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Polyol process has been used to synthesize metal and alloy nanoparticles over decades. 
However, though the role of polyol has been identified as a reducing agent, the details have not 
been clarified fully. In this manuscript, determination of the active polyol species and its role 
in the synthesis of metal nanoparticles has been attempted both experimentally and 
theoretically using the ethylene glycol (EG) as the medium and cobalt as the metal source. 
Molecular orbital calculations carried out considering dianion, monoanion and neutral states of 
ethylene glycol species suggested that the monoanion state of ethylene glycol is the most 
active form. Subsequently, this was verified experimentally using different types of cobalt salts 
in ethylene glycol. The cobalt salts that could dissociate easily and the deprotonation of 
ethylene glycol by its counter anion were vital for the progression of the dissolution and 
reduction reaction of cobalt ions to form cobalt metal particles. Furthermore, the acceleration 
of the dissolution and reduction reaction by the addition of hydroxyl ions also confirmed the 
deprotonation reaction of ethylene glycol. In conclusion, the experimental and theoretical 
studies have proved that the monoanion of ethylene glycol is the active species that not only 
assumes a role in the reduction of metal, but also plays an important role in the dissolution and 
formation of the intermediate metallic complex, which is vital for their subsequent reduction 
reaction. 
 

 

Introduction 

In recent years, the synthesis of metal and alloy nanoparticles, 
nanorods, nanowires, etc. and their application in the field of 
nanostructure-based technology has been on the rise.1-5 To cater 
the demand in the above fields, various solution-based 
techniques have been developed and utilized successfully for 
the synthesis of elements varying from noble to transition 
metals.6-27 Though the thermal decomposition technique gained 
grounds at the initial stages, issues related safety and 
environmental concerns have prompted the researchers to resort 
to alternative techniques.28-36 As a result, the use of polyol 
process has gained momentum and Fe and Fe-based alloys,37-42 
which were normally considered difficult, also have been 
achieved besides relatively easily reducible other transition and 
noble metals and their alloys.43 Consequently, the potential of 
polyol process has widely recognized and has been extended to 
the synthesis of easily reducible metals using straight chained 
alcohols (Cu, Ni, Ag).44-46 However, the control over their 
physical properties such as size, size distribution, and shape of 
the metal and alloy particles has been limited to easily reducible 

metals. The reason has been due to the limited understanding of 
the reaction process including the dissolution of metal precursor 
and the reduction reaction in the polyol medium. Though some 
effort has been made to understand oxidation reaction of the 
polyol, the study has been confined to ethylene glycol.47-49 And 
also, the contradicting behaviour of metal precursors, for 
example, different cobalt salts in ethylene glycol, some of 
which does not get reduced to form metals, is yet to be 
explained. Authors believe that the elucidation of the reaction 
mechanism in polyol process is vital not only for the designed 
synthesis of already demonstrated metal and alloy particles, but 
also for many novel nanomaterials to be produced in the future. 
 In this paper, we report the (a) theoretical estimation of the 
active species in ethylene glycol, (b) verification of the 
theoretically predicted active species through experiments and 
(c) structure identification of complexes formed in cobalt-
ethylene glycol and cobalt-ethylene glycol-hydroxide systems. 
The identification of the active species in polyol helps us to 
understand the dissimilar behaviour of different cobalt metal 
salts and their subsequent complexation on one hand and the  
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Fig. 1 Schematic diagram describing the electron transfer between polyol and 

metal salt. 

structural transformation of the metal complexes on the other. 
The theoretical and experimental results have made the 
formulation of a unified scheme for the dissolution of the metal 
precursor in polyol, subsequent complexation with polyol, 
structural transformation through the oxidation of ethylene 
glycol to produce metal cobalt particles. It should be noted that 
results reported here are very specific to cobalt system; 
however, this information could be easily transferred to other 
transition metal precursors considering the stability of the 
complexes formed in such cases.  
 
Experimental 

Theoretical Calculation 

Theoretical calculations were performed on ethylene glycol, 
which is one of the representative polyol used for the synthesis 
of transition as well as noble metals. In addition, the source for 
the metal nanoparticle and sodium hydroxide, which is often 
used as the reaction promoter, is considered. The 
presence/absence of sodium hydroxide holds the key in the 
elucidation of the reaction mechanism in polyol process. In 
polyol process, when nanometal particle is produced through 
the reduction of the metal complex, the metal compound 
receives electron from polyol through redox reaction. The 
electron transfer depends on the orbital energy possessed by the 
compounds.  The electron in the HOMO (Highest Occupied 
Molecular Orbital) of polyol will be transferred to the orbital 
corresponding to LUMO (Lowest Unoccupied Molecular 
Orbital) of the metal salt as shown in Fig. 1. This electron 
transfer reaction progresses easily when the energy difference 
between the electron orbitals is small. In the quantum chemical 
calculations used here, the temperature effect is covered by 
considering the conformational changes in polyol sufficiently. 
Consequently, when we consider the orbital energy fixing the 
type of metal salt, the HOMO energy value of polyol that acts 
as the reducing agent becomes very important. 
 In polyol process, the polyol could undergo reactions with 
additives that might be present in the system and give rise to 
different electronic states of polyol. Thus, in this study, we 
have considered dianion (1), monoanion (2) and neutral states 
(3) as possible active forms of ethylene glycol. Subsequently, 
we decided to study the above three structures and their 
properties. The rotational dihedral angle of possible ethylene 

 
Fig. 2 Possible ethylene glycol derived species in the reaction system and their 

rotating dihedral angles. 

glycol derived species in the reaction system is shown in Fig. 2.  
The 3D initial coordinates of target compounds used in the 
calculation were drawn using the CS Chem3D Ver. 7.0. Ab 

initio calculations were carried out using program Gaussian 98 
A.11.350 on Linux PC-Cluster. LanL2MB51-55 of Gaussian 98 
was used for structure optimization and orbital energy 
calculations. The reason for the selection of the above base 
function was to make the comparison with metal salts including 
the transition metals possible. Though it was possible to reduce 
the amount of computation by considering the symmetry of 
molecular structure, the symmetry was not taken into account 
purposely to avoid the counting loss of conformational isomers. 
Berny algorithm was used for structural optimization of all 
initial coordinates. Furthermore, the fulfillment of the standard 
convergence conditions such as maximum force component, 
root-mean-square force, maximum displacement component, 
and root-mean-square displacement, are implemented during 
the calculations. 

Experimental Verification 

Sample Preparation: All hydrated cobalt salts (acetate and 
chloride), ethylene glycol (EG), sodium metal, sodium 
hydroxide, dodecane and methanol were used without any 
further purification. The steps involved in a typical experiment 
are as follows: 0.01 M metal salt is dissolved in 0.1 M of 
ethylene glycol followed by the addition of either sodium metal 
or sodium hydroxide. Then, the ethylene glycol-metal salt or 
ethylene glycol-metal salt-sodium/sodium hydroxide system is 
heated to specified temperatures to obtain required by-products 
or cobalt metal particles. The samples are recovered by 
centrifuging the suspension and subsequently washed with 
methanol. Then, the products obtained are dried in vacuum at 
room temperature (R.T) prior to further analysis. 
 
Characterization: UV-Vis spectrometric analysis was carried 
out on solution samples using the Hitachi U-3300 UV-Vis 
Spectrophotometer to identify the metal complexes formed 
during various stages of the reaction. Powder X-ray diffraction 
(XRD) patterns of the precipitates were carried out using the 
Panalytical X’pert pro diffractometer (Cu Kα 1.541 Å). The 
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Fig. 3 Conformers obtained from relative SCF energies for (a) 180, (b) 0 degree 

cases and (c) minimum HOMO energies (at 170 degrees). 

local structure of the metal complexes were carried out using an 
in-house X-ray absorption spectrophotometer (Rigaku R-XAS 
Looper) housing a demountable X-ray tube with Mo target as 
the white X-ray source and Si(400) Johansson-type bent single 
crystal as the monochromator crystal. The local atomic 
environmental structure around a Co, the XAFS spectrum of the 
sample for the Co-K edge was recorded and analyzed. 
Morphology of the products was characterized using Hitachi-
FE-SEM 4500 scanning electron microscopy using an 
accelerating voltage of 15 kV. The R.T magnetic data were 
collected using the vibration sample magnetometer (Tamagawa 
TM-VSM 1230-HHH5) on dried samples.  
 
Results and discussion 

Determination of the true active species derived from ethylene 

glycol 

Understanding the reaction mechanism is absolutely imperative 
to consider the experimental conditions to have finer control 
over the physical properties of the metal particles produced by 
polyol process. Thus, for optimal nanoparticle synthesis, (a) 
determination of the true active species derived from ethylene 
glycol and (b) the optimal combination between polyol and 
metal salt types, are important. 
 However, in this study first we confine ourselves to the 
identification of true active species derived from ethylene 
glycol which is very vital in the designed synthesis of metal 
nanoparticles, through theoretical estimation. And then, we 
subsequently verify the theoretical prediction experimentally. 
Especially, the EG-Co case in the presence and absence of 

hydroxyl ions will be considered using different cobalt metal 
salts to verify the theoretical predictions experimentally. 
 In the sections below, the theoretical estimations for 
dianion, monoanion and neutral states of ethylene glycol will be 
discussed in detail by evaluating the relative self-consistent 
field (SCF) energies estimated from most stable conformer and 
HOMO energy for each conformer. 

Dianion derived from ethylene glycol 

Dianion is a state where both hydrogen atoms are removed 
from the two hydroxyl groups in ethylene glycol. The con-
formers obtained from relative SCF energies for different 
conditions are given in Fig. 3. When the relative SCF energies 
estimated from most stable conformer and HOMO orbital 
energies of each conformer for dianion rotated at dihedral angle 
around O-C-C-O, the most stable conformer is observed at 
+180 degrees and the highest relative energy is obtained at 0 
degree. The minimum relative energy is recorded when the 
oxygen in the anion states are farther away from each other. On 
the other hand, maximum energy including the high 
electrostatic repulsion is recorded when anion state oxygen 
atoms approach each other. Moreover, the lowest HOMO 
orbital energy is 1.13 kcal•mol-1 higher than the relative SCF 
energy of the most stable conformer. 
 Furthermore, when the HOMO energies of the conformers 
shown in Fig. 4(a)-(b) were plotted as the 1D coordinate axes, 
the HOMO energies assumed discontinuous values as shown in 
Fig. 4(c). In other words, the fingerprint of HOMO orbital 
energies is specific to dianion and takes a single value other 
than the maximum HOMO orbital energy derived from the 
unstable conformer. 

Monoanion derived from ethylene glycol 

Monoanion is a state where a hydrogen atom is removed from 
one of the two hydroxyl groups in ethylene glycol. The SCF 
and HOMO energy surfaces of most stable conformer was 
determined by rotating the monoanion around face angles O-C-
C-O (rotational angle 1) and H-O-C-C (rotational angle 2) and 
the results are shown in Fig. 5(a) and (b), respectively (enlarged 
figure is given in Fig. S1). From SCF energy surface, the most 
 

Fig. 4 (a) SCF, (b) HOMO and (c) the fingerprint of HOMO energies of each conformation for dianion species derived from ethylene glycol. 
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 Fig. 5 (a) SCF and (b) HOMO energy surfaces at each conformer for the ethylene glycol at monoanion state. 

stable conformer was determined to be 2-B1 (0 (angle 1), 0 
(angle 2)). Besides the above, four other stable conformers, 2-

B2 (-180,-25), 2-B3 (-175,25), 2-B4 (175,-25), and 2-B5 
(180,20) exist. However, their relative SCF energies are 35.6 
kcal•mol-1 higher than 2-B1 conformer. The characteristic 
conformers of the ethylene glycol in the monoanion state are 
given in Fig. S2.  
In the most stable conformer 2-B1, the formation of the 
hydrogen bond through electrostatic attraction between the 
oxygen in the anion state and the hydrogen in the hydroxyl 
group contributes to the stability, as shown in Fig. 6(a). In all 
other relatively stable conformers such as 2-B2, 2-B3, 2-B4, 2-

B5, the oxygen in the anion state and the hydroxyl group face 
opposite direction (Fig. 6(b)) and the hydrogen bond that 
contributes to the stabilization of the conformer cannot be 
formed. On the other hand, in the cases of 2-C1 and 2-C2 
derived from the HOMO energy surface as shown in Fig. 5(b), 
the hydrogen in the carbon bond that corresponds to the base of 
the oxygen in the anion state and hydroxyl group in the 
opposite side confront with each other. This results in a weak 
steric repulsion and the relative SCF energy difference from the 
stable conformers except for 2-B1, becomes 2.2 kcal•mol-1 

higher and leads to destabilization. 
 Furthermore, 2-C3 (60,-110) (Fig. 6c)) and 2-C4 (-60,110) 
(refer Fig. S2) had the highest HOMO energy (0.12943 a.u.) 

Fig. 6 Characteristic conformers of the mono-anion state derived from ethylene 

glycol. 

  

 

and appeared on the slope as shown in Fig. 5(a). The HOMO 
energies of conformer obtained from the relative SCF energy 
surface and the HOMO energy surface in Fig. 5(a) and (b) were 
plotted in 1D coordinate axis as shown in Fig. 7. Even in the 
monoanion state, HOMO energies take discrete values. The 
energy difference between 2-B1 that possesses lower most 
energy and second lowest HOMO energy conformer 2-B5 
(0.11684 a.u) is 2.12 eV. 

Neutral state of ethylene glycol 

As shown in Fig. 2, three dihedral angles, such as rotational 
angle 1: 1-2-3-4，rotational angle 2: 5-1-2-3，and rotational 
angle 3: 2-3-4-10, exist for the neutral state of ethylene glycol 
with two hydroxyl groups. Three stable conformers, 3-D, 3-E 
and 3-F were identified, when the neutral ethylene glycol was 
rotated around O-C-C-O (rotational angle 1) as shown in Fig. 8. 
3-E and 3-F possess minimum energy and then 3-D stabilizes at 
an energy level 1.57 kcal•mol-1 higher than the others. In the 
cases of 3-E and 3-F, the hydroxyl groups face each other and 
formation of hydrogen bond is possible. On the other hand, the 

Fig. 7 The fingerprint of HOMO energies for the monoanion derived from 

ethylene glycol. 
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Fig. 8 Stable conformers (a) 3-D, (b) 3-E and (c) 3-F obtained from the relative 

SCF and HOMO energy surfaces. (d) The relative SCF energy curve for ethylene 

glycol molecule rotated around O-C-C-O (rotational angle 1). 

hydroxyl groups in 3-D are farther away from each other, and 
the formation of the hydrogen bond that contributes to the 
stability of conformers is not realized.  
 Next, the relative surface energies and HOMO energies of 
the above three conformers were examined by rotating the two 
dihedral angles H-O-C-C (rotational angle 2: 5-1-2-3) and H-O-
C-C (rotational angle 3: 2-3-4-10), while fixing the dihedral O-
C-C-O (rotational angle 1). 3-E and 3-F behave similarly when 
the symmetry is taken into consideration. However, the 
calculations of all three conformers were carried out to prevent 
count loss. 
 

Case (a): 3-D as the starting conformer. When 3-D is 
considered as the starting structure, apparently 13 stable and 
characteristic conformers (Fig. S3), 9 from SCF energy surface 

and 4 from HOMO energy surface, are obtained as shown in 
Fig.  9 (a) and (b) (enlarged version is shown in Fig. S4). When 
the duplication based on the symmetry is taken into account, 
the number of conformers is reduced to 3-D1 (180  (angle 1), 
180 (angle 2)), 3-D2 (180,65), 3-D3 (180,-65), 3-D5 (60,60), 3-

D6 (65,-65),  3-D10 (165,165), 3- D14 (100,-100) and 3-D15 (-
100,100). But, considering the location of 3-D10 in the SCF 
energy surface (located in the slope and not in the stationary 
point), it was assumed unstable. Even though the orbital energy 
of 3-D14 (100,-100) and 3-D15 (-100,100), is -0.32925 a.u. and 
maximum among HOMO energies, they could be considered 
unstable since they are located in the slope and not in the 
stationary region. Consequently, the stable conformers obtained 
using 3-D are reduced to five as shown in Fig. 10. 
 
Case (b): 3-E as the starting structure. Similarly, when 3-E is 
considered as the starting structure, apparently 18 stable and 
characteristic conformers, 9 from SCF energy surface and 9 
from HOMO orbital energy surface are obtained (Fig. S5). The 
SCF and HOMO orbital energy surfaces for neutral state 
ethylene glycol in the case where 3-E as the starting structure is 
shown in Fig. S6. When the duplication based on the symmetry 
is taken into account, the number of conformers is reduced to 3-

E1 (180 (angle 1),180 (angle 2)), 3-E2 (180,55), 3-E4 (55,55), 
3-E5 (75,-30), 3-E7 (-40,-175), 3-E8 (-70,-70), 3E-E10 

(180,50), 3-E11 (165,-155), 3-E12 (15,180) and 3-E18 
(105,105). Taking the locations of 3-E11 (165,-155) and 3-E12 
into account, they are considered unstable. Though 3-E18 has 
the maximum HOMO energy of -0.32517 a.u., it is not located 
in the stationary region. Thus it is also considered unstable. 
Similar results were obtained when 3-F was used as the starting 
structure. The related data are given in Fig. S7 and S8. 
 The fingerprint in Fig. 11 describes the HOMO orbital 
energies of conformers obtained from the SCF and the HOMO 
orbital energy surfaces. Though the neutral state assumed some 
values, the range of HOMO energies was very narrow 
compared to the monoanion state. 

Fig. 9 (a) SCF and (b) HOMO orbital energy surfaces for neutral state ethylene glycol. 
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Fig. 10 Stable conformers obtained using 3-D as starting structure. 

 The HOMO energies of the neutral, monoanion and dianion 
states of ethylene glycol are shown in Fig. 12. The HOMO 
energy level increases in the order of neutral, monoanion and 
dianion states. The reaction rates of monoanion and dianion 
states are higher than that of the neutral state. Considering the 
actual experimental conditions and the mass balance between 
ethylene glycol and sodium hydroxide, it is very difficult to 
assume that the dianion state of ethylene glycol could exist. The 
probability of the presence of dianion is assumed extremely 
low. On the other hand, though the reactivity of ethylene glycol 
itself is very poor or very slow, the introduction of sodium 
hydroxide induces the formation of the monoanion and the 
rapid progression of the reaction could be expected. The orbital 
energy in the monoanion state is reasonably high even in the 
absence of heating. However, when heated, the energy  

Fig. 11 The finger print of HOMO energies for neutral ethylene glycol species. 

 
 

 
Fig. 12 HOMO energies of the neutral, monoanion and dianion states of ethylene 

glycol. 

increases further by 2.12 eV and ethylene glycol becomes more 
reactive. The orbital energy of the monoanion state of ethylene 
glycol is higher than that of the neutral state. Thus, the 
theoretical calculations predict that the monoanion state of 
ethylene glycol acts as the true active species under normal 
experimental conditions. 
 In the next section, we report the results of the experiments 
carried out to verify the theoretical prediction and also look into 
the possibilities of explaining some unresolved issues in the 
synthesis of metal particles by polyol process using ethylene 
glycol as solvent with different metal salts. 

 

Experimental verification of theoretical predictions 

Synthesis of cobalt metal particles using polyol process has 
been well established in the middle of 1980’s.47,56-60 The use of 
sodium hydroxide as an additive to accelerate the reaction is 
also being practiced in synthesizing various metals using polyol 
process,37,61-68 but no convincing explanation has been 
provided. Furthermore, in most cases, cobalt acetate has been 
used as the metal source,47,69-73 even though cobalt chloride or 
other cobalt salts were readily available. But, nothing has been 
stated for the selection of cobalt acetate among the salts 
available. Plausible explanation for the above experimental 
practice is attempted in the light of the theoretical prediction, 
which suggests that the true active species is the monoanion 
state of ethylene glycol. 
 
Case (a): Synthesis of metallic cobalt particles using cobalt 

chloride as metal precursor. Formation of different metallic 
compounds in polyols is preceded by the dissolution of the 
precursor salt. Crystalline materials are obtained in ethylene 
glycol and the structural resolutions clearly showed that 
monoanion state of polyol complex with the metal cations to 
form glycoxide species.74,75 
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Scheme 1  The reaction scheme for the synthesis of cobalt metal particles using different cobalt precursors in ethylene glycol. 

 To test the hypothesis, initially, the synthesis of cobalt 
metal particles using cobalt chloride in ethylene glycol was 
attempted. Though the cobalt chloride dissolved in ethylene 
glycol, the solution changed its color from pink (at R.T) to blue 
and no visible precipitate was obtained even the solution was 
heated to the boiling point of ethylene glycol and refluxed at 
this temperature for more than 24 hours. Based on the 
conclusion derived from the theoretical calculations, the 
inability to generate monoanion state of ethylene glycol and 
subsequent formation of cobalt ethylene glycoxide may have 
prevented the progress of the reaction. 
 Thus, to confirm the formation of metallic cobalt through 
cobalt glycoxide route, sodium glycoxide was synthesized by 
reacting equimolar ethylene glycol and sodium metal in 
dodecane. Sodium metal was preferred over sodium hydroxide 
to prevent the formation of cobalt hydroxide in the subsequent 
step. This resulted in the formation of a white precipitate, 
presumably sodium glycoxide according to the reaction shown 
in Scheme 1(a). Then, the white precipitate was reacted with 
cobalt chloride anhydrous in dodecane to form cobalt glycoxide 
The XRD pattern of this precipitate resulted to be similar to 
what was reported by Chakroune et al.72  and is shown in Fig. 
S9(a). Then, the cobalt glycoxide thus prepared was heated in 
dodecane, to confirm that subsequent electron transfer is 
necessary for the formation of metal cobalt. As expected, no 
visible change was observed. Thus, the cobalt glycoxide 
prepared using the above technique was introduced in ethylene 
glycol and heated to the boiling point under nitrogen purging. 
Consequently, a black magnetic precipitate with a saturation 
magnetization of 160 emu/g was obtained. Here, the reaction is 
assumed to have progressed according to Scheme 1(a). The 
structural analysis of the black magnetic precipitate confirmed 
presence of metallic cobalt composed of fcc and hcp crystal 
structures (Fig. S10). These results confirmed that cobalt 
glycoxide was the active complex, which was subsequently 
reduced by ethylene glycol to form Co metal particles. 
However, it should be noted that the particles were 
submicrometer sized aggregate composed of particles of few 
tens of nanometer in diameter from the SEM measurements 
(Fig. S11(a)).  This confirmed that the alkoxide route is very 
effective for the reduction of metal ions by polyol. 

 But, it should be noted that in contrast to the cobalt chloride 
case, the formation metallic cobalt has been observed in the 
case where cobalt acetate was used as metal precursor. This 
disparity has not been explained or discussed until now. In the 
light of the present theoretical finding, we have attempted to 
explain the difference in the easiness with which the cobalt 
metal particles are formed for different types of metal salts such 
as cobalt hydroxide and cobalt acetate. 
  
Case (b): Synthesis of metallic cobalt particles using cobalt 

hydroxide as metal precursor. Next, the synthesis of metallic 
cobalt was attempted using cobalt hydroxide as the metal 
precursor. Cobalt hydroxide was prepared by reacting cobalt 
chloride with sodium hydroxide in water and the pink colored 
precipitate thus obtained was washed with water and acetone 
and introduced into ethylene glycol. The cobalt hydroxide 
changed to brucite-like precipitated as the cobalt hydroxide - 
ethylene glycol system was heated to 190 ˚C. However, when 
the system was heated for more than 1 hour, the reduction 
reaction progressed and the solid substance dispersed in 
ethylene glycol turned black. Though the synthesis of cobalt 
metal particles required prolonged heating, the formation of 
metallic cobalt was confirmed form the XRD and magnetic 
measurements. We believe that the hydroxyl ion was replaced 
with ethylene glycol monoanion to form the intermediate pink 
colored cobalt alkoxide precipitate prior to subsequent 
reduction of the same to precipitate metallic cobalt (Fig. 
S10(b)). We believe that the replacement of the hydroxyl ion by 
the monoanion state of ethylene glycol in the brucite-like 
structured cobalt hydroxide was the rate determining reaction. 
The hydroxyl ion thus excreted from the cobalt hydroxide 
deprotonated the ethylene glycol to give rise to monoanion state 
molecules, which subsequently formed cobalt ethylene 
glycoxide as confirmed by XRD analysis (Fig. S9(b)). As 
proposed by the theoretical estimation, the formation of the 
active species, monoanion of ethylene glycol, is necessary for 
the dissolution and reduction of cobalt species. The prolonged 
heating of cobalt hydroxide in ethylene glycol facilitates the 
excretion of hydroxyl ion. Scheme 1(b) shows the possible 
reaction schemes for the dissolution and reduction of cobalt 
species in ethylene glycol. We believe that the deprotonating  
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Fig. 13 (A) UV-vis spectra of Co(OAc)2-EG at (a) R.T and (b) 175 ˚C. (B) Fourier transformed profiles of Co(OAc)2-EG solutions at (a) R.T. and (b) 175 ˚C. (C) FEFF fitting 

of the profiles using tetra- and hexa-coordinated structural configurations 

ability of hydroxyl ion is greater than chloride ion in addition to 
the difference in dissociation constants of cobalt chloride and 
cobalt hydroxide.76 
 As already stated before, the formation of metallic cobalt 
was not realized when cobalt chloride was used as metal 
precursor. We believe that the result is a consequence of the 
fact that the dissociation of cobalt chloride in ethylene glycol 
and subsequent reaction of chloride ion with ethylene glycol to 
deprotonate the same to form the monoanion state of ethylene 
glycol was not realized. However, when metal Na or NaOH 
were used, though initially considered as accelerator of the 
reaction or pH modifier, these eased the deprotonation reaction 
of ethylene glycol forming cobalt ethylene glycoxide which is 
more reducible than CoCl2 according to the scheme 1(a) and 
(b). 
 
Case (c): Synthesis of metallic cobalt particles using cobalt 

acetate as metal precursor. Finally, let us consider the case of 
cobalt acetate as the metallic precursor. When cobalt acetate 
was introduced into ethylene glycol and heated to the boiling 
point, the precipitation of metallic cobalt was observed even in 
the absence of either sodium hydroxide or sodium metal. 
Furthermore, the formation of the cobalt alkoxide and their 
subsequent reduction to metallic cobalt (Fig. S10(c)) was 
realized in comparatively shorter reaction time than in the cases 
of other metallic precursors. Here, the cobalt acetate - ethylene 
glycol mixture turned to green in color from pink when the 
system was heated to higher temperature. Further heating gave 

rise to the formation of pink colored precipitate, which 
subsequently turned to black. The coordination chemistry of 
metal ions with ethylene glycol is relevant in understanding the 
reaction kinetics and solvent and ion exchange during complex 
formation and subsequent reduction reactions.   
Several groups have attempted to elucidate the reaction 
mechanism in polyol process77-80 and postulated the formation 
of metal glycoxide as possible intermediates. However, the 
definite structural details of these intermediates have not been 
reported. Recently, the structural details of a Cu2+ glycolate 
obtained from ethylene glycol - copper chloride dehydrate - 
sodium hydroxide system has been experimentally investigated 
and the presence of an anionic moiety consisting bis-ethylene 
glycolate Cu2+ dianion81 has been confirmed. However, in the 
present system, sodium hydroxide has not been used and also 
the cobalt salt considered is not chloride, but acetate. However, 
still the formation of cobalt complexes prior the precipitation of 
cobalt glycoxide has been observed. To understand the changes 
taking place during the reduction reaction, samples were taken 
at different temperatures and their structures were evaluated 
using UV-Vis and EXAFS. The results are shown in Fig. 13. 
The results of UV-vis spectroscopic measurements of the cobalt 
complex at (a) R.T and (b) 175 ˚C are shown in Fig. 13(A). In 
the case of the sample obtained at low temperature, the 
appearance of two peaks at 489 and 520 nm were confirmed. 
From the previous literature, it is inferred that the complex has 
octahedral coordination.82 On the other hand, in the case of the 
sample obtained at higher temperature; the appearance of a 
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peak at 575 nm was recorded. This inferred the formation of 
tetrahedral coordination.83 When cobalt acetate is heated in 
excess ethylene glycol, the glycol loses its two protons and the 
dianion complexes the metal center to give a compound whose 
metal to ethylene glycol ratio is almost two.84 
 To confirm the structural details, the samples were analyzed 
using EXAFS at Co-K-edge. The Fourier-transformed profiles 
of the samples obtained at (a) low and (b) high temperatures are 
shown in Fig. 13(B). The co-ordination number and the Co-O 
bond length obtained by analyzing the first nearest peak that 
corresponds to oxygen was determined to be 6 and 2.07 Å for 
the sample obtained at low temperature and 4 and 2.04 Å for 
the sample obtained at higher temperature. Furthermore, the 
presence of a strong peak at higher distance from Co atom was 
observed only for the sample obtained at higher temperature. 
When the second nearest neighbour peak was fitted assuming 
that it originated from Co-Co correlation, the bond length was 
estimated to be about 3 Å. However, obtaining a reliable value 
for the coordination number was considered difficult. 
Furthermore, the structural details of the pink precipitate 
obtained prior to the formation of metallic cobalt were also 
analyzed using EXAFS. 
 To our surprise, the profile was very similar to the liquid 
sample obtained at higher temperature. The cobalt glycoxide 
has been reported to present a layered structure de-rived from 
the brucite-like structure with turbostratic disorder along the c-
axis. In the brucite-like structured cobalt ethylene glycoxide, 
the Co - Co distance deduced roughly from the (100) and (110) 
positions, is determined to be 3.09 Å,85 and matches well with 
the distance obtained from the fitting of the second nearest 
neighbor peak corresponding to Co-Co distance in the sample 
obtained at higher temperature. The validity of prospective 
models was evaluated by fitting the XANES profile using FEFF 
(Fig. 13(C)). First, the FEFF analysis was carried out for the 
sample obtained at low temperature assuming octahedral 
coordination. 
 The measured and the calculated profiles matched well and 
confirmed the validity of the assumption. Secondly, based on 
the EXAFS profile obtained for the sample at higher 
temperature, fitting of different tetrahedral coordinated 
configurations were attempted. Among the considered 
configurations, the matching between measured and observed 
spectra of quadra plane coordination of oxygen atoms with 
cobalt was comparatively good. However, portion of the 
spectrum (higher energy region) doesn’t fit well and the 
possibility of having a mixture of both tetrahedral and 
octahedral coordinated complexes was examined. Careful 
observation of the XANES profiles of both complexes, the miss 
fit area of the calculated profile for the sample obtained at 
higher temperature has the features corresponding to the 
complex obtained at lower temperature. Thus, calculations 
using various ratios of tetrahedral- and octahedral-coordinated 
complexes were performed. As a consequence, the fitting 
improved and the sample obtained at higher temperature was 
assumed to contain 75 of tetrahedral coordinated and 25 % of 
octahedral coordinated complexes as shown in Fig. 13(C). 

 Here again, the results can be explained based on the 
relative easiness with which the formation of monoanion state 
of ethylene glycol is realized. We believe that the formation of 
ethylene glycol anion is achieved through the deprotonation 
reaction by the acetate ion, generated through the dissociation 
of cobalt acetate, and ethylene glycol. However, recent studies 
suggested that the complex formation of divalent metal ions is 
possible even in the absence of deprotonation of the diol. 
Complex formation of divalent metal anions with diols, in the 
presence of anion auxiliary ligands has been studied recently by 
Ruttink et al.86 Ternary complexes of the type 
AH(diol)…Co2+…CH3COO-(ligand) in the gas phase has been 
identified using MALDI (Matrix Assisted Laser 
Desorption/Ionization) and ESI(Electron Spray Ionization), and 
their dissociation characteristics have been obtained. They 
reported that the auxiliary ligands such as acetate ion enable the 
complex formation with diol such as ethylene glycol without 
ethylene glycol becoming deprotonated. Thus, the formation of 
acetic acid is also possible from admixture of 
HOCH2CH2OH…Co2+…-OOCCH3. This promotes the 
formation of cobalt ethylene glycoxide and their subsequent 
reduction to generate metallic cobalt. The possible reaction 
schemes for the dissolution and reduction of cobalt species in 
ethylene glycol using cobalt acetate as the metallic precursor is 
described in Scheme 1(c). The dissociation constants of cobalt 
acetate and acetic acid may also be a key for reaction kinetics 
of the overall reaction. 

Conclusions 

The synthesis of metal particles by polyol process using any 
metal salt precursor has been made possible. Though the 
scheme for synthesis of cobalt metal particles using any metal 
precursor has been established, the particles were agglomerated 
and sub-micrometer in size. This was considered due to the 
morphology of the cobalt intermediate formed prior to the 
reduction reaction. Thus, for the synthesis of monodispersed 
metallic cobalt nanoparticles reaction scheme that evades the 
formation of brucite-like structured intermediate should be 
designed. The research is in progress aiming at understanding 
the overall reaction taking place on the polyol side (oxidation) 
as well as in the metal side (reduction) for designed metal and 
alloy nanoparticle synthesis. 
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