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Abstract: In this work, we compare the performance of different DFT implementations, using
analytical and numerical basis sets for the expansion of the atomic wave function, in determining
structural and energetic parameters of Cisplatin and some biorelevant derivatives. Characteriza-
tion of the platinum-containing species was achieved at the HF, MP2, and DFT (PBE1PBE,
mPW1PW91, B3LYP, B3PW91, and B3P86) levels of theory, using two relativistic effective
core potentials to treat the Pt atom (LanL2DZ and SBK), together with analytical Gaussian-type
basis sets as implemented in Gaussian03. These results were compared with those obtained
with the SIESTA code that employs a pseudopotential derived from the Troullier-Martins
procedure for the Pt atom and numerical pseudoatomic orbitals as basis set. All modeled
properties were also compared with the experimental values when available or to the best
theoretical calculations known to date. On the basis of the results, SIESTA is an excellent
alternative to determine structure and energetics of platinum complexes derived from Cisplatin,
with less computational efforts. This validates the use of the SIESTA code for this type of chemical
systems and thus provides a computationally efficient quantum method (capable to linear scaling
at large sizes and available in QM/MM implementations) for exploring larger and more complex
chemical models which shall reproduce more faithfully the real chemistry of Cisplatin in
physiological conditions.

Introduction

Cisplatin (cis-diamminedichloroplatinum(II)) is one of the
most used drugs against cancer, being particularly effective
in the treatment of testis, ovary, head and neck, bladder, and
lung malignancies.1 Despite the research efforts accumulated
during the last 30 years addressed to elucidate the mode of
action of the drug at the cellular and biochemical levels,1,2a–e

the knowledge of the intimate chemical interactions estab-
lished by the drug with relevant biomolecules (which
determine cellular sensitiveness and resistance) is still at a
stage far from satisfactory.2d,e

Reaching a deep understanding of these issues both in the
case of Cisplatin and other active analogues requires not only
a detailed characterization of the molecular mechanism of
aquation (successive substitution of the labile ligands by
water molecules, a process nowadays recognized as the
activation step of these drugs in the cell)2d but also a
complete study of the interaction and covalent binding of
the drug to DNA, their pharmacological target. In the last
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two decades, theoretical and computational chemistry has
started to make significant contributions on these and other
related topics,3–6 essentially by means of studies using
reduced representations of the corresponding biological
systems. Whereas gaining insight into the details of reactivity,
interactions, and chemical processes established between
platinum drugs and water/DNA requires the use of first
principles quantum correlated methodssdensity functional
theory (DFT) being the current privileged choicessize and
complexity of the systems under physiological conditions
turns necessary the use of hybrid quantum classical (QM/
MM) descriptions to remain the study affordable. An efficient
computational package available for this kind of combined
quantum/classical descriptions is based upon an implementa-
tion of DFT using numerical basis sets.7 For that reason, in
this work we will validate technical choices as well as to
ascertain the reliability of the outcomes of modeling regard-
ing structure, reactivity and energetics of platinum-containing
systems.

Although more than 30 articles3–6 have appeared since the
early 1980s applying quantum chemistry methods to char-
acterize molecular properties (geometrical, electronic and
vibrational, both as a goal by themselves3a,f–i,4a,b or aimed
to develop force-field parameters3b,c) of Cisplatin and related
compounds, participant species, thermodynamics and kinetics
of aquation processes of platinum square planar complexes,4d,5

and platination of DNA nucleobases,4c–f,6 most of them
employed implementations of the correlated theoretical level
of choicesDFT within themsusing different schemes of
relativistic effective core potentials (ECPs) together with
Gaussian-type basis sets, the use of DFT implementations
with other kinds of basis sets being essentially limited to
few cases addressing the most complex studies (both using
plane waves4c–f or numerical-atomic orbitals as basis
set3f,5a,d,n,6j,k). Only a marginal part of this work done during
almost 25 years has been addressed to systematically assess
the performance at the task of different quantum mechanics
methods3d,e,5b,e (including several different DFT exchange/
correlation functionals and ECPs/basis set schemes) and the
relevance of including well balanced solvent/environment
representations4d–f,5b,h,j–n in coping with some of the afore-
mentioned issues.

A first key article pioneering in validating the use of DFT
(BLYP) to describe the structure and bonding of Cisplatin,
Transplatin, and their mono/diaqua-substituted derivatives
was published in 1995 by Carloni et al.4a using plane waves
for the expansion of the electronic wave function. Geo-
metrical parameters and vibrational frequencies in fairly good
agreement with the observed values were obtained, and
frontier Kohn–Sham orbitals were also analyzed therein,
finding for the first time a highest occupied molecular
orbital-lowest unoccupied molecular orbital (HOMO–LU-
MO) gap consistent with experiment. Some years later,
Pavankumar et al.3d provided a comprehensive test on the
performance of HF and Möller–Plesset levels in modeling
Cisplatin properties mostly using a wide range of Pople’s
basis sets and different ECPs schemes. More recently,
whereas Wysokinski and Michalska3e analyzed the behavior
of several pure and hybrid DFT functionals (using different

ECP/basis set combinations) in predicting structural param-
eters, bonding and IR frequencies of Cisplatin and Carbo-
platin. Zhang et al. 5e pursued a similar study focusing on
the geometrical structure of Cisplatin, PtCl4

2-, and water.
Both groups agreed in selecting mPW1PW91 as the most
reliable functional. However, none of these studies system-
atically addressed neither the performance in predicting
energetics of the aquation processes (a task whose results
reported by different groups have raised some controversies,
their quality being sensitive to the ECP/basis set employed5e

as well as to the description of microscopic/bulk solvent
effects5b,h,j–n) nor that in describing bonding, thermodynamics
and kinetics of the reaction between Cisplatin and DNA, even
resorting to minimal models of the latter (bare nucleobases/
nucleotides).

Evaluation of the existing DFT functionals and imple-
mentations, in particular those extensively used at the present
for studying Cisplatin chemistry (mostly hybrid functionals),
becomes necessary to calibrate and extend current knowledge
to larger molecular systems and helps in the development
of better methodological tools. On the other hand, the need
to answer several questions in our own applied research
regarding the mechanism of action of Cisplatin and related
species in complex biological environments (i.e., including
different double strand B-DNA sequences, Na+ counterions
and a realm of water molecules)8 using proper structures and
energetics, obtained with affordable strategies such as those
present in the SIESTA (Spanish Initiative for Electronic
Simulations with Thousands of Atoms) package,7 was
another practical motivation for pursuing the study presented
here.

In terms of computational cost, construction of the
electronic wave functions based on numerical-atomic orbitals
has a great advantage over analytical localized basis sets of
comparable accuracy. This approximation is used by DFT
implementations in this code, providing computationally
efficient quantum methods capable to linear scaling at large
sizes (>100 atoms), also very efficient at intermediate
molecular sizes. SIESTA uses the standard Kohn–Sham self-
consistent density functional method both in the local density
(LDA-LSD) and generalized gradient (GGA) approximations
with norm-conserving pseudopotentials.7 This type of quan-
tum mechanics software can be used for the study of medium
size or large systems respectively using QM (i.e., structure
of the drugs and simplified representations of their chemical
transformations) or QM/MM strategies (i.e., covalent interac-
tions between water/DNA and Cisplatin under physiological
conditions). To do so, validation of key issues coming from
modeling against experimental data becomes mandatory, as
well as comparing the performance of these implementations
using numerical basis sets against other standard implemen-
tations of DFT using analytical ones, such as those currently
included in GAUSSIAN9a or GAMESS,9b the main compu-
tational tools chosen in pursuing recent studies of Cisplatin
and other platinated drugs interactions.3g–i,5g–m,6q,r

The model situations chosen in the present work to validate
and compare different DFT strategies are the following: (i)
Cisplatin; (ii) Cisplatin monoaqua-substituted derivative; (iii)
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Cisplatin 9-methyl-guanine adduct; and (iv) the first aquation
process of Cisplatin.

Theoretical Methods

The structures of Cisplatin, 9-methyl-guanine (9metG), water,
and the monoaquo complex shown in Figure 1 were fully
optimized as isolated species minima, at different levels of
theory using gradient techniques, without imposing any
structural or symmetry constraints.

Calculations using Gaussian basis sets were performed at
the HF, MP210 (full and frozen core), and DFT levels using
the GGA functional PBE1PBE11a and one- to three-parameter
hybrid functionals (mPW1PW91,11b B3LYP,11c,d B3PW91,11c,e

and B3P8611c,f) as implemented in Gaussian03, revision
B05.9 Two ECP schemes, constituted by a pseudopotential
and the concomitant double-� (D�) quality basis set, were
applied for Pt as follows: (1) Stevens, Basch, and Krauss
(SBK)12a,b ECP with CEP-31G that leads to the (7s7p5d)/
[4s4p3d]-GTO valence basis set for Pt and (2) Los Alamos
National Laboratory’s LanL2DZ ECP developed by Hay and
Wadt,13a–d that employs the (8s6p3d)/[5s3p2d]-GTO valence
basis set for Pt. The same Pople-type basis set with
polarization functions 6-31G(d)14 is used for ligands in
Cisplatin (NH3 and Cl-) and derivatives (H2O and 9-methyl-
guanine). The nature of the stationary pointssminimaswas
verified at each level of theory considered here, based on
the analysis of the corresponding analytical Hessian matrix.

QM computations using numerical basis sets were per-
formed at the DFT level with SIESTA code.7 SIESTA has
shown an excellent performance for medium and large
systems and has also proven to be appropriate for biomol-
ecules and metal ions in biological systems.15 SIESTA reads
the norm-conserving pseudopotentials in semilocal form (a
different radial potential V(r) for each angular momentum
l), generally using the Troullier-Martins parametrization.16

Then, it transforms this semilocal form into the fully nonlocal
form proposed by Kleinman and Bylander (KB).7 The use
of standard norm-conserving pseudopotentials16 avoids the
computation of core electrons, smoothing at the same time
the valence charge density. Pt is treated as an 18-electron
system, namely with both n ) 5 and n ) 6 considered as

valence electron shells (Table 1 reports the reference valence
configurations, cutoff radius, and total number of KB
projectors used for each atom). SIESTA uses basis set
functions that consist of localized (numerical) pseudoatomic
orbitals (PAO), which are projected on a real space grid to
compute the Hartree potential and exchange-correlation
potential’s matrix elements. D� plus polarization quality basis
sets were employed for all atoms, with a PAO energy shift
of 20 meV and a grid cutoff of 200 Ry.8 To improve the
thermodynamic characterization of species participating in
Cisplatin aquation process, single-point calculations over the
structure of the isolated species minima were carried out with
a PAO energy shift of 0.5 meV and a grid cutoff of 300 Ry.
Calculations were performed using the Perdew, Burke, and
Ernzerhof GGA functional10 (PBESIESTA), which coincides
with the PBE1PBE functional implemented in Gaussian03
(G03).

The energy of reaction has been calculated as the subtrac-
tion between the sum of the products and the sum of the

Figure 1. Schematic view of the three platinated systems studied: (A) Cisplatin; (B) Cisplatin-9metG adduct; (C) reactants and
products of the first aquation process of Cisplatin. Intramolecular and intermolecular hydrogen bonds are shown with dashed
lines.

Table 1. Reference Valence Configurations, Cutoff
Radius, and Total Number of KB Projectors Used in the
Troullier-Martins Procedure to Obtain the
Pseudopotentials for Each Atom

atom valence configuration cutoff radius no. of KB projectors

H 1s(1.00) 1.25 9
2p(0.00)
3d(0.00)

C 2s(2.00) 1.25 16
2p(2.00)
3d(0.00)
4f(0.00)

N 2s(2.00) 1.20 16
2p(3.00)
3d(0.00)
4f(0.00)

O 2s(2.00) 1.13 16
2p(4.00)
3d(0.00)
4f(0.00)

Cl 3s(2.00) 1.50 16
3p(5.00)
3d(0.00)
4f(0.00)

Pt 6s(1.00) 2.47 16
6p(0.00) 2.87
5d(9.00) 1.98
5f(0.00) 2.30
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isolated reactants. The convenience of reporting the reaction
energy considering the first aquation process as a bimolecular
reaction is discussed elsewhere.5m In our work, BSSE was
not considered.

Results and Discussion

Tables 2-6 collect representative structural parameters for
Cisplatin, its monoaqua-substituted derivative, and the
Cisplatin-9metG adduct as determined with each theoretical
level using different combinations of functionals and ECP/
basis sets (LANL2DZ, SBK and Troullier-Martins schemes).
Since the aim of this work is comparing DFT implementa-
tions using analytical and numerical basis sets as respectively
present in G03 and SIESTA, taking as reference the available
experimental structural data,17–19 differences between pre-
dicted and observed values (labeled as ∆c-o) have been
calculated and reported for all bonds and angles involving
heavy-atoms. In addition, the overall mean percentage of all
bond differences (OMPBD) and the overall mean percentage
of all structural parameters differences (OMPGD) were
calculated using ∆c-o as follows:

OMPBD) [ ∑
i)bond

n |∆c-o|i × 100

(BDobsvd)i ]1
n

(1)

OMPGD) [ ∑
i)bond

n |∆c-o|i × 100

(BDobsvd)i
+ ∑

j)angle

m |∆c-o|j × 100

(BAobsvd)j ]
( 1
n+m) (2)

BDobsvd and BAobsvd being respectively the observed experi-
mental values of each of the n bond distances taken into
account and each of the m bond angles considered in
calculating OMPGD.

To test the performance of numerical basis set and the
Troullier-Martins pseudopotential scheme against energetic
parameters, reaction energy for the first aquation process of
Cisplatin was calculated from the isolated species energetics
and reported in Table 7. Since there is no experimental data
for this reaction in gas phase, our calculations are compared
to other theoretical determinations.5b,c

Geometry of Cisplatin. The first aspect to be taken into
account is that experimental data of reference for Cisplatin
come from X-ray diffraction studies in the solid state
obtained by Milburn et al.17 Due to packing interactions,
distortions on the structural parameter from the gas phase
are likely to be present in the solid state, hence no perfect
agreement with X-ray crystallographic results are expected,
even for the best theoretical method employed to determine
the structure of isolated Cisplatin. Actually, the intermo-
lecular interaction between two adjacent Cisplatin molecules
present in the crystal indicated the formation of two hydrogen
bonds from each nitrogen of one Cisplatin molecule, both
bonds being to the same chloride atom in the next molecule
along the c-axis of the unit cell (donor–acceptor H bond
distance of 3.3 Å).17 This H bond interaction leaves both
hydrogen atoms lying in the plane of the molecule in the
N-Pt-N quadrant and produces a loss of symmetry given
a quasi C2V conformation different than that calculated as an
isolated species minimum. As a consequence, the two

Table 2. Calculated Cisplatin Bond Lengths (Å) and Angles (deg) at Several Levels of Theory, OMPBDs, and OMPGDs
with Respect to Experimental Values and Best Available Theoretical Data

Pt-Cl Pt-N N-Pt-N N-Pt-Cl Cl-Pt-Cl OMPBD OMPGD

Pseudopotential and Basis Set Used for Pt: LANL2/LANL2DZ
PBE1PBE 2.322 (-0.008) 2.086 (0.076) 98.2 (11.2) 83.3 (-7.0) 95.1 (3.2)a 2.1 [2.2]e 5.6 [4.2]
mPW1PW91 2.324 (-0.006) 2.089 (0.079) 98.1 (11.1) 83.4 (-6.9) 95.1 (3.2) 2.1 [2.2] 5.6 [4.2]
B3LYP 2.349 (0.019) 2.110 (0.100) 98.2 (11.2) 83.3 (-7.0) 95.3 (3.4) 2.9 [2.2] 6.0 [4.3]
B3PW91 2.330 (0.000) 2.090 (0.080) 98.3 (11.3) 83.3 (-7.0) 95.1 (3.2) 2.0 [2.1] 5.6 [4.2]
B3P86 2.325 (-0.005) 2.090 (0.080) 98.4 (11.4) 83.2 (-7.1) 95.2 (3.3) 2.1 [2.2] 5.8 [4.3]
mp2(full) 2.345 (0.015) 2.093 (0.083) 97.2 (10.2) 83.8 (-6.5) 95.1 (3.2) 2.4 [1.9] 5.4 [3.8]
MP2(FC)b 2.347 (0.017) 2.083 (0.073) 97.4 (10.4) 83.9 (-6.4) 94.8 (2.9) 2.2 [1.6] 5.3 [3.6]
MP3(FC)b 2.358 (0.028) 2.098 (0.088) 96.9 (9.9) 83.9 (-6.4) 95.3 (3.4) 2.8 [1.7] 5.5 [3.7]
MP4(FC)b 2.358 (0.028) 2.095 (0.085) 97.1 (10.1) 84.0 (-6.3) 95.0 (3.1) 2.7 [1.6] 5.5 [3.6]
HF 2.363 (0.033) 2.124 (0.114) 95.3 (8.3) 84.5 (-5.8) 95.7 (3.8) 3.5 [2.4] 5.4 [3.5]

Pseudopotential and Basis Set Used for Pt: SBK/CEP-31G
PBE1PBE 2.308 (-0.022) 2.093 (0.083) 98.0 (11.0) 83.5 (-6.8) 95.0 (3.1) 2.5 [2.7] 5.7 [4.3]
mPW1PW91 2.310 (-0.020) 2.095 (0.085) 98.0 (11.0) 83.5 (-6.8) 95.0 (3.1) 2.5 [2.7] 5.7 [4.3]
B3LYP 2.337 (0.007) 2.123 (0.113) 98.1 (11.1) 83.4 (-6.9) 95.2 (3.3) 3.0 [2.8] 6.0 [4.5]
B3PW91 2.316 (-0.014) 2.101 (0.091) 98.1 (11.1) 83.4 (-6.9) 95.0 (3.1) 2.6 [2.7] 5.8 [4.4]
B3P86 2.312 (-0.018) 2.095 (0.085) 98.3 (11.3) 83.3 (-7.0) 95.1 (3.2) 2.5 [2.6] 5.8 [4.4]
mp2(full) 2.307 (-0.023) 2.098 (0.088) 96.8 (9.8) 84.2 (-6.1) 94.7 (2.8) 2.7 [2.8] 5.3 [3.9]
MP2(FC)b 2.312 (-0.018) 2.090 (0.080) 97.1 (10.1) 84.2 (-6.1) 94.6 (2.7) 2.4 [2.5] 5.2 [3.8]
MP3(FC)b 2.327 (-0.003) 2.106 (0.096) 96.2 (9.2) 84.3 (-6.0) 95.2 (3.3) 2.5 [2.6] 5.1 [3.7]
MP4(FC)b 2.326 (-0.004) 2.105 (0.095) 96.7 (9.7) 84.2 (-6.1) 94.8 (2.9) 2.4 [2.6] 5.2 [3.8]
HFb 2.348 (0.018) 2.140 (0.130) 95.0 (8.0) 84.7 (-5.6) 95.7 (3.8) 3.6 [3.0] 5.4 [3.6]

Pseudopotential and Basis Set Used for Pt: Troullier-Martins/D�
PBESIESTA 2.331 (0.001) 2.096 (0.086) 100.3 (13.3) 81.6 (-8.7) 96.5 (4.6) 2.2 [2.2] 6.8 [5.4]

Experimental Values (Mean and Range)c

exp 2.330 2.010 87.0 90.3 91.9 0.0 0.0
exp 2.328–2.333 1.950–2.050 85.5–88.5 88.5–92.0 91.3–92.2

Car–Parrinello Molecular Dynamics at Room Temperatured

BLYP 2.36 2.03 89 88 94 [0.0] [0.0]

a Values in parentheses correspond to the difference between the calculated and the mean experimental value (∆c-o) for each structural
parameter. b Taken from ref 3d. c Taken from ref 17. d Calculated average values taken from ref 4d. e Values in square brackets correspond
to OMPBD and OMPGD calculated with respect to the CPMD-BLYP simulation.
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N-H · · ·Cl intramolecular hydrogen bonds that appear in the
gas phase (see dashed lines in Figure 1A) are substituted by
two intermolecular hydrogen bonds in the crystal structure
forcing the closure of the N-Pt-N angle.

For completeness and uniformity with the structural
analysis of the monoaquo complex (see Table 3 and the
corresponding discussion), our results for Cisplatin are also
compared with the DFT Car–Parrinello molecular dynamics
(CPMD-BLYP) simulation at room temperature, using
periodic boundary conditions and 35 explicit water molecules
to include solvent effects.4d The corresponding OMPBDs and
OMPGDs values are reported in square brackets in Table 2.

Comparative analysis of the calculated Pt-Cl bond lengths
in Cisplatin collected in Table 2 shows that whereas
LanL2DZ ECP calculations essentially tend to overestimate
this parameter with respect to the corresponding mean
experimental valuesscoming from different Cisplatin mol-
ecules present in the triclinic X-ray unit cell17susing SBK
means to underestimate it. Concerning DFT functionals and
basis sets, the best results are obtained with PBE as
implemented in SIESTA, as well as with the hybrid
functional B3PW91 using LanL2DZ ECP for Pt. Regarding
the calculated Pt-N bonds, all the methods exhibit the same
trend, overestimating these distances, being the best results
obtained at the MP2(FC)/LanL2DZ level, followed by both
PBE1PBE/LanL2DZ and mPW1PW91/LanL2DZ, which are
slightly more accurate than PBESIESTA, but still showing a
very good performance comparable to that achieved at the
MP4(FC) level using LanL2DZ ECP. Thus, in general terms,
the LanL2DZ pseudopotential produces better results than
SBK in predicting bond lengths, as reflected by the corre-
sponding OMPBD values collected in Table 1 (B3PW91 )
2.0, PBE1PBE ) 2.1, mPW1PW91 ) 2.1, B3P86 ) 2.1,
and MP2(FC) ) 2.2). In comparing results obtained with
LanL2DZ and GTOs in G03 with those obtained using a

numerical basis set in SIESTA, it is shown that PBESIESTA

achieves a performance similar to MP2(FC) and with the
DFT calculations already mentioned, but with a significantly
lower computational effort. It is worthy to notice that the
largest OMPBDs are obtained at the HF level indicating the
importance of the inclusion of a dynamic electron correlation
in the calculation of bond lengths, a fact previously reported
for the Pt-Cl bond.3d

Considering now N-Pt-N and Cl-Pt-Cl bond angles,
it can be seen that compared with experiment they are
systematically overestimatedsleading thus to underestima-
tion of the N-Pt-Cl anglesby all methods disregarding any
variation on the corresponding ECPs and basis set. None of
the calculated bond angles fell within the experimental range.
OMPGD and OMPBD values reported in Table 2 clearly
show that the general performance is lower in quality when
modeling angles respect to prediction of bond distances, a
fact already noticed in every methodological comparison
previously reported.3d,e,5e The Cl-Pt-Cl angle is somehow
better modeled than N-Pt-N, with deviations from experi-
ment ranging from 2.7° to 4.6°. SBK ECP gives a global
better performance than LanL2DZ. In all the cases, the lack
of general agreement between the observed angles and the
calculated ones in gas phase are due to the already mentioned
effects of packing a problem that is attenuated when
comparing the data to the best available calculated structures
in aqueous solution. Thus, OMPGD is only a qualitative tool
at the moment of determining the global structure obtained
with the different methods showing in all the cases a
difference ranging from 5 to 7% (or 3.5–5.4%, depending
on the nature of the data considered as a reference).

OMPBDs and OMPGDs calculated with respect to CPMD-
BLYP data are close (and slightly smaller, in general terms,
see Table 2) to those obtained taking X-ray crystallographic
results as reference, reflecting the proximity of the structural

Table 3. Calculated Cisplatin Monoaquo Bond Lengths (Å) and Angles (deg) at Several Levels of Theory, OMPBDs, and
OMPGDs with Respect to Best Available Theoretical Data

Pt-Cl Pt-Na Pt-O N-Pt-N N-Pt-Cl N-Pt-O O-Pt-Cl OMPBD OMPGD

Pseudopotential and Basis Set Used for Pt: LANL2/LANL2DZ
PBE1PBE 2.30 (-0.03) 2.03 (0.00) 2.10 (0.00) 97 (6) 87 (-1) 87 (-7) 89 (3)b 0.4 2.9
mPW1PW91 2.30 (-0.03) 2.03 (0.00) 2.11 (0.01) 97 (6) 87 (-1) 87 (-7) 89 (3) 0.6 2.9
B3LYP 2.33 (0.00) 2.05 (0.02) 2.13 (0.03) 97 (6) 87 (-1) 87 (-7) 89 (3) 0.8 3.0
B3PW91 2.31 (-0.02) 2.03 (0.00) 2.11 (0.01) 97 (6) 88 (0) 87 (-7) 89 (3) 0.4 2.7
B3P86 2.30 (-0.03) 2.03 (0.00) 2.10 (0.00) 97 (6) 87 (-1) 87 (-7) 89 (3) 0.4 2.9
mp2(full) 2.32 (-0.01) 2.04 (0.01) 2.11 (0.01) 96 (5) 88 (0) 87 (-7) 89 (3) 0.5 2.5
MP2(FC) 2.32 (-0.01) 2.04 (0.01) 2.11 (0.01) 96 (5) 88 (0) 87 (-7) 89 (3) 0.5 2.5
HF 2.33 (0.00) 2.07 (0.04) 2.12 (0.02) 95 (4) 88 (0) 88 (-6) 89 (3) 1.0 2.5

Pseudopotential and Basis Set Used for Pt: SBK/CEP-31G
PBE1PBE 2.28 (-0.05) 2.03 (0.00) 2.10 (0.00) 96 (5) 87 (-1) 87 (-7) 89 (3) 0.7 2.8
mPW1PW91 2.29 (-0.04) 2.04 (0.01) 2.10 (0.00) 96 (5) 87 (-1) 87 (-7) 89 (3) 0.7 2.8
B3LYP 2.31 (-0.02) 2.06 (0.03) 2.13 (0.03) 96 (5) 87 (-1) 87 (-7) 89 (3) 1.3 3.0
B3PW91 2.29 (-0.04) 2.04 (0.01) 2.11 (0.01) 96 (5) 87 (-1) 87 (-7) 89 (3) 0.9 2.9
B3P86 2.29 (-0.04) 2.04 (0.01) 2.10 (0.00) 97 (6) 87 (-1) 87 (-7) 89 (3) 0.7 3.0
mp2(full) 2.29 (-0.04) 2.04 (0.01) 2.10 (0.00) 96 (5) 88 (0) 87 (-7) 90 (4) 0.7 2.8
MP2(FC) 2.29 (-0.04) 2.04 (0.01) 2.10 (0.00) 96 (5) 88 (0) 87 (-7) 90 (4) 0.7 2.8
HF 2.32 (-0.01) 2.08 (0.05) 2.13 (0.03) 95 (4) 89 (1) 88 (-6) 89 (3) 1.4 2.8

Pseudopotential and Basis Set Used for Pt: Troullier-Martins/D�
PBESIESTA 2.31 (-0.02) 2.03 (0.00) 2.12 (0.02) 97 (6) 86 (-2) 88 (-6) 89 (3) 0.6 2.9

Car–Parrinello Molecular Dynamics at Room Temperaturec

BLYP 2.33 2.03 2.10 91 88 94 86 0.0 0.0

a Amino group trans to water. b Values in parentheses correspond to the difference calculated respect to the corresponding structural
parameter extracted form the best theoretical calculation known (∆c-o). c Calculated average values taken from ref 4d.
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parameters obtained by optimization of the isolated species
at 0° K to the data coming from the average over aqueous
solution dynamics performed at room temperature. The
principal trends already discussed are sustained in considering
these values. Nevertheless, two points emerge from the
analysis: (a) Möller–Plesset levels of theory become the best
in predicting bond lengths for solution structures; (b) the best
OMPGDs are now obtained at the HF level, probably by
compensation of errors leading to a better characterization
of the angles between NH3 groups.

Geometry of Cisplatin Monoaqua-Substituted Deri-
vative. As far as we know, there is no experimental
characterization of the molecular structure of the monoaquo
complex derivated from Cisplatin. The cationic complex
[Pt(H2O)4]2+ is the most related chemical species for which
structural data obtained from EXAFS are available.5a The
mean Pt-O bond distance reported for the tetra-aquo
compound in C2V conformation is 2.01 Å,19 a value that can
be thought as a semiquantitative reference for the Pt-O bond
in the monoaquo species. To achieve the comparison of all
bond lengths and angles that involve the heavy atoms in the
monoaquo complex we have taken as a reference the values
from a CPMD-BLYP simulation at room temperature, using
periodic boundary conditions and 35 explicit water mol-
ecules, as previously done for Cisplatin.4d So we are now
comparing the structural parameters calculated for isolated
species with the simulated ones in aqueous solution, and thus,
OMPBDs and OMPGDs collected in Table 3 were calculated
using the results coming from the DFT Car–Parrinello
molecular dynamics as the unique reference.

All three calculated bond lengths scarcely deviate from
the reference values, showing for all methods a deviation
that lies in the hundredths of angstroms. Results obtained
with LanL2DZ are slightly better that the corresponding SBK
ECP ones. For bond length parameters, PBESIESTA still shows
a very good performance, comparable to that of mPW1PW91/
LanL2DZ, with an overall agreement to the reference data
(OMPBD ) 0.6) placed in between the lowest quality set
of results (obtained using analytical GTOs and the ECP of
SBK, with OMPBDs in the 0.7–1.4 range) and the best ones
achieved at the DFT/LanL2DZ levels (the lowest OMPBD
value of 0.4 was obtained using PBE1PBE, B3PW91, and
B3P86 functionals). Again, the small ranges spanned by all
methodologies indicate that bond lengths from isolated
species are fairly close to those from aqueous solution
simulations.

In all cases, there is a better agreement in the two
calculated bond angles involving a Cl- ion (N-Pt-Cl and
O-Pt-Cl). All methods overestimate the N-Pt-N angle,
whereas the N-Pt-O angle is always underestimated a few
degrees. OMPGD values ranged for all DFT functionals from
2.7 to 3.0 (being the best of them B3PW91/LanL2DZ to be
compared to the best performance of 2.5 obtained at the MP2/
LanL2DZ level and to a PBESIESTA performance of 2.9)
showing again the excellent agreement between isolated
species optimization and solvated CPMD-BLYP.

Geometry of Cisplatin-9metG Adducts. Also in this
case, experimental values available for comparison come
from X-ray data. As shown in Figure 2, our structural data

obtained by optimization of isolated species under gas phase
conditions are compared to data from three monofunctional
adducts formed between Cisplatin (or some aquo complex
derivative) and a double stranded B-DNA dodecamer of
sequence d{5′-CpGpCpG*pApApTpTpCpG*pCpG-3′}{5′-
CpG*pCpGpApApTpTpCpGpCpG-3′}, where the asterisk
marks the sites of covalent binding (first step of platination).18

The first inspection of the crystal structure shows the
formation of three adducts in different neighbor contexts of
nucleobases. Two bonds are of the type 5′-CG*C-3′, and
one is of the type 5′-CG*A-3′. The binding of Cisplatin to
guanine residues in different DNA sequences clearly affects,
in terms of structural parameters, the formation of the
Cisplatin-guanine adducts.7 As a counterpart, the structural
damage produced by platination to DNA also depends upon
the specific nucleobase sequence.7 Consistently, these aspects
must be kept in mind when analyzing the experimental range
and mean values reported in Table 6.

A second inspection of the X-ray structure demonstrates
that the authors were not capable of determining the chemical
nature of the ligands of the platinum complex (labeled
L1-L3 in Figure 2).18 It has been hypothesized that the L2
ligand could be a water molecule suggesting that the diaqua-
substituted derivative was the platination agent, before
crystallization was achieved.18 Nevertheless, the knowledge
of the conditions of crystallization (solution of 2-methyl-
2,4-pentanediol a 4 °C)18 and of further studies leading to
determine the equilibrium relation in aqueous solution of
Cisplatin, monoaquo, monohydroxo, diaquo, and dihydroxo
complexes at 37 °C and different concentrations of chloride20

allowed us to reassign the three unknown ligands as follow:
L1 ) Cl- (labeled as X in Tables 4-6); L2 ) N(1); and L3
) N(2).

Pt-NH3 bond lengths calculated with all methods are in
very good agreement with the experimental values taken as
reference. While Pt-N(2) is always a little bit underesti-
mated, Pt-N(1) is always overestimated by a few hundredths
of angstroms. Pt-N7 bond lengths are not so well-modeled,
and none of the calculated values fell within the experimental
range, being for all methods shorter than expected. Calculated

Figure 2. Schematic representation of the crystal structure
(resolution: 2.6 Å) of the primary mode of binding of Cisplatin
to the B-DNA dodecamer by Wing18 et al. The PDB file
(DDL017) was obtained from the Nucleic Acid Database
(http://ndbserver.rutgers.edu/). The amplified sketch shows
one of the formed adducts in which Cisplatin ligands are
labeled as in ref 18.
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OMPBDs ranging from 3.5 to 4.4 showed good performance
of all methods, HF (3.5/3.8) and B3LYP (4.0) being the most
accurate ones, regardless the ECP used. PBESIESTA (OMPBD
) 4.3) also gives a good overall result, comparable to the
one obtained with PBE1PBE and the other hybrid functionals
using analytical basis sets. MP2 (full and FC) with the ECP
of SBK gave the poorest results, particularly in the descrip-
tion of the Pt-N7 bond.

A measure of the strength of the hydrogen bond (Hb)
formed between N(1) and the O6 carbonyl group of guanine
could not be obtained from the X-ray experiment since
hydrogen atoms were not detected. The formation of this

Hb is thought to be essential for the stabilization of the first
adduct formed between Cisplatin and DNA.6q A recent work
by van der Wijst et al., in which the performance of various
density functionals in describing the hydrogen bonds in DNA
base pairs was analyzed, shows that GGA functionals BP86
and PW91 gives the best results compared to X-ray values,
while B3LYP tends to underestimate the hydrogen bond
strength compared to experiment.21 In our work, B3P86 gave
the strongest Hb (shorter bond distance and better alignment
among the three atoms involved), and if this is taken as a
reference, PBESIESTA and PBE1PBE/LanL2DZ gave the
following better results.

For the calculated angles, all methods give the same trends:
the X-Pt-N(2) angle is systematically underestimated while
the N(2)-Pt-N(1) angle is always overestimated by more
than 10° and never fell within the experimental range. The
X-Pt-N7 and N(1)-Pt-N7 angles are better modeled,
particularly the first one, giving additional support to the
reassignment of L2 as a chloride. The lowest OMPGDs in a
range of 12.3–15.1 are obtained by B3LYP and B3P86
regardless of the ECP used (values of 12.3 and 12.4/12.5,
respectively). For the structural characterization of the
Cisplatin-9metG adduct, LanL2DZ and SBK offer the same
level of accuracy. PBESIESTA, again, gives a very good result,
with an accuracy comparable to PBE1PBE and the others
functionals (OMPGD ) 12.9). If global differences are
analyzed, MP2 shows the largest deviation with respect to
the experimental information. This is an outcome of a worse
representation of the dihedral angle labeled R (Figure 1B),
which is greatly determined by the Hb formed with the
carbonyl group of guanine. A good modeling of this dihedral,
that represents the angle formed between the plane of the
platinum complex and the plane of the nucleobase, is crucial
to estimate the stability of the adduct and the relative
orientation toward the formation of the bifunctional complex
(all DFT functionals and HF gave a deviation of ∼10 Å from
the experimental mean value).

Energetics of the First Aquation Process of Cispla-
tin. A good description of the reaction energy and activation
energy is decisive to understand the thermodynamic and
kinetic behaviors of the reactions in which Cisplatin and its
derivatives are involved. As far as we know, the best
thermodynamic result obtained for the first aquation process
of Cisplatin was achieved using a G3 modified strategy.5c

The G3 modified treatment (which includes a term for
describing spin–orbit coupling, uses the MWB-60 pseudo-
potential for the Pt and CCSD(T) instead of the original
QCISD(T), replacing the G3Large basis set with the more
common aug-cc-pvtz)5c was used as a reference to check
the performance of our theoretical results when predicting
the reaction energy.

As we can see in Table 7, B3P86/LanL2DZ reported by
Chval and Sip5b gives an extraordinary good result if
compared to G3. If the general accuracy of the methods used
in the energetic characterization is kept in the aquation
reaction of Cisplatin, we can presume that the G3 calculation
does not deviate more than 1.0 kcal/mol and that the GGA
and hybrid functionals accuracy rounds approximately
between 3.5 and 7.5 kcal/mol apart from the probable

Table 6. cis-[Pt(NH3)2Cl(9-met-guanine)]+

StructuresDistances in angstroms; Angles in
degsCalculated with SIESTA at the PBESIESTA Level of
Theory with Troullier-Martins Pseudopotentials,
Deviations, OMPBDs and OMPGDs, and Reference
Experimental Data

Troullier-Martins/D�

PBESIESTA exp (mean) exp (range)

Pt-Xa 2.329
Pt-N(2) 2.066(-0.055)b 2.121 1.999–2.230
Pt-N(1) 2.078(0.023) 2.055 1.814–2.247
Pt-N7 2.031(-0.206) 2.237 2.164–2.315
N(1) · · ·O(Hb) 1.745
Xa-Pt-N(2) 85.2(-14.4) 99.6 95.5–104.7
Xa-Pt-N7 90.2(-5.9) 96.1 79.0–105.6
N(2)-Pt-N(1) 93.6(11.9) 81.7 78.7–85.1
N(1)-Pt-N7 91.0(10.4) 80.6 69.7–102.0
N(1) · · ·O(Hb) 163
R 37 (11) 26 13–44
OMPBD 4.3
OMPGD 12.9

a The nature of this ligand is not clearly defined in the work by
Wing et al.,18 but it can be thought of as a chloride. b For
comparison purposes, difference between the calculated value and
the corresponding mean experimental or observed value (∆c-o)
taken from ref 18 is reported in parenthesis.

Table 7. Calculated Reaction Energy (kcal/mol) for the
First Aquation Process of Cisplatin at the Different Levels
of Theory over Optimized Isolated Species in the Gas
Phase

ECP/basis set employed

level of
theory

LANL2/
LANL2DZ

SBK/
CEP-31G

Troullier-
Martins/D�

PBE1PBE/
PBESIESTA

115 (-5) 116 (-4) 142 (22)a

127 (7)b

mPW1PW91 115 (-5) 116 (-4)
B3LYP 114 (-6) 115 (-5)
B3PW91 115 (-5) 116 (-4)
B3P86 119c (-1) 116 (-4)
MP2(FC) 116c (-4) 116 (-4)
mp2(full) 113 (-7) 115 (-5)
HF 108 (-12) 109 (-11)
G3-type
strategyd

120

a Results obtained from optimized structures using a PAO
energy shift of 20 meV and a grid cutoff of 200 Ry. b Results
obtained from single-point calculations over optimized structures
using a PAO energy shift of 0.5 meV and a grid cutoff of 300 Ry.
c From ref 5b. d For comparison purposes, differences between
our calculated values and the best known theoretical value
(G3-type strategy) taken from ref 5c are reported in parenthesis.
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experimental result. This is exactly the behavior that is
reproduced by the selected DFT methods that use analytical
basis set functions in comparison with G3. In contrast, the
results obtained from optimized species with PBESIESTA using
a PAO energy shift of 20 meV and a grid cutoff of 200 Ry
overestimate the calculated reaction energy by at least 22
kcal/mol leading to a worse result than HF. Nevertheless,
the qualitative reaction profile is still the same in all the cases,
being the first aquation process of Cisplatin in the gas phase
largely endothermic.

However, if the quality of the SIESTA calculation is
improved, the PBESIESTA result deviates in absolute value
only 7 kcal/mol from the G3 strategy, a similar performance
that MP2(full) calculations with the analytical basis functions.
A comparison of PBESIESTA with PBE1PBE as implemented
in G03, lead us to deduce that the Troullier-Martins
pseudopotential and the numerical basis set of SIESTA also
give quantitatively good results in predicting the reaction
energy.

Conclusions

Our results show that SIESTA gives geometrical parameters
of very good to excellent accuracy for the complexes of
platinum considered herein. Particularly good results are
obtained for the geometry of the Cisplatin-9metG adducts,
allowing us to extend the calculations (having the perfor-
mance of SIESTA in mind) to larger and more complex
molecular systems. Energetic results of SIESTA show a
qualitative good agreement with more standard implementa-
tions of DFT methods that use analytical basis set. However,
special care should be exercised in the choice of the cutoff
criteria for the pseudo-atomic orbitals to obtain a good
agreement with analytical basis sets approaches.

For the description of the calculated properties, a com-
parison of PBE1PBE implemented in Gaussian03 and
PBESIESTA allows us to state that the pseudopotential for the
platinum derived with the Troullier-Martins procedure and
the numerical basis set yield similar results to LanL2DZ and
the Pople’s basis sets employed in analytical implementa-
tions. On the basis of the quality of the results obtained for
this type of systems and the computational efficiency of the
numerical scheme, SIESTA results an excellent alternative
as a computational tool for predicting structure and energetics
of platinated systems and their transformations.
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