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Abstract: Using density functional methods, some properties were studied such as the energies and compositions of frontier 
molecular orbitals and the atomic charges, which are related to the reactive behavior of thioureas containing different N-substituent 
groupings. The calculation results indicate that the N-substituent groupings have significant effect on the flotation performance of 
thiourea collectors. The order of electron-donating ability is N-propyl-N′-benzyl-thiourea (PBZYTU)＞N-propyl-N′-ethyl-thiourea 
(PETU) ＞N-propyl-N′-allyl-thiourea (PALTU)＞＞ N-propyl-N′-acetyl-thiourea (PACTU) ＞N-propyl-N′-ethoxycarbonyl- thiourea 
(PECTU) ＞N-propyl-N′-benzoyl-thiourea (PBZOYTU), and the order of feedback-electron-accepting ability is PBZOYTU＞
PACTU＞PECTU＞＞ PALTU＞PETU＞PBZYTU. This implies that PBZOYTU, PACTU or PECTU can react with copper atoms 
having (t2g)6(eg)3Cu(II) or t6e4Cu(I) configuration on the surfaces of copper sulfide minerals through normal covalent bond and back 
donation covalent bond, and exhibit excellently collecting performance for copper sulfide minerals. These are consistent with the 
experimental data reported in the literatures. 
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1 Introduction 
 

Collector study is a crucial part of flotation 
development, since ores usually consist of a mixture of 
minerals, and success of the separation process depends 
mainly on the selective adsorption of the collector. Since 
the choice of collectors type is crucial in the flotation 
performance of minerals, the research for new chemical 
reagents having strong affinity and better selectivity for 
certain metal ions has attracted much attention recently. 
A selective adsorption of the collector can be achieved 
through an understanding of the properties of the mineral 
surface and collectors, and corresponding surface 
reactions. 

Xanthates can strongly interact with the majority of 
sulfide minerals to form metal xanthate and dixanthogen, 
however, the selectivity is low without the use of 
additional reagents. In flotation separation of copper 
sulfide minerals from iron sulfide minerals, for example, 

lime is used to maintain pH values over 10.5, more 
usually above 11.0 and often as high as 12.0 or 12.5[1] 
or 13.0[2]. Thionocarbamates (TCs) are more selective 
for copper sulfide against gangue iron sulfides, it shows 
superior metallurgical performance compared with 
xanthates under alkaline and neutral pH values usually 
below 11.5[2−9]. Thiourea or substituted thiourea also 
shows superior metallurgical performance in recovering 
valued metals from their ores by froth flotation[10]. 
Recently, ethoxycarbonyl thioureas (TUs) have been 
proved to be superior collectors compared with 
ethoxycarbonyl TCs[1, 5, 11−12]. Whereas, the flotation 
performances of TU collectors containing different 
N-substituent groupings have seldom been mentioned, 
and systemically theoretical investigation on the 
structure-reactivity relationship of TU collectors has not 
been done in the previous studies. 

Density functional theory (DFT), offered an 
effective tool in the calculation of some properties and 
energies of the various collectors[13−16]. Solvent effects 
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affect the molecular structure, mechanism of chemical 
reactions in solution, etc. Physical and chemical 
properties such as geometry of molecules, charge 
distribution and reactivity in solution often vary from 
those in vacuum[17]. In the present study, vacuum and 
solution DFT calculations were employed to investigate 
the influence of N-substituent on the efficiencies of TU, 
namely, N-propyl-N′-ethyl-thiourea (PETU), N-propyl- 
N′-benzyl-thiourea (PBZYTU), N-propyl-N′-allyl- 
thiourea (PALTU), N-propyl-N′-ethoxycarbonyl-thiourea 
(PECTU), N-propyl-N′-benzoyl-thiourea (PBZOYTU), 
N-propyl-N′-acetyl-thiourea (PACTU) as selective 
collectors for copper sulfide minerals in flotation process. 
Thus, the structural information, relative energies, atomic 
charges, highest occupied molecular orbital (HOMO) 
and lowest unoccupied molecular orbital (LUMO) 
energies and compositions about TU containing different 
N-substituent groupings were obtained by the density 
functional theory computations. The calculated 
properties of the free molecules are the useful 
information for better understanding the interaction and 
bond formation between the chelating molecule and the 
mineral surface. 
 
2 Method 
 

All calculations were made using the Gaussian03 
[18] and Chemoffice2005 program. The initial molecular 
modeling of PETU, PALTU, PBZYTU, PACTU, 
PBZOYTU and PECTU were optimized by MM2 (a 
modified version of Allinger’s MM2 force field) and 
MP3 (Parameterized Model revision 3) methods. The 
obtained geometries were further optimized and 
calculated with Becke’s three-parameter hybrid exchange 
functional and Lee-Yang-Parr correlation functional  
(B3LYP). We calculated the partial charge on each atom 
by Mulliken population analysis (MPA) and natural 
population analysis (NPA) with 6-31g(d) split-valence 
basis set. For investigation of electronic structure of TU 
molecule in solution, we used the integral equation 
formalism for the polarizable continuum model 
(IEF-PCM)[19] in DFT calculations. The adopted value 
of dielectronic constant for water was 78.39. 
 
3 Theoretical background 
 

The perturbation energy of the approaching two 
reactants collector and mineral may be approximated as 
[9, 20−21]  
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where qc and qm are total initial charges, Γ is the coulomb 
repulsion term, ε is the local dielectric constant of 
solvent, Δsolv is the desolvation energy, HOMO is the 
highest occupied molecular orbit, LUMO is the lowest 
unoccupied molecular orbit, cc

HOMO and cc
LUMO are the 

frontier orbital electron densities, β is the extent of 
bonding in transition state, and Ec

HOMO–Em
LUMO is the 

energy difference of frontier orbitals. When |Ec
HOMO– 

Em
LUMO| is large, very little charge transfer occurs; the 

reaction is primarily determined by the total charges on 
the reactants (charge-controlled reaction). On the other 
hand, when the two frontier orbitals are nearly 
degenerate, i.e. |Ec

HOMO–Em
LUMO|≈0, their interaction 

(electron transfer) becomes significant. This frontier- 
orbital-controlled reaction is enhanced by high 
polarizability and low solvation energies, and it leads to 
a covalent bonding and can be associated with soft-soft 
interaction. 

Eq.(1) is the essential basis for the chemical 
reaction between flotation reagents and minerals. The 
energy is composed of electrostatic effect, solution effect, 
normal covalent bond, and back donation covalent bond 
orderly. The energy of electrostatic effect is proportional 
to the net charge at the reactive center of flotation 
reagent or mineral. The energy of normal covalent bond 
depends on the electron-donating power of reagent and 
electron-accepting power of mineral. The energy of back 
donation covalent bond is related to electron-back- 
donating power of mineral and electron-accepting power 
of reagent. The chemical reaction between sulfide 
mineral and its collector is a frontier-controlled reaction, 
thereby making the normal covalent bond and back 
donation covalent bond especially important in assessing 
the flotation performance of collector for sulfide ore. 
 
4 Results and discussion 
 
4.1 Surface properties of copper and iron sulfide 

minerals 
The chalcopyrite band gap was 0.6 eV measured by 

CRUNDWELL[22], and the value of pyrite band gap 
was reported as 0.9 eV by BULLETT[23]. This means 
that electrons in occupied d-orbitals of copper atom on 
chalcopyrite surface are more easily transferring to 
unoccupied orbitals of collector than that of iron atom on 
pyrite surface. 

Under the alkaline conditions, the surface oxidation 
layer of pyrite consists only of iron(Ⅲ) oxyhydroxide 
(probably goethite) , and there is no detectable FeS2 
remaining[24−25], and the oxidation products of 
chalcopyrite surfaces are mostly iron(Ⅲ) oxyhydroxide, 
leaving Cu and S unoxidized in the original chalcopyrite 
structure as a metastable phase of CuS2 stoichiometry 
[24,26]. As a result, on the surfaces of copper sulfide 
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minerals, the copper having (t2g)6(eg)3Cu(Ⅱ or t6e4Cu(Ⅰ) 
configuration can accept frontier electron of collectors to 
form a σ-bond, and also easily donates its richly d-orbital 
electron (feedback electron) to the frontier unoccupied 
orbital of collector resulting in the formation of a dative 
π-bond. While, on the surfaces of iron sulfide minerals, 
the iron having (t2g)6(eg)0Fe(Ⅱ) and (t2g

а)3(eg
а)2 Fe(Ⅲ) 

configuration (Fe(Ⅲ) is the predominant composition at 
alkaline conditions) interacts chemically with collectors 
basically through accepting frontier electron of collectors 
to form a σ-bond. 
 
4.2 Electronic structures of TU collectors 

The optimized collector geometries with the 
numbering schema at B3LYP/6-31g(d) level are shown 
in Fig.1. The selected optimized geometric parameters of 
studied molecules are given in Table 1. 

The solution DFT calculations indicate that 
compared with (1.721±0.002) Å in PETU, PALTU and 
PBZYTU molecules, the C=S bond distances decrease 
to (1.703±0.001) Å (Table 1) in PACTU, PBZOYTU and 
PECTU molecules with a gap of 0.018 Å, which inferred 
that the C=S double bond is stronger in PACTU, 
PBZOYTU and PECTU than in PETU, PALTU and 
PBZYTU. As a result, the S atom in PACTU, 
PBZOYTU and PECTU molecules is more difficult to 
lose its electrons. Table 1 also indicates that the C=S 
bond distance in solution is greater than that in vacuum, 
which implies the sulfur atom in C=S group is more 

active reactivity in aqueous solution. The selected 
dihedral angles in Table 1 are nearly 180º, which means 
every atom in —N—C(=S)—N— group in PETU, 
PALTU and PBZYTU molecules or every atom in    
—C(=O)—N —C(=S)—N —  group in PACTU, 
PBZOYTU and PECTU molecules almost own one plane. 
This is a key for formation of conjugated π- or π*-bond, 
based on FMO theory. 

The net charges of sulfur atom in TU molecules 
with DFT calculations at B3LYP/6-31g(d) level are given 
in Table 2. The results of solution DFT calculations 
indicate that the Mulliken charge of sulfur atom is 
followed in this order: PACTU>PBZOYTU>PECTU>> 
PALTU>PBZYTU>PETU. The electronic charge of 
sulfur atom in C=S group is more negative in solution 
than in that in vacuum. This means the TU molecule may 
improve its electrostatic affinity with mineral surface in 
polar aqueous solution. 

The frontier orbital eigenvalues and compositions of 
collectors are given in Table 3. Table 3 demonstrates that 
the HOMOs of PACTU, PBZOYTU, PECTU, PALTU, 
PBZYTU and PETU are composed of 3p orbitals of 
sulfur atoms in each collector molecule, which infers that 
the sulfur atom is of the reactive center of these 
collectors and can donate its frontier electron to metal 
atom on the mineral surface resulting in the formation of 
σ-bond. The third unoccupied molecular orbitals (TUMO) 
of PBZYTU and the LUMO of PACTU, PBZOYTU, 
PECTU, PALTU and PETU indicate that these colloctors 

 

 
Fig.1 Optimized geometries of TU molecules at B3LYP/6-31g(d) level: (a) In vacuum; (b) In solution 
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Table 1 Selected optimized geometric parameters of studied molecules 
PETU PALTU PBZYTU 

Parameter Atom 
In vacuum In solution

Atom 
In vacuum In solution

Atom 
In vacuum In solution

C1—S23 1.683 1.719 C1—S24 1.686 1.723 C1—S30 1.686 1.721 

C1—N21 1.368 1.350 C1—N22 1.366 1.350 C1—N28 1.367 1.350 

C1—N22 1.368 1.351 C1—N23 1.368 1.352 C1—N29 1.366 1.352 

N21—H11 1.014 1.026 N22—H12 1.014 1.027 N29—H16 1.014 1.027 

Bond 
distances/Å 

N22—H12 1.014 1.025 N23—H13 1.014 1.027 N28—H17 1.014 1.027 
Dihedral 
angle/(˚) N21-S23- C1-N22 180.0 179.9 N22—S24

—C1—N23 −179.7 −179.3 N28—S30
—C1-N29 179.8 179.7 

PACTU PBZOYTU  PECTU 
Parameter Atom 

In vacuum In solution
Atom 

In vacuum In solution
Atom 

 In vacuum In solution

C1—S22a 1.680 1.704 C1—S16a 1.679 1.702 C1—S17a 1.686 1.702 

C1—N19 1.338 1.330 C1—N13 1.336 1.328 C1—N14 1.338 1.330 

C1—N20a 1.410 1.398 C1—N14a 1.405 1.397 C1—N15a 1.404 1.391 

C5—N20a 1.382 1.385 C5—N14a 1.382 1.386 C5—N15a 1.378 1.383 

C5—O21 1.228 1.230 C5—O15 1.233 1.236 C5—O16 1.223 1.225 

N19—H11 1.021 1.023 N13—H23 1.021 1.022 N14—H20 1.019 1.021 

N20—H15 1.012 1.025 N14—H24 1.011 1.023 N15—H21 1.012 1.027 

Bond 
distance/ 

Å 

O21···H11 1.868 1.871 O15···H23 1.871 1.846 O16···H20 1.911 1.895 
N19—S22— 

C1—N20 −179.6 −179.6 N13—S16
—C1—N14 −179.8 −179.8 N14—S17

—C1—N15 −180.0 −180.0

S22—C1— 
N20—C5 180.0 179.7 S16—C1—

N14—C5 −179.9 −180.0 S17—C1— 
N15—C5 −180.0 179.8 

C1—N20— 
C5—O21 0.9 1.0 C1—N14—

C5—O15 2.9 3.2 C1—N15— 
C5—O16 −0 0.1 

Dihedral 
angle/(˚) 

      N15—C5— 
O16—O6 −180.0 −180.0

a Experimental values 1.666 Å for C—S and 1.374 Å for C—N in —C(=O)—NH—C(=S)— group in C2H5O—C(=O)—NH—C(=S)—NH—C6H4—(p
—NO2) molecule[27]. 
 
Table 2 Net charge (in electron) of sulfur atom in TU 
molecules with B3LYP/6-31g(d) calculations 

Mulliken charge  Natural charge 
Thiourea 

Vacuum Solution  Vacuum Solution 

PETU −0.317 −0.520  −0.269 −0.464 

PALTU −0.313 −0.508  −0.275 −0.463 

PBZYTU −0.315 −0.509  −0.275 −0.461 

PACTU −0.296 −0.442  −0.241 −0.377 

PBZOYTU −0.299 −0.444  −0.239 −0.373 

PECTU −0.298 −0.449  −0.237 −0.379 

 
had the power of overlapping of d-orbitals of metal atom 
with their FMO to form dative π-bond. Table 3 also 
indicates that the frontier orbital eigenvalues of TU 
molecule were more negative in solution than those in 
vacuum. This might be owed to the influence of solvent 
effects on the properties of TU molecule. Water slightly 
changes the reactivity of TU molecule through Van der 
Waals force, hydrogen bonding or electrostatic attraction. 

4.3 Structure-activity relationships for TU collectors 
GLEMBOTSKII[28] suggested that the collecting 

power of thio collectors is directly proportional to the 
electron density of the reactive center of the molecule 
(i.e., sulfur). The electronic charge of sulfur atom (Table 
2) is followed in this order: PACTU＞PBZOYTU＞

PECTU＞＞ PALTU＞PBZYTU＞PETU. Hence, based on 
the electrostatic effect, the collecting power of these 
collectors for copper and iron sulfide minerals is 
followed as PACTU＜PBZOYTU＜PECTU＜＜ PALTU
＜   PBZYTU＜PETU. 

The effectiveness of a molecule may be related to 
the certain quantum-chemical parameters. Among these, 
we want to mention the energy of the HOMO that is 
often associated with the capacity of a molecule to 
donate the electrons. The HOMO and LUMO orbitals are 
commonly known as the frontier orbitals and were  
found to be extremely useful in explaining chemical 
reactivity. Since chemical bonds are mostly the product 
of the valence electrons, and the spatial distribution    
of these electrons is determined by the HOMO orbital,  
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Table 3 Frontier orbital eigenvalues and compositions of TU molecules with DFT calculations at B3LYP/6-31g(d) level 

Eigenvalues/a.u. 
TU FMOs Composition 

In vacuum In solution

HOMO 3px-orbit of S atom in C=S group −0.193 5 −0.214 4
PETU 

LUMO Valence pz-orbitals of every atom in —N—C(=S) —N— group 0.008 6 0.008 0 

HOMO 3px-orbit of S atom in C=S group −0.197 4 −0.214 8
PALTU 

LUMO 
Valence pz-orbitals of every atom in —N—C(=S)—N—group 

2px-, 2py- and 2pz-orbitals of C atom in —C=C— group 
0.002 1 0.002 3 

HOMO 3px- and 3py-orbitals of S atom in C=S group −0.196 6 −0.214 0

LUMO 2p-orbitals of C atom in phenyl group −0.011 4 −0.006 1

SUMO1) 2p-orbitals of C atom in phenyl group −0.006 8 −0.002 5
PBZYTU 

TUMO2) Valence pz-orbitals of every atom in —N—C(=S)—N— group 0.008 4 0.009 5 

HOMO 3px- and 3py-orbitals of S atom in C=S group −0.213 7 −0.228 7
PACTU 

LUMO Valence pz-orbitals of every atom in —C(=O)—N—C(=S)—N— group −0.039 5 −0.044 5

HOMO 3px- and 3py-orbitals of S atom in C=S group −0.210 8 −0.229 6
PBZOYTU 

LUMO Valence pz-orbitals of every atom in C6H5—C(=O)—N—C(=S)—N— group −0.063 7 −0.063 7

HOMO 3px- and 3py-orbitals of S atom in C=S group −0.209 3 −0.229 1
PECTU 

LUMO Valence pz-orbitals of every atom in —O—C(=O)—N—C(=S)—N— group −0.024 2 −0.033 4
Superscript 1)—Second unoccupied molecular orbitals; Superscript 2)—Third unoccupied molecular orbitals 
 
electrophilic attacks can be correlated very well with 
atomic sites having high density of the HOMO orbital. 
As the title compounds act as electron donor species, the 
HOMO orbitals were especially taken into account in 
this study. 

The HOMO energies (Table 3) of the compounds 
increase in the following order: PBZYTU>PETU> 
PALTU>>PACTU>PECTU>PBZOYTU (in aqueous 
solution). The higher HOMO energy level means that the 
molecule easily releases the electrons to the unoccupied 
orbitals of the metal atom, and it has better activity used 
as collector. Accordingly, based on the normal covalent 
bond (denominator term) in Eq.(1), the collecting power 
of these collectors for copper and iron sulfide minerals is 
followed as PBZYTU>PETU>PALTU>>PACTU> 
PECTU>PBZOYTU. 

The TUMO energy of PBZYTU and the LUMO 
energies of PACTU, PBZOYTU, PECTU, PALTU and 
PETU increase in the following order: PBZOYTU< 
PACTU<PECTU<<PALTU<PETU<PBZYTU (in the 
aqueous solution). The lower LUMO energy level means 
that the molecule easily accepts the electrons from the 
occupied d-orbitals of the metal atom, and it has the best 
activity used as copper sulfide collector (copper having 
richly d-orbital electrons). Accordingly, based on the 
back donation covalent bond (denominator terms) in 
Eq.(1), the collecting power of these collectors for 
copper sulfide minerals is followed as PBZOYTU> 
PACTU>PECTU>>PALTU>PETU>PBZYTU. 

The LUMO of PETU is constituted by valence 

pz-orbitals of every atom in —N—C(=S)—N— group 
and could form back donation covalent bond by 
overlapping with the d-orbitals of the copper atom on the 
mineral surface. While the four-membered chelate ring 
formed between PETU and metal atom would be 
unstable. The TUMO of PBZYTU is also constituted by 
valence pz-orbitals of every atom in —N—C(=S)—N
— group and could form back donation covalent bond 
by overlapping with the d-orbitals of the copper atom. 
Besides valence pz-orbitals of every atom in —N—

C(=S)—N— group, 2pz-orbitals of C atom in —C=C
— group in PALTU molecule could also overlap with 
d-orbitals of the copper atom, which could enhance the 
collecting activity of PALTU. 

The LUMOs of PACTU, PECTU and PBZOYTU 
were constituted by valence pz-orbitals of every atom in 
the —C(=O)—N—C(=S)—N— group, which was a 
conjugated π*-bond that would readily delocalize 
electrons and form back donation covalent bond by 
overlapping with the d-orbitals of the copper atom on the 
mineral surface. This would enhance the degree of 
overlapping by the copper and sulfur orbitals, thereby 
enhancing the total bond strength. As a result, it is 
suggested that during the interaction between PECTU (or 
PACTU, and/or PBZOYTU) and copper atom on the 
surfaces of copper sulfide minerals, PECTU (or PACTU, 
and/or PBZOYTU) offers its HOMO electrons of 
thiocarbonyl sulfur atom to copper atom, forming σ-bond, 
and simultaneously, copper atom donates its d-orbital 
electrons to the LUMO of PECTU (or PACTU, and/or 
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PBZOYTU), forming dative π-bond. PECTU (or PACTU, 
and/or PBZOYTU) should react chemically with copper 
atom on the surface of copper sulfide minerals to form a 
stably six/five membered complex, thereby making 
PECTU, PACTU and PBZOYTU more powerful 
collectors for copper sulfide minerals than PBZYTU, 
PETU and PALTU. 

Based on above discussion, the effect of 
N-substituents on flotation performance of TU collectors 
is summarized in Table 4. It can be seen from Table 4 
that PECTU, PACTU and PBZOYTU are stronger 
collectors for copper sulfide minerals than PBZYTU, 
PETU and PALTU since the ethylcarbonyl and acetyl 
groups are electron-withdrawing, while the ethyl, allyl 
and phenyl groups are weakly electron-donating. The 
electron-withdrawing substituents in N-alkyl groupings 
reduce the electrostatic effect and normal covalent bond, 
thereby reducing the reactive strength between sulfide 
minerals and collectors, and improving the selectivity of 
collectors against iron sulfide minerals. While the 
ethylcarbonyl and acetyl groups are adjacent to —N—

C(=S)—N—  group, which can form a conjugated 
π*-bond that readily delocalizes electrons and overlaps 
richly d-orbital electrons. Chalcopyrite has a narrow 
band gap and the copper atoms with (t2g)6(eg)3Cu(Ⅱ) and 
t6e4Cu(Ⅰ) configuration on its surface, thereby making 
the back donation covalent bond stronger, while pyrite 
having a broad band gap and (t2g)6(eg)0Fe(Ⅱ) and 
(t2g

а)3(eg
а)2 Fe(Ⅲ) on its surfaces acts in the opposite 

manner. Hence, compared with PBZYTU, PETU and 
PALTU, PECTU, PACTU and PBZOYTU collectors are 
more powerful for copper sulfide minerals and more 
selective against iron sulfide minerals. The previous 
studies have proved that the ethoxycarbonyl thioureas  
are excellent collectors for the flotation separation     
of Cu/Fe sulphide minerals[1, 5, 11−12]. Because 
thionocarbamates are popular collectors for the flotation 
of sulfide minerals, we think thioureas should be worthy 
of doing more study in the future. 
 
Table 4 Effect of N-substituents on flotation performance of 
TU collectors 

Energy Order of collecting power for 
copper sulfides Annotation

Electrostatic 
effect 

PACTU<PBZOYTU<PECTU<< 
PALTU<PBZYTU<PETU 

Net charge of 
S atom 

Normal 
covalent 

bond 

PBZOYTU<PECTU<PACTU<< 
PALTU<PETU<PBZYTU 

HOMO 
energies and 
compositions

Back 
donation 
covalent 

bond 

PBZOYTU>PACTU>PECTU>> 
PALTU>PETU>PBZYTU 

LUMO 
energies and 
compositions

Total effect PBZOYTU≧PACTU≧PECTU> 
PALTU>PETU>PBZYTU Eq.(1) 

 
5 Conclusions 
 

1) From the HOMO energies and the electron 
density of the reactive center, the following collecting 
ability order is theoretically obtained: PBZOYTU< 
PECTU<PACTU<<PALTU<PETU<PBZYTU.  

2) Concerning the LUMO energies and 
compositions of collectors and the HOMO compositions 
of metal atoms on mineral surfaces, the collecting power 
of the collectors for copper sulfide minerals is followed 
as PBZOYTU > PACTU > PECTU >> PALTU > PETU 
> PBZYTU. It is concluded that PECTU, PACTU or 
PBZOYTU has a better performance as flotation 
collector with improved collecting power for copper 
sulfide minerals and selectivity against iron sulfide 
minerals than PBZYTU, PETU or PALTU. 

3) As a result, this study provides a straightforward 
use of the computational techniques for the description 
of the activities of the chemical systems. 
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