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Polymorphism observed with [M(bpy)3](PF6)2 (M = Ru, Ni,
Zn) offers a unique opportunity to study the impact of differ-
ent intermolecular packing motifs on lattice energies. Addi-
tionally, it allows us to test the accuracy of empirical inter-
molecular potentials, because these compounds represent an
example of a system where a small change in molecular geo-
metry already induces a qualitatively different crystal pack-
ing. Lattice energy minimisations for these three compounds
applying both, rigid body and flexible body approaches, are
reported. The calculations quite reasonably reproduce the
crystallisation behaviour observed in this heteropolymorphic
series. We conclude that the state-of-the-art approach and all
four tested empirical intermolecular potentials are adequate

Introduction

The last few years have seen an increasing interest in the
prediction of crystal structures for various reasons. The two
main motives are, on the one hand, structure solution in
real space (solving the phase problem), where interpretation
of the powder diffraction intensities in reciprocal space has
proved impossible;[225] on the other hand, exploration of
the lattice energy hypersurface is driven by the need for so-
far-unknown polymorphs with desired properties (shelf life,
solubility, bioavailability, morphology, etc.),[6213] or even
perhaps for patenting and registration purposes.

The vast majority of search engines employ lattice ener-
gies based on some empirical intermolecular atom2atom
pair potentials as the cost function,[14,15] and the systems
most frequently investigated are neutral organic molecules.
The basic experience is that, often, many theoretical poly-
morphs are identified within a lattice energy range of 10 kJ/
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for these organometallic compounds. However, it is crucial
to input the most accurate molecular structures. Molecular
structures determined by X-ray analysis need to be corrected
for the apparent bond shrinkage due to librational motion.
When these molecular structures are to be obtained by Mo-
lecular Mechanics or Quantum Mechanics methods the high-
est possible accuracy is required. Our results suggest that
routine polymorph prediction may be more severely ham-
pered by inaccuracies in molecular structures than by inad-
equacies in the intermolecular potentials. The key to a suc-
cessful structure prediction is therefore the input of reliable
molecular structures.

mol[16] and that the experimentally observed structure —
where known — is indeed close to the global minimum.
This suggests that phase space is thoroughly covered by the
different search engines, but even the most elaborate and
presumably accurate potentials often fail to give the experi-
mental crystal structure always with the lowest lattice en-
ergy as would be expected for thermodynamic product con-
trol. Observation of polymorphism at the same p,T condi-
tions or even in the same crystal crop indicates that, for
some substances, there may indeed be a range of energetic-
ally accessible structures, and that the kinetics and thermo-
dynamics of nucleation — about which little is known —
are responsible for selecting those which will be found ex-
perimentally. However, contrary to the experience in theor-
etical predictions, in the experimental world polymorphism
seems to be much less pervasive.[17] No one has, for in-
stance, ever seen acetylsalicylic acid polymorphs[18] despite
the large quantities of aspirin tablets manufactured.

Polymorphs may be considered as conformers of the sup-
ramolecule which is the crystal structure itself.[19] Crystal
polymorphism for any one compound is therefore already
a valuable and informative phenomenon with regard to su-
pramolecular chemistry and crystal engineering. Poly-
morphs are the result of the same cohesive forces and there-
fore they should provide better information on intermolecu-
lar forces. Moreover, since it is not expected that nucleation-
induced metastability is very pronounced when growing
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crystals at room temperature, polymorphism may also help
to assess the quality of different empirical intermolecular
potentials used in structure prediction. In that respect, it
is very useful if polymorphism can be tailored and/or the
crystallisation of unstable polymorphs can be enforced on
the system, for example, by taking advantage of chirality or
tailor-made additives. In such a way, a wider lattice-energy
range should be accessible experimentally. Furthermore, it
is helpful if the molecule has few internal degrees of free-
dom that would require a balanced and accurate treatment
of intra- and intermolecular parts of a force field.

The preceding paper[1] describes such a system. With
[M(bpy)3](PF6)2 (M 5 Ni, Zn, Ru) three different poly-
morphs are observed. α-[M(bpy)3](PF6)2 is just a slight dis-
tortion of β-[M(bpy)3](PF6)2 and the phase transition is in-
duced upon cooling, but the packing in the γ-polymorph is
drastically different: while the α- and β-form are true race-
mates the γ-structure is an enantiomorph.

We have performed lattice-energy minimisations of the
three compounds in the different structure types, both
within the rigid body and the flexible body framework. The
results are analysed with regard to the self-organisation of
such propeller-shaped molecules. Additionally, more gen-
eral conclusions regarding the mentioned problems in struc-
ture prediction are discussed on the basis of calculated lat-
tice energies.

Results and Discussion

When studying the relative importance of different inter-
molecular contributions during the self-assembly of crys-
tals, organometallic compounds display significant advant-
ages over organic compounds since structural molecular
parameters may be tuned to a much finer degree. With
[M(bpy)3](PF6)2 the size of the complex cations and the mo-
lecular electrostatic potential (MEP) may be delicately va-
ried by substitution of the central atom. Moreover, this
variation leads to different polymorphs, and it is possible
to switch between the polymorphs by choosing the right
metal. With M 5 Fe,[20] M 5 Ru,[21,22] or M 5 Os[23,24] the
racemic solutions crystallize as true racemates in the β-type.
This β-type undergoes a phase transition to the closely re-
lated low temperature α-polymorph.[25,26] For M 5 Zn this
racemic structure is not accessible experimentally. Instead,
the enantiomorphous γ-type is the only modification ob-
served. For M 5 Ni, crystals of both structure types are
obtained concomitantly in the very same crystallization
batch. Finally, since [Ru(bpy)3]21 is inert towards racemis-
ation the γ-type can be ‘‘forced’’ upon [Ru(bpy)3](PF6)2 by
chemical resolution prior to crystallization.

According to thermodynamics, polymorphic modifica-
tions can be at equilibrium only at the phase-transition tem-
perature where the ∆G curves cross. The likelihood of
choosing exactly this temperature for crystallization is ra-
ther slim.[27] Moreover, Gavezzotti & Filippini[17] have
shown in their systematic study of crystal polymorphism
that entropy differences between polymorphs of differing
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packing topology are never large enough to have 300∆S
exceed ∆H (Note that ∆H is also dependant on temper-
ature). They conclude that relative stability among poly-
morphs at room temperature can be judged on the basis of
packing energy (enthalpy) alone. Consequently, it is obvi-
ous that kinetics must have a certain impact when concom-
itant crystallization of two polymorphs is observed at the
same temperature, in the same solvent, and at the same su-
persaturation level. For this to happen the nucleation rates
of both modifications must be similar. However, concomit-
antly crystallizing polymorphic modifications as observed
with [Ni(bpy)3](PF6)2 must nevertheless have energetically
equivalent structures.[27] Generally, it is thought that even
polymorphs obtainable at varying crystallization conditions
(solvent, temperature, supersaturation) have lattice energies
within 4212 kJ/mol.[18] It is expected that for concomit-
antly crystallizing polymorphs this range is even smaller.
Therefore, already [Ni(bpy)3](PF6)2 provides an excellent
and very demanding benchmark for the validation of in-
teratomic potentials as they must reproduce the near equi-
valency of the crystal energetics. The crystallization behavi-
our of the heteropolymorphic series of [M(bpy)3](PF6)2

structures as a whole is even better suited to test the accu-
racy of empirical intermolecular atom2atom pair poten-
tials: It is anticipated that the calculated lattice energies for
β-[Ni(bpy)3](PF6)2 and for γ-[Ni(bpy)3](PF6)2 are very sim-
ilar, irrespective of the unknown absolute value. For [Ru-
(bpy)3](PF6)2 the racemic β-type, and for [Zn(bpy)3](PF6)2

the enantiomorphic γ-type, should be preferred energetic-
ally.

Rigid-Body Minimisations

Lattice-energy minimisations for these three compounds
applying the rigid body code MPA[9] (Molecular Packing
Analysis) in combination with four popular sets of inter-
molecular potentials, CFF91,[28] Williams,[29] UNI,[30] and
MM3,[31] yield very satisfying results (Tables 124).

In a first approximation, the quality of a set of intermol-
ecular atom2atom pair potentials for crystal structure cal-
culations can be judged by relaxing the experimental struc-
tures in the force field. When the experimental structure
does not change much upon minimising, the intermolecular
potentials are considered adequate. For a high quality set
of potentials small shifts of 122% in the cell edges are reas-
onable, since this is the typical range of thermal expansion.
Judging by this criterion, all experimentally observed crys-
tal structures (EXPTL crystal model) of both structure
types are satisfactorily reproduced by any of the four sets
of intermolecular potentials. The maximum relative error in
cell lengths is 2.2% (Table 124). Because our calculations
neglect thermal vibrations, a shrinkage of cell lengths would
have been expected. Actually, we observe quite a few cell
expansions upon relaxation. This is due to the fact that,
with the exception of β294-[Ru(bpy)3](PF6)2, all crystal
structures were determined at low temperatures. Neverthe-
less, with ‘‘true 0 K’’ empirical intermolecular potentials, a
shrinkage due to the effect of thermal expansion would still
be expected, since the experimental temperatures are always



Chiral Recognition Among Trisdiimine2Metal Complexes, 7 FULL PAPER
Table 1. Rigid-body lattice-energy minimisations, CFF91[28] potentials

[Ru(bpy)3](PF6)2 [Ni(bpy)3](PF6)2 [Zn(bpy)3](PF6)2
α105

[a] β294
[b] β200

[c] γ200
[c] β240

[c] γ200(1)[c] γ200(2)[c] β[d] γ200
[c]

EXPTL crystal model:
(a2aexp)/aexp [%] 20.6 21.6 21.0 20.4 21.3 20.4 20.4 2 20.6
(c 2 cexp)/cexp [%] 11.5 21.0 10.7 20.2 0.0 20.8 20.5 2 0.0
(V2Vexp)/Vexp [%] 10.3 24.2 21.3 21.0 22.6 21.6 21.3 2 21.1
EInter.[kJ/mol][e] 21287.3 21291.4 21289.4 21278.2 21288.5 21285.6 21286.0 21261.1 21279.9
CORR crystal model:
(a 2 aexp)/aexp [%] 20.6 21.6 21.0 20.1 21.2 10.0 0.0 2 20.1
(c 2 cexp)/cexp [%] 11.9 0.2 11.2 0.3 10.6 20.1 20.1 2 10.1
(V 2 Vexp)/Vexp [%] 10.6 23.1 20.8 0.1 21.8 20.1 0.0 2 10.0
EInter.[kJ/mol][e] 21284.2 21280.2 21283.1 21266.3 21280.2 21274.8 21274.0 21255.1 21270.0

[a] Ref.[25] 2 [b] Ref.[21,22] 2 [c] Ref.[1] 2 [d]Hypothetical. 2 [e] Per mol [M(bpy)3](PF6)2.

Table 2. Rigid-body lattice-energy minimisations, Williams[29][78] potentials

[Ru(bpy)3](PF6)2 [Ni(bpy)3](PF6)2 [Zn(bpy)3](PF6)2
α105

[a] β294
[b] β200

[c] γ200
[c] β240

[c] γ200(1)[c] γ200(2)[c] β[d] γ200
[c]

EXPTL crystal model:
(a 2 aexp)/aexp [%] 0.3 20.8 20.1 20.1 20.5 0.0 0.0 2 0.0
(c 2 cexp)/cexp [%] 1.5 21.1 0.4 0.1 20.2 20.1 20.2 2 0.0
(V 2 Vexp)/Vexp [%] 2.1 22.6 0.2 0.0 21.2 0.0 20.1 2 0.0
EInter.[kJ/mol][e] 21165.6 21170.2 21168.3 21166.1 21167.9 21173.0 21173.5 21146.8 21168.5
CORR crystal model:
(a 2 aexp)/aexp [%] 0.3 20.6 0.0 0.4 20.3 0.4 0.4 2 0.3
(c 2 cexp)/cexp [%] 1.7 20.2 1.0 0.4 0.4 0.0 0.2 2 0.3
(V 2 Vexp)/Vexp [%] 2.4 21.5 1.0 1.2 20.2 0.7 1.0 2 0.9
EInter.[kJ/mol][e] 21162.8 21160.2 21162.7 21156.4 21160.6 21163.7 21163.1 21141.4 21160.0

[a] Ref.[25] 2 [b] Ref.[21,22] 2 [c] Ref.[1] 2 [d] Hypothetical. 2 [e] Per mol [M(bpy)3](PF6)2.

Table 3. Rigid-body lattice-energy minimisations, UNI[30] potentials

[Ru(bpy)3](PF6)2 [Ni(bpy)3](PF6)2 [Zn(bpy)3](PF6)2
α105

[a] β294
[b] β200

[c] γ200
[c] β240

[c] γ200(1)[c] γ200(2)[c] β[d] γ200
[c]

EXPTL crystal model:
(a 2 aexp)/aexp [%] 0.7 20.3 0.4 0.8 0.1 0.9 1.0 2 0.7
(c 2 cexp)/cexp [%] 2.2 20.4 0.9 0.6 0.2 0.3 0.2 2 0.8
(V 2 Vexp)/Vexp [%] 3.7 21.0 1.7 2.2 0.4 2.2 2.1 2 2.3
EInter.[kJ/mol][e] 21151.1 21155.0 21153.5 21148.2 21153.1 21155.3 21155.7 21132.7 21151.2
CORR crystal model:
(a 2 aexp)/aexp [%] 0.8 20.1 0.6 1.2 0.2 1.3 1.3 2 1.2
(c 2 cexp)/cexp [%] 2.3 0.2 1.3 0.9 0.9 0.7 0.7 2 0.8
(V 2 Vexp)/Vexp [%] 4.0 0.0 2.5 3.4 1.3 3.2 3.3 2 3.1
EInter.[kJ/mol][e] 21148.5 21145.5 21148.1 21138.9 21146.2 21146.5 21145.9 21127.5 21143.2
∆ ECoul. [kJ/mol] 11.6 13.9 16.5
∆ Ed/r [kJ/mol] 220.8 214.0 20.8

[a] Ref.[25] 2 [b] Ref.[21,22] 2 [c] Ref.[1] 2 [d] Hypothetical. 2 [e] Per mol [M(bpy)3](PF6)2.

Table 4. Rigid-body lattice-energy minimisations, MM3[31] potentials

[Ru(bpy)3](PF6)2 [Ni(bpy)3](PF6)2 [Zn(bpy)3](PF6)2
α105

[a] β294
[b] β200

[c] γ200
[c] β240

[c] γ200(1)[c] γ200(2)[c] β[d] γ200
[c]

EXPTL crystal model:
(a 2 aexp)/aexp [%] 0.6 20.3 0.4 0.6 0.0 0.7 0.8 0.4 0.7
(c 2 cexp)/cexp [%] 1.7 21.2 0.3 20.1 20.2 20.2 20.1 3.5 0.1
(V 2 Vexp)/Vexp [%] 2.9 21.8 1.1 1.2 20.1 1.3 1.4 4.3 1.5
EInter.[kJ/mol][e] 21101.8 21105.2 21104.3 21101.4 21099.4 21102.2 21102.7 21082.1 21097.1
CORR crystal model:
(a 2 aexp)/aexp [%] 0.6 20.1 0.4 1.0 0.1 1.1 1.1 0.5 0.8
(c 2 cexp)/cexp [%] 2.0 20.4 0.8 0.4 0.5 0.0 0.3 3.7 0.6
(V 2 Vexp)/Vexp [%] 3.2 20.6 21.6 2.4 0.6 2.1 2.5 4.8 2.3
EInter.[kJ/mol][e] 21099.7 21097.4 21099.9 21094.2 21093.8 21095.4 21095.1 21077.9 21090.7

[a] Ref.[25] 2 [b] Ref.[21,22] 2 [c] Ref.[1] 2 [d] Hypothetical. 2 [e] Per mol [M(bpy)3](PF6)2.
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well above 0 K. However, although temperature is not expli-
citly considered, some thermal effects have been subsumed
into the interatomic potentials during their fitting to experi-
mental observables which were mostly determined at room
temperature. As discussed in more detail by Gale,[32] mod-
ern-day potentials correspond to an effective temperature
which is a weighted average of the temperatures at which
the different pieces of data were measured. The simulations
therefore should rather be called athermal, and this might
explain the observed cell expansions upon relaxation.

The lattice energies calculated for the three compounds
[M(bpy)3](PF6)2 (M 5 Ru, Ni, Zn) in the two basic struc-
ture types (β and γ) cover only a small energy range despite
the drastically differing packing topology. This result, in
combination with the uncertainty in the model potential
would render it impossible to estimate the relative stability
of the two polymorphs of any singular compound and the
reliability of such a conclusion without further evidence.
However, we can take advantage of the additional observa-
tion that only the Ni compound crystallizes concomitantly
in both structure types. Therefore, for [Ni(bpy)3](PF6)2 both
structure types are expected to be energetically equivalent,
while for [Zn(bpy)3](PF6)2 the γ-type, and for [Ru-
(bpy)3](PF6)2 the β-type, should be energetically favoured.
It is a very fortunate coincidence that, within this series of
complexes, it is possible to switch between the two topolo-
gically different polymorphs by simply substituting the
central metal atom. If this experimentally observed crystal-
lization behaviour within this unique heteropolymorphic
series of [M(bpy)3](PF6)2 (M 5 Ru, Ni, Zn) compounds is
reflected in the predicted relative stability of the two poly-
morphs, even small lattice-energy differences may be re-
garded as significant. Furthermore, since the transition be-
tween the α- and the β-structure for [Ru(bpy)3](PF6)2 is
driven by cooling and therefore by entropy, a ‘‘0 K’’ static
lattice energy minimisation should predict the α-structure
to be more stable.

Judging by this energy criterion all four sets of empirical
intermolecular potentials perform well again. The max-
imum energy difference between the γ- and the β-structure
for the Ni compound is observed with the Williams poten-
tials (5.1 kJ/mol, Table 124, EXPTL crystal model). Also,
all four potential sets predict the relative stability of the
two polymorphs for the Ru and the Zn compound correctly.
However, for the Williams, the UNI, and the MM3 poten-
tial sets, the β- and γ-structures for [Ru(bpy)3](PF6)2 are
getting almost as close in energy as for [Ni(bpy)3](PF6)2.
None of the intermolecular potential sets predicts α-[Ru-
(bpy)3](PF6)2 to be lower in energy than β-[Ru(bpy)3](PF6)2.

Although all four intermolecular force fields have been
calibrated by using some experimentally determined sub-
limation enthalpies, the absolute values for the calculated
lattice energies differ considerably (up to 15%).

It is difficult to quantify precisely the uncertainties asso-
ciated with this rigid body approach. The lattice energies as
defined by the intermolecular interactions are rather sensit-
ive to the particular rigid molecular structures (see also next
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two sections) that are put into the starting configuration.
These molecular structures may vary due to experimental
errors and, more importantly, due to tiny conformational
changes induced by the interplay of intramolecular and in-
termolecular forces, which in turn is dependant on temper-
ature. To explore the effect of such methodical uncertainties
in the molecular structures on the results of the lattice en-
ergy minimisations, the lattice energy for γ-[Ni(bpy)3](PF6)2

was calculated for two starting structures which were deter-
mined at the same temperature (200 K) using two data sets
sampled on different crystals [γ200(1) and γ200(2)[1]]. The lat-
tice energies for these two starting structures determined
at the same temperature differ by less than 0.5 kJ/mol. To
investigate minor modifications in the molecular shapes in-
duced by temperature-dependant packing requirements the
lattice energy for the racemic [Ru(bpy)3](PF6)2 structures
was not only calculated for the α-type (105 K, α105)[25] and
the β-structure determined by Rillema at 294 K (β294),[22]

but also for a structure determined at an intermediate tem-
perature (200 K, β200),[1] that is still well above the onset of
the phase transition to the low-temperature modification.
The variation of the calculated lattice energies increases by
up to 2 kJ/mol. Since the lattice energies are compared for
structures determined at different temperatures, this may be
regarded as the error in the intermolecular lattice energy
inherent in this rigid body approximation.

Influence of Systematic Errors in Molecular Structures

Next, the effect of a systematic error on lattice energies
calculated within the rigid body approach shall be taken
into account which is contained in input molecular struc-
tures determined by X-ray structure analysis. Cruishank
noted as early as 1956 that rotational oscillations of rigid
molecules or moieties in crystals cause the apparent atomic
positions to be slightly displaced from the true position to-
wards the rotation axis.[33] X-ray analysis locates the centro-
ids of atomic distributions that are undergoing vibrations.
Distances calculated from these mean positions are shorter
and cannot be interpreted directly as interatomic distances.

Approximately spherical molecules like [PF6]2 are espe-
cially prone to be affected by this systematic error. When
comparing Ru2N distances as determined by different
structure determinations of [Ru(bpy)3](PF6)2 with the cor-
responding P2F bond lengths (Table 5) it is striking that
the variation in bond length is up to an order of magnitude
larger in the complex anion than in the cation.

From the principal axis directions and mean-square lib-
ration amplitudes (eigenvectors and eigenvalues of L) calcu-
lated from the anisotropic displacement parameters re-
ported for LiPF6

[34] a true experimental bond length of
1.61 Å can be estimated for the P2F bond in [PF6]2. From
a comparison with the uncorrected values a considerable
shrinkage effect due to librational motion is evident. The
apparent shortening of the P2F bond as observed in struc-
ture determinations of [Ru(bpy)3](PF6)2 can be up to 0.08
Å. Thus the molecular dimension of the hexafluorophos-
phate anion obtained by X-ray crystal structure analysis is
considerably in error unless corrected for the effect of mo-
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Table 5. Variance of Ru2N and P2F distances in different struc-
ture determinations of [Ru(bpy)3](PF6)2

Structure β294
[a] β200

[b] α105
[c] γ200

[b]

type

Site D3 D3 C3 C1
symmetry
Independ. A B C
site
Ru2N [Å] 2.056 2.048 2.052 2.053 2.053 2.049

2.053 2.053 2.053 2
2.069

P2F [Å] 1.549 1.570 1.583 1.527
1.568 1.593 2 2

1.618 1.614

[a] Ref.[21,22] 2 [b] Ref.[1]. 2 [c] Ref.[25]

lecular libration. Since the complex cations are effected to
a much lesser extent by molecular libration, no corrections
were applied to their molecular shape. When expanding the
P2F vector in the starting structures to a reasonable value
of 1.61 Å (CORR crystal model) considerable shifts in the
calculated lattice energies are observed (Table 124). The
maximum shift as compared to the EXPTL crystal model
is observed for γ-[Ru(bpy)3](PF6)2 in connection with the
CFF91 potentials and amounts to 11.9 kJ/mol. When re-
calling that 10 kJ/mol is an energy range within which, usu-
ally, many theoretical polymorphs are predicted, it becomes
obvious that correction of the observed molecular structure
does indeed matter and should not be neglected.

Also, calculated lattice energies are in much better agree-
ment with the observed crystallization behaviour for the
CORR crystal model than for the EXPTL crystal model.
The energy differences between β-[Ni(bpy)3](PF6)2 and
γ200(1)-[Ni(bpy)3](PF6)2 become 5.4 kJ/mol, 3.1 kJ/mol,
0.3 kJ/mol and 1.6 kJ/mol for the CFF91, Williams, UNI,
and MM3 potentials, respectively. All four sets of empirical
intermolecular potentials predict the γ-type to be signific-
antly lower in energy than the β-type for [Zn(bpy)3](PF6)2.
β-[Ru(bpy)3](PF6)2 is not only predicted to be more stable
than γ-[Ru(bpy)3](PF6)2, the energy gap between the two
structure types also increases after applying the correction.
Moreover, the CFF91, Williams, and UNI potentials even
predict α-[Ru(bpy)3](PF6)2 to be slightly more stable
(1002400 J) than β200-[Ru(bpy)3](PF6)2.

Although the dispersion/repulsion parameters used with
the four tested intermolecular force fields have not been op-
timised for this class of organometallic compounds, the po-
tentials yield an excellent agreement with experiment. The
atom centred monopoles give an accurate enough descrip-
tion of the electrostatic potential, and even anisotropic elec-
trostatic interactions, such as the important π2π interac-
tions, are satisfactorily represented. Quadrupole2
quadrupole interactions from the π electrons are not expli-
citly included into the electrostatic model, but they get sub-
sumed into the monopole2monopole interactions. Also,
the assumed isotropic atom2atom form for the repulsion
appears to be adequate to describe the stacking of aromatic
rings as observed in the γ-structure[1] even though the
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charge density in these regions is known not to be spher-
ical.[35]

This satisfying result encourages further interpretation
with respect to crystal engineering. Recognition of special
interactions and recurring intermolecular motifs in molecu-
lar crystals offers the opportunity of classification, but
quantifying the interaction strengths provides a deeper un-
derstanding than sheer geometry — there is no such thing
as a pure and simple structure-defining interaction. With
respect to the intermolecular interaction patterns the β- and
γ-structure differ most significantly in the particular
C2H···π-interaction realised. In the β-modification T-
shaped π2π interaction[36238] contacts along the racemic
columns with colinear C3 axes are observed, while in the γ-
type shifted π-stacks occur along the complex cation col-
umns running along c (Figure 5a and 5c in ref.[1] respect-
ively). Since these two mutual arrangements also allow for
an effective penetration of adjacent molecules, it cannot
even be decided from geometry alone whether these
C2H···π-interactions have to be realised or just happen to
be there because of the complementarity of molecular sur-
faces and thus packing efficiency. It is unclear whether the
dispersion/repulsion- or the electrostatic C2H···π-interac-
tions are predominantly responsibly for these two intermol-
ecular interaction patterns. As the implied energies are
small, a sound proof of this cannot be given without quant-
itative calculations. The calculated lattice energies may
therefore be used to examine the relative strength, ener-
getics and structural influence of these two different inter-
molecular interactions.

A comparison of the relative size of the dispersion/repul-
sion (∆Ed/r) and the electrostatic (∆ECoul.) contribution to
the total lattice energy is revealing with respect to the relat-
ive significance of the C2H···π-interactions (Table 3,
CORR crystal model). On one hand, the Coulomb energy
would prefer the γ-structure for all three compounds. This
is not provoked by the arrangement of the ions, which in
fact is very similar in both structures and would actually
give a larger Coulomb energy for the β-arrangement: put-
ting charges of 12 and 21 at the corresponding positions
of the Ru and the P atom gives Madelung energies of
21000.4 kJ/mol and 2998.0 kJ/mol for the β200- and γ-ar-
rangement, respectively. Consequently, the electrostatic
preference of the γ-type must be founded in local electro-
static contributions, i.e. C2H···π- or C2H···F-interactions.
Unfortunately, these two cannot be further separated. The
differing MEPs for the three cations contribute towards the
observed differences in ∆ECoul.. On the other hand, the dis-
persion/repulsion contribution to the total lattice energy fa-
vours the β-type for all three compounds. The differing size
of the complex cations is subsumed into this energy term
via the repulsion. While ∆ECoul. increases moderately when
going from [Ru(bpy)3](PF6)2 to [Ni(bpy)3](PF6)2 and to
[Zn(bpy)3](PF6)2, ∆Ed/r drops sharply. With large cations
(e.g. M 5 Zn) only the γ-type, and with small cations (e.g.
M 5 Fe, Ru) only the β-type, is observed. By chance the
differences happen to cancel with M 5 Ni and consequently
both structures crystallize concomitantly. Although the
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C2H···π- and C2H···F-contributions to the Coulomb en-
ergy cannot be separated, these results indicate that
C2H···π-interactions have a larger relative weight in the
concert of intermolecular interactions in the shifted π-stack
geometry realised in the γ-structure than in the T2shaped
(edge-to-face) arrangement in the β-structure. This result
contradicts the importance assigned by Dance[39] to such
concerted T-shaped arrangements with regard to the mo-
lecular recognition between [M(bpy)3]n1. This supramolec-
ular motif was even given a distinct name, ‘‘sextuple aryl
embrace’’. Instead, our lattice energy calculations are in line
with the experimental evidence presented by Wilcox[40,41]

that suggests that the electrostatic potential of the aromatic
ring is not a dominant aspect of the edge-to-face aryl2aryl
interaction, but that London dispersion forces should be
the predominant driving force for this type of interaction.

However, it should be kept in mind that the experimental
crystal structures cannot be explained by a single type of
interaction but result from an interplay between all the dif-
ferent interactions, both weak and strong.

Flexible Body Minimisations

From a comparison of the lattice energies calculated for
β200-[Ru(bpy)3](PF6)2 and β294-[Ru(bpy)3](PF6)2 it is al-
ready evident that even the very limited conformational
flexibility inherent in [M(bpy)3]21 does play some role and
that the subtle interplay between the molecular structure
and the crystal structure may be significant even for these
rather rigid molecules. When molecules are conforma-
tionally flexible, the intramolecular energy difference be-
tween the two solid phases has to be included in the total
energy, since the crystal structure molecular conformers are
not necessarily the lowest energy conformers.[42,43] However,
this requires an accurate balance between inter- and intra-
molecular potentials.

To get an idea of the significance of the intramolecular
term, we have performed single-point density-functional
calculations, although there are justified concerns about
calculating the relative stability of conformers using ab in-
itio methods on molecules with a fixed geometry.[42] Such
single-point calculations are very sensitive to slight errors
in the experimental bond lengths and angles. These errors
may be of varying magnitude for different structure deter-
minations and, consequently, this will bias the results in an
unpredictable way. However, α-[Ru(bpy)3](PF6)2 offers the
rare opportunity of three crystallographically independent
complex cation sites with slightly varying molecular shapes
(see intramolecular parameters given in Table 6), which
should be of comparable accuracy. These three sites differ
most significantly in the torsional angles around the
pyridine2pyridine bond (py2py). The ab initio energies for
the three different crystallographic sites in the gas phase
already differ by 5.3 kJ/mol which is of similar magnitude
to the lattice-energy differences observed in the rigid body
approach. This result suggests that one might have to worry
about intramolecular contributions even though
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Table 6. Molecular geometries and (cluster) energies of the inde-
pendent cation sites in α-[Ru(bpy)3](PF6)2

[25]

Independent site A B C

M2N [Å] 2.052 2.053 2.053
2.053 2.053 2.053

µ [°][a] 78.65 78.56 78.59
[°][a] 89.51 89.88 89.90

ν [°][a] 95.05 96.56 96.77
97.18 95.44 95.17

npxyz2cpp2cpp2npxyz [°][a] 6.02 4.61 8.39
cp2cpp2cpp2cp [°][a] 11.53 13.07 6.74
py2py [°][a] 9.73 10.26 9.01
ligand bite [Å][a] 2.601 2.599 2.601
b[b] 1.267 1.266 1.267
2Θ [°][c] 51.2 51.1 51.5
µ2t1 [Å][d] 1.074 1.067 1.026
µ2t2 [Å][d] 1.036 1.041 1.075
t12M2t2 [°] 180.0 180.0 180.0
S [Å][e] 3.051[f] 3.051[f] 3.053[f]

A 5 α1 1 α2 [°][a] 228.7 228.7 228.6
B 5 β1 1 β2 [°][a] 247.6 246.9 247.7
∆max [Å][g] 0.037 0.037 0.018
E(DMol) [kJ/mol] 229618.8 229618.8 229624.1
Erel.(DMol) [kJ/mol] 5.3 5.3 0
E(CFF91) [kJ/mol] 118.8 118.4 117.6
Erel.(CFF91) [kJ/mol] 1.2 0.8 0

[a] For labelling scheme see Figure 1. 2 [b] Normalised ligand bite.
2 [c] Trigonal twist. 2 [d] Distances between the central atom and
the centre of gravity of the trigonal faces formed by N atoms of
the bpy ligands. 2 [e] Edge length of the basis of the trigonal anti-
prism. 2 [f] Averaged in D32symmetry. 2 [g] Maximum deviation
from the best plane within a single pyridine ring.

Figure 1. Labelling scheme of geometrical parameters and atom
types listed in the Tables

[M(bpy)3]21 cations display only very limited conforma-
tional flexibility.

Unfortunately, reliable molecular mechanics parameters
for RuII2polypyridyl coordination compounds have up to
now only been developed within the context of the MM3*
force field in MacroModel.[44] However, this package does
not allow lattice-energy calculations with accelerated con-
vergence techniques. Therefore, we derived molecular mech-
anics parameters within the context of the CFF91 force
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field, which subsequently permits lattice energy minimisa-
tions employing Cerius2OFF.[45] This program uses Ewald
summation methods for evaluation of the electrostatic- and
the dispersion term yielding lattice energies of the same pre-
cision as obtained by MPA in the rigid body approach.

In order to accurately reproduce structures and energies
by a molecular mechanics force field, information about the
exact shape of the intramolecular potential energy surface
(PSE) has to be used in the fitting of the force field.[46] Mass
weighted Hessian elements calculated by Quantum Mech-
anics (QM) supply a wealth of information about the PSE
and can be included very efficiently in parametrizations.
However, it is important to realise that systematic errors in
the QM method will be reproduced by the force field. This
may be counteracted by simultaneous use[44,46249] of struc-
tural information contained in experimentally determined
molecular structures. Here, it should be kept in mind that
these structures might be influenced by crystal packing[50]

and by systematic errors caused by thermal motion, as dis-
cussed earlier. The relative weighting factors for QM and
experimental ‘‘observables’’ employed in the fitting of the
Ru force field parameters (Table S8) and the optimised
parameters (Tables S92S12) are given in the supporting in-
formation.

Unfortunately, there are not enough reliable experimental
parameters available in the literature that could be used in
the parametrization of the anion (see discussion in the pre-
vious section). Furthermore, density functional methods
applied to [PF6]2 in the gas phase give equilibrium bond
lengths that are longer (1.648 Å) than the values observed
in crystal structures. Therefore, the equilibrium bond length
has to be shifted after fitting (r0 5 1.61 Å). The optimised
force-field parameters for [PF6]2 are also listed in the sup-
porting information (Table S13).

The ab initio energies calculated for the three independ-
ent sites in α-[Ru(bpy)3](PF6)2 may be used as a first
benchmark that might confirm the accuracy of the derived
force field. DMol[53] and CFF91 energies are indeed con-
sistent (Table 6), suggesting that, to a first approximation,
the intramolecular potential energy landscape is adequately
described by the force field. Structural overlays of molecu-
lar structures as observed in the two crystal structures and
as minimised in the context of the force field show only
minor deviations (Figure 2) and indicate that intra- and in-
termolecular interactions are quite satisfactorily balanced.

Nevertheless, the flexible-body model fails to produce the
correct order in lattice energies for β200-[Ru(bpy)3](PF6)2

and γ-[Ru(bpy)3](PF6)2. The energy difference between the
γ- and the β-type drops from 16.8 kJ/mol to 28.5 kJ/mol
when going from the rigid body to the flexible body model
(Table 1, CORR crystal model and Table 7). At first glance
the optimised unit-cell dimensions are still in satisfying
agreement with those determined by experiment. Also, the
experimental intramolecular parameters listed in Table 8
are well reproduced. There is only one py2py torsion in the
γ-modification that stands out by differing by 8.1° from the
experimental value. The valence terms of the energies are
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Figure 2. Stereo view of overlayed experimental (black) and mo-
lecular mechanics minimised (grey) molecular structures of
[M(bpy)3]21 in the β- (a) and γ-modification (b), respectively

Table 7. Flexible-body lattice-energy minimisations, CFF91 poten-
tials

β200 γ200

(a 2 aexp)/aexp [%] 20.5 10.4
(c 2 cexp)/cexp [%] 2.6 22.2
(V 2 Vexp)/Vexp [%] 11.7 21.4
ETotal [kJ/mol][a] 2857.7 2866.2
ECoul.[kJ/mol][a] 2544.2 2558.2
EDisp./Rep.[kJ/mol][a] 2349.6 2344.3
EValence[kJ/mol][a] 36.1 36.3
EInter.[kJ/mol][a] [b] 21280.4 21290.8

[a] Per mol [M(bpy)3](PF6)2. 2 [b] Calculated employing MPA.

actually very similar in both polymorphs (36.1 kJ/mol and
36.3 kJ/mol for β- and γ-type, respectively).

The decisive change when going from the rigid- to the
flexible-body model happens in the intermolecular energy
[note that the nonbonding energies calculated in the mo-
lecular mechanics approach (Table 7) contain intramolecu-
lar contributions!]. While the intermolecular lattice energy
as calculated with MPA for the flexible body minimised
β200-[Ru(bpy)3](PF6)2 structure is very similar to the one
observed in the rigid body approach (21280.4 kJ/mol ver-
sus 21283.1 kJ/mol), it changes considerably for flexible
body minimised γ-[Ru(bpy)3](PF6)2 (21290.8 kJ/mol versus
21266.3 kJ/mol). When taking a closer look at both the
intra- and the intermolecular parameter differences (Table 8
and 9), an interesting correlation becomes evident. In com-
parison to the experimentally observed molecular structure
in the γ-type, the relaxed cation is somewhat higher along
the pseudo2C3 axis as indicated by the M2t1 and M2t2
distances (1.102 Å and 1.103 Å) and slightly thinner per-
pendicular to it (S 5 3.012 Å). In other words, the cation
is stretched out along the pseudo-C3 axis. Since the pseudo-
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Table 8. Comparison of experimental (exp.) and flexible-body-
minimised (fmin., CFF91 force field, Cerius2OFF) intramolecular
geometrical parameters for [Ru(bpy)3](PF6)2

β200
exp β200

fmin γ>200
exp γ>200

fmin

M2N [Å] 2.048(2) 2.045 2.058(4) 2.057
2.065(3) 2.061
2.066(4) 2.060
2.067(4) 2.060
2.061(3) 2.061
2.063(4) 2.057

µ [°][a] 78.74(8) 80.29 79.29(12) 80.16
78.41(15) 79.85
79.14(12) 80.17

[°][a] 89.51(9) 90.44 92.12(16) 93.37
91.40(12) 92.17
89.36(13) 92.17

ν [°][a] 96.08(9) 94.82 94.78(15) 93.51
95.43(13) 92.56
96.75(13) 95.93
93.43(12) 92.55
94.95(16) 93.51
96.59(12) 95.93

ligand 2.598(3) 2.637 2.631(5) 2.651
bite[Å][a] 2.612(5) 2.644

2.627(5) 2.651
b[b] 1.269(2) 1.289 1.271(4)[c] 1.286[c]

2Θ [°][d] 51.6(1) 51.9 50.5(2)[c] 49.9[c]

µ2t1 [Å][e] 1.050(4) 1.077 1.068(4) 1.102
µ2t2 [Å][e] 1.050(2) 1.077 1.082(4) 1.103
t12M2t2 [°] 180.0 180.0 179.3(2) 179.3
S [Å][f] 3.046(3) 3.011 3.050[c] 3.012[c]

py2py [°][a] 8.81(13) 10.58 6.7(2) 14.8
9.4(2) 8.1
12.7(3) 14.8

α1 1 α2 [°][a] 228.9(4) 233.0 230.0(7) 233.7
229.4(8) 233.5
230.7(7) 233.7

β1 1 β2[°][a] 247.9(4) 244.2 246.4(8) 242.4
247.7(8) 243.4
246.3(8) 242.5

∆max [Å][g] 0.019(2) 0.032 0.028(4) 0.028

[a] For labelling scheme see Figure 1. 2 [b] Normalised ligand bite.
2 [c] Averaged in D32symmetry. 2 [d] Trigonal twist. 2 [e] Dis-
tances between the central atom and the centre of gravity of the
trigonal faces formed by N atoms of the bpy ligands. 2 [f] Edge
length of the basis of the trigonal antiprism. 2 [g] Maximum devi-
ation from the best plane within a single pyridine ring.

C3 axes of the complex cations in the γ-type lie approxim-
ately in the ab plane, the a and b axes expand upon minimis-
ation in the context of the flexible body force field, while
the c axis shrinks relative to the experimental values. In the
rigid-body minimisation it is the other way around. As a
consequence the cation2cation distance along the columns
is too short by 0.2 Å (Table 9). The prominent change in
one of the py2py torsions is probably the outgrowth of an
intramolecular adjustment to this alteration in intermolecu-
lar geometry. Even though other small distortions occur to
the molecular shape upon minimisation, it appears that
changing this critical molecular parameter of relative height
by a tiny amount of a few hundredths of an angström al-
ready induces a different ranking of the two polymorphs.
As a consequence, one has to realize that a successful crys-
tal structure prediction requires an accuracy in the deter-
mination of the underlying molecular shape that certainly
overtaxes the best force fields and even QM methods cur-
rently available. Apparently, some force constants for intra-
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molecular distortions are predicted to be too weak in the
DFT calculations. Consequently, errors are introduced in
the MM force field, since the force field cannot give better
results than the data that went into its derivation. It should
be noted that, due to its corrugated shape, [Ru(bpy)3]21 dis-
plays quite a few intramolecular inter-ligand contacts which
are less than the van der Waals separation. Therefore, the
electron-density distribution in these rather remote inter-
ligand regions needs to be represented accurately in order
to get a realistic picture of nonbonding intramolecular con-
tributions to the PES, which in turn greatly influence the
relative positions of the ligands. It is a well-known fact that
present day DFT is struggling with the long-range behavi-
our of the electron density.[54,55]

Table 9. Comparison of experimental (exp.), rigid-body- (rmin.,
CFF91 force-field, MPA), and flexible-body-minimised (fmin.,
CFF91 force-field, Cerius-OFF) intermolecular geometrical para-
meters for [Ru(bpy)3](PF6)2

β200
exp β200

rmin β200
fmin γ>200

exp γ>200
rmin γ>200

fmin

M···Mcolumn [Å] 8.1494(5) 8.247 8.363 8.7601(6) 8.782 8.559
M···Mlayer [Å] 10.6453(6) 10.542 10.596 10.3809(7) 10.373 10.427
M···P [Å] 6.4422(5) 6.365 6.431 6.281(2) 6.279 6.445

6.249(2) 6.248 6.445
6.389(1) 6.387 6.621
6.500(2) 6.498 6.332
6.802(2) 6.800 6.332
6.845(2) 6.843 6.621

Conclusions

Polymorphism may be of considerable benefit to crystal
engineering. Polymorphic systems provide unique oppor-
tunities to study the competition between different inter-
molecular interaction patterns and correlations between
changes in molecular structure and crystal packing. This is
especially true if concomitant crystallization is observed.

Our calculations reproduce quite reasonably the crystal-
lization behaviour observed in this heteropolymorphic sys-
tem of [M(bpy)3](PF6)2 (M 5 Ru, Ni, Zn). We conclude
that the state-of-the-art approach and all four tested sets
of empirical intermolecular atom2atom pair potentials are
adequate for this class of organometallic compounds. When
starting with the most accurate crystal structures, deter-
mined at low temperature and corrected for apparent bond
shrinkage due to librational motion, significantly lower lat-
tice energies are calculated for the experimentally observed
packing topologies. Where two polymorphs crystallize con-
comitantly, similar lattice energies result for both structures.
However, since the rigid body approach requires molecular
geometries from crystal structure determinations it involves
no predictive power.

A comparison of the relative size of the dispersion/repul-
sion (∆Ed/r) and the electrostatic (∆ECoul.) contribution to
the total lattice energy suggests that the electrostatic poten-
tial of the aromatic ring is not a dominant aspect of the
edge-to-face aryl2aryl interaction. Certainly, concerted T-
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shaped arrangements are not the electrostatically favoured
molecular recognition motif between [M(bpy)3]n1.

The essence of the crystal structure prediction difficulties
is the close proximity of several possible crystal structures
for the same compound. The investigated compounds rep-
resent a good example of a system where a small change in
molecular geometry already induces a qualitatively different
crystal packing. Changing the M2N bond length by a few
hundredths of an angström is therefore relevant. Even mod-
est changes in molecular size or shape, which only induce
slightly different intermolecular distances, have a drastically
amplified effect on the lattice energy in these molecular salts
due to the long range interactions.

Implications to crystal structure and polymorph predic-
tion strategies are considerable, since either known molecu-
lar structures determined by XRD or gas phase structures
optimised at various levels of theory are employed as input
to the packing and search algorithms used. These results
suggest that routine polymorph prediction may be more se-
verely hampered by inaccuracies in molecular structures
than by inadequacies in the empirical intermolecular poten-
tials. The key to a successful structure prediction is there-
fore input of the most accurate molecular structures.

In this respect it cannot be stressed too strongly that mo-
lecular dimensions obtained by X-ray crystal structure ana-
lysis in general may be considerably in error unless cor-
rected for the effect of libration. In extreme cases, like for
spherical molecular ions such as hexafluorophosphate, the
bond length errors due to this effect may exceed 0.1 Å. Of
course, errors of such magnitude in the molecular shape
and/or size matter when trying to predict the relative
stability of polymorphs.

Furthermore, X-ray structures used for deriving inter-
and intramolecular force fields should be carefully checked.
Low temperature determination may be given a higher
weighting factor, while structures that suffer from any kind
of disorder should be excluded. In the generation of mo-
lecular structures for polymorph prediction even high level
ab initio calculations may not be accurate enough. Cer-
tainly, the extreme sensitivity of the lattice energy to the
molecular shape in such molecular salts tests the limits of
current day intramolecular force fields. Even with molecules
of very limited conformational flexibility, a balanced de-
scription of intra- and intermolecular interactions proves to
be a difficult task. The situation gets still more difficult with
more flexible molecules where a precise balance between
intra- and intermolecular interactions is required.

Aside from the problems inherent in the accuracy of in-
put molecular structures and force fields, the purely ther-
modynamic approach ignores the fact that the kinetics of
crystal nucleation may be actually responsible for selecting
those polymorphs that will be found experimentally. This
will require a deeper understanding of molecular recogni-
tion and self-organisation in the polymolecular subcritical
nuclei present in supersaturated solutions[56,57] and the ef-
fect of solvent2solute interactions on nucleation.[58] It is
reassuring that the presented results give confidence that
modern day intermolecular potentials should be accurate
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enough to realistically model nucleation kinetics for these
organometallic compounds.

Experimental Section

Computational Methods
Crystal Structure Models: Two types of crystal models were con-
structed for each polymorph of [M(bpy)3](PF6)2 ( M 5 Ru, Ni, Zn)
using different molecular structures. The EXPTL crystal model
used the experimental structures as reported in the literature and
the preceding paper,[1,21,22,25] but corrected for well-recognised in-
adequacies of X-ray determination by positioning the hydrogen
atoms at a bond length of 1.09 Å. Secondly, in the CORR crystal
model the P2F bond length was also corrected for the apparent
shortening caused by librational motion of the almost spherical
anion. Applying the PLATON package[59] the principal axes and
eigenvalues of the molecular libration tensor L and of the transla-
tion tensor T were estimated together with components of a tensor
S that allows for the quadratic correlation between librational and
translational motion[60] from the atomic displacement parameters
(ADPs or Uij tensor components). Since the polymorphs of
[M(bpy)3](PF6)2 are affected to a different extent by static and dy-
namic disorder, this TLS analysis was applied instead to LiPF6 for
which a very precise structure determination has been reported in
the literature.[34]

The hypothetical starting structure for β-[Zn(bpy)3](PF6)2, which is
inaccessible experimentally, was obtained by averaging the molecu-
lar parameters of [Zn(bpy)3]21 as observed in γ-[Zn(bpy)3](PF6)2

in D3-symmetry and importing this molecular structure into the
structure of the Ru2analogue.

Electrostatic Model: The MEPs of the complex anions and cations
were represented by point charges positioned at the nucleus of the
atoms. As most widely used, point charges were fitted to the
quantum mechanically calculated MEP[61] employing the program
POL.[62] The net charge was constrained using a Lagrange multipl-
icator and least-squares fits were performed for points given on a
rectangular grid (0.2 Å spacing) in a 0.7 Å thick layer outside the
van der Waals surface. For the cation, the charge of the well-buried
central atom was fixed to its Hirshfeld partition value.[63] Sym-
metry-equivalent atoms were averaged. The partial charges listed
in the supporting information (Tables S1 and S2) reproduce the
MEPs quite well, as indicated by the low relative root-mean-square
values (, 3% for cations and 5.1% for [PF6]2) for the fits and
should be well suited to represent the electrostatic interactions. The
MEPs were calculated applying the density functional code
DMol.[53] Molecular geometries for the single-point calculations
were taken from X-ray structures with H atoms recalculated at
idealised positions (C2H 5 1.09 Å) and no symmetry restrictions
were applied. We used DNP basis sets with inner cores frozen, a
FINE integration grid, and the Vosko, Wilk, Nusair[64] parametriz-
ation of the correlation energy in the homogenous electron gas. The
local spin-density approximation was used in SCF iterations and
gradient corrections were added in a pertubative approach using
the functionals proposed by Perdew and Wang[65] and Becke[66] for
the correlation and exchange, respectively. The same approach was
used for the single point energy calculations given in Table 6.

Rigid Body Minimisations: Within the rigid-body approach, molec-
ules were considered to be rigid. The lattice energy was expressed
as being purely intermolecular, and was calculated as the sum of
intermolecular coulombic, dispersion and repulsion interactions
between individual atom sites.
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Applying the code MPA[9] the starting crystal models were relaxed
using the method of static lattice energy minimisation with periodic
boundary condition, which calculates the structure corresponding
to the nearest energy minimum[9][67269] in the context of a given set
of interatomic potentials. The crystal structure was specified by six
unit cell constants, three molecular rotation angles, and three xyz
coordinates specifying the molecular centre. The site symmetry of
molecules consequently needs to be lowered to C1. Parameters re-
lated by space group or symmetry are connected by constraints.

The program calculates first (gradient) and second (Hessian) deriv-
atives with respect to the above-mentioned variables. To remove
imaginary modes from the Hessian, the program automatically se-
lects energy minimisation by the OREM (off-ridge eigenvector
minimisation[70]) method. If the Hessian is positive definite the NR
(Newton2Raphson) method is used.

For evaluation of the slowly converging electrostatic and dispersion
terms, accelerated convergence techniques are applied,[71] while the
repulsion term is summed in real space (cut-off 15 Å).

It is a well-known fact that the lattice energy of a polar crystal,
where the unit cell has a non-zero dipole moment, depends in prin-
ciple on the external shape of the crystal.[72] Consequently, the lat-
tice energy of the polar γ-modification cannot be given precisely
unless the form of the crystals is specified. However, the γ-structure
displays only a very small dipole moment {(e.g. 20.8008 eÅ for
γ200(1)2[Ni(bpy)3](PF6)2}. Using the correction term derived by
Smith[73] with the assumption of a spherical crystal (2πp2/3V, with
p and V being the dipole moment and the volume of the unit cell)
a minor correction of 0.26 kJ/mol would apply for the total lattice
energy. Therefore, no correction was applied to the values given in
the Tables.

Four popular sets of empirical intermolecular potentials,
CFF91,[28] Williams,[29], UNI,[30] and MM3,[31] were tested. It
should be mentioned that all but the MM3 set are lacking some
parameters and needed to be supplemented with parameters from
other sources. Also, MPA will not allow the use of explicit para-
meters for mixed interactions, but instead uses combination rules
to deduce these. Further, the combination rules are restricted to the
common terms, Aij 5 (AiAj)1/2, Bij 5 (BiBj)1/2, Cij 5 (Ci 1 Cj)/2,
more elaborate rules as implemented in the CFF91 force field could
not be used. Explicit values and details are given in the supporting
information (Table S3).

Flexible Body Minimizations: The parametrization was performed
according to the new method developed by Norrby and Liljefors
with simultaneous use of experimental and quantum mechanical
data.[44,46249] A slightly modified penalty function[51] from the one
used for the MM3* parametrization[44] was applied. Inverse dis-
tances were utilised instead of bond and torsion angles. The
weighting factors employed are given in the supporting information
(Table S8). Starting with the MM3* values, the stretching, bending,
and torsional parameters involving ruthenium were optimised by
minimising the penalty function using numerical NR techniques.[47]

The same mass-weighted Hessian elements and structural data ap-
plied in the previous derivation of the MM3* parameters were used
in the fit. Starting values involving the coordinating N2atom types
(npx, npy, npz) were taken from the CFF91[28] force field (np). The
subscript is needed in order to be able to differentiate between cis
and trans configurations in the angle-bending term, otherwise the
atom types are equivalent and they are abbreviated npxyz. Further-
more, the original CFF91 force field contains no appropriate atom
type for the pyridyl2pyridyl bridge (cpp). This new atom type was
also included in the fitting procedure. The starting values were
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taken from the corresponding atom type for biphenyl as contained
in CFF95 (cpb).[74]

Parameters for the anion [PF6]2 were derived in a consistent way.
The geometry was fully optimised in Oh symmetry, whereupon the
Hessian was calculated numerically. The mass-weighted Hessian
elements were used in the parametrization. Calculations employed
the Gaussian94[75] program. The B3LYP[76][77] hybrid functional
was used together with the 6231G* basis set. The quantum mech-
anically determined P2F distance in the gas phase is much longer
(1.648 Å) than the experimentally observed value in the solid state.
This was noted before[52] by others even with better basis sets and
is not a shortcoming of the ab initio method, but is due to the lack
of an embedding environment as anions are very sensitive to this.
Ideally, a perfect force field should be able to reproduce the bond
shortening that will occur upon incorporation of the anion into the
crystal field. Since the force field failed to fully match this appre-
ciable bond shortening when going into the solid state the problem
was ‘‘fixed’’ by shifting the r0 value derived in the fitting procedure
to the TLS corrected value (1.61 Å). Since there are not enough
reliable experimental values available for the anion only QM in-
formation could be utilised in the parametrization. In the fitting
procedure the same partial charges were used as in the lattice
minimisations.

Supporting information for this article (Tables S1 and S2 with par-
tial charges, Table S3 with intermolecular potentials, Tables S42S7
with the contributions to the total lattice energy, Table S8 with
waiting factors used for the penalty function, and Tables S92S13
with intramolecular potential parameters) is available on the
WWW under http://www.wiley-vch.d/home/eurjic or from the cor-
responding author.
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