evident that the residual ME solvent has an effect on 

the oligomers decomposition.  

The final mass measured after the Precursor decomposition (mf = 0.31 mi) is very close to the one 

expected for the transformation of an equimolar mixture of ZAD and EA into ZnO (mF = 0.29mi). It can 

be concluded that, in contrast with studies carried out on pure ZAD7, no Zn loss occurred during 

decomposition, as if interaction with EA prevented it. 
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Figure 6. TGA curves of Ink and Precursor. Step A is due to ME evaporation whereas steps B, C and D 

correspond to decomposition. An expansion of the plot in the range 200-500 °C is shown as an inset.  

Simultaneous DTA and EGA signals recorded during the TG experiment38-41 on the Precursor have 

been used to deduce some general characteristics of the oligomers decomposition process (steps B, C and 

D). First of all, since DTA signal (not shown) is always endothermic, it is sure that decomposition 

proceeds without substantial oxidation of the organic ligands. This conclusion is reinforced by the fact 

that CO2 (m/z = 44) begins to evolve after the two main decomposition steps (Figure 7). In fact, steps B 

and C do no correlate with any EGA peak despite that most of the mass is lost during step C. It can be 

concluded that these steps involve evolution of large fragments that cannot be detected with the present 

experimental setup (having m/z > 70). Finally, the last step D correlates with peaks of m/z = 44 and m/z = 

43, that correspond to CO2 and to the superposition of acetone and other volatile signatures. Most of these 

volatiles have been also detected in previous studies on the thermal stability of Zn(II) complexes and have 

been ascribed to the formation of cyclic nitrogen-species42. 

 

Figure 7. Derivative of the TGA (dTGA, thin line) curve and coupled MS signals (EGA, thick lines) for 

m/z = 43 and m/z = 44 of the Precursor. 
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Evolution of the crystalline structure with the temperature 

To study the evolution of the crystalline structure, we performed additional in-situ and ex-situ XRD 

experiments on the dried Precursor and Ink, respectively, at temperatures up to 600 oC (Figure 8). As 

shown in Fig. 8a, the dried Precursor is highly crystalline at room temperature, it becomes amorphous for 

temperatures higher than 80 oC and transforms into crystalline ZnO above 160 oC. This early formation of 

ZnO during the in-situ XRD experiments seems contradictory with the TGA measurements, where the 

Precursor decomposition process occurs in the 190-260 oC range. This different behaviour is probably due 

to: a) the more difficult gas exchange, and consequently slower decomposition rate43, in a bulky sample 

(necessary for TG experiments) than for the layer needed for powder XRD; and b) the long stabilization 

time required for each in-situ XRD measurement, so the time in each temperature has an important role.  

In contrast, the ex-situ XRD spectra obtained for the Ink (Fig. 8b) show that crystallinity of the initial 

phase steadily increases up to 210 oC, while in the range 210 - 270 oC it coexists with crystalline ZnO, that 

becomes the only phase above 270 oC, that is ca. 90 oC higher than the temperature required for the 

Precursor.  

In situ 
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Ex situ 

 

Figure 8. XRD spectra measured at various temperatures of: a) in-situ dried Precursor and b) ex-situ Ink. 

Atomic environment  

The structural evolution of the Ink has been further analyzed by looking at the atomic environment of 

the Zn, C, O and N atoms by XPS analyses of the Zn 2p, Zn LMM and O1s Auger lines at different 

temperatures (up to 600 °C). Modified Auger parameter, calculated from the binding energy of Zn 2p3/2 

photoelectron peak and the kinetic energy of Zn LM45M45 Auger peak is similar to the one (2010 eV) 

reported in the NIST database for ZnO44, above 250 oC. In addition, the atomic ratio between Zn and N 

varies from 1 to 5, from room temperature to 180 °C (after steps A and B in TGA curves), respectively. 

From 180 °C to 250 °C, the Zn/N ratio increases above 20 (step C in TGA curves) and some few N 

remains at the Ink at T > 250 oC. Indeed, a weak N1s signal still remains up to 600 oC, it is concluded that 

some N atoms remain after decomposition even at so high temperatures. 

 



14 

 

Table 1. Evolution of the area percentage for the deconvoluted O1s lines at 530.0 eV (corresponding to 

Zn-O-Zn bonds) and 531.6 eV (O-H and O-C-O bonds) and Zn/N atomic ratio calculated after XPS 

measurements on the Ink at different temperatures.  

Bonds BE O1s(eV) 180 oC 210 oC 230 oC 250 oC 

Zn-O-Zn 530.0 19 21 24 39 

O-H 

O-C-O 

531.6 81 79 76 61 

 

 

The evolution of the area percentage for the deconvoluted O1s lines is summarized in Table 1. This 

deconvolution shows the presence of two different O1s peaks. For ZnO, the 530 eV peak corresponds to 

O2- ions surrounded by Zn atoms45, and 531.6 eV to O2- ions in the oxygen deficient regions and to OH 

bonds46. From 180 °C to 250 °C, when the ZnO just starts to crystallize according to XRD experiments, 

the main peak is that of organic-surrounded O2- ions, whereas from 270 to 600 °C many organic species 

have evaporated and the main peak is associated to O2- surrounded by Zn. Moreover, the thermal 

evolution of atomic concentration ratio between Zn and O reveals that, above 250 °C, ZnO becomes more 

stoichiometric: Zn/O varies from 0.6 to 0.9 up to 600 oC. These results are in good agreement with the 

fact that starting from 250 °C, crystal reconfiguration and last organic compound evaporations befall.  

 

CONCLUSIONS 

The detailed study of the system ZAD, EA as precursor, in the presence of ME as solvent, summarized 

in this work provides conclusive evidences for the roles of the stabilizer (EA) and the solvent (ME) in the 

formation of ZnO from ZAD. First, it has been proved that EA reacts with ZAD giving tetramers with 

“Zn(H2NCH2CH2O)(µ-OAc)” cores. Second, with ME an intermediate crystalline phase, not detected for 

the precursor (solvent-free system), appears below 270 oC and ZnO is formed at higher temperatures. 

These studies constitute the first step for further work mainly centred on the investigation of the effects 

produced by other aminoalcohols and other solvents, which may be important to reduce the temperatures 
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required to achieve ZnO or to minimize solubility problems. These two aspects are relevant in view of the 

design of new procedures to achieve materials for technological applications such as printed electronics. 
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