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Periana et al. [Science 1998, 280, 560] previously reported two catalysts for low-
temperature methane activation to methanol: PtCl,(NH3), and PtCl,(bpym). It was shown
that the ammine catalyst is much more active, but it decomposes rapidly in sulfuric acid to
form a PtCl, precipitate, while the bpym system is long-lived. To have a basis for developing
new catalysts that would not decompose, we undertook a study of the structure, bonding,
and stability of the PtCl,(NHs3), and PtCl,(bpym) catalysts, using quantum mechanics (QM)
[density functional theory (DFT) at the B3LYP/LACVP**(+) level] including solvation in
sulfuric acid via the Poisson—Boltzmann continuum approximation. Critical results include
the following: (1) The influence of a trans ligand Y on the Pt—X bond follows the order CI~
> NH; (bpym) > OSO3H™ > O (empty site). Thus the Pt—N bond length is longer (up to 0.04
A) and the Pt—N bond is weaker (up to 18 kcal/mol) when trans to a Cl- as compared to
trans to OSOzH™. (2) The bpym ligand acts as both a o-donor and a z-acceptor. As bpym is
protonated, the Pt—N bond strength decreases (by up to 51 kcal/mol). Thus, AH(soln, 453
K) for Pt(OSO3sH)2(bpym) (69.6) > [Pt(OSO3zH)2(bpymH)]* (49.4) > [Pt(OSO3H)2(bpymH,)]2*
(18.7). (3) In sulfuric acid replacing the ammine ligands with bisulfate ligands is thermo-
dynamically favorable [by AG(soln, 453 K) = —23 kcal/mol], whereas replacement of bpym
with OSO3H™ is unfavorable [by AG(soln, 453 K) = +16 kcal/mol]. (4) Replacement of chloride
ligands with bisulfate ligands is thermodynamically unfavorable [by AG(soln, 453 K) = ~7
kcal/mol for ammine and ~12 kcal/mol for bpym]. (5) Protonation of PtCly(bpym) is
thermodynamically favorable, leading to [PtCl,(bpymH)]* as the stable species in sulfuric
acid (by 8 kcal/mol). Thus we conclude that in hot concentrated sulfuric acid it is quite
favorable for PtCl,(NH3); to lose its ammine ligands to form PtCl,, which in turn will dimerize
and oligomerize, leading eventually to a (PtCl,), precipitate and catalyst death. We find
that PtCl,(bpym) is resistant to solvent attack, favoring retention of the bpym ligand in hot
concentrated sulfuric acid. These results agree with experimental findings. The insights
from these findings should help screen for stable new ligands in the design of new catalysts.
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1. Introduction

Selective alkane oxidation by transition metal com-
plexes in solution has been the focus of substantial effort
since the 1970s.1720 However the low activity of alkanes
and the typically higher activity of the desired products
make this process a great challenge. Consequently,
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there are no commercial processes for the direct conver-
sion of alkanes into more valuable products.

In 1998, Periana et al.»? reported a significant break-
through toward such processes. In well-dried sulfuric
acid (80 mL at 102%), they found that 72% of 115 mmol
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of CH,4 at 3.4 MPa was converted by 50 mmol of catalyst
to products (a mixture of CH3;0SO3H + CH30H) in 2.5
h at 220 °C. The initial catalyst is dichloro-(»?-{2,2'-
bipyrimidyl})platinum(ll) complex, PtCly(bpym).

Higher initial activity than the bpym catalyst was
reported for the ammine catalyst, PtCl,(NH3s),. The
extrapolated turnover frequency (TOF) of the ammine
catalyst is on the order of 1072 s71, an order of magni-
tude higher than that of the bpym catalyst (TOF ~ 103
s71). The selectivity for the PtCly(NH3), catalyst to
generate methyl bisulfate was found to be > 90%, higher
than the 72% of the bpym catalyst. However the PtCl,-
(NHs3), catalyst soon degraded and PtCl, (solid) was
precipitated after only several turnovers, halting the
reaction (712 ~ 15 min), whereas the bipyrimidine
catalyst was stable and was still alive after over a
thousand turnovers.

For a successful design of an effective catalyst, three
factors must be taken into account: stability, activity,
and selectivity.

An active catalyst must be selective and stable enough
so that it will not degrade during a catalytic process;
on the other hand, the stable catalyst must be active
and selective enough to ensure a high yield of the
desired product at low temperatures. For the Catalytica
Pt(11) system!? the primary issues are stability of the
ligand—Pt complex in the hot, strongly acidic, and
oxidizing environment and availability of open coordi-
nation sites for C—H activation.

To develop procedures to understand and predict
issues related to catalyst stability, we considered the
Catalytica Pt(Il) catalysts PtCly(NHs3), and PtCl,(bpym)
as prototypes and performed computational studies of
the structure, bonding, and stability of these systems.
These systems have been studied experimentally rea-
sonably thoroughly, providing good validation for the
theoretical methodologies. Our goal was to obtain useful
criteria for judging the likely stability of new catalysts.

We report in this paper the thermodynamics for many
possible stable species and intermediates of the ammine
and bpym systems. In addition we explore their struc-
tures and the nature of the bonds.

Our calculations predict that the ammine complex
should be short-lived, easily losing its ammine ligands
in concentrated sulfuric acid. This leads to the formation
of PtCl,, which can then form dimers and trimers etc.,
and eventually aggregate to (PtCly), precipitation, lead-
ing to catalyst death. This agrees with observation of
short catalyst lifetime and observation of the precipitate.

On the other hand, we find that bipyrimidine acts as
a “proton sink”, allowing the protonated form of the
ligand to remain bound to Pt in concentrated sulfuric
acid. This agrees with the observed long lifetime and
absence of precipitate.

The paper is arranged as follows. Section 2 sum-
marizes the computational details. The optimized struc-
tures of possible stable species and intermediates of the
ammine and bpym systems are presented in Section 3.1.
In Section 3.2, we discuss the Pt—ligand bond energies.
In Section 3.3, we address the thermodynamics of the
possible ligand exchanges in the hot concentrated
sulfuric acid. The mechanisms of precipitation are
presented in Section 3.4. Concluding remarks are given
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in Section 4. Finally the accuracy of our methods is
validated in the Appendix.

2. Computational Details

All quantum mechanical calculations were carried out using
B3LYP of density functional theory,?! which includes Becke’s
nonlocal gradient corrections? to the Slater local exchange
functional® and some exact Hartree—Fock (HF) exchange, as
well as the Vosko—Wilk—Nusair local correlation functional®*
and the Lee—Yang—Parr correlation functional.?®

The core electrons of the Pt are treated with a nonlocal ECP
using angular momentum projection operators to enforce the
Pauli principle.?62” To do this, we use the Hay and Wadt?®
core—valence effective core potential (ECP), which treats
explicitly the outer 18 electrons of Pt (5s, 5p, 5d, 6s, 6p). This
basis set is denoted as LACVP** in the Jaguar QM soft-
ware.?®3 H, C, and N are treated at the level of 6-31G**
(valence double-¢ plus polarization), while O, ClI, and S are
treated by 6-31+G* with diffuse functions being added.

All calculations use the Poisson—Boltzmann (PB) continuum
approximation to describe the effect of solvent.3%32 In this
approximation, the solvent accessible surface of the solute is
calculated using van der Waals radii for the atoms and then
rolling a sphere of radius Rsoy Over this surface to obtain a
smooth surface. At each self-consistent field (SCF) step, we
calculate the reaction field in the solvent due to the electro-
static field of the solute wave function using the experimental
dielectric constant {e = 98 for 99% H,S0,%® and radius Rsy =
2.205 A34}. This reaction field is then included in the Fock
operator (Kohn—Sham Hamiltonian) to calculate the orbitals
of the DFT wave function of the solute. This calculation uses
a numerical grid to describe the solvent region of space. For a
fixed geometry, this process is continued until self-consistent.
The total energy then includes the QM energy (which includes
rearrangement effects due to the solvent) and the solute—
solvent interactions. lonic strength of the bulk solution is
assumed to be zero in all our calculations.

All geometries are fully optimized in the gas phase. Vibra-
tional frequencies are calculated analytically to ensure that
each minimum is a true local minimum (only positive frequen-
cies) and that each transition state has only a single imaginary
frequency (negative eigenvalue of the Hessian). The DFT gas
phase energy is corrected by the zero-point vibrations. In
addition we use the vibrational frequencies to calculate the
enthalpy and entropy as a function of temperature to obtain
the total free energy. A single-point solvation calculation is
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Table 1. Geometric Parameters for PtXY(NHs),, PtXY(NHs), and PtX(NH3)," (X, Y = Cl, OSO3H), Optimized
at the BSLYP/LACVP**(+) Level of Theory?2

complex Pt—Cl Pt—N Pt-O  N—-Pt-N CI-Pt-Cl O-Pt-O N-Pt-CI N-Pt-O CI-Pt-O
PtClo(NHs), 2.347 2.123 98.5 95.5 83.0

PtCI(OSOsH)(NHz),  2.349 2.087/2.116 2.058 99.5 84.5 84.0 92.0
Pt(0SO3H)2(NHa), 2.088/2.090 2.058/2.061  99.4 93.2 79.9/87.5
PtCl,(OSOsH)(NH3)~ 2.351/2.368 2.084 2.111 96.0 88.5 86.7 89.1
PtCl,(0SOsH),2~ 2.337/2.347 2.138/2.167 914 897 87.0/91.9
PtCI(NHz),* 2.284 2.021/2.156 98.3 89.6/172.1

Pt(0SOsH)(NH3)2* 2.027/2.122 1.996 95.9 93.4/170.5

PtCl,(NHs) 2.278/2.297 2.114 105.8 83.8/170.4

PtCI(OSOsH)(NHs)  2.277 2.097 2.013 162.6 81.7 115.7
Pt(0SO3H)2(NH3) 2.094 1.996/2.022 94.0 90.0/175.9
PtCl,(0SOsH)~ 2.310/2.316 2.066 97.7 96.0/166.0
PtCl,(7-0SOsH)~  2.316 2.236 923 654 101.3
PtCl, 2.227 113.2

PtCI(OSO3H) 2.223 1.912 127.8
Pt(2-0SO3H), 2.090 68.8/111.2

a All bond lengths are in angstroms, and all angles are in degrees. The optimized geometries of PtX,, PtXY, PtX,Y~, and PtX,Y,2 are

also included.

Figure 1. Optimized geometries for some key complexes of the ammine system: (a) PtCl,(NH3)2; (b) PtCI(OSO3H)(NH3),;
(c) Pt(OSO3H)2(NHa)2; (d) [Pt(OSO3H)(NHz)2]"; (e) [PtCI(NH3),]*; and (f) PtCIo(NHa).

performed at each optimized gas phase geometry. Solvation
(free) energies are added to the gas phase energies to obtain
the solution phase (free) energies.

3. Results and Discussion

3.1. Geometries of Possible Stable Species and
Intermediates. 3.1.1. Diammine Ligands. Table 1
summarizes the possible stable species and intermedi-
ates of the ammine system in hot concentrated sulfuric
acid.

Starting from PtCIl>(NHj3)2, chloride ligands may be
replaced by bisulfate ligands, leading to the formation
of PtCI(OSO3H)(NH3), and Pt(OSO3H)2(NHs3)s,.

On the other hand, it is possible that ammine ligands
would be replaced by bisulfate ligands, leading to
the formation of [PtCl,(OSOz;H)(NH3)]~and [PtCl,-
(OSO3zH),J%". It was postulated'? that one ligand of these
square-planar Pt(I11) complexes could be lost, resulting
in a T-complex that would offer an open site for the
activation of methane. Therefore we also optimized the
geometry of possible T-complexes. The optimized geo-
metric parameters of the ammine system are presented

in Table 1. Figure 1 shows the geometries of some key
complexes of the ammine system.

The coordination of one ligand to a metal ion influ-
ences the bonding between that metal ion and every
other ligand. This influence has been intensively inves-
tigated and referred to as a trans-effect.3>3¢ From the
geometrical parameters shown in Table 1 and Figure
1, we note the following.

(1) The Pt—N bond length is 2.123 A in PtCI,(NHs),.
It decreases to 2.090 A as two Cl ligands are replaced
by two bisulfate ligands. In PtCI(OSOsH)(NH3),, the
length of the Pt—N bond which is trans to the bisulfate
ligand is 2.087 A, shorter than that of the Pt—N bond
(2.116 A), which is trans to the chlorine ligand. These
results indicate that the chlorine ligand is a better
o—donor and hence a better trans-influencing ligand
than the bisulfate ligand.

(2) All Pt complexes basically preserve the square-
planar arrangement. We find that X—Pt—X bond angles

(35) Cotton, F. A.; Wilkinson, G. Advanced Inorganic Chemistry;
John Wiley: New York, 1988; pp 1299—1300.

(36) Atwood, J. D. Inorganic and Organometallic Reaction Mecha-
nisms; Brooks/Cole Publishing Co.; Monterey, CA, 1985.
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Table 2. Geometric Parameters for PtXY(bpymH,)"" and PtX(bpymH,)"*1 (X, Y = CI, OSO3H, n =0, 1, 2),
Optimized at the B3LYP/LACVP**(+) Level of Theory?2

complex Pt—Cl Pt-N Pt-O  N—Pt-N CI-Pt-Cl O-Pt-O N-Pt-Cl N—-Pt-O CI-Pt-0
PtClo(bpym) 2.343 2.056 79.6 91.9 94.3
PtCly(bpymH)* 2.302/2.317 2.064/2.071 80.0 925 93.0/94.4
PtCla(bpymHy)2+ 2.201 2.061 785 90.5 95.5
PtCI(OSOsH)(bpym) 2.356 2.030/2.038 2.046 80.3 96.2 94.2 89.4
PtCI(OSOsH)(bpymH)*  2.305 2.051/2.059 2.037 80.5 95.0 93.7 90.8
PtCI(OSO3H)(bpymH,)2*+ 2.286 2.035/2.051 2.020 79.1 96.3 94.8 89.7
Pt(OSOsH),(bpym) 2.016/2.018 2.055/2.058  81.1 97.9 89.7/91.2
Pt(OSO3H),(bpymH)* 2.036 2.012/2.026  81.4 99.8 89.1/89.6
Pt(OSOsH),(bpymHz)2* 2.016/2.046 1.977/1.998  79.8 100.1 89.0/91.1
PtCI(bpym)* 2.270 1.986/2.055 79.1 113.1/167.8
PtCI(bpymH)2* 2.235 1.998/2.099 795 111.1/169.4
PtCI(bpymHy)3* 2.184 2.044 76.8 141.9
Pt(OSO5H)(bpym)* 1.997/2.043 1.982 79.1 112.1/168.3
Pt(OSOsH)(bpymH)2* 2.030/2.073 1.943 79.1 113.0/167.8
Pt(OSOsH)(bpymH_)3* 2.034/2.070 1.886 773 118.3/164.4

a All bond lengths are in angstroms, and all angles are in degrees.

(@ (©

0

Figure 2. Optimized geometries for some key complexes of the bipyrimidine (bpym) system: (a) PtCl,(bpym); (b) PtClI-
(OSOzH)(bpym); (c) Pt(OSO3zH)2(bpym); (d) [PtClo(bpymH)]I™; () [PtCl(bpym)]*; and (f) [Pt(OSOzH)(bpym)]*.

are generally larger than X—Pt—Y (X = Y) bond angles.
The largest bond angle is ON—Pt—N = 99.5° in PtClI-
(OSO3H)(NH3)2, while the smallest bond angle is ON—
Pt—0 = 79.9° in Pt (OSO3H)2(NH3)s.

(3) Losing one ligand leads to the T-complex in Figure
1. The obtuse OX—Pt—Y angle ranges from 161.4° in
[PtCI(OSO3H),]~ to 175.9° in Pt(OSO3H)2(NHs3).

(4) In the T-complex, the length of the Pt—X bond
trans to ligand Y is always longer than that of the Pt—X
bond cis to ligand Y (trans to the empty site). Thus for
[PtCI(NH3)2]" in Figure 1 the Pt—N bond trans to ClI~
(Pt—N = 2.156 A) is longer than the Pt—N bond (2.021
A) trans to the empty site. The only exception in Table
1 is PtCI(NHj3) (see Figure 1), where the Pt—CI bond
length (2.278 A) trans to NHs is shorter than that of
the Pt—Cl bond (2.297 A) trans to the empty site.

(5) In all Pt complexes shown in Table 1, the Pt—ClI
bond lengths vary from 2.277 to 2.349 A; the Pt—N bond

distances vary from 2.021 to 2.156 A, and the Pt—O vary
from 1.996 to 2.167 A. The average Pt—X bond length
follows the trend Pt—Cl (2.316 A) > Pt—N (2.097 A) >
Pt—0 (2.056 A).

3.1.2. Bipyrimidine Ligands. Table 2 summarizes
the possible stable species and intermediates of the
bpym system in hot concentrated sulfuric acid.

Starting from PtCly(bpym), ligand substitutions by
solvent lead to the formation of PtCI(OSO3H)(bpym), Pt-
(OSO3H)2(bpym), etc.

Losing one chloride or bisulfate ligand could also be
possible,’? leading to the formation of [PtCl(bpym)]* or
[Pt(OSO3zH)(bpym)]™, etc.

In hot concentrated sulfuric acid, the backside nitro-
gen can be protonated, while still leaving two N’s bound
to the Pt(l1) ion. Thus PtXY(bpymHn)"* or PtX(bpym-
Hp) D+ (X = Cl—, OSO3H~, n =0, 1, 2) are all possible
stable species or intermediates of the bpym system. The
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Table 3. Dissociation Energies of Pt—N Bonds, Calculated at the B3LYP/LACVP**(+) Level of Theory?2

dissociation reaction

(1a) PtCIx(NH3z), — PtCI(NH3) + NH3

(2a) PtCI>(NH3) — PtCl, + NH3

(3a) PtCI(OSO3H)(NHj3), — PtCI(OSO3H)(NH3) + NH3

(4a) PtCl(OSO3H)(N H3)4' PtCI(0803H) + NHs

(5a) Pt(0OSO3H)2(NH3); — Pt(0SO3H)2(NHs3) + NHs

(6a) Pt(OSO3H)2(NH3) — Pt(172-OSO3H), + NH3

(7a) PtCly(bpym) — PtCl; + bpym

(8a) PtCly(bpymH)* — PtCl, + (bpymH)*

(9a) PtCly(bpymH2)2t — PtCl, + (bpymH3z)2*+

(10a) PtCI(OSOsH)(bpym) — PtCI(OSO3H) + bpym

(11a) PtCI(OSOzH)(bpymH)* — PtCI(OSOzH) + (bpymH)*
(12a) PtCI(OSOsH)(bpymH,)2t — PtCI(OSO3H) + (bpymH,)2*
(13a) Pt(OSO3H),(bpym) — Pt(172-OSO3H), + bpym

(14a) Pt(OSO3H)2(bpymH)* — Pt(172-0S03H), + (bpymH)™
(15a) Pt(OSO3zH) (bpymH,)2+ — Pt(52-OSO3H), + (bpymH2)2*™

a All energies are in kcal/mol.

AE AH AG AH AG AH AG
(9, 0K) (g, 298K) (g, 298K) (s, 298K) (s, 298K) (s, 453K) (s, 453K)
43.8 415 30.4 34.7 23.6 34.4 17.9
48.6 46.1 35.8 50.2 39.9 49.9 34.6
52.9 50.4 38.8 52.7 411 52.4 35.1
54.1 51.4 40.6 48.1 37.2 4738 31.6
58.7 55.8 46.5 44.9 35.6 446 30.8
21.7 19.2 6.6 41.4 28.7 413 22.2
87.0 84.9 70.1 73.5 58.6 73.0 51.0
58.9 56.0 42.6 57.7 443 60.0 36.8
26.6 25.9 11.6 39.1 24.9 38.5 17.6
98.7 96.4 79.3 86.1 69.0 85.7 60.2
66.6 64.7 49.8 69.5 54.5 69.0 46.9
31.9 31.0 16.3 44.1 29.4 435 21.9
72.0 69.4 52.0 69.8 52.4 69.6 435
30.0 28.6 12.6 49.7 33.8 49.4 25.5
-82  -88 -23.3 19.3 4.9 18.7 -25

Table 4. Dissociation Energies of Pt—Cl and Pt—OSO;z;H Bonds, Calculated at the B3LYP/LACVP**(+) Level

of Theory?2
AE AH AG AH AG AH AG
dissociation reaction (g, 0K) (g, 298K) (g, 298K) (s, 298K) (s, 298K) (s, 453K) (s, 453K)

(1b) PtCIy(NH3); — PtCI(NH3),* + CI- 165.6 165.6 156.4 24.0 14.8 23.8 9.4
(2b) PtCI(OSO3H)(NHS3), — Pt(OSOsH)(NHz),™ + CI~ 172.3 171.7 164.0 26.1 18.4 25.9 13.8
(3b) PtCI(OSO3H)(NH3), — PtCI(NH3),™ + OSOzH~ 137.5 136.3 122.6 13.1 -0.6 12.6 -7.6
(4b) Pt(OSO3H),(NH3), — Pt(OSO3H)(NH3),* + OSO3H™~ 146.6 144.8 130.8 15.2 1.2 14.9 -6.1
(5b) PtCly(bpym) — PtCl(bpym)* + CI~ 155.4 155.1 146.1 36.1 27.1 36.0 21.8
(6b) PtCly(bpymH)*™ — PtCl(bpymH)2+ + CI~ 235.0 233.3 225.4 38.9 31.0 41.7 25.6
(7b) PtCly(bpymH,)2+ — PtCl(bpymH,)3t + CI- 317.9 317.5 307.8 50.8 41.1 50.6 35.4
(8b) PtCI(OSO3H)(bpym) — PtCl(bpym)* + OSOsH~ 124.4 123.0 108.3 22.0 7.3 215 -0.2
(9b) PtCI(OSO3zH)(bpymH)*™ — PtCl(bpymH)?* + OSOzH~ 200.1 198.6 185.6 24.0 111 235 45
(10b) PtCI(OSO3H)(bpymH,)2t — PtCl(bpymH,;)3* + OSOzH~ 280.6 279.1 265.5 29.1 155 28.5 8.5
(11b) PtCI(OSOsH)(bpym) — Pt(OSO3sH)(bpym)* + CI- 162.6 162.3 152.7 42.1 325 42.0 26.9
(12b) PtCI(OSOzH)(bpymH)* — Pt(OSOsH)(bpymH)?* + CI~ 237.9 237.3 229.9 46.4 38.9 46.2 345
(13b) PtCI(OSO3H)(bpymH,)2* — Pt(OSOsH)(bpymH,)3* + ClI~ 312.6 312.5 305.7 46.9 40.1 46.9 33.8
(14b) Pt(OSO3zH),(bpym) — Pt(OSO3H)(bpym)* + OSOzH~ 136.9 135.2 118.4 29.5 12.7 29.3 4.1
(15b) Pt(OSO3zH),(bpymH)* — Pt(OSO3H)(bpymH)?* + OSO3H~ 202.6 200.9 185.5 30.3 15.0 30.0 7.1
(16b) Pt(OSOzH)2(bpymH,)2™ — Pt(OSOzH)(bpymH,)3+t + OSOsH~  273.4 272.5 259.0 25.8 124 255 3.3

a All energies are in kcal/mol.

optimized geometric parameters of the bpym system are
listed in Table 2. Geometries of some key complexes of
the bpym system are displayed in Figure 2. We note the
following.

(1) The conclusions based on Table 1 of the ammine
system generally apply to the bpym system, but because
of the bidentate coordination nature of (bpymHy)"*"
ligands, the N—Pt—N bond angles remain ~80° for all
Pt complexes shown in Table 2. The influence of a trans
ligand Y on the Pt—X bond length also follows the same
order: Cl= > NHj3 (bpym) > OSOzH~ > O (empty site).
Therefore the Pt—X bond is longer when it is trans to a
stronger trans-influencing ligand Y. The average Pt—X
bond length follows the trend Pt—Cl (2.320 A) > Pt—N
(2.094 A) > Pt—0 (2.060 A).

(2) Bpym is generally considered as a z-acceptor, but
we find that the trans-effects on geometry can also be
interpreted in terms o-donor character. As bpym is
protonated, o-basicity decreases and s-acidity increases.
These two together contribute to the observed decreas-
ing of Pt—Cl or Pt—0O bond lengths in the series of PtCl-
(OSO3zH)(bpym), [PtCI(OSOzH)(bpymH)]*, and [PtCI-
(OSOsH)(bpymH,)]?* (see Table 2).

3.2. Pt—Ligand Dissociation Energy. Table 3 and
Table 4 present the dissociation energies of Pt—N, Pt—
Cl, and Pt—0OSOsH bonds. We report AE (energy

change), AH (enthalpy change), and AG (free energy
change) at 0, 298, and 453 K in the gas phase and
solution phase. Gas phase data indicate the intrinsic
Pt—X bond strengths; solution phase data reflect the
effect of solution. The 298 K data would be more
relevant to the stability of the catalysts during the
preparation, while the 453 K data provide a measure
of bond strengths at the reaction situation. The discus-
sion in this section focuses mainly on AE(g, 0 K), energy
change of a dissociation reaction in gas phase at 0 K,
and AH(s, 453 K), enthalpy change of a dissociation
reaction in solution at 453 K.

3.2.1. Pt—N Bond Strength. Reactions la and 2a
successively break the Pt—NH3; bond in PtCl;(NH3),.
Note that the second Pt—N bond is ~15 kcal/mol
stronger than the first Pt—N bond. As a chloride ligand
is replaced by a bisulfate ligand, the Pt—N bond
strength should increase since the chloride ligand is a
better trans-influencing ligand than bisulfate. The gas
phase numbers clearly show this tendency. For example,
AE(g, 0 K) is 43.8 kcal/mol for reaction la, which
increases to 52.9 kcal/mol in reaction 3a; AE(g, 0 K) is
48.6 kcal/mol for reaction 2a, which increases to 54.1
kcal/mol in reaciton 4a.

Solvation effect complicates the situation. Thus AH(s,
453 K) increases from 34.4 kcal/mol in reaction la to
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Figure 4. Ligand exchanges in the bipyrimidine (bpym) system. AG(s, 453 K) is reported.

52.4 kcal/mol in reaction 3a; AH(s, 453 K) decreases
slightly from 49.9 kcal/mol in reaction 2a to 47.8 kcal/
mol in reaction 4a.

The trans-effect would suggest that Pt—N bond
strength follows the order PtCly(NHs3), < PtCI(OSO3H)-

(NH3z)2 < Pt(OSO3H)2(NH3).. This is true for the first
Pt—NH3; bond in the gas phase. But solvation effects
lead to fluctuations.

We find that removing both NH3 from Pt(OSO3H),-
(NHg)2 is particularly easy. This is because the best
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geometry of Pt(OSO3H), has the square-planar coordi-
nation structure, Pt(52-OSO3H), (see reaction 6a in
Table 3).

Although the bpym ligand is generally considered as
a s-acceptor,? we find that Pt—N dissociation reactions
7a—15a in Table 3, show clearly its role as a o-donor.
Thus as bpym is protonated, the Pt—N bond strength
decreases, whereas we would expect that it would
increase for a s-acceptor. For example, AE(g, 0 K) and
AH(s, 453 K) follow the order AE(g, 0 K): PtClx(bpym)
(87.0) > [PtCly(bpymH)]* (58.9) > [PtCly(bpymH2)]2+
(26.6); AH(s, 453 K): PtCly(bpym) (73.0) > [PtCl,-
(bpymH)]* (60.0) > [PtCly(bpymH,)]2* (38.5).

Summing the two Pt—NH3 bonds in PtXY(NH3s), and
comparing with those for Pt—bpym, we find AE(g, 0 K):
PtClz(NH3)2 (92.4) > PtCly(bpym) (87.0); PtCIl (OSO3H)-
(NH3)2 (107.1) > PtCI(OSO3H)(bpym) (98.7); Pt (OSO3H),-
(NHs3)2 (80.4) > Pt(OSO3zH),(bpym) (72.0); AH(s, 453
K): PtCIx(NH3), (84.3) > PtCly(bpym) (73.0); PtCI-
(OSO3H)(NHs3), (100.2) > PtCI(OSO3H)(bpym) (85.7); Pt-
(OSOgH)z(NH3)2 (859) > Pt(0503H)2(bpym) (696)
Thus the intrinsic Pt—N bond is stronger in the ammine
complexes than in the bpym complexes.

3.2.2. Pt—0OSO3H and Pt—CIl Bond Strengths.
From Table 4, we note the following.

(1) Solvation greatly stabilizes the ionic products.
Thus, for example for reaction 1b, AE(g, 0 K) is 165.6
kcal/mol, AH(s, 453 K) is 23.8 kcal/mol.

(2) It is easier to dissociate a Pt—OSO3;H bond than
to dissociate a Pt—CIl bond, making AH(s, 453 K) for
reaction 3b ~11 kcal/mol smaller than for reaction 1b.

(3) The bisulfate ligand is a weaker cis-influencing
ligand than the chloride ligand. For example, the Pt—
Cl bond in PtCI(OSO3H)(NH5); is slightly stronger (~2
kcal/mol) than in PtCIl>(NH53),.

(4) Since bpym is a weaker o-donor than NH3, bpym
is a weaker trans-influencing ligand than NHs. Thus it
is easier to dissociate a Pt—Cl bond in PtCl,(NHj3),
(AH(s, 453 K) = 23.8 kcal/mol in reaction 1b) than to
dissociate a Pt—ClI bond in PtCl,(bpym) (AH(s, 453 K)
= 36.0 kcal/mol in reaction 5b).

(5) As bpym is protonated, the o-basicity of bpym is
decreased. Thus we see that the Pt—CI bond strength
is increased in the series from PtCly(bpym) (AH(s, 453
K) = 36.0 kcal/mol) to [PtCly(bpymH)]* (41.7 kcal/mol)
to [PtCly(bpymH,)]2+ (50.6 kcal/mol).

(6) For reactions 14b, 15b, and 16b, we have the Pt—
OSO3H bond dissociation energies in the gas phase
(AE(g, 0 K)) in the order Pt(OSO3zH),(bpym) (136.9) <
[Pt(OSOzH),(bpymH)]™  (202.6) < [Pt(OSO3H),-
(bpymH_)]** (273.4).

In the solution phase (AH(s, 453 K)), however, we
have [Pt(OSOsH)z(bpymH2)]?" (25.5) < Pt(OSOszH),-
(bpym) (29.3) < [Pt(OSOzH),(bpymH)]™ (30.0).

Solvation effect smooths the difference and/or even
reverses the trend.

3.3. Thermodynamics of Ligand Exchanges. 3.3.1.
Diammine Ligands. Figure 3 and Figure 4 show the
thermodynamics of ligand exchanges. The numbers
reported are free energy changes in solution at 453 K,
AG(s, 453 K). Note that we do not correct the free energy
for concentration differentials among reacting species
to obtain the chemical potential. Such concentration
corrections can be significant since the solvent (sulfuric
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acid) is present in much higher concentration than the
other species in solution.

We find that replacement of ammine ligands with
bisulfate ligands is thermodynamically favorable, while
replacement of chloride ligands with bisulfate ligands
is thermodynamically unfavorable. Thus

PtCI,(NH,), + 2 H,SO, —
2 NH," + [PtCI(0SO;H),J* (3.3.1)
AG (s, 453 K) = —23.3 kcal/mol

PtCl,(NH,), + 2 H,SO, —
Pt(OSO,H),(NH,), + 2 HCI (3.3.2)

AG(s, 453 K) = 16.2 kcal/mol

Reaction 3.3.2 has been studied computationally by
K. Mylvaganam et al.!® Their calculations did not
include polarization functions or diffuse functions, and
in addition they used pseudopotentials for C, N, O, S,
and Cl. Another difference is that their solvation energy
was calculated using the isodensity polarized continuum
model, whose results for ions are unreliable, with errors
often greater than 20 kcal/mol, especially in the case of
negative ions, for which the isodensity surfaces are
markedly too far from the solute molecules.3” They
obtained AG(s, 473 K) = —31.9 kcal/mol for reaction
3.3.2, which is significantly different from the +16.2
kcal/mol we get. Thus they predict that chloride ligands
can be favorably replaced by bisulfate ligands. The
Appendix shows the procedure we used to establish the
accuracy of our methods.

3.3.2. Bipyrimidine Ligands. We find protonation
of PtCl,(bpym) is a thermodynamically favorable pro-
cess. Thus

PtCl,(bpym) + H,SO, —
[PtCl,(bpymH)]" + [HSO,]” (3.3.3)
AG(s, 453 K) = —7.8 kcal/mol
PtCl,(bpym) + 2 H,SO, —
[PtCl,(bpymH,)]*" + 2 [HSO,]” (3.3.4)
AG(s, 453 K) = —2.9 kcal/mol

However, we find replacement of bpym by bisulfate
ligands is thermodynamically unfavorable.
PtCl,(bpym) + 2 H,SO, —
[PtCI,(OSO4H),]*~ + [bpymH,]*" (3.3.5)
AG(s, 453 K) = 15.5 kcal/mol

This is in sharp contrast to reaction 3.3.1, even though
the intrinsic Pt—N is stronger in PtCIl>,(NHj3), than that
in PtCl,(bpym) (see Section 3.2).

Just as for PtClx(NHs3),, we find that replacement of
a chloride ligand by a bisulfate ligand is thermodynami-
cally unfavorable. Thus,

PtCl,(bpym) + H,SO, —
PtCI(OSO;H)(bpym) + HCI (3.3.6)

AG(s, 453 k) = 11.7 kcal/mol
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Figure 5. Possible mechanisms of precipitation.

This is reasonable. Comparing AG(s, 453 K) in eqs 5b
and 8b indicates that dissociation of the Pt—ClI bond is
22.0 kcal/mol more endothermic than that of the Pt—
OSOsH bond, because the Pt—ClI bond is stronger than
the Pt—OSOsH bond. Since Cl~ is a better trans-
influencing ligand than OSO3;H™, the Pt—N bond in
PtCI(OSO3H)(bpym) is 9.2 kcal/mol more stable than
that in PtCl,(bpym) (see AG(s, 453 K) of eqs 7a and 10a
in Table 3). The net effect is that replacing one CI~ in
PtCl,(bpym) with OSO3H™~ should be uphill by 22.0 —
9.2 = 12.8 kcal/mol. This number agrees very well with
the AG(s, 453 K) = 11.7 kcal/mol we get from reaction
3.3.6. In fact, similar arguments can be used to explain
the endothermicity of reaction 3.3.2.

Our conclusion from reactions 3.3.3 and 3.3.4 is that
PtCly(bpym) favors having one or two H on the bpym.
This differs from the conclusions of Gilbert et al.,?° who
used the PW91 functional in the ADF DFT code com-
bined with COSMOS solvation model to study

[PtCl(bpym)]” + H,SO, —
[PtCl(bpymH)]** + [HSO,]” (3.3.7)

[PtCl(bpym)]" + 2 H,SO, —
[PtCI (bpymH,)]*" + 2 [HSO,]” (3.3.8)

They assumed that one chloride ligand is lost and
considered [PtCl(bpym)]™ as the starting catalyst. They
found both reactions 3.3.7 and 3.3.8 to be endothermic,
with reaction energies of 6.9 and 34.2 kcal/mol, respec-
tively, although they do not state clearly whether these

.0l cl
> ZINp < Pt
Pt Pt Pt Pt Pt P

o ptzlz e Nl poyd e el N

PtCl3

numbers correspond to AE, AH, or AG or what temper-
ature was used. They concluded that the peripheral
bpym nitrogen atoms are not protonated in the Cata-
lytica catalyst. We believe that it is important to take
PtCly(bpym) as the starting catalyst. And we refer to
our previous work!® for details of the C—H activation
in the protonated PtCl,(bpym) and PtCI(OSO3zH)(bpym)
catalytic systems.

3.4. Stability of the Ammine and the Bpym
Systems. Periana et al. found that the ammine catalyst
decomposes at 180 °C with a half-life of ~15 min,
leading to the irreversible protonation of the NHj3
ligands to generate insoluble PtCl, and NH4HSO,4.12

We find

PtCI,(NH,), + 2 H,SO, —
PtCl, + 2 [NH,]" + 2 [HSO,]” (3.4.1)

AG(s, 453 K) = —24.1 kcal/mol

2 PtCl, — (PtCl,), (3.4.2)
AG(s, 453 K) = —17.2 kcal/mol
(PtCl,), + PtCl, — (PtCl,), (3.4.3)
AG(s, 453 K) = —25.6 kcal/mol
6 PtCl, — (PtCl,), (3.4.9)

AG(s, 453 K) = —104.5 kcal/mol

Thus our calculations show that PtCIl,(NH3), will lose
its ammine ligands in hot concentrated sulfuric acid,
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Figure 6. Energetics, AG(s, 453 K), of reactions shown in Figure 5.

and PtCl, will dimerize, trimerize, etc., leading to
(PtCly), precipitation, in agreement with the experi-
mental findings.

Periana et al. found that a 50 mM solution of PtCl,-
(bpym) in 20% oleum, even after 200 °C for 50 h, showed
no evidence of ligand attack as monitored by nuclear
magnetic resonance (NMR) spectroscopy. The PtCl,-
(bpym) solution remained homogeneous, and no in-
soluble (PtCl,), formation or decomposition to Pt metal
was observed.1?

We find

PtCl,(bpym) + H,SO, —
PtCl, + [bpymH]" + [HSO,]” (3.4.5)
AG(s, 453 K) = 29.1 kcal/mol
PtCl,(bpym) + 2 H,SO, —
PtCl, + [bpymH,]*" + 2 [HSO,]” (3.4.6)
AG(s, 453 K) = 14.7 kcal/mol

Thus our calculations show that PtCl,(bpym) is indeed
resistant to solvent attack, favorably retaining the bpym
ligand in hot concentrated sulfuric acid.

Recall from Figure 4 that the ammine ligands would
be eventually replaced by the bisulfate ligands, while
bpym tends to be protonated. We calculate the relative
energetics for dimerization and trimerization of
[PtCIx(OSO3H),J?~, [PtCly(72-0SO3H)] -, [PtCly(bpymH)]™,
and [PtCly(bpymH,)]?*. We find that both bisulfate

forms favorably form dimers and trimers. Thus, for
example,
2 [Pt(OSO,H),CL,]*~ —
[(OSO,H),Pt,Cl,]°~ + 2 [0SO,H]™ (3.4.7)
AG(s, 453 K) = —12.9 kcal/mol
[(OSO;H),Pt,Cl,]*>~ + [Pt(OSO,H),Cl,]* —
[(0OSO,H),Pt,Cl]* + 2 [0SO,H]™ (3.4.8)
AG(s, 453 K) = —13.0 kcal/mol

On the other hand, it is unfavorable for the bipyrimidine
catalyst to form dimers and trimers. For example,

2 [PtCl,(bpymH)]" —

[(bpymH)Pt,Cl,]" + [bpymH]* (3.4.9)

AG(s, 453 K) = 25.9 kcal/mol

[(bpymH)Pt,Cl,]" + [PtCl,(bpymH)]" —
[(opymH)Pt,Cl]" + [opymH]™ (3.4.10)

AG(s, 453 K) = 26.1 kcal/mol
The reactions and related energetics are summarized
in Figure 5 and Figure 6. In Figure 6, we take PtCl,-
(bpym) as the reference state. To compare the stability
of PtCIx(NH3), to that of PtCly(bpym), we use the

common decomposition product PtCl, as the reference.
Here we see the reaction 3.4.5 from PtCl,(bpym) to PtCl,
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Figure 7. Optimized geometries of Pt(Il) dimers, trimers, and hexamer: (a and b) [Pt,Cls(bpymH,)]?*; (c and d) [PtsCle-
(bpymH_)]?*; (e and f) (PtCl,),; (g and h) [Pt,Clay(n?-OSO3H)]~; (i and j) [PtsCls(7>-OSO3H)]; and (k) (PtCly)s.

is uphill by 14.7 kcal/mol, whereas the reaction 3.4.1
from PtCIl,(NHj3), to PtCl, is downhill by 24.1 kcal/mol.
Thus PtCI,(NH3s), is 38.8 kcal/mol uphill with respect
to PtCl,(bpym).

Some of the optimized geometries of Pt(Il) dimers,
trimers, and hexamers are shown in Figure 7. Although
each Pt(Il) keeps a local square-planar geometry, it is
interesting that the Pt(ll) dimers and trimers adopt a
bowl structure. The totally planar geometry is not a local
minimum.

Experimentally, treatment of insoluble (PtCl,), with
1 equiv of bpym (50 mM) in concentrated H,SO,4 at 150
°C leads to complete dissolution of (PtCl,), and forma-
tion of a homogeneous solution of PtCl(bpym).1?

We find

PtCl, + [bpymH,]*" — [PtClL,(bpymH,)]*" (3.4.11)
AG(s, 453 K) = —17.6 kcal/mol
(PtCL,), + 2 [bpymH,]*" —
2 [PtCl,(bpymH,)*" (3.4.12)
AG(s, 453 K) = —18.0 kcal/mol
(PtCL,), + 3 [bpymH,]*" —
3 [PtCl,(bpymH,)]*" (3.4.13)
AG(s, 453 K) = —27.2 kcal/mol
(PtCL,), + 6 [bpymH,]*" —
6 [PtCL,(bpymH,)]*" (3.4.14)
AG(s, 453 K) = —1.1 kcal/mol

By comparison, we find

PtCl, + 2 [HSO,]” — [PtCL,(OSO,H),]*~ (3.4.15)
AG(s, 453 K) = 0.8 kcal/mol
(PtClL,), + 4 [HSO,] —
2 [PtCL,(0SO,H),]*” (3.4.16)
AG(s, 453 K) = 18.8 kcal/mol
(PtCl,); + 6 [HSO,] —
3 [PtCL(0SO,H),]*” (3.4.17)
AG(s, 453 K) = 27.9 kcal/mol
(PtCly)g + 12 [HSO,] —
6 [PtCL,(OSO,H),]*” (3.4.18)
AG(s, 453 K) = 109.2 kcal/mol
These are in line with the experimental finding that
treatment of (PtCly), in hot concentrated H,SO4 with
>100 equiv of NH3 does not lead to (PtCl,), dissolu-

tion,'2 as NHj3 goes into H,SO4 as NH4* and thus loses
its coordination capability.

We also find
Pt (0) + bpym + 4 H,SO, —
[Pt(OSO,H),(bpymH)]" + SO, + 2 H,0 +
[OSO;H] (3.4.19)
AG(s, 453 K) = —108.4 kcal/mol
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Pt (0) + 3 H,SO, —
Pt(7*-0SO,4H), + SO, + 2 H,0O (3.4.20)
AG(s, 453 K) = —62.1 kcal/mol

Taking into account the experimental sublimation
energy, 114.0 kcal/mol,2® of bulk Pt metal, we may
conclude that hot concentrated H,SO, in the presence
of bpym can dissolve Pt metal, so that the bpym system
is not subject to the Pt black formation, a notorious
problem well-documented in the Wacker system3® as
well as the Shilov Pt system for alkane oxidation.1° In
fact, it is found experimentally that a solution of bpym
(20 mM) in hot, 96% H,SO, leads to the oxidative
dissolution of Pt metal (in the form of Pt black) to
produce a homogeneous solution of Pt(OSO3H),(bpym).12
Control experiments showed that no such dissolution
occurs in the absence of the bpym ligand.’? Thus our
calculations demonstrate the effectiveness of the bpym
ligand for maintaining the homogeneity of Pt cations
in strong acids under strongly oxidizing, high-temper-
ature conditions, in full agreement with the experimen-
tal findings.

4. Concluding Remarks

We performed computational studies of the structure,
bonding, and stability of the Catalytica Pt(ll) catalysts.
All calculations were carried out at the B3LYP/LACVP**-
(+) level, including the Poisson—Boltzmann continuum
approximation to describe solvation effects.

Our conclusion is that to design a ligand suitable for
a catalyst to be stable in concentrated sulfuric acid, one
should ensure that the ligand in its optimum state of
protonation in the sulfuric acid solvent still has unpro-
tonated sites suitable for binding strongly to the metal
center. The bipyrimidine ligand (singly or doubly pro-
tonated in solution) still has the two N centers available
to bind to the complex. On the other hand for ammines
and primary amines, it is quite favorable to form free
RNH3™ in sulfuric acid solution, leading to loss of the
ligands and eventually to precipitation of PtCl, and
catalyst death. We expect that the most favorable
ligands should have at least three N sites including two
nitrogens in the right positions to form a bidentate
ligand to the Pt complex plus at least one N for a proton.

Our results can be summarized as follows.

(1) The influence of a trans ligand Y on the Pt—X bond
follows the order CI~ > NHj3; (bpym) > OSOz;H™ > O
(empty site). Thus the Pt—N bond length is longer and
the Pt—N bond is weaker when the trans-influencing
ligand is CI~ than when it is OSOzH".

All Pt complexes preserve the square-planar arrange-
ment. The average Pt—X bond length follows the trend
Pt—Cl (2.32 A) > Pt—N (2.09 A) > Pt—0 (2.06 A). OX—
Pt—X bond angles are generally larger than OX—Pt—-Y
(X = Y) bond angles. In a T-complex, the length of a
Pt—X bond (which is trans to ligand Y) is generally
longer than that of the Pt—X bond, which is cis to ligand
Y or trans to the empty site.

(37) Barone V.; Cossi M.; Tomasi J. J. Chem. Phys. 1997, 107, 3210.

(38) Lide, D. R. Handbook of Chemistry and Physics, 82nd ed.; CRC
Press: Boca Raton, FL, 2001—2002.

(39) Henry, P. M. Palladium Catalyzed Oxidation of Hydrocarbons;
Reidel: Dordrecht, Netherlands, 1980.
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(3) As bpym is protonated, the Pt—N bond strength
decreases instead of increases. AE(g, 0 K): PtCly(bpym)
(87.0) > [PtCly(bpymH)]* (58.9) > [PtCly(bpymH,)]2*+
(26.6); AH(s, 453 K): PtCly(bpym) (73.0) > [PtCl,-
(bpymH)]* (60.0) > [PtCly(bpymH2)]?* (38.5). This sug-
gests its role as a o-donor instead of being a w-acceptor
as it is generally accepted.

(4) The Pt—CI bond is stronger than the Pt—OSO3zH
bond, making it easier to dissociate a Pt—OSO3zH bond.

(5) Since bpym is a weaker o-donor than NH3, bpym
has a weaker trans-influence than NHs. Thus it is easier
to dissociate a Pt—CIl bond in PtCly(NH3s), (AH(s, 453
K) = 23.8 kcal/mol) than to dissociate a Pt—ClI bond in
PtCly(bpym) (AH(s, 453 K) = 36.0 kcal/mol).

(6) We find that replacement of ammine ligands with
bisulfate ligands is thermodynamically favorable, while
replacement of chloride ligands or bpym with bisulfate
ligands is thermodynamically unfavorable. We find
protonation of PtCly(bpym) is a thermodynamically
favorable process.

(7) Our calculations show that PtCl,(NH3), will lose
its ammine ligands in hot concentrated sulfuric acid and
that the PtCl, will dimerize and trimerize, leading to
(PtCly), precipitation. Our calculations show that PtCl,-
(bpym) is indeed resistant to solvent attack, favorably
retaining the bpym ligand in hot concentrated sulfuric
acid, in agreement with the experimental findings.

(8) We find that both bisulfate forms, [PtCl,-
(0S03H),]2~ and [PtCly(32-0OS0O3H)]~, favorably form
dimers and trimers. Protonated bpym catalysts, [PtCl,-
(bpymH,)]"* (n =0, 1, 2), do not favor dimerization and
trimerization. Although each Pt(l1) keeps a local square-
planar geometry, Pt(I1) dimers and trimers adopt a bowl
structure. A totally planar geometry does not correspond
to a local minimum.

(9) Our calculations show that the affinity of bpym
for Pt(11) is sufficiently high so that a treatment of bpym
in hot, concentrated sulfuric acid will lead to the
dissolution of insoluble (PtCl,), and the oxidative dis-
solution of Pt metal to make a homogeneous solution of
the bpym catalyst, while no such dissolution occurs in
the absence of the bpym ligand, in agreement with the
experimental findings.

These findings should help the screening of new
ligands for the design of new catalysts.

Appendix: Assessment of the Accuracy of the
QM Calculations

Curtiss et al.“° has reported that the BSLYP flavor
of DFT using the 6-311+G(3df,2p) basis set leads to a
mean average error (MAD) of 3.11 kcal/mol for heats of
formation over the G2 set (a total of 148 molecules
where accurate experimental data are available). Using
the smaller 6-31G**+ basis set with Jaguar,?® we obtain
MAD = 5.1 kcal/mol for the G2 set. We would expect
this to be the general accuracy for the gas phase
reactions of the present study.

To assess the accuracy for solvation energy calcula-
tions for neutral organics, we considered the 55 neutral
organic molecules with well established experimental
data.*! For B3LYP/6-31G**/PB using Jaguar,?® we

(40) Curtiss, L. A,; Raghavachari, K.; Redfern P. C.; Pople, J. A. J.
Chem. Phys. 1997, 106, 1063.
(41) Cabani S.; Molica G.; Lepori, V. J. Sol. Chem. 1981, 10, 563.
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obtain MAD = 0.65 kcal/mol. This is likely within
experimental error.

To assess the accuracy for solvation energy calcula-
tions of charged molecules, we considered 26 anions and
cations (inorganics and organics) for which there are
reviewed experimental data.3” For B3LYP/6-31G**+/PB
we find MAD = 5.4 kcal/mol. This is likely within
experimental error since the experimental data for
charged species are much less certain than for neutral
species.

We may take reactions A1—A3 in aqueous solutions
as examples to gauge the uncertainties associated with
the present study.

NH; + H,0 — NH," 4+ OH~ (A1)
HSO,” + H,0 — H,0" + SO,* (A2)
PtCl,(c) + 2 Cl (ag) — PtCl,* (aq) (A3)

Here pK;, of NH3 and pKj, of H,SO4 can be related to
the ability of NH3 ligand to dissociate from PtCl,(NH3);
into solution as studied in the present work. Reaction
A3 is PtCly(c) dissolution by coordination to CI~ ligands,
a process similar to PtCl,(c) dissolution by bpym ligands
studied in the present work.

Our calculated AG(s, 298 K) for reaction Al is —6.6
kcal/mol, which can be compared to the experimental
value of —6.5 kcal/mol.38 Our calculated value for A2 is
—3.1 kcal/mol, which can be compared to the experi-
mental value of —2.6 kcal/mol.28 This is amazingly good
agreement, with errors smaller than the expected
uncertainties in the DFT and solvation methods being
employed.

We found no experimental data to directly estimate
AG(s, 298 K) of reaction A3. However, we have esti-
mated the experimental value as follows (based on
numbers from the 2002 CRC handbook38).

From standard electrode potentials,

'/, PtCl,* (aq) + e —

'/, Pt(c) + 2 Cl™(aq) 0.758 V (A4)

!, Cl,(g) + e — Cl (aq) 1.3583V (A5)

we obtain

', PtC1,*"(aq) —
', Pt(c) + '/, Cl,(g) + 2 Cl (aq)
—0.6003 V (A6)

Thus the reaction free energy change for reaction A6 is

AG,(reaction A6) = —23.06*(—0.6003) =
13.8 kcal/mol

Taking account into that AG«°(Cl—, aq) = —31.4, AG¢°*-
(Cl,, g) = 0, and AG¢(Pt, c) = 0 kcal/mol,?® we obtain
AG¢(PtCl42—, ag) = —90.4 kcal/mol.

Xu et al.

We estimated the third law AS°® for PtCly(c) according
to the Latimer equation.*? For two solid substances of
similar formulas and similar melting points, the differ-
ence in entropy arises very largely from the mass effect.
The knowledge of the entropy of one substance then
permits a close estimate of the value for that of the other
by the expression

AS,° — ASg° = 3/2 R In([A)/[B])
Based on AS°(NiCly, ¢) = 23.4 cal mol~1 K138 we

obtain AS°(PtCly, ¢) = 27.0. Thus AG¢°(PtCly, c) can be
estimated using quantities in eq A7.

Pt(c) + Cl,(g) — PtCl,(c) (A7)

Using AG, = AH; — TAS,, we arrive at AG{°(PtCly, c)
= —18.7 kcal/mol.

AHy° 0.0 0.0 —29.5 AH,= —29.5 kcal/mol
AGe® 0.0 0.0 ? AG, = AGt°(PtCly, c)
AS® 9.9 53.3 27.0 AS; = —36.2 cal mol™t K™%

In this way, we obtain that the reaction free energy
change of reaction A3 is

AG (reaction A3) = —9.1 kcal/mol

based on AGy(PtCls2-, aq) = —90.4, AGy(Cl-, aq) =
—31.3, and AG¢°(PtCl;, ¢) = —18.7 kcal/mol.

Generally cluster models are not expected to give
directly accurate cohesive energies for bulk solids.
However we find the following based on B3LYP/
LACVP**(+)/PB:

reaction AG(s,298K)/kcal/mol
PtCl, + 2 ClI- — PtCl,2~ —28.9
1/2 (PtCI2)2 +2Cl-— PtC|427 —-19.0
1/3 (PtCly)s + 2 CI- — PtCl 2~ -21.9
1/6 (PtCly)s + 2 CI- — PtCl 2~ —12.2

Here we have assumed that the bulk solid PtClx(c)
has a crystal structure*? consisting of hexamer Pt¢Cly,
molecules (although some have suggested that it adopts
a chain structure®®). Our result of —12.2 kcal/mol
compares well with our estimated experimental result
(—9.1 kcal/mol) for reaction A3.

Finally, we emphasize the importance of doing sys-
tematic studies, as above. The trends obtained by
comparing all available data should be more reliable
than a single number of a specific reaction. This is
especially important when experimental data are sparse.
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