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Modeling Platinum Group Metal Complexes in Aqueous Solution

1. Introduction

The dynamics of transition metal complexes in solution can

be investigated

structures of both complex and solvent can be accurately
represented and the simulation covers a sufficiently long time
span. With the ongoing increase in computing power and the
advent of fully ab initio molecular dynamics (MD) computer
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We construct force fields suited for the study of three platinum group metals (PGM) as chloranions in aqueous
solution from quantum chemical computations and report experimental data. Density functional theory (DFT)
using the local density approximation (LDA), as well as extended basis sets that incorporate relativistic corrections
for the transition metal atoms, has been used to obtain equilibrium geometries, harmonic vibrational frequencies,
and atomic charges for the complexes. We found that DFT calculations of[PtGH,0, [PdCL]?~-2H,0, and
[RhCIg]3~+-3H,0 water clusters compared well with molecular mechanics (MM) calculations using the specific
force field developed here. The force field performed equally well in condensed phase simulations. A 500 ps
molecular dynamics (MD) simulation of [Pt]#~ in water was used to study the structure of the solvation shell
around the anion. The resulting data were compared to an experimental radial distribution function derived from
X-ray diffraction experiments. We found the calculated pair correlation functions (PCF) for hexachloroplatinate
to be in good agreement with experiment and were able to use the simulation results to identify and resolve two
water—anion peaks in the experimental spectrum.

be reasonably described by a multidimensional harmonic
oscillator potential function. The parameters contained in the
potential function can be fitted to reproduce experimental
observables of a library of molecules. In this respect a complete
vibrational analysis for KPtCk has been reported, which
includes the silent modésFurthermore, incomplete sets of
vibrational frequencies for [Pdg}#~ and [RhC§]3~ have been
determined.

using computer modeling, if the electronic

simulations, computing the metal comptesolvent interaction

to a high degree of accuracy is already feasltmwever, the

length of these

Theoretical electronic structure calculations have been per-

ab initio simulations is restricted to a few formed on several PGM chloranioh8.These authors used

picoseconds, which prohibits sufficient sampling of phase space density functional theory (DFT) methods in order to examine
necessary for the calculation of solution properties such as the transition state of ligand substitution in square planar PGM

diffusion constants. A classical force field approach, derived COmplexes. . .
from both experimental measurements and quantum chemical We are concerned with the development of models that will

calculations, may be used to increase the simulation %iiive. accurately reproduce the structure and behavior of PGM
used the latter procedure to study solvent structuring around chloranions in solution. For this purpose X-ray diffraction, along
several platinum group metal (PGM) complexes. with neutron diffraction experiments, provides the most infor-

One of the defining features of PGM chemistry in aqueous mation on metal complexes in a solvent environment, against
solution containing chloride anions is the tendency of the metal Which the performance of our models can be compared.
cations to form stable and kinetically inert octahedral [MCI However, a survey of the literature revealed only very few such
or square-planar [MG)?~ complexes. Thus Pt(IV) and Rh(lll) ~ studies. X-ray scattering measurements of [REClsolutions
exist mainly as [PtG]2~ and [RhCE3~ in hydrochloric acid have been conducted to investigate the geometry of hexachlo-
solution, while Pt(ll) and Pd(Il) form [PtGJ?~ and [PdCJ]2~ roplatinate(lV) in an aqueous environmérh addition to the
species$ A model of these metal complexes in solution cannot geometry, the authors obtained data which they concluded to
be complete without a physically acceptable description of the be evidence of local water structuring around the metal complex,
bond stretching motion. The halogeRGM complexes are  although they did not elaborate on the data, since their
relatively rigid molecules; consequently, these complexes can experiments were not designed to probe this aspect of the
solution structure. More recently, X-ray diffraction experiments
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psipsy.uct.ac.za. solutions? In this paper, we shall concentrate on demonstrating
T Current address: Unilever Research Vlaardingen, Oliver van Noortlaan
120, 3133 AT Vlaardingen, The Netherlands.
* Current address: Department of Chemistry, University of Stellenbosch, (4) Parker, S. F.; Forsyth, J. B. Chem. Soc., Faraday Trank998§ 94,

7602 Stellenbosch, South Africa. 1111-1114.
(1) Carloni, C.; Sprik, M.; Andreoni, WJ. Phys. Chen200Q 104, 823~ (5) Deeth, R. JChem. Phys. Lettl996 261, 45-50.
835. (6) Deeth, R. J.; Elding, L. Ilnorg. Chem.1996 35, 5019-5026.
(2) Villa, A.; Cosentino, U.; Pitea, D.; Moro, G.; Maiocchi, A. Phys. (7) Maeda, M.; Aksishi, T.; Ohtaki, HBull. Chem. Soc. Jprl975 48,
Chem. A200Q 104, 3421-3429. 3193-3196.
(3) Cotton, S. A.Chemistry of Precious MetglsChapman & Hall: (8) Camintiti, R.; Carbone, M.; Sadun, G. Mol. Lig. 1998 75, 149-
London, 1997. 158.

10.1021/ic0005745 CCC: $20.00 © 2001 American Chemical Society
Published on Web 04/12/2001



Modeling Platinum Group Metal Complexes Inorganic Chemistry, Vol. 40, No. 10, 2002353

the accuracy of our model for [Pt#~ solutions, because the  experiment by a constant of 27 cf we added this value to our
published experimental data on this species are the mostcomputed frequencies instead of the upward scaling procedure com-
complete of all of the PGM chlorocomplexes studied by us. monly used for quantum mechanically derived values. The resulting
The CHARMM program has been primarily designed for frequenue.s are mostly within 10 (?rihqf the expenrnental values and
simulating biopolymer8.It has an extensive parameter set for therefore in good agreement. This is further evidence that the LDA
: ; approximation gives a realistic description of the electron densities of
the treatment of organic monomers but does not contain any,q complexes studied.
parameters for_ transition metal_complexes. We have recently |, this study we derive point charges fitted to the quantum
added a chromium organometallic force fi€ldnd are currently mechanically produced electrostatic potential (ESP) at points selected
extending this force field to include numerous transition metal according to the MerzKollman—Singh schemé” This approach to
complexes and organometallic systems. There are existingcalculating atomic charges has been shown to give reliable results for
molecular mechanics (MM) force fields that have been devel- electrostatic interaction due to large effective van der Waals exclusion
Oped for the design of p|atinum Compounds with anticancer radii.*® In the Merz-Kollman—Singh scheme the quantum mechanically
activity!* and organometallic complexé% These force fields produce(g ESP is calculated at a number of Connolly molecular
are mostly used for calculations in vacuo and sometimes in thesurfaceé. These surfaces are generated as a function of multiples (1.4

solid state. However, to our knowledge there is no force field 2.0) of the van der Waals radii of the component atoms. The classical
. . . ESP surfaces are calculated from the point charge model as constructed
for PGM chloranions that can be applied to model solution

. - . by assigning partial charges to the atoms. These are then least-squares
environments, in particular water. fitted to the quantum surfaces, generated from the electronic wave
In section 2 we present the details of the quantum mechanicalfunction, with the constraint that the net charge on the molecule is
and MD calculations. The force field is presented and discussedreproduced. Recently, Hambley proposed van der Waals values for the
in section 3. The resultant MM models were tested against (a) Pt(Il) and Pd(ll) cation® which agree well with those published by
DFT metal Comp|ex-wa[er interaction calculations and (b) Bondi?* We similarly used van der Waals radii of 1.70 A for all the

experimental PGM chloroanion hydration shell X-ray diffraction PGM cations. We have been unable to find any values for Rh(lll) and
data (sections 4 and 5). Pt(IV) in the literature. Consequently we calculated a number of Merz

Kollman—Singh charges for [Ptg]?~ and [RhC§]3~ using van der
Waals radii ranging from 1.5 to 2.6 A for the metal ions and found
that the charges assigned to the PGMs remained constant for radii below

2.1 DFT Calculations.Geometry, harmonic potential, and electron 2.0 A. The reason for this is that the metal ions are buried inside the
densities of the PGM complexes were obtained using density functional octahedral complexes and have no effect on the shape of the Connolly
theory as implemented in the GAUSSIAN94 progrén©ctahedral surface when they are smaller than 2.0 A; as a result, the partial charge
symmetry (point grouf®,) was found for [PtG]?~ and [RhC}]3~, and assignments remain unchanged. Since it is unlikely that the van der
a square planar geometry (point groDg,) for [PdCL]?~. We found Waals radii of Rh(lll) and Pt(IV) would be larger than the 1.70 A found
that the gradient-corrected DFT functionals severely overestimated thefor the Pt(ll) and Pd(ll) cations, we believe that our choice of van der
M—CI bond lengths, while the LDA method, using the correlation Waals radii for the PGMs is reasonable.
functional by Vosko, Wilk, and Nusair (VWN)and Slater's exchange A different DFT functional was used for the PGM complexes and
functional® produced bond lengths that are in good agreement with water when calculating complessolvent interaction. Recently a study
experiment. HayWadt LanL2DZ basis setswere used for the metal of water—anion interactions has established B3LYP as the best
centers, which include relativistic corrections via effective core functional for such calculatior?d. This functional consists of the
potentials, and a 6-31G(2d) basis set on the chloride ligands, giving correlation energy functional of Lee, Young, and Paand Becke’s
a total of 184 basis functions. These observations are in agreementthree parameter hybrid correctiéirhe LanL2DZ basis was again used
with the findings of Deeth et al. for PGM chloranioh%. for the metal centers, and a 6-3t+G(2d,2p) basis set for all other

In general, the parameters regulating bond strengths in molecular atoms. The basis set superposition error (BSSE) was estimated by the
harmonic force fields are best derived from experimental data, which counterpoise correction. For the PGMs this involves delocalization of
may be based on infrared and Raman spectroscopy. However, only acharge and, therefore, is quite considerable. We estimated the amount
subset of the vibrational frequencies is currently available for most of Of binding that was due to the BSSE by placing ghost orbitals on the
the PGM chloranions. Consequently we resorted to calculating the chlorine atoms only. Since a high-level basis set was used, the total
harmonic frequencies using DFT methods. The above-mentioned €lectronic wave function for the waters was well described with our
approach was used to produce a full set of vibrational frequencies for basis, and the BSSE turned out to be comparatively small, consisting
[PtCls]>~ and [RhCE]3". Since the calculated frequencies differ from  of merely 0.5% of the total binding energy.

2.2 MM/MD Computational Details. A peculiarity of coordination
(9) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.; compounds is the extreme flexibility of valence angles involving the

2. Computational Details

Swaminathan, S.; Karplus, Ml. Comput.Chem1983 4(2), 187— metal centers, resulting in comparatively small force constants for the
217. _ description of angular distortion between metal center and coordinated
(10) SHUJgth, S.J; Mogﬁ, ;]rl gRé;QNsaslgogﬂ‘ii ilé:sKe“ey, J. F.; Batsanov, A. ligands. To account for electronically related deviations from tetrahedral
-J- Organomet. Che e ' and octahedral geometries, a number of distortion potentials have been
D gg%s., Plastaras, J. P.; Marzilli, L. Borg. Chem1994 33, 6061 developed and successfully appl@®® As a basis for our own
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modeling effort, we chose a force field based on a modified Yrey
Bradley approack?
In this model, the coordination geometry is a consequence of ligand

Lienke et al.

Table 1. M—CI Bond Lengths for the PGM Chloranions in A,
Where “MM” Are MM distances, “DFT” Are LDA Values, and
“Exptl” are the Experimental (CSD) Results

ligand nonbonded interactions. Consequently, our MM model excludes

the valence angle bending terms from the potential energy expression.
Instead, we use 1,3 nonbonded interaction terms for the forces acting
between ligand atoms, involving both van der Waals and electrostatic
interactions. A similar approach, in which only the van der Waals terms
were included, has previously been shown to yield more reliable results
compared to an energy expression containing only a single bending
term (i.e. without cross terms).

A possible reason for this lies in our observation that those vibrational

[PtCle|2 [PdCL]2 [RhClg)*
2.315 2.307 2.349

DFT 2.347 2.329 2.382

Exptl  2.315£0.008  2.307:0.012  2.349t 0.007

water molecules were used to give a density of 1.051 g/mL. For the
solvent, the TIP3P water model was used as implemented in
CHARMM. 3334 Two sodium counterions were added in order to create

frequencies resulting from this simple harmonic expression do not have & Zero overall charge. We used the Ewald summation method to
the correct degeneracy. The nonbonded interactions (both van der Waal§@lculate electrostatic interactions while periodic boundary conditions

and electrostatic terms) between the chloride ligands were modeledere applied to simulate bulk solution. We truncated the nonbonded
using the standard expression given in Eq 1. interactions smoothly from 8.0 to 12.0 A using the force switch

The parameters, o, andR; are the van der Waals well depth, van method®® The trajectories were integrated using a Verlet integration
der Waals collision diameter, and the equilibrium atomic distance algorithni® with a step size of 1 fs. Chemical bond lengths involving

between atomisandj, while g andg; are the atomic charges for atoms ~ hydrogen atoms and the geometries of the water molecules were kept
i andj, respectively. rigid using the constraint algorithm SHAKE.The atomic velocities

were periodically scaled for 50 ps of equilibrium dynamics to maintain

o \12 o\e 0 the system temperature at 300 K. The data were then collected over
Ep= 246 — —[—] |+ z (1) 500 ps of dynamics, during which time box size and particle number
T R; R; T \47egR; were kept constant. The temperature fluctuated around 300 K, and the

total energy was well conserved.
For electronic reasons, low-spifimetals, such as Pt(IV) and Rh(lll),
display a preference to adopt an octahedral coordination&sybtems,

such as Pd(ll), favor a square planar coordination. In the case of simple Molecular mechanics force fields often assume transferabili
ligands, such as the chloride anion, the nonbonded 1,3 interactions ty

among the ligands are sufficient to model the octahedral geometry of Of Parameters between molecules with common substructures.
d° metals. However, if only the 1,3 nonbonded terms are used fér a d Because of quantum effects, such as ligand-specific trans
metal, a tetrahedral geometry will result. A VSEPR model that influence, and different electrostatic conditions for each com-
disregards the presence of free electron pairs cannot possibly work forplex, we did not attempt to introduce transferable parameters
such tetracoordinate complexes. Adding only cis’3hgle terms in for M—L bonds but instead parametrized each anion separately.
order to correct for this shortcoming can lead to highly unusual Only the van der Waals parameters, taken from Allinger's MM3
geometries. Consequently, we used an established method, wherebyorce field3839 and a recent study on square-planar PGM
gi‘ |rr;prr10p|ejrdtgrszl9n tem’; IS m_trt?duceddto maéntam the planatity< complexe<® were kept constant. Since our interest is focused
) of the [PACI]*  complex with a quadratic distortion constagtas on modeling PGM complexes in solution, we place a high
described in Eq #? - .
priority on the accuracy of the frequency calculations and the
molecular electrostatic profile of the metal complexes. Conse-
qguently, a highly specific force field with atomic charges and
In addition, we derived parameters describing the bond stretching 20nd distortion parameters obtained from DFT calculations,
motion to correlate best with scaled DFT frequencies. In most MM bond lengths from crystallographic data, and van der Waals radii
models, the bond stretching motions are described by a harmonic from an existing parameter set was constructed.
potential function, wherein, is the reference bond length akds the 3.1. Force Constants and Reference Bond Length3he
bond specific force constant observed experimentally (Eq 3). bond lengths obtained from density functional theory are slightly
To maintain metatligand bond lengthandvibrational frequencies  |onger than those obtained experimentally (see Table 1).
that are consistent with experimental (or ab _|n|t|0) values, the_posmon Calculating the intramolecular distances to an accuracy of
?g thet rEfe:ﬁncﬁ’h\’alue alm.j fo;ce Conftt?lm‘f‘"{' Var{_ on It_he b:S'ST?]f. _0.03 A is excellent compared to the accuracy commonly
€ strength of the repulsive force of the interacting figands. This IS pchieved by DFT calculatiorf8.However, such a deviation is
because the 1,3 nonbonded interactions were included in the presen ite sianifi twh dto th . tal structural
model and consequently andk; no longer have their usual relation gt# e signincant w eﬂ C?Drg?\;‘rehl 0 e_ expe¥mert1)a_s rulc? ubrla
(viz. equilibrium bond length and bond stretching constant) to experi- d/fférences among the chloroanions. To obtain reliable
ment. The equilibrium bond lengths computed in our systems are Pond length parameters, we therefore did not use the values
determined by the sum of the harmonic bond potentials and the computed with the LDA method but instead searched the

3. Force Field Parametrization

E, = ky(@ — wy)’ )

interligand interaction potentials. The CHARMM prograwas used
for all the MM and MD calculations presented here.

E,= D k(r—ro’ 3)

To test the force field, we performed a simulation of [R}€l in
aqueous solution. The complex was placed in a cubic box with a side
length of 24.5662 A of previously equilibrated water. A total of 496

(29) Allured. V. S.; Kelly, C. M.; Landis, C. RJ. Am. Chem. S0d.991],
113 1-12.

(30) Hambley, T. W.; Hawkins, C. J.; Palmer, J. A.; Snow, MARst. J.
Chem.1981, 34, 45-56.

(31) Comba, PCoord. Chem. Re 1993 123 1-48.

(32) Hambley, T. Wlinorg. Chem.1988 27, 1073-1077.

Cambridge Structural Database (C%Dfor all structures
containing the anions [Pdg?, [PtCl]?~, and [RhC§]3~. Since

(33) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.;
Klein, M. L. J. Chem. Phys1983 79, 926-935.

(34) Steinbach, P. J.; Brooks, B. Rroc. Natl. Acad. Sci. U.S.A.993
90, 9135-9139.

(35) Steinbach, P. J.; Brooks, B. R.Comput.Chen993 15, 667—683.

(36) Verlet, L.Phys. Re. 1967, 159, 98—103.
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1327.
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(39) Burkett, U.; Allinger, N. LMolecular MechanicsAmerican Chemical
Society: Washington, DC, 1982.

(40) Ziegler, T.Density Functional Methods in Chemistry and Material
Science Ziegler, T., Ed.; Wiley & Sons: New York, 1997.
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Table 2. Vibrational Frequencies for the PGM Chloranions in Table 3. Force Field Parameters for the PGM Chloranfons
cm i, with “MM” as MM Wavenumbers, “DFT” as Scaled LDA - - P
Harmonic Frequencies, and “Exptl” as Experimental Measurements param [PtC] {PdCH] [RnCle]
freq MM DFT exptl % 11%'134 95'158 73'797
[PtClg)>~ Ayg 361 348 346 Kw 54
T 350 337 346 q(M) 0.370 0.328 1.584
Ey 290 326 325 q(Cl) —0.395 —0.582 -0.764
T 176 187 183 €(Cl) —0.24 -0.24 —0.24
Tog 160 161 164 o(Cl) 2.03 2.03 2.03
Tou 114 152 147 e(M) —0.20 —0.20 -0.20
[PACL]?~ Eu 364 336 337 o(M) 1.70 1.70 1.70
é:g gég gég ggi 2 Reference bond length and van der Waals bond lengtRsin
Eg 159 180 in A, bond stretching harmonic force constakgsn kcal A=2 mol2,
AL;U 206 175 chargesq in units of electron charge, and van der Waals energies
BZg 190 173 €mon in kcal mol?.
Bau 101 102
[RhClg]3~ Ayg 324 297 302-308 ' ' ' ' ' '
T 315 306 312 12 .
Ey 236 276 I —
T 201 183 . ™
Tag 181 157 10+ .
Tou 113 144

the metat-ligand bond lengths and angles are known to be
sensitive to the crystal environmeftthese structural param-
eters, gained both from X-ray and neutron diffraction data, A 4l
varied significantly. We selected only structures where the
average M-CI distance was within two standard deviations of
the total sample average of bond lengths from all CSD PGM
chloranion structures. This procedure yielded 27 structures for
[PtClg]?~, 17 structures for [PdG]?~, and 8 structures for 2t
[RhClg]®~. The experimentally derived bond lengths and
standard deviations are listed in Table 1. The MM reference
bond lengthsrg) and stretching constants)(were varied under 0
the constraint that the experimentally observed bond lengths
be reproduced (Table 1).

The variation of the magnitudes of the atomic charges has a
strong influence on the vibrational frequencies calculated from
a MM normal-mode analysis. However, manipulating the 10
charges to achieve a better fit of the frequencies does not
enhance the quality of the frequency calculation, namely the
gap between theqJ and E modes. As a result we did not vary
atomic charges to improve frequency calculations. As stated
above, we place prime importance on the correct reproduction A 4L
of the vibrational harmonic frequencies. Therefore, our force
field was chosen so that the CHARMM-produced frequencies
correspond to the values from our DFT calculations. A
comparison of these can be found in Table 2. The overall
agreement of our MM wavenumbers with those from either ol - i
experiment or DFT calculations is good. As is discussed in
section 3.2 the charge on the chlorides on the rhodium complex
is significantly higher than that on the platinum complex; o > 4 5 s 10 12
consequently, the inter-chloride electrostatic repulsive force is i
much larger in the case of the former. The result is that the Figure 1. DFT electrostatic potential in units of electron chaefer
chlorides are pushed further out into space 1n the rho.dl.u.m (a) [PtCE]?~ and (b) [RhCJ]3~. Shown is a contoured slice correspond-
complex. Therefore, to reproduce the experimental/ab initio jng to one of thesy planes of symmetry.
geometry and frequencies for the [RB|ET complex, the bond
parametersrf andky) were set at considerably smaller values Rh (+1.584) metal ions in the [MGP~ octahedral complexes
(Table 3) compared to those of the other two complexes. (x = 2 and 3, respectively). However, this can be understood

3.2. Electrostatic Parameters.The results of our Merz by investigating the quantum mechanically derived molecular
Kollman—Singh-derived charges from the quantum mechanical ESPs for the two complexes (Figure 1). The contour lines around
electrostatic potential, along with the other force field param- the chloride ligands are considerably more negative for the
eters, are summarized in Table 3. What is immediately striking rhodium complex than for the platinum complex; the respective
is the difference in the charges assigned to theH®t§70) and global minima being-0.45 and—0.32 e. The result is that the
Merz—Kollman—Singh scheme (see section 2.1) produced
(42) Martin, A.; Orpen, A. GJ. Am. Chem. S0d.996 118 1464-1470. partial charges that are almost two times more negative on the
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with the DFT values. However, the MM interaction energies
are much larger than the DFT results. The reason for this is the
manner in which the water model is implemented in CHARKMM

/O,
H %,

5 %
5, (fl
Cl. Clrmm b,

a /]YI\Cl >0 o<H """""" o\ g LB, rather than our PGM chloroanion force field. The water dimer
;4 b Honan Cl= 5 O has been studied experimentally, and an interaction energy of
P‘i' / 5.4 £ 0.7 kcal/mol is currently proposeéd.With CHARMM-

b implemented TIP3P, however, an energy of 6.95 kcal/mol is

obtained. Both DFT(B3LYP) and perturbation theory at the MP2
level predict an interaction energy around 4.5 kcal/ff@thich
appears to be too low. The TIP3P and B3LYP values differ by
over 55% even for a system as simple as the water dimer. The
magnitude of interaction energy discrepancy between DFT and
MM results is therefore not surprising.

() (b)
Figure 2. lllustration of the anior-water cluster structures calculated
to test the force field: left, [PtGJ?~-3H,0, [RhCE]*~-3H.0; right,
[PACL]?~-2H0.

Table 4. Comparison of DFT(B3LYP) and MM H-Cl Hydrogen
Bond Lengthsyruc M-Cl Distances (both in A)E Interaction

Energies, BSSE, anB.. Total Binding Energies (All in kcal/mol) 5. Condensed Phase Agueous Behavior of PGM

for Three Anion-Water Clusters Chloranions
S En BSSE  Beor Important benchmarks for judging the validity of any solution
[PLClef* ,I\DA';AT 22 ':'g 1 2.309 4254 221 5‘;02278 model are structural data derived from X-ray and neutron
246 2307 ' diffraction experiments. It is unfortunate that such studies have
[PACL]> DFT  2.377 3554 140 34.15 not been carried out for all three PGM chloranions. However,
MM 2300 2301 46.30 the X-ray diffraction work of Maeda et al. on the hexachloro-
[RCle]*~ EA';AT 22-23;"3 5 339 69.49  2.75 76764-1%4 platinate(V) compleX provides very useful data against which

to compare the quality of our model. The platinum concentration
of their experimental solution was 2.8 g/L, compared to a density
of 21.8 g/L of our simulated solution. Both of these correspond
to rather dilute solutions, in which interactions between dis-
chlorides in the rhodium complex-0.764 e) than the chlorides  solved anions may be expected to play a negligible role. An
in the platinum complex-0.395 e). Unfortunately a simple  overall radial distribution function (RDF) was determined from
point charge model constrained by the restriction that the overall the scattering function. This data set was then used to solve the
molecular charge remains constant results in the unusually largestructure of the [PtG]2~ complex in solution. The PtCI bond
assignment of positive charge on the buried rhodium. This is |engths of 2.33 A and average cis- and trans--Cl distances

to be expected since the atoms near the surface mainly determingf 3.30 and 4.66 A, respectively, compare well with the values
the ESP experienced outside the molecule. This is a well- of 2,30, 3.22, and 4.58 A from our MD simulation.

r%%ognlzedbwesgpess of a lpomt chargde E‘Odel an(:] can be e giructures of metal complexes in solution serve as a useful
addresses by adding f?onnufjar centere charges attne expen%%mparison with solid-state derived structures, in which matrix
of computational efficiency344 However, since a key use of effects on the complex may be identified. However, the
this force field is to model the behavior of these PGM complexes structuring of the water around the [PgEF complex is of

'?l SOlL#'on’l the_ M(lerzE-Kgllmlan—ISmgh cha_rges (\;verhe used so greater interest to us as we attempt to understand the nature of
that the classical ESP closely approximated the quantumye sopation. Here the X-ray diffraction experiment is unable

aThe Pt cluster is found to be slightly asymmetric in the MM
calculation; hence, two sets of bond lengths exist.

mechanically produced one (see section 2.1).

4. Comparative MM and DFT Study of Water lon
Clusters

to describe the solverimetal complex arrangement unambigu-
ously because the experimental RDF includes positional cor-
relations for a number of atom pairs, namely-Rd, P¢--H,

Cl---0O, and Ci--H.. Experimentally, this combination of scat-
A comparative DFT and MM study on the structures of three tering factors could only be disentangled through combined data
anion—water clusters (see Figure 2) was performed. Generally from both X-ray and isotope labeled neutron diffraction studies.
LDA is reported to overestimate interaction energies and None of the additional experimental data could be found in the

underestimate hydrogen bond lengthVe therefore decided
to make use of gradient-corrected DFT, which has proven to
predict structures and interaction energies of intermolecular

literature. Consequently, the two peaks around 3.2 and 4.9 A
from the experimental RDFremained unassigned.

To address the issue of assigning these peaks, separa@,Cl

hydrogen bonds that are in good agreement with experiment orc...H, Pt--O, and Pt-H pair correlation functions (PCF's)

high-level ab initio calculation$48 The MM calculations did
not include a special hydrogen bond term; instead hydrogen

were calculated from our 500 ps [Pt solution MD
simulation (Figure 3). The radially averaged PCF between two

bond behavior has been included in the nonbonded parametergtoms is defined in eq 4, whereis the interatomic distance

of the TIP3P model2 The bond lengths and interaction energies
obtained in this way are compared against the DFT results in
Table 4. It can be seen that-+Cl hydrogen bond lengths
produced with MM are in excellent agreement (within 0.07 A)

(43) Aleman, C.; Orozro, M.; Luque, F. €Chem. Phys1994 189 573.

(44) Koch, U.; Egert, EJ. Comput. Cheml995 16, 937.

(45) Florian, J.; Johnson, B. @. Phys. Chem1995 99, 5899-5908.

(46) Jeanvoine, Y.; Bohr, F.; Ruiz-Lopez, M. €an. J. Chem1995 73,
710-715.

(47) Han, W. G.; Suhai, Sl. Phys. Chem1996 100, 3942-3949.

(48) Novoa, J. J.; Sosa, Q. Phys. Cheml1995 99, 15837-15845.

between atoms. and 3, p is the number density of atonfs
andNeg(r) is the number of atomg within a sphere of radius
r around atornmo.

The factor (4rpr?)~! normalizesg.s(r) to unity for large
interatomic distances. The metal comptexater arrangement
is best understood by studying thgeio(r) functions (Figure 3
and Table 5). The &-O distribution in solution has two distinct
probability peaks. The first sharp peak, centered at approxi-

(49) Pine, A. S.; Howard, B. J. Chem. Phys1986 84, 590-596.
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3 The presence of a secomgo(r) peak at 5.74 A for the
[PtCls]2~ solution is likely to be the result of the correlation of
chloride ligands with more distant water molecules in the first
hydration shell associated with adjacent chloride ligands. The
number of solvent atoms in the hydration sphere may be
calculated by integrating the first peaks of thgy(r) andgci(r)
graphs. This was done for all the PCFs, resulting in running
integration numbersi,(r), defined in Eq 5, wherey is the

number density of the atoms of tyge

2.5 -

Nys(r) = 400, o)1 (5)

The complete list 0b,4(r) peak data and the corresponding

number of correlated atomsg(r) for that peak are given in

Table 5. There are 8 oxygen atoms correlated to the chloride
(b) ligands from the firstgcio(r) peak, and approximately 16
hydrogen atoms. Consequently the first hydration shell for the
[PtCls]2~ anion comprises on average 8 water molecules. The
radially averagedjcio(r) distribution presented here results in
an isotropic description of the solvation shell. We are at present
resolving the simulation data anisotropically for [RfEf,
[PACL]2~, and [RhC§]3~ solutions by applying a novel three-
dimensional distribution technigie.

2.5 -

15

0.5

Figure 3. Pair correlation functiongy(r) and running integration
numbersn(r) for [PtCls]?>~ in aqueous solution: (a) togcio, gen, and

Ncio, Nciw; (B) bottom,geio, Gen, @Nd Npro, Npik. 6. Conclusions

Table 5. Characteristic Values for the Pair Correlation Functions

Gus(r) for [PICIJ? in Solutior? We have constructed a force field for three PGM chloranionic

complexes, [PtG]%~, [PdCL]?~, and [RhC§]®~, designed for

a b rm Gadfmr) Tmi Gadfmi) N(wa) vz O(rmz) use in computer simulations of metal complex aqueous solutions.
Cl O 322 198 445 049 84 574 1.36 Due to the lack of reliable experimental data for the PGM
Cl H 249 134 415 070 152 complexes, we used DFT methods to generate structural and

Pt O 415 167 482 078 98 537 138 spectroscopic data. We tested different functionals and found
Pt H 3.29 1.19 3.90 0.72 9.2 451 1.23 . . .
3 _ _ the LDA approximation to be most suitable for PGM complexes
aThe values of the positions (in A) of the first and secapgpeak in vacuo. This is in agreement with previous studié3ransi-

maxima (wi) and minima (m) along with the integration numbers of  tjon metal complexes are difficult to model using classical
the first peaks are shown. . : : .

approximations. It is for this reason that we chose a small set
of complexes to produce a highly specific force field rather than
introduce many parameters to accommodate the subtle differ-
ences occurring across a range of compounds due to quantum
h effects, such as the Jahieller distortion and the trans effect.
Structural parameters and partial atomic charges were derived
atoms of nearby water molecles. This most probableil % 2% L S8k BOT FEMARIETE SRR, 0 SR
interatomic distance compares favorably with the DFT water . " - ' (. ) i P

vibrational frequency calculations; (2) to represent the molecular

cluster values at 2.46 A discussed in the preceding section. The . -
. ; ESP calculated from the electronic wave function as accurately
sharp Ci--O peak and the short €tH distance both imply that . . .
as possible with a point charge model.

strong, long-lived hydrogen bonds exist between the chlorine . .
g g yerog The force field presented here produces geometries that

ligands and surrounding water molecules. In addition to the - .
Cl-+-O PCF, the Pt-H distribution (Figure 3 and Table 5) also compare v_veII W|th_those from DFT calculations on wateretal
! complex interactions. Furthermore, the results of an MD

exhibits a peak at 3.2 A, leading us to conclude that the simulation of [PtC§]?~ in water using this force field are in
experimentally observed peak at 3.2 A is in fact a composite . >Ing U - -
excellent agreement with X-ray diffraction studies of a similar

of the first Ck--O and Pt--H peaks. Reconciling the second h hl lati lution. Th lati fth K
unassigned X-ray diffraction peak and the PCFs from our exachloroplatinate solution. The strong correlation of the pea
computer simulation is less obvious. In the regiondaf A positions of our PCF.S with thos_e_ from the expe_nmental RDF
around the measured peak center of.4 9 A therd caks gives us _conflldence.m thg reliability of the.force field for PGM

from our calculated PCFs. A combination of the secgad(r) chioroanion simulations in agueous solution.
andge(r) maxima (at 5.74 and 4.58 A, respectively) and both
gridr) peaks (at 4.14 and 5.37 A, respectively) probably account  Acknowledgment.  Financial support from the National

for the unassigned experimentally observed broad peak atResearch Foundation (South Africa) and the University of Cape

mately 3.2 A, indicates the presence of an ordered solvation
shell around the complex. Upon inspection of the-€l

distribution, only one broad peak at 2.49 A is found, whic
accounts for the interaction of the Cl ligands with the hydrogen

4.9 A. Town is gratefully acknowledged.
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