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Abstract: - The surface of TiO2 particles can be modified by phosphonic acids, this modification having several 
applications, like: photoelectrochemical cells based on nanocrystalline films of TiO2, optical write-read-erase 
devices, enzymatic catalyses and plant growth regulator. Anchoring of organophosphorus derivatives on a 
titania surface is expected to involve both coordination of the phosphoryl oxygen to Lewis acid sites and 
condensation reactions between the surface hydroxyl groups Ti-OH and the P-OX and to lead to a strongly bind 
to the surface of transition metal oxides. This paper presents a theoretical study on grafting reactions of 2-
chloroethyl phosphonic acid of titanium oxide surface. Starting from experimental X-ray data of the rutile 
crystal, several possible complexes with 2-chloroethyl phosphonic acid were built. The semiempirical PM6 
quantum chemical approach was used in order to find out the way of anchoring the phosphonic moieties. The 
results thus obtained gave indications on the stability of the complex formation. 
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1 Introduction 
Computational methods are widely applied in 
several fields, like: greenhouse modelling [1], power 
system optimization and control [2] and biochemical 
processes [3], and, also, in the chemistry of solid 
state. 

During the past decade, interest in chemical 
reactions occurring at metal oxide-aqueous solution 
interfaces has increased significantly because of 
their importance in a variety of fields, including 
atmospheric chemistry, heterogeneous catalysis and 
photocatalysis, chemical sensing, corrosion science, 
environmental chemistry and geochemistry, 
metallurgy and ore beneficiation, metal oxide 
crystal growth, soil science, semiconductor 
manufacturing and cleaning, and tribology [4]. 
Oxide surface reactivity is exploited in many 
industrial processes involving catalysis and 
photolysis and is fundamental to environmental 
chemistry and geochemistry. Indeed, hydrous oxides 
of Al, Fe, Mn, and  aluminosilicates such as clays 
are ubiquitous in the natural environment, and their 
surface chemical properties control such important 
phenomena as nutrient and contaminant element 
release and uptake, pH buffering, water quality, and 
soil rheological properties. These surfaces function 
as templates for the growth of other solid phases and 

as a matrix for microflora. Given the importance of 
metal oxide surfaces in these processes, surprisingly 
little is known about their atomic-scale structure and 
chemical reactivity, particularly in aqueous 
environments. Chemical interactions at metal oxide-
aqueous solution interfaces are extremely complex, 
and it is safe to say that understanding such 
interactions on a fundamental atomic level has not 
been achieved.  

As metal-carbon bonds are generally not 
sufficiently stable toward hydrolysis, anchoring an 
organic group to a metal oxide support requires the 
use of coupling molecules. Organophosphorus 
compounds offer a promising alternative in the 
coupling of organic components to metal oxides 
other than silica; thus, being reported a novel sol-gel 
route to metal oxide/phosphonate covalent hybrid 
solids [5]. The surface modification of an inorganic 
support with organophosphorus coupling agents is 
an important way to hybrid materials [6]. This route 
has been applied to a variety of supports, including 
metal oxides, metals, aluminosilicates, silica, metal 
hydroxides, and carbonates. 

The modification of alumina surfaces with 
phosphonic acids RPO(OH)2 is currently attracting 
growing interest in fields such as self-assembled 
monolayers [7], and ceramic membranes [8]. 
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However the balance between surface complexation 
(namely grafting) and surface phase transformation 
(namely deposition of bulk metal phosphonate 
phases) [9] depends on the experimental conditions. 
Surface complexation involves both the 
coordination of the phosphoryl oxygens to Lewis 
acid sites, and the condensation of P-OH groups of 
the phosphonic acid with the surface hydroxyl 
groups Al-OH [10]. Alumina provides excellent 
properties as a support. These include ease of 
diffusion of reactant in the pore structure and a large 
available specific surface, leading to its high 
popularity as a support for both heterogeneous 
catalysis and chromatography. Phosphonyl groups 
are known to form very stable networks in 
aluminium phosphate and in ALPOs [11]. Studies 
on Ti-Al binary alloy and Ti-Al-Nb ternary alloy 
have been reported [12]. 

Also the surface of TiO2 particles can be 
modified by phosphonic acids, this modification 
having several applications, like: photo-
electrochemical cells based on nanocrystalline films 
of TiO2, optical write-read-erase devices, enzymatic 
catalyses and plant growth regulator [13]. 

Mutin et al consider that the anchoring of 
organophosphorus derivatives on a titania surface is 
expected to involve both coordination of the 
phosphoryl oxygen to Lewis acid sites and 
condensation reactions between the surface 
hydroxyl groups Ti-OH and the P-OX (X = H, 
Me3Si, Et) groups [14].  

The bonding mode of organophosphorous 
coupling agent surface species appears to depend 
strongly on the nature of both organophosphorous 
coupling agent and the surface, and on the 
conditions of the surface modification [6]. In the 
case of phosphonic and phosphinic acids it was 
shown that, depending on the oxide chemical 
stability and on the grafting conditions (temperature 
pH, concentration of organophosphorous coupling 
agent), a dissolution-precipitation mechanism can be 
operative, leading to the formation of a metal 
phosphonate of phosphinate phase, even in case of 
chemically stable TiO2. This mechanism implies the 
cleavage of the Ti-O-Ti bridges by the 
organophosphorus acid; considering the excellent 
chemical stability of TiO2, assistance to the cleavage 
by coordination of phosphoryl group was proposed. 

In a previous study [15] the grafting reaction of 
vinyl phosphonic acid on titanium oxide was 
modelled by PM6 [16]. The monodentate hybrid 
was found as most stable of all the studied hybrids.  
Stewart indicates that the length which involves 
oxygen forming a dative bond to titanium obtained 
by PM6 in coordination complexes is typically too 

long, by 0.1 to 0.3 Å, but the PM6 approach has a 
better accuracy in predicting heats of formation for 
compounds of interest in biochemistry in 
comparison to Hartree Fock or B3LYP DFT 
methods, using the 6-31G(d) basis set [16]. 
     In this paper the stability of titania grafted with 
2-chloroethyl phosphonic acid was studied using 
computational methods. Several possible hybrids 
were considered and energy minimized by PM6 in 
vacuum in the range of temperatures from 298 until 
400 K. The reaction enthalpies were calculated from 
the formation enthalpies thus obtained. The results 
gave indications on the influence of temperature and 
on the stability of the complex formation.  
 
 
2 Hybrid construction 
The bulk rutile structure is given by 6-fold 
coordinated TiVI atoms and 3-fold coordinated O 
atoms [17]. Two of the O-Ti bonds are 1.946 Å 
long; the third one is longer, 1.984 Å. The 
nonhydroxylated (110) surface stems from the 
relaxation of the rutile bulk structure cleaved by the 
(110) plane. Only rows of bridging oxygens (each 
bonded to two underlying Ti atoms) protrude out of 
the layer containing surface titanium and oxygen 
atoms. In between these rows there are rows of 3-
fold coordinated O and 5-fold coordinated terminal 
TiV atoms in the same surface plane.  

Because the problems of interpretation exist, the 
surface structures are obvious for layered minerals 
but are very questionable for other minerals [18]. In 
some cases, crystallographic data and common 
sense allow deduction of the different variants of 
atomic arrangement on the surface. In addition, the 
modeling of surface structure is not the only 
problem.  

The difficulties of the structural analysis adduced 
above are related primarily to the subionic 
structures, which consist of atoms with coordination 
numbers exceeding their valences. These are 
structures of the most common oxides and 
hydroxides of Fe, Al, Ti, Mn, and other minerals 
having close-packed arrangements of oxygen atoms. 

A hydrated titanium oxide crystal was built by 
Hyperchem package [19], taking into account the 
most stable 110 plane of the unit cell of the titanium 
oxide crystal [20] (see figure 1). 
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Fig. 1 Structure of crystal fragment of hydrated 

titanium oxide 
- hydrogen atom;       - oxygen atom; 

                                     - titanium atom 
 
The structure of 2-chlorethyl phosphonic acid 

was built by the Winmostar program [21] and 
energy minimized by the PM6 method [16]. SCF 
convergence of 10-10, keyword PRECISE and a 
gradient of 10-2 were used. The optimized structure 
thus obtained (see figure 2) was further used in 
hybrid construction. 

 
 

 
 

Fig. 2 Optimized structure of the 2-chlorethyl 
phosphonic acid 

- hydrogen atom;       - oxygen atom; 
- phosphorus atom;      - carbon atom;        

   - chlorine atom;        
 
 
Startig from the optimized structure of the 2-

chlorethyl phosphonic acid and from the hydrated 
titanium oxide fragment, hybrids of grafted mono-, 
bi- and tridentate phosphonic units on titania surface 
were built by the Winmostar [21] and Vega ZZ v. 
2.0.8.60 [22] programs.  

 
 
Following reactions of hybrid formation were 

considered: 
 

 
Ti10O15H4   +                                  =      
 

 
+    H2O     (1) 
 
 

         (M) 
 

 
Ti10O15H4   +     = 
 
 

+ 2 H2O      (2) 
 

                (B) 
 
 

 
Ti10O15H4   +     =         
 
                                

+ 3 H2O      (3) 
 

(T) 
 

where M represents the monodentate hybrid, B – the 
bidentate hybrid, T – the tridentate hybrid. In 
addition, hybrids formed by coordinative bonds 
between the phosphoryl oxygen atoms and titanium 
atoms were considered too. Hybrids M12, M13 and 
M14 (see table 1) were similar to the hybrids M9, M10 
and M11, except the position of the 2-chlorethyl 
phosphonic acid, which was rotated to a mirror 
image position.    

The Boltzmann distribution predicts the 
distribution function for the fractional number of 
particles Ni / N occupying a set of states i which 
each has energy Ei [23, 24]: 

 

)T(Z
eg

N
N Tk/E

ii
Bi−

=     (4) 

 
where kB is the Boltzmann constant, T is 
temperature (assumed to be a sharply well-defined 
quantity), gi is the degeneracy, or number of states 
having energy Ei, N is the total number of particles 
and Ni the molecules having the energy Ei: 
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and Z(T) is called the partition function, which can 
be seen to be equal to 
 

∑=
i

Tk/E
i

Bieg)T(Z    (6) 

 
The Boltzmann distribution is often expressed in 

terms of β = 1/kBT where β is referred to as 
thermodynamic beta. The term exp(−βEi) or 
exp(−Ei/kBT), which gives the (unnormalised) 
relative probability of a state, is called the 
Boltzmann factor. The Boltzmann constant can be 
replaced by the gas universal constant (R), if the 
energies from the Boltzmann distribution are 
replaced by molar energies. 

For a distribution of n low energy hybrids in a 
given sample, the fraction fi of a specific hybrid was 
expressed by the Boltzmann distribution, according 
to the following equation: 

 

∑
=

−

−

=
n

1j

RT
E

RT
E

i j

i

e

ef     (7) 

 
where Ei represents the formation enthalpy of the 
ith hybrid  

 T – the temperature 
 R – the universal gas constant 
 Ej – the total energy (which is proportional 

to the formation enthalpy) of the jth hybrid 
 n – number of hybrids 
 
The Boltzmann factor fi is a weight function 

related to the percentage contribution of a given 
conformation to the conformational population of 
the compound. 
 
 
3 Results and Discussion 
The hybrid structures were energy minimized in 
vacuum by the PM6 semiempirical method included 
in the MOPAC 2007 program [16].  

The keyword PRECISE and a gradient of 10-1 
were used. From these calculations the enthalpies of 
formation at 298 K were obtained. The vacuum 
reaction enthalpy of each hybrid at 298 K was then 
calculated. The structures of minimum energy thus 
obtained were further used for the calculation of  the 
reaction heat at different temperatures. 

From the reaction enthalpies of each hybrid 
calculated at 298 K (see table 1) hybrid M9 (similary 
with M13) had the highest negative value of the 
reaction enthalpy-with respect to the monodentate 

hybrids, hybrid B14  (similary with B15) -with respect 
to the bidentate hybrids and T18  (the same with T22)-
with respect to the tridentate hybrids. From the 
inspection of reaction enthalpies of all hybrids it 
was concluded that the monodentate hybrid was the 
most stable and probable to be formed by grafting 
reaction. 

Figures 3-8 present the minimized hybrid 
structures. 

 

 
 

Fig. 3 Structure of monodentate hybrid M9  
before energy minimization 

 
- hydrogen atom;       - oxygen atom; 
- phosphorus atom;      - carbon atom;        
   - chlorine atom;       - titanium atom 

 
 

 
 

Fig. 4 Energy minimized structure of  
monodentate hybrid M9 

- hydrogen atom;       - oxygen atom; 
- phosphorus atom;      - carbon atom;        
   - chlorine atom;       - titanium atom  

 

WSEAS TRANSACTIONS on SYSTEMS SIMONA FUNAR-TIMOFEI, GHEORGHE ILIA

ISSN: 1109-2777 1051 Issue 10, Volume 7, October 2008

http://www.answers.com/topic/partition-function
http://www.answers.com/topic/thermodynamic-beta
http://www.answers.com/topic/boltzmann-factor


 
 

Fig. 5 Structure of bidentate hybrid B14  
before energy minimization 

 
- hydrogen atom;       - oxygen atom; 
- phosphorus atom;      - carbon atom;        
   - chlorine atom;       - titanium atom  

 
 

 
 

Fig. 6 Energy minimized structure of  
bidentate hybrid B14 

- hydrogen atom;       - oxygen atom; 
- phosphorus atom;      - carbon atom;        
   - chlorine atom;       - titanium atom  

     
 

 
 

Fig. 7 Energy minimized structure of  
tridentate hybrid T18 

before energy minimization 
 

- hydrogen atom;       - oxygen atom; 
- phosphorus atom;      - carbon atom;        
   - chlorine atom;       - titanium atom 

 
Fig. 8 Energy minimized structure of  

tridentate hybrid T18 
 

- hydrogen atom;       - oxygen atom; 
- phosphorus atom;      - carbon atom;        
   - chlorine atom;       - titanium atom  

 
Taking into account the enthalpy of formation at 

298 K the hybrid f1 fraction, with respect to the 
number of hybrids of each type, was calculated with 
respect to each type of hybrid. The f1 values (see 
table 2) confirmed that the mostly stable hybrids 
were the M9, B14 and T18 hybrids, respectively.  

The f2 fraction with respect to the number of 
hybrids of all types was calculated, neglecting the 
difference of one, respectively two hydrogen atoms 
between the different types of hybrids. The f2 values 
(see table 2) indicate as most stable the M9 
monodentate hybrid, in accordance to the biggest 
negative value of the reaction enthalpy and the less 
stable the tridentate T18 hybrid. 

 
Table 1. Hybrid structures (M = monodentate, B = 
bidentate, T = tridentate), enthalpy of formation at 
298 k (ΔHf), reaction enthalpy at 298 k (ΔHr) 

No. Hybrid name* ΔHf, 
kcal/mol 

ΔHr, 
kcal/mol

1 M1 (O20*-O4’**) -1814.6 -132.6 
2 M2 (O21*-O4’**) -1733.4 -51.3 
3 M3 (O4*-O4’**) -1667.5 14.5 
4 M4 (O3*-O4’**) -1739.9 -57.8 
5 M5 (O20*-O5’**) -1743.2 -61.2 
6 M6 (O4*-O5’**) -1718.7 -36.6 
7 M7 (O3*-O5’**) -1814.4 -132.3 
8 M8 (O21*-O5’**) -1658.5 23.5 
9 M9 (O20*-O3’**) -1864.2 -182.1 

10 M10 (O21*-O3’**) -1791.9 -109.9 
11 M11 (O3*-O3’**) -1838. -156.0 
12 M12 (O21*-O3’**) -1772.8 -90.7 
13 M13 (O20*-O3’**) -1864.2 -182.1 
14 M14 (O3*-O3’**) -1772.8 -90.7 
15 B1 (O4’*-O20**, 

O5’*-O21**) -1714.4 
-86.6 

16 B2 (O4’*-O20**, 
O5’*-O3**) -1650.1 

-22.3 
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17 B3 (O4’*-O20**, 
O5’*-O4**) -1691.2 

-63.4 

18 B4 (O4’*-O14**, 
O5’*-O20**) -1691.2 

-63.4 

19 B5 (O4’*-O4**, 
O5’*-O21**) -1695.7 

-67.9 

20 B6 (O4’*-O4**, 
O5’*-O3**) -1681.8 

-54.0 

21 B7 (O4’*-O21**, 
O5’*-O20**) -1755.8 

-128.0 

22 B8 (O4’*-O21**, 
O5’*-O4**) -1444.4 

183.2 

23 B9 (O4’*O21**, 
O5’*-O3**) -1452.8 

174.8 

24 B10 (O4’*-O3**, 
O5’*-O21**) -1452.8 

174.8 

25 B11 (O4’*-O3**, 
O5’*-O20**) -1621. 

6.6 

26 B12 (O4’*-O3**, 
O5’*-O4**) -1701.1 

-73.3 

27 B13 (O5’*-O20**, 
O3’*-O21**) -1615.9 

11.7 

28 B14 (O4’*-O21**, 
O3’*-O20**) -1785.9 

-158.2 

29 B15 (O4’*-O21**, 
O3’*-O4**) -1785.9 

-158.2 

30 B16 (O5’*-O20**, 
O3’*-O4**) -1615.9 

11.7 

31 B17 (O4’*-O20**, 
O3’*-O21**) -1710.4 

-82.6 

32 B18 (O4’*-O20**, 
O3’*-O4**) -1710.4 

-82.6 

33 B19 (O5’*-O21**, 
O3’*-O20**) -1675.5 

-47.8 

34 B20 (O5’*-O21**, 
O3’*-O4**) -1675.5 

-47.8 

35 T1 (O4’*-O20**, 
O5’*-O21**,  
O3’*-O4**) 

-1581.4 
 
 

-7.9 

36 T2 (O4’*-O20**, 
O5’*-O4**,  
O3’*-O3**) 

-1706.9 
 
 

-133.4 

37 T3 (O4’*-O4**, 
O5’*-O21**,  
O3’*-O20**) 

-1662.8 
 
 

-89.3 

38 T4 (O4’*-O4**, 
O5’*-O21**,  
O3’*-O3**) 

-1662.8 
 
 

-89.3 

39 T5 (O4’*-O3**, 
O5’*-O21**,  
O3’*-O20**) 

-1679.5 
 
 

-106.1 

40 T6 (O4’*-O3**, 
O5’*-O21**,  
O3’*-O4**) 

-1679.5 
 
 

-106.1 

41 T7 (O4’*-O21**, 
O5’*-O20**,  
O3’*-O4**) 

-1717.1 
 
 

-143.6 

42 T8 (O4’*-O4**, 
O5’*-O20**,  
O3’*-O21**) 

-1661.3 
 
 

-87.9 

43 T9 (O4’*-O21**, 
O3’*-O20**,  
O5’*-O3**) 

-1717.2 
 
 

-143.7 

44 T10 (O4’*-O4**, 
O5’*-O20**,  
O3’*-O3**) 

-1661.3 
 
 

-87.9 

45 T11 (O4’*-O3**, 
O5’*-O20**,  
O3’*-O21**) 

-1690.2 
 
 

-116.7 

46 T12 (O4’*-O3**, 
O5’*-O20**,  
O3’*-O4**) 

-1690.2 
 
 

-116.7 

47 T13 (O4’*-O21**, 
O5’*-O4**,  

O3’*-O20**) 

-1694.8 
 
 

-121.3 

48 T14 (O4’*-O21**, 
O5’*-O4**,  
O3’*-O3**) 

-1694.8 
 
 

-121.3 

49 T15 (O4’*-O21**, 
O5’*-O3**,  

O3’*-O20**) 

-1717.2 
 
 

-143.7 

50 T16 (O4’*-O20**, 
O5’*-O4**,  

O3’*-O21**) 

-1607.8 
 
 

-34.4 

51 T17 (O4’*-O20**, 
O5’*-O3**,  

O3’*-O21**) 

-1643.8 
 
 

-70.4 

52 T18 (O4’*-O4**, 
O5’*-O3**,  

O3’*-O21**) 

-1730.2 
 
 

-156.7 

53 T19 (O4’*-O3**, 
O5’*-O4**,  

O3’*-O20**) 

-1484.1 
 
 

89.3 

54 T20 (O4’*-O3**, 
O3’*-O21**,  
O5’*-O4**) 

-1484.1 
 
 

89.3 

55 T21 (O4’*-O20**, 
O5’*-O3**,  
O3’*-O4**) 

-1643.8 
 
 

-70.4 

56 T22 (O4’*-O4**, 
O5’*-O3**,  

O3’*-O20**) 

-1730.2 
 
 

-156.7 

* positions of oxygen atoms of hydrated titanium 
oxide (see figure 1) involved in the hybrid 
construction 
** positions of oxygen atoms of 2-chlorethyl  
phosphonic acid (see figure 2) involved in the  
hybrid construction 
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Table 2. Hybrid structures (M = monodentate, B = 
bidentate, T = tridentate) formed by grafting 2-
chloroethyl phosphonic acid on titanium oxide, 
hybrid fraction with respect to each type of hybrid 
(f1), hybrid fraction with respect to all types of 
hybrids (f2) 
 

No. Hybrid 
name 

f1 f2 

1 M1 3.17 x 10-37 3.17 x 10-37 
2 M2 1.27 x 10-96 1.27 x 10-96 
3 M3 8.3 x 10-145 8.35 x 10-145 
4 M4 7.3 x 10-92 7.30 x 10-92 
5 M5 1.92 x 10-89 1.92 x 10-89 
6 M6 2.3 x 10-107 2.31 x 10-107 
7 M7 2.12 x 10-37 2.12 x 10-37 
8 M8 2.2 x 10-151 2.23 x 10-151 
9 M9 0.50 5.00 x 10-01 

10 M10 8.02 x 10-54 8.02 x 10-54 
11 M11 4 x 10-20 4.00 x 10-20 
12 M12 8.13 x 10-68 8.13 x 10-68 
13 M13 0.500414 5.00 x 10-01 
14 M14 8.13 x 10-68 8.13 x 10-68 
15 B1 2.52 x 10-53 8.04 x 10-71 
16 B2 2.3 x 10-100 7.31 x 10-118 
17 B3 2.7 x 10-70 8.62 x 10-88 
18 B4 2.7 x 10-70 8.62 x 10-88 
19 B5 5.18 x 10-67 1.65 x 10-84 
20 B6 3.5 x 10-77 1.12 x 10-94 
21 B7 4.52 x 10-23 1.44 x 10-40 
22 B8 1.1 x 10-250 3.43 x 10-268 
23 B9 1.5 x 10-244 4.75 x 10-262 
24 B10 1.5 x 10-244 4.75 x 10-262 
25 B11 1.4 x 10-121 4.58 x 10-139 
26 B12 4.83 x 10-63 1.54 x 10-80 
27 B13 2.6 x 10-125 8.41 x 10-143 
28 B14 0.50 1.60 x 10-18 
29 B15 0.50 1.60 x 10-18 
30 B16 2.6 x 10-125 8.41 x 10-143 
31 B17 2.94 x 10-56 9.40 x 10-74 
32 B18 2.94 x 10-56 9.40 x 10-74 
33 B19 1.01 x 10-81 3.22 x 10-99 
34 B20 1.01 x 10-81 3.22 x 10-99 
35 T1 7.8 x 10-110 2.28 x 10-128 
36 T2 4.53 x 10-18 1.33 x 10-36 
37 T3 2.59 x 10-50 7.57 x 10-69 
38 T4 2.59 x 10-50 7.57 x 10-69 
39 T5 4.65 x 10-38 1.36 x 10-56 
40 T6 4.65 x 10-38 1.36 x 10-56 
41 T7 1.3 x 10-10 3.80 x 10-29 
42 T8 2.25 x 10-51 6.59 x 10-70 
43 T9 1.56 x 10-10 4.57 x 10-29 
44 T10 2.25 x 10-51 6.59 x 10-70 

45 T11 2.79 x 10-30 8.17 x 10-49 
46 T12 2.79 x 10-30 8.17 x 10-49 
47 T13 6.34 x 10-27 1.85 x 10-45 
48 T14 6.34 x 10-27 1.85 x 10-45 
49 T15 1.56 x 10-10 4.57 x 10-29 
50 T16 1.73 x 10-90 5.05 x 10-109 
51 T17 3.56 x 10-64 1.04 x 10-82 
52 T18 0.50 1.46 x 10-19 
53 T19 5.8 x 10-181 1.71 x 10-199 
54 T20 5.8 x 10-181 1.71 x 10-199 
55 T21 3.56 x 10-64 1.04 x 10-82 
56 T22 0.50 1.46 x 10-19 

 
The heats of reaction of the minimum energy 

structures thus obtained were calculated at different 
temperatures, in the range from 298 until 400 K, by 
the MOPAC 2007 program [16]. Table 3 presents 
the thermodynamic properties of the most stable M9 
monodentate hybrid. Low temperatures favor the 
hybrid formation, similarly to [15]. 

 
Table 3. Thermodynamic properties of the M9 
monodentate hybrid and reaction enthalpy at the T 
temperature (ΔHr)T 

 
T 

(K) 
Thermodynamic 

properties* 
(ΔHr)T 

(kcal/mol) 
298 ΔHf (kcal/mol) -183.92 

 H (cal/mol)  
 cp (cal/K/mol)  
 S (cal/K/mol)  

300 ΔHf (kcal/mol) -183.92 
 H (cal/mol)  
 cp (cal/K/mol)  
 S (cal/K/mol)  

305 ΔHf (kcal/mol) -183.91 
 H (cal/mol)  
 cp (cal/K/mol)  
 S (cal/K/mol)  

310 ΔHf (kcal/mol) -183.91 
 H (cal/mol)  
 cp (cal/K/mol)  
 S (cal/K/mol)  

315 ΔHf (kcal/mol) -183.9 
 H (cal/mol)  
 cp (cal/K/mol)  
 S (cal/K/mol)  

320 ΔHf (kcal/mol) -183.91 
 H (cal/mol)  
 cp (cal/K/mol)  
 S (cal/K/mol)  
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325 ΔHf (kcal/mol) -183.91 
 H (cal/mol)  
 cp (cal/K/mol)  
 S (cal/K/mol)  

330 ΔHf (kcal/mol) -183.91 
 H (cal/mol)  
 cp (cal/K/mol)  
 S (cal/K/mol)  

335 ΔHf (kcal/mol) -183.91 
 H (cal/mol)  
 cp (cal/K/mol)  
 S (cal/K/mol)  

340 ΔHf (kcal/mol) -183.9 
 H (cal/mol)  
 cp (cal/K/mol)  
 S (cal/K/mol)  

345 ΔHf (kcal/mol) -183.9 
 H (cal/mol)  
 cp (cal/K/mol)  
 S (cal/K/mol)  

350 ΔHf (kcal/mol) -183.89 
 H (cal/mol)  
 cp (cal/K/mol)  
 S (cal/K/mol)  

355 ΔHf (kcal/mol) -183.89 
 H (cal/mol)  
 cp (cal/K/mol)  
 S (cal/K/mol)  

360 ΔHf (kcal/mol) -183.901 
 H (cal/mol)  
 cp (cal/K/mol)  
 S (cal/K/mol)  

365 ΔHf (kcal/mol) -183.89 
 H (cal/mol)  
 cp (cal/K/mol)  
 S (cal/K/mol)  

370 ΔHf (kcal/mol) -183.89 
 H (cal/mol)  
 cp (cal/K/mol)  
 S (cal/K/mol)  

375 ΔHf (kcal/mol) -183.59 
 H (cal/mol)  
 cp (cal/K/mol)  
 S (cal/K/mol)  

380 ΔHf (kcal/mol) -183.89 
 H (cal/mol)  
 cp (cal/K/mol)  
 S (cal/K/mol)  

385 ΔHf (kcal/mol) -183.88 
 H (cal/mol)  
 cp (cal/K/mol)  
 S (cal/K/mol)  

390 ΔHf (kcal/mol) -183.89 
 H (cal/mol)  
 cp (cal/K/mol)  
 S (cal/K/mol)  

395 ΔHf (kcal/mol) -183.88 
 H (cal/mol)  
 cp (cal/K/mol)  
 S (cal/K/mol)  

400 ΔHf (kcal/mol) -183.895 
 H (cal/mol)  
 cp (cal/K/mol)  
 S (cal/K/mol)  

* ΔHf – standard enthalpy of formation,  
H – enthalpy, cp – caloric capacity, S – entropy, 
T - temperature 
   
The negative values of the heat of formation at 

298 K of most hybrids point out the possibility of 
formation of all the three types of considered 
hybrids, with highest probability of monodentate 
hybrid formation and the lower probability of 
tridentate hybrid formation.  
     Structural descriptors, like: the solvent accessible 
surface and volume and the van der Waals surface 
and volume [25] of energy minimized hybrids have 
been calculated by the Winmostar program [22]. For 
the M9 hybrid following structural parameters were 
obtained: the van der Waals surface of 435.479 Å2, 
the van der Waals volume of 403,836 Å3, the 
solvent accessible surface of 622.330 Å2, the solvent 
accessible volume of 1127.700 Å3 (calculated for 
water used as solvent, with the water radius of 1.4 
Å). 
 
 
3 Conclusion 
Hybrid formation by the 2-chloethyl phosphonic 
acid grafting on titanium oxide was simulated by the 
semiempirical PM6 method. Starting from a 
fragment of titanium oxide structure (built from 
experimental X-ray data) three types of hybrids: 
monodentate, bidentate and tridentate were 
considered. The hybrids were energy minimized by 
the semiempirical PM6 method in vacuum at 298 K. 
The reaction enthalpies at 298 K were calculated 
from the formation enthalpies thus obtained. These 
values indicated the highest probability of M9 
monodentate hybrid formation. Reaction enthalpies 

WSEAS TRANSACTIONS on SYSTEMS SIMONA FUNAR-TIMOFEI, GHEORGHE ILIA

ISSN: 1109-2777 1055 Issue 10, Volume 7, October 2008



in the range of temperatures from 298 K to 400 K 
for the most stable hybrid were further calculated. It 
was observed that lower temperatures favor the 
monodentate hybrid formation 
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