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a  b  s  t  r  a  c  t

The  adsorption  of  cisplatin  and  its complexes,  cis-[PtCl(NH3)2]+ and  cis-[Pt(NH3)2]2+,  on  a SiO2(1  1  1)
hydrated  surface  has  been  studied  by  the  Atom  Superposition  and  Electron  Delocalization  method.  The
adiabatic energy  curves  for  the  adsorption  of  the drug  and  its products  on  the  delivery  system  were
considered.  The  electronic  structure  and  bonding  analysis  were  also  performed.  The  molecule–surface
interactions  are  formed  at expenses  of  the  OH  surface  bonds.  The  more  important  interactions  are  the  Cl–H
bond for cis-[PtCl2(NH3)2]  and  cis-[PtCl(NH3)2]+ adsorptions,  and  the  Pt–O  interaction  for  cis-[Pt(NH3)2]2+

adsorption.  The  Cl p orbitals  and  Pt  s,  p y  d orbitals  of  the  molecule  and  its  complexes,  and  the  s H orbital
and,  the  s and  p  orbitals  of the  O atoms  of  the  hydrated  surface  are  the  main  contribution  to  the  surface
bonds.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Cisplatin (cis-diaminedichloroplatinum [II]) is a coordination
compound, used in the treatment of several solid tumors [1,2].
It is well known square planar complex with chemical formula
cis-[Pt(NH3)2Cl2] first described by Michel Peyrone in 1844. The
structure was elucidated by Alfred Werner nearly 50 years later in
1893.

Cisplatin in water dissolution, hydrolyse easily [3],  settling
down a balance between the cisplatin and its products cis-
[Pt (NH3)2Cl(H2O)]+ (monoacuo cisplatin), cis-[Pt(NH3)2(H2O)2]2+

(diacuo cisplatin) and the hydroxo complexes cis-[Pt(NH3)2Cl(OH)],
cis-[Pt(NH3)2(OH)2] and cis-[Pt(NH3)2(OH)(H2O)]+. This balance
depends on Cl− concentration and pH [4–8]. Aiming to predict
potentially active species in the mode of action of the anticancer
drug cisplatin studies have focused on the hydrolysis of one or both
platinum–chloro bonds of the drug [9–13].

Cisplatin and its hydrolysis products exhibit a great pharma-
cological effect. Nevertheless, they have significant adverse side
effects [14,15]. The optimization of the dosing and delivery sched-
ule can potentially minimize adverse effects while maintaining
efficacy [16,17].  Studies have shown that silica matrixes could
improve delivery systems for implants [18,19].
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Simulation techniques supply useful information for the study
of the delivery systems. Studies about cisplatin and cisplatin analogs
are frequently explored by computational methods [20–23].

In order to perform pharmacological studies and shed more light
in the drug liberation and action mechanisms, it is necessary a pre-
vious study of the adsorption properties of the cisplatin and its
complexes in the selected carrier matrix.

The anti-tumor properties of square planar platinum (PtY2L2)
complexes have been studied with various techniques. The prop-
erties of these complexes were investigated by focusing on the
ligand exchange reactions via the interaction between the metal
and ligands/solvents. The ligand exchange reactions of these Pt(II)
complexes are suggested to proceed via a five-coordinated tran-
sition state with an axial metal–ligand interaction [24–29].  These
ligand exchange processes are also characterized by electron den-
sity transfers from the neutrally and negatively charged ligands to
the central Pt(II) metal and the leaving L groups. The charge val-
ues of the central metal are dependent on the contribution of the
charges transferred from the electron pair of the ligands. Since the
unoccupied dx2–y2 orbital interacts with the lone pair orbitals of
the ligands, the structural characteristic of Pt(II) stereochemistry
is the tendency to form square planar Pt(II) complexes. In terms of
the reaction mechanisms associated with the ligand exchanges at
the planar d8 center, some studies [24–29] reported that the reac-
tion proceeds via a five-coordinated transition state ([PdL5]) with
a D3h (C2v)-trigonal bipyramidal structure. The stationary steps
in the mechanism for the cisplatin hydrolysis were characterized
by Zhang et al. [25] and Costa et al. [27]. Although the reaction
mechanisms for the ligand exchange of the Pt(II) complexes have
been studied by some groups, the potential energy surfaces through
the ligand exchange processes and the electronic structure and
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bonding considerations have not yet been investigated at a fun-
damental level.

In the present study, we analyze theoretically the adsorption
of cisplatin and its products, [PtCl(NH3)2]+ and cis-[Pt(NH3)2]2+,
in a silica hydrated matrix. The minimum energy geometries of
cisplatin and its complexes are calculated by the Atom Superposi-
tion and Electron Delocalization (ASED) method. The changes in the
electronic structure and the chemical bonding are also addressed.

2. Computational method

Our calculations were performed using the ASED method
[30–33]. This method is a modification of the extended
Hückel Molecular Orbital method (EHMO) implemented with
the YAeHMOP program (Yet Another extended Hückel Molecular
Orbital Package) [34].

The ASED method is a semi-empirical method, which makes a
reasonable prediction of molecular and electronic structure. The
EHMO method in its original form is not able to optimize geome-
tries correctly as it lacks repulsive electrostatic interactions. This
deficiency can be overcome by introducing a two-body electrostatic
correction term [35].

The ASED theory is based on a physical model of molecular and
solid electronic charge density distribution functions [33–36].

The adiabatic total energy values were computed as the differ-
ence between the electronic energy (E) of the system when the drug
is at finite distance on the surface and the same energy when that
drug is far away from the solid surface:

�EAbs, total = E(carrier + drug) − E(carrier) − E(drug) + Erepulsion

The repulsive energy was computed taking into account all
atom–atom interactions.

To understand the drug–carrier interactions we  used the con-
cept of density of states (DOS) and crystal orbital overlap population
(COOP) curves. The DOS curve is a plot of the number of orbitals per
unit volume per unit energy. The COOP curve is a plot of the overlap
population weighted DOS vs. energy. The integration of the COOP
curve up to the Fermi level (Ef) gives the total overlap population
of the bond specified and it is a measure of the bond strength.

3. The drug–carrier system

We have selected as a drug–carrier hydrated silica. SiO2, is found
in various crystalline and amorphous forms and a considerable
amount of research has been devoted in the past to characterize
the surface structure of amorphous silica, particularly by using the
infrared spectroscopy to identify the different OH species present
at the surface. Many of the properties of silica depend on the chem-
ical composition and structure of its surface. It is now accepted that
the surface Si atoms tend to have a complete tetrahedral configura-
tion and, in an aqueous medium their free bonds become saturated
with hydroxyl groups forming silanol groups ( Si–OH), denoted as
single or isolated groups, or geminal silanol groups (>Si(OH)2). We
have simulate completely hydrated silica by considering it compa-
rable to the (1 1 1) surface of �-cristobalite, in which each surface Si
atom is connected to a single silanol group [37]. The crystal struc-
ture of �-cristobalite is based on networks of corner-connected
SiO4 tetrahedra, with non-collinear Si–O–Si bonds forming bond
angles of approximately 147◦. This type of modeling has been useful
for adsorption studies of several molecules [38,39].

We used a supercell of 209 atoms: 54 Si distributed in six lay-
ers, 128 O atoms and 27 H atoms. Every Si atom completes its
tetrahedron with O atoms. As a starting geometry for the sur-
face, we used the following distances: Si–Si, 5.07 Å; Si–O (surface),
1.5 Å; O–O (bulk), 2.53 Å; O–H, 0.96 Å and H–H, 5.07 Å. In order to

Fig. 1. Schematic view of the cisplatin adsorption geometry.

reproduce the surface, this cell is extended in two dimensions
parallel to the surface. All dangling bonds were saturated with
additional H atoms.

The starting point for the calculation was the cisplatin structure
(see Fig. 1) taken from experimental data [40,41].  Initial optimiza-
tion of cisplatin agreed with the findings of several theoretical
studies [42] giving a C2v minimum with a distorted square–planar
coordination about. The in-plane N–H groups are aligned toward Cl,
resulting in (N–H)–Cl distances and angles of 2.41 Å and 113◦. The
electrostatic potential shows a highly polar molecule more positive
on the amino group and negative on the chlorine atoms. The Pt is
close to neutral.

During the calculations, the structures of both molecule and
substrate were optimized at steps of 0.02 Å and convergence in
energy of 0.01 eV. We found optimized distances for the equi-
librium geometry structures that are in a good accordance with
previous experimental and computational studies [43]. Differ-
ent both molecule/fragments orientations and adsorption sites
on the hydrated silica surface was  taken in order to obtain the
optimum adsorption geometry and the preferential adsorption
site. From the energy mapping we  have detected three different
possible adsorptions sites, named A, B and C, that contain two
terminal Si–OH available to interact with Cl atoms from cisplatin
molecule/fragment. These sites are indicated in Fig. 2. For the
three possible sites we  have optimized the molecule/fragment

Fig. 2. Surface model of �-crystobalite showing the arrangement of surface hydrox-
yls,  surface and bulk silicon atoms. The pairs of OH available to interact with Cl atoms
from cisplatin are indicated by A, B or C.
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Fig. 3. Optimization parameters on the silica surface after adsorption on sites A, B
or C.

surface-distance, z (see Fig. 1), the rotation angle around an axis
entering the surface and a rotation angle parallel to the H line (see
Fig. 3). In each case we have also moved the cisplatin species along
the line of Si–OH on the surface.

As mentioned before, we have mapped the location of the
molecule and their fragments on the silica surface, following dif-
ferent rotation angles and adsorbate translations at steps of 0.05 Å
(see Figs. 2 and 3). After the minima height was obtained (z direc-
tion in Fig. 1), the molecule/fragments were rotated around an
axis through Pt atom (see Fig. 3(a)) and, tilted and rotated at dif-
ferent angles (0◦, 30◦, 60◦ and 90◦) (see Fig. 3(b)). Finally, we
have improved the adsorption geometry considering the adsorp-
tion of the molecule, rotated at different angles in the surface plane
(� = 30◦, 60◦, 90◦, 120◦ and 150◦) (see Fig. 3(c)).

We have computed the adiabatic energy of the system absorbing
the drug on the SiO2(1 1 1) hydrated surface. We  have obtained the
energy curves, initially for the cisplatin molecule and then, consid-
ering the removal of one and the two chloro atoms of the molecule,
in order to analyze the hydrolysis products adsorption. In conse-
quence, we have studied the major electronic interactions between
the drug/fragments and the silica surface.

4. Results and discussion

We have found that the OH groups provide a favourable zone for
the adsorption of the cisplatin and their fragments obtained on it,
the position of minimum energy. The most favourable corresponds
to the vertical adsorption of the molecule and its fragments in a

Fig. 4. Adiabatic total energy curves for the (a) cisplatin–silica system, (b) cis-
[PtCl(NH3)2]+–silica system and (c) cis-[Pt(NH3)2]2+–silica system.

way  that the Cl atoms are closer to the OH groups of the hydrated
silica surface in the A configuration (see Fig. 2). These results are
in agreement to the hydrolysis reactions data for cisplatin found in
the literature [3,23,44,45] and we have found the optimized adsorp-
tion parameters of the equilibrium geometrical structures that are
in a good accordance with experimental and computational previ-
ous studies [43, and references therein]. Many quantum chemical
studies have focused on the hydrolysis of one or both Pt–Cl bonds
of cisplatin and arrived at the conclusion that both the second and
third hydrolysis are strongly endothermic and thus neither cis-
[Pt(NH3)2(OH2)2]2+ nor cis-[Pt(NH3)2(OH2)(OH)]+ are involved in
the anticancer activity of cisplatin [45].

The adsorption energies for cisplatin and its complexes are
shown in Fig. 4. For cis-[PtCl2(NH3)2] adsorption, the system
become stable considering the OH–Cl distances below of 1.2 Å (see
Fig. 4(a)). For distances shorter than 1.2 Å, the molecule–surface
repulsion is evident. When we  computed the energy of the
system considering the cisplatin complexes adsorption, for the
[PtCl(NH3)2]+ complex, we can see in Fig. 4(b) that the system is
stable when this complex is from 1.0 Å above the surface; while
for the cis-[Pt(NH3)2]2+ adsorption, the system is more stable
near the surface (see Fig. 4(c)) but the energy has lower value
compared to cis-[PtCl2(NH3)2] and [PtCl(NH3)2]+–silica systems.
Analyzing the energy plots for the three systems, we can see that
the cis-[PtCl2(NH3)2]–silica system is the most stable between
3.2 and 1.8 Å, while [PtCl(NH3)2]+–silica system is the most sta-
ble between 1.6 and 1.4 Å, and the cis-[Pt(NH3)2]2+–silica system
is the most stable from 1.3 Å toward the surface. Following this
energy analysis, we could imagine a hypothetical way  on the
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Fig. 5. (a) Total DOS for the cisplatin–silica system, (b) total DOS for the isolated
silica carrier and (c) projected DOS for the cisplatin molecule adsorbed on the silica
surface. The horizontal solid lines indicate the orbital energies the isolated cisplatin
molecule.

molecular approach to the surface losing the first chloro atom (the
hydrolysis process). On the other hand, considering the favourable
adsorption energy values for the cis-[PtCl2(NH3)2] molecule and the
[PtCl(NH3)2]+ complex, these could be adsorbed before the partial
or the total removal of the Cl atoms respectively, when the molecule
or the complex are located at 3.2–2 Å to the surface, settling down
the hoped balance between the cisplatin and its products [6–8].

Fig. 5(a) shows the density of states (DOS) curve for the cis-
[PtCl2(NH3)2]–silica system. If we compare with Fig. 5(a) and (b)
that corresponding to the silica isolated solid, the changes are small
because the molecule presence is almost negligible. The contribu-
tions to the DOS of the cisplatin orbitals are evident if those are
magnified by a factor of hundred, in Fig. 5(c). The horizontal sticks
display the energy of the molecular orbitals in the isolated cisplatin
molecule. We  can see the dispersion corresponding to the bands,
these are due to the interaction with the hydrated silica surface.
After adsorption the bands are spread over and a portion of its DOS
is pushed above the Fermi level. The value of the Fermi energy (Ef)
of the cis-[PtCl2(NH3)2]–silica system is −11.70 eV and it changes
slightly with respect to the isolated silica (Ef = −12.70 eV). The states
below the Fermi level mainly correspond to the silicon conduction
band.

According to the most favourable adsorption energies ranges for
the three studied systems, we have selected one configuration of
each system in order to perform the electronic structure analysis
and bonding considerations.

For cis-[PtCl2(NH3)2]–silica system we have selected the geom-
etry corresponding to the molecule–surface distance (OH–Cl
distance) of 2.2 Å. For this configuration, each Cl atoms to the
cisplatin have interactions with the H atoms of two nearest neigh-
bour OH groups of the hydrated surface. The existence of these
bonds is confirmed by the bond population, the Cl–H overlap pop-
ulations (OPs) are 0.020 and 0.004, respectively. The COOP curves
can be seen in Fig. 6(a) and (b). These curves present bonding and
antibonding peaks below the Fermi Energy level (Ef). The integra-
tion up to the Fermi level gives the total OP for the Cl–H bonding.
The Cl–O interactions are almost negligible. There is no evidence of
Cl–Si interactions.

For cis-[PtCl(NH3)2]+–silica system we  have selected the geome-
try corresponding to the complex located at 1.6 Å to the surface. For
this configuration, the Cl atom has an interaction with an H atom
of an OH group of the surface. The Cl–H bond population is 0.005.
The interaction is small; the COOP curves can be seen in Fig. 6(c).
No other important interactions were observed.

For cis-[Pt(NH3)2]2+–silica system we have considered the
geometry corresponding to the complex positioned at 0.3 Å to
the surface. When the two  chloro atoms are removed, the most
favourable interactions occur between the Pt and the O atoms of
the OH groups. The Pt–O OP values are between 0.004 and 0.04.
Fig. 6(d) and (e) shows the major Pt–O COOPs curves. On the other
hand, the Pt–H interactions have very small OP values.

The adsorption of the drug is possible because it is produced a
rearrangement of the electronic densities of the solid surface and
the cisplatin atomic orbitals. The major changes are summarized in
Table 1.

For cis-[PtCl2(NH3)2]–silica system, the orbital populations of
the O and H atoms of the surface decrease less than 1%, while de s
and p orbitals of the Cl atoms decrease 0.5% and 20%, respectively.
The s, p and d orbital population of the Pt atom decrease 32%, 5% and
85%, respectively. Then, for cis-[PtCl2(NH3)2]–silica interaction, the
most affected are the p Cl orbital and the s and d orbital populations
of the Pt atom.

For cis-[PtCl(NH3)2]+–silica system, the 1 s H population of OH
superficial group decrease a 1% while the corresponding s and p
orbital populations of the O atom increase 0.5% and 1.3%, respec-
tively. The s and p orbitals of the Cl atom decrease 0.8% and 7%,
respectively while the s, p and d orbitals of the Pt atom decrease
32%, 26% and 88%, respectively. Therefore, the atomic orbitals of
the cis-[PtCl(NH3)2]+ complex are the most affected after adsorp-
tion.

For cis-[Pt(NH3)2]2+–silica system, the 1 s H population of OH
surface group decrease a 0.9% while the corresponding s and
p orbital populations of the O atom increase 0.1% and 0.7%,
respectively. The s, p and d orbitals of the Pt atom decrease

Fig. 6. COOP curves for (a) and (b) the Cl–H interactions in the cisplatin–silica system, (c) the Cl–H interaction in the cis-[PtCl(NH3)2]+–silica system, (d) and (e) the Pt–O
interactions in the cis-[Pt(NH3)2]2+–silica system.
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Table  1
Orbital occupations, net charges and overlap population (OP) for the atoms whose participate in the interactions.

Orbital occupation Charge Bond OP

s p d

HI 0.6009 0.3991a OI–HI 0.610a

0.5924 0.4076b 0.579b

0.5939 0.4061c 0.617c

0.5992 0.4008d 0.620d

HII 0.6009 0.3991a OII–HII 0.609a

0.5992 0.4008b 0.619b

0.5937 0.4063c 0.616c

0.5992 0.4008d 0.620d

OI 1.6215 5.3485 −0.9701a Pt–ClI 0.717a

1.6285 5.4042 −1.0327b 0.914b

1.6215 5.2996 −0.9211c 0.534d

1.6200 5.3327 −0.9527d 0.718a

OII 1.6216 5.3489 −0.9706a Pt–ClII 0.533d

1.6200 5.3327 −0.9527b

1.6218 5.2953 −0.9171c

1.6200 5.3327 −0.9527d

ClI 1.8524 4.3978 0.7498a

1.8456 5.1326 0.0218b

– – –
1.8613 5.5367 0.3980d

ClII 1.8522 4.3981 0.7496a

– – –
–  – –
1.8612 5.5367 −0.3982d

Pt 0.4485 0.8486 1.2893 7.4134a

0.4463 0.6609 1.0146 7.8782b

0.3405 0.3069 0.6635 8.6890c

0.6591 0.8921 8.5948 −0.1459d

a cis-[PtCl2(NH3)2]–silica system.
b cis-[PtCl(NH3)2]+–silica system.
c cis-[Pt(NH3)2]2+–silica system.
d Isolated silica or isolated cisplatin.

48%, 65% and 92%, respectively. Consequently, for cis-[Pt(NH3)2]2+

adsorption the major changes are produced in Pt orbital popula-
tions.

In general, it is observed an electron transfer to the cisplatin
molecule and the complexes to the surface (see Table 1).

The new interactions are formed at expenses of the OH bonds
(see Table 1). When Cl–H interactions are present (during cis-
[PtCl2(NH3)2] and cis-[PtCl(NH3)2]+ adsorption), the OH bond
strength is reduced between 1.7 and 7.0% comparing with the
OH bond in the isolated surface. When Pt–O interactions are
present (during cis-[Pt(NH3)2]2+ adsorption), the OH bond strength
is lightly increased by 1.1% after adsorption. On the other hand, the
Pt–Cl bond of cis-[PtCl2(NH3)2] and cis-[PtCl(NH3)2]+ is strengthen
between 35 and 71% after adsorption.

5. Conclusions

The adsorption of cisplatin on a SiO2(1 1 1) hydrated surface
was investigated by tight binding calculation. Starting from the
optimization of the adsorption geometries for the drug and its
complexes, we were able to reproduce the main characteristics of
the adsorption process that allow us to show a possible way  for
the molecule/fragments adsorption. We  have also analyzed the
nature of the drug–carrier bonding and the changes observed in
the electronic structure upon adsorption. Except those molecular
orbitals lying much lower in energy, the rest are modified showing
the molecule–surface interaction. We  have computed the new
bondings by the OP and COOP curves. The new interactions are
formed at expenses of the OH bonds. One of the major finding are
the Cl–H interaction for cis-[PtCl2(NH3)2] and cis-[PtCl(NH3)2]+

adsorptions, and the Pt–O interaction for cis-[Pt(NH3)2]2+

adsorption.
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