
Supramolecular potentials and embraces for Ñuorous aromatic
molecules

Susan Lorenzo, Gareth R. Lewis and Ian Dance*

School of Chemistry, University of New South W ales, Sydney 2052, Australia
E-mail : I.Dance=unsw.edu.au

Received (in Montpellier, France) 1st December 1999, Accepted 14th February 2000

In order to understand better the supramolecular chemistry of Ñuorous molecules, and particularly coordination
complexes and organometallic molecules with perÑuoroaromatic substituents, the relevant intermolecular
potentials have been parametrised. It is shown that density functional calculations using the PerdewÈWang PWC
functional and numerical basis sets adequately describe weak intermolecular attractive energies [e.g. but(C6H6)2],
that gradient corrected BP or BLYP functionals do not. Due to a dearth of experimental data on intermolecular
energies for perÑuoroaromatic systems, these density functional calculations of the supramolecular isomers of

are used to parametrise the Lennard-Jones plus electrostatic potential for Ñuoroaromatic and derivative(C6F6)2
molecules. Intermolecular energies for local interactions in the crystal structures of andC6F6 , C6F6 ÆC6D6 ,
octaÑuoronaphthalene are reported. Strong directionality is not observed in the supramolecular forces between
Ñuoroaromatics and the electrostatic components of the intermolecular energies are small, \15% of the total ; the
polarisation of the CÈF bond is also less than expected from electronegativity di†erences. PerÑuorinated molecules
and ions such as engage in multiple phenyl embrace motifs, comparable to those of phenylated[B(C6F5)4]~
molecules, despite the reversed polarity of aromatic CÈF relative to CÈH bonds (and the opposite quadrupole
moments of and Examples of the sixfold perÑuorophenyl embrace (6PFE), the hexagonal array ofC6F6 C6H6).
sixfold perÑuorophenyl embraces (HA6PFE), and fourfold perÑuorophenyl embraces (4PFE) are described. The
intermolecular attractive energies of some of these motifs comprised of concerted edge-to-face and o†set-face-to-
face interactions are in the range [5.5 to [11.7 kcal mol~1. It is concluded that there are no major di†erences
between the supramolecular motifs and energies of perÑuorinated- and hydroaromatics.

As part of our investigations of supramolecular inorganic and
organometallic chemistry we are examining interactions
between molecules and ions with Ñuorinated peripheries,
sometimes called Ñuorous molecules. Various qualitative expe-
riences lead to a perception of Ñuorous molecules having weak
intermolecular attractions : teÑon doesnÏt stick ; freons have
low boiling points and low enthalpies of vapourisation ; BF4~,

and triÑate are poorly coordinating andPF6~ (CF3SO3~)
their salts are generally very soluble, implying low attractive
energies in the solids ; the anions and [BM3,5-[B(C6F5)4]~interact very weakly with(CF3)2C6F3N4]~ (BArF4~)
cations.1,2 Fluorous solvents for reactions and biphasic
catalyses behave as inert media,3,4 and Ñuorinated reagents
for these catalyses are being developed.5,6

Recently Dunitz and Taylor7 presented more substantial
evidence that intermolecular interactions at covalently bound
Ñuorine atoms are weak, concluding ““ the experimental evi-
dence leaves no doubt that covalently bonded F hardly ever
acts as a H-bond acceptor ÏÏ. There is, however, evidence for
OÈHÉ É ÉFÈC hydrogen bonding.8 In contrast, the F~ ion
forms very strong hydrogen bonds.

Since intermolecular forces generally appear to be minimal
and uninÑuential for many molecules with covalently bound
Ñuorine, it could be askedÈjocularlyÈwhether supraÑuorous
chemistry is superÑuous? However, perÑuoroaromatic mol-
ecules are known to associate speciÐcally with Ñuorine-free
homologs,9,10 and are being used for supramolecular con-
struction.11 Organometallic Ñuorides and Ñuoro-coordination
complexes aggregated through F have been reviewed
recently12 and metal-bound Ñuoride ligands show evidence of
strong and directional hydrogen bond acceptor behaviour.13

Our goal is to probe further the supramolecularity of Ñuo-
rous molecules, particularly in the context of inorganic
systems where Ñuorine can be bonded to atoms with low elec-
tronegativity, and polar bonds to peripheral Ñuorine atoms
can be present. A fundamental question is the extent to which
electrostatic forces provide directionality to the underlying
isotropic van der Waals forces.13 The large volume of precise
data on crystal packing is a signiÐcant resource in this investi-
gation, and in crystal supramolecularity the occurrence of
recurring packing patterns is good evidence for speciÐc supra-
molecular motifs. However, understanding of supramolecu-
larity requires energy information as well as geometry
information. In contrast to the surfeit of metrical data there is
a dearth of experimental energy data relevant to supramolecu-
lar interactions. Because systems of interest are large and
complex, reliable intermolecular potentials are required for
the calculation of supramolecular energies. In the absence of
relevant experimental data for the empirical development of
potentials, ab initio and density functional calculations can be
used to guide the parameterisation. We use validated density
functional methods that can deal with large and inorganic
molecular aggregates.

We focus Ðrst on Ñuoroaromatics, and particularly hexa-
Ñuorobenzene and the pentaÑuorophenyl group, abbreviated
Pf. The crystal structure of hexaÑuorobenzene at 120 K is
known.14 A supramolecular pair of hexaÑuorobenzene mol-
ecules in the gas phase has been observed,15 but we can Ðnd
no experimental data on the association energy for (C6F6)2(g) .There are data on the dissociation of and of[(C6F6)2]`and on There are experi-[(C6F6)2]~,16 [(C6F6)(C6H6)]`.17
mental data on the dissociation of the hydrous analogues
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and These last data show that[(C6H6)2]0 18,19 [(C6H6)2]`.17
the charged pairs are bound more strongly than the neutral
pairs, due to charge transfer stabilisation : this stabilisation of
radical pairs is indirectly useful for the development of poten-
tials that will be applied to closed shell supramolecular
assembles, as shown below.

Caution is needed for density functional (DF) calculations
of weak intermolecular interactions, because not all of the
available functionals provide accurate results. Wesolowski et
al. have shown that it is important to use functionals for the
exchange-correlation energy that are well behaved at high
values of the reduced density gradient.20 Therefore, in this
paper we report some validations and calibrations of our DF
methods against intermolecular data for relevant systems, par-
ticularly which is both closely relevant and one of(C6H6)2 ,
the best understood supramolecular entities. The supramo-
lecular isomers of are then calculated and used to(C6F6)2determine parameters for the empirical potential. We analyse
the supramolecular motifs and their energies for crystalline
hexaÑuorobenzene, the cocrystallite and crys-C6F6 ÆC6D6 ,
talline octaÑuoronaphthalene. The analysis is extended to
some perÑuorophenylated molecules, speciÐcally Ge(C6F5)4and some salts of the ion, and we describe the[B(C6F5)4]~occurrence and energies of the multiple perÑuorophenyl
embraces, which are well-known as the prevalent supramo-
lecular motif in phenylated molecules.21h29

Intermolecular potential
Our intermolecular potential (Et) is the standard combination
of Lennard-Jones potential (EvdW) and electrostatic energies
(Ee), within the summed atom approximation,30 eqn. (1) :

Et \ &
ij
(E

ij
vdW ] E

ij
e ) (1)

E
ij
vdW \ e

ij
a [(d

ij
/d

ij
a )~12[ 2(d

ij
/d

ij
a )~6] (2)

is the distance between atoms i and j, for which is thed
ij

d
ij
a

interatomic separation at which the net van der Waals energy
is a minimum with magnitude For mixed atom types[e

ij
a .

the combinations in eqns. (3) and (4) are used : the atomic
radii represent the most stabilising distances, and arer

i
a

larger29,31 than the conventional or crystallographic van der
Waals radii.32

d
ij
a \ r

i
a ] r

j
a (3)

e
ij
a \ (e

i
ae

j
a)0.5 (4)

The interatomic electrostatic energy is expressed as eqn. (5), in
which q are the atom partial charges and e is the permittivity
of the medium.
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Thus the parametrisation of the intermolecular potential
requires determination of parameters ra and ea for the relevant
atom types, estimation of atom charges for each relevant mol-
ecule, and assignment of e appropriate for the milieu.

Results

Density functional calculations

Our DF methodology uses double numerical basis sets, calcu-
lated with the relevant density functional, as implemented in
the program DMol.33h35 The advantage of these atomic basis
sets is the avoidance of basis set superposition errors.33

A vital consideration in the calculation of weak intermolec-
ular energies is the validity of the density functional, which we
Ðrst test with calculations on the well-known benzene pair,

Calculations with the gradient-corrected functionals(C6H6)2 .
BLYP (BeckeÈLeeÈYangÈParr)36,37 and BP (BeckeÈ
Perdew),36,38 which are accurate for strong intramolecular
bonding properties, did not show the known weak intermolec-
ular attraction within the benzene pair. However, the VWN
(VoskoÈWilkÈNusair)39 functional and (in DMol3) the PWC
(PerdewÈWang)38 functional do yield an attractive potential.
This is the conclusion from the more fundamental investiga-
tion of DF calculations for weak intermolecular interactions
made by Wesolowski et al.,20 who showed also that the PW91
functional40 gave good agreement with experimental data and
with ab initio calculations (MP2, corrected for basis set
superposition) of weak intermolecular energies. In our investi-
gation we also evaluated the e†ect in DMol of expanding the
real space cuto†s in the calculation of the numerical basis sets,
because intermolecular interactions occur over larger dis-
tances than does intramolecular bonding.

Fig. 1 shows the four supramolecular isomers for the
benzene pair three of which (ef, vf and o† ) are(C6H6)2 ,
observed in phenylÉ É Éphenyl interactions in crystals ; the face-
to-face († ) isomer is rarely observed, except when enforced by
stronger intra- or intermolecular interactions. Table 1 con-
tains the optimised energies for these four useful reference
points on the geometryÈenergy surface. The intermolecular
distances (see Fig. 1) for the gas phase are generally less than
those observed in crystals, because the attractive surroundings
of the pair are absent in the gas phase.

Experimental information on the benzene pair gives the
association energy as [2.4^ 0.4 kcal mol~1 [per

This is supported by other ab initio calcu-(C6H6)2].18,19,41,42lations on the pair and higher associates of benzene.41h49
The results in Table 1 (excepting the † isomer, which is not

observed) indicate that our DF methods overestimate slightly
the intermolecular attractive energy for the benzene pair, and

Fig. 1 Four supra-isomers for optimised by density func-(C6H6)2 ,
tional calculations under imposition of the symmetries speciÐed. The
shortest intermolecular distances are provided.
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Table 1 Optimised structures and energies for the benzene pair
using the PerdewÈWang functional PWC(C6H6)2

Isomer (see Fig. 1) Pair binding
and imposed energy
symmetry Functional /kcal mol~1

ef, Cs PWC [2.93
PWC7 [3.19

vf, C2v PWC [3.28
PWC7 [3.55

o†, C2h PWC [3.19
PWC7 [3.54

†, D6h PWC [1.51
PWC7 [1.85

a In DMol, PWC and PWC7 use cuto†s of 10.4 and 16.0 au, respec-
tively, for calculation of the numerical basis sets

yield scaling factors of 0.81 for PWC calculations and 0.70 for
PWC7 calculations of intermolecular energy. The accuracy of
our scaled PWC7-DF calculation is supported by other
similar calculations of the energies of weak supramolecular
aggregates to be reported separately,50 but several relevant
results are presented here (all energies are PWC7] 0.7, liter-
ature data in brackets) : for ArÉ É ÉAr, *E[ 0.43 [[0.2951]
kcal mol~1 ; for *E[ 1.3 [[0.9752,53] kcalC6H6É É ÉAr,
mol~1.

There are experimental data on the dissociation energies of
the charged dimers and There-(C6H6)2`, (C6F6)2` (C6F6)2~.
fore, we have investigated these related but odd-electron
species, using spin unrestricted calculations. The results are
collected in Table 2, as PWC7 energies scaled by 0.7. For

Moet-Ner et al.17 report an experimental disso-(C6H6)2`
ciation enthalpy of 17.0 kcal mol~1, and cite prior measure-
ments of 15, 8, [10 and 14.8 kcal mol~1. We note that the
calculated energy for the o† isomer of is 16.7 kcal(C6H6)2`mol~1, in excellent agreement with the latest experimental
value, while the † isomer (which may occur for the charged
pair) is within 1.6 kcal mol~1. The other isomers with less
overlap of the rings are less stable and less likely. Hiraoka et
al.16 report association enthalpies of [7.2^ 1 kcal mol~1 for

and [10.4^ 1 kcal mol~1 for In com-(C6F6)2` (C6F6)2~.
parison of these data and the calculations in Table 2 it is
evident that despite the spread over the di†erent calculated
geometrical isomers (the geometries of the gas phase species
are not known), the calculated energies (PWC7 scaled by 0.7)
reÑect the enhanced stabilities of charged pairs over neutral
pairs. The calculated intermolecular distances for both
cationic and anionic pairs are shorter than those of the

Table 2 Optimised structures and energies for (C6H6)2`, (C6F6)2`
and using the PerdewÈWang functional PWC7, spin unre-(C6F6)2~stricted

0.7] Pair
binding energy

Structure Isomer kcal mol~1

(C6H6)2` ef, Cs [13.0
vf, C2v [12.0
o†, C2h [16.7
†, D6h [18.6

(C6F6)2` o†, C2h [8.9
†, D6h [10.6

(C6F6)2~ ef, Cs [13.2
vf, C2v [11.9
o†, C2h [19.2
†, D6h [13.6

a The ef and o† isomers are calculated to have complex(C6F6)2`
electronic structures with close-lying electronic states.

neutral pairs. Apart from the o† isomer of which is(C6F6)2~,
calculated to be unusually strongly bound, there is general
agreement between the experimental and calculated energies.
Because the charged pairs with open-shell electronic states are
less relevant to the neutral molecules for which the potential is
to be developed, no adjustment to the scaling factor of 0.7 was
made.

These calibrated DF methods were then applied to pairs of
hexaÑuorobenzene, It was evident from the gradients(C6F6)2 .
during the DF optimisations that the energy surface is rather
Ñat and that there is not a strong directionality in the inter-
molecular forces. As an illustration of this, the oblique ef
isomer is not an energy minimum and on minimisation the
rings become parallel, forming the o† isomer. Similarly, the vf
isomer is very slippery. Therefore, in order to provide refer-
ence points in the subsequent development of the potential,
the ef and vf isomers were constrained to symmetry. TheC2voptimised geometries are presented in Fig. 2. Even though the
eclipsed face-to-face isomer † is not observed and the ef
isomer is not a minimum, the four geometries in Fig. 2 are
valuable for the calibration of the relatively Ñat intermolecular
potential. The calculations also revealed a second o† isomer
(not shown), in which the rings are parallel but the o†set is
unusually large such that only F atoms overlap the other ring.

The reversion of the ef isomer to o† geometry, and the rela-
tively close separation of the rings in the † isomer, indicate
that there is not a strongly electrostatic contribution to the
intermolecular energy.

Parametrisation of the empirical potential

For each of these four isomers of we calculated the(C6F6)2intermolecular energy potential [eqns (1)È(5)] for variable
separation of the two molecules. These potentials were then
used to optimise the parameters ra, ea and as wellqF \ [qH ,
as e.

Fig. 2 Optimised structures for with symmetries imposed,(C6F6)2 ,
and key intermolecular distances. The ef isomer is not an energy
minimum.
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In estimating atom partial charges q for for use inC6F6eqn. (5) we have been guided by Ðve sources of information :
the (a) Mulliken and (b) Hirshfeld apportioned charges from
the DF calculation ; (c) the ESP charges, which are Ðtted to
the electrostatic potential from the DF calculation ; (d) the
charge equilibration method (QEq) of Rappe and Goddard ;54
and (e) the di†erent consequences of electrostatic energy in the
four di†erent isomers of From a DF calculation of(C6F6)2 .

the Mulliken charges are ^0.24, the Hirshfeld chargesC6F6are ^0.05, and the ESP charges are ^0.09 (polarity Cd`Fd~
in all cases). General experience with the calculation of atom
partial charges by our DF methods indicates that the Mulli-
ken method over-polarises bonds and Hirshfeld under-
polarises bonds, with the ESP charges intermediate and often
most accurate. The QEq method uses the conventional elec-
tronegativities explicitly, leading to increased polarisation of
the CÈF bond as C`0.45ÈF~0.45. These are excessive and
inconsistent with all other results, particularly the conclusion
from the DF calculations of the energy surface of and(C6F6)2 ,
were thus rejected. Therefore, we started with atom charges in
the vicinity of 0.10 to 0.15 and tested these values in the Ðtting
of the intermolecular potentials.

There is good separability of variables in the parametrisa-
tion of the intermolecular potential : in the o† and † isomers
the electrostatic contribution is repulsive, but it is attractive in
the ef and vf isomers. This permits reliable balancing of the
van der Waals and electrostatic contributions, which indicated
that the electrostatic contributions should be relatively small
and conÐrmed our view that the QEq-derived atom charges
are excessive. The permittivity was set as consistente \ 2d

ij
,

with Warshel and PapazyanÏs comprehensive review of the
probable magnitudes of the dielectric in and around proteins
and other macromolecules.55 The parameters resulting from
this analysis are presented in Tables 3 and 4, together with
extensions to related molecules described below, and param-
eters from evaluations of intermolecular potentials for other
atom types,56 used in energy calculations below. Fig. 3 dis-
plays the intermolecular potentials for the four isomers, as cal-
culated by DF methods and by the parametrised potential.
The agreement is better than 0.5 kcal mol~1 over the distance
ranges that occur in crystals, and is adequate for our pur-
poses. The discrepancies are more likely to be due to the

Table 3 Parameters for the Lennard-Jones intermolecular potential,
eqn. (2)

ea/kcal
Atom type ra/A� mol~1 Ref.

C in C6F6 and C6F5 1.8 0.063 This work
F in C6F6 and C6F5 1.6 0.10 This work
C in C6H6 and 1.94 0.093 56

hydroaromatics
H in all systems 1.62 0.02 56
B in [B(C6F5)4]~ 1.98 0.06 56
Ge in Ge(C6F5)4 2.03 0.20 56
Al in (THF)Al(C6F5)3 1.95 0.06 This work
C in THF 2.18 0.039 56
O in THF 1.805 0.08 56
P in H3PB(C6F5)3 2.3 0.26 56

models than to the parameters. These parameters have not
been tested for Ñuoroalkyl systems.

Crystal structure of hexaÑuorobenzene

The crystal structure of hexaÑuorobenzene at 120 K has been
reported [Cambridge Structural Database (CSD) refcode
HFBENZ].14 There are 1.5 molecules per asymmetric unit in
space group and the structure is not isomorphous withP21/cbenzene or with hexachlorobenzene. Fig. 4 shows the crystal
structure of hexaÑuorobenzene, in comparison with the struc-
ture of benzene, and shows that the general herringbone motif
is present in both. However, the strands of the herringbone
are tilted di†erently in than in relative to theC6F6 C6H6 ,
strand axis (vertical in Fig. 4) : in the rings are inclinedC6F6at ca. 22 and 30¡ to the strand axis, while in the inclina-C6H6tion is ca. 45¡. Also, there is an alternation of the ring tilt
directions in that does not occur in Further,C6F6 C6H6 .
there is larger separation of the strands in but even soC6F6 ,
there is a larger density of closer FÉ É ÉF proximities than of
HÉ É ÉH proximities, as shown in the space-Ðlling representa-
tions (Fig. 4). Dunitz has discussed di†erences between these
two structures.57

The variety of local pairwise interactions between C6F6rings in HFBENZ are shown in Fig. 5, together with their van

Table 4 Atom partial charges used in eqn. (5)

Atom type q Ref.

C in C6F6 ]0.15 This work
F in C6F6 and C6F5 [0.15 This work
F in octaÑuoronaphthalene [0.15 This work
C in octaÑuoronaphthalene ]0.15 except C2, 3, 6, 7 ]0.1 This work
C in C6H6 [0.10 56
C

ipso
in C6H5 [0.02 56

Other C in C6H5 [0.08 56
H in C6H6 , C6H5 , D in C6D6 ]0.10 56
B in [B(C6F5)4]~ ]0.16 56
C

ipso
in [B(C6F5)4]~ [0.04 This work

Other C in [B(C6F5)4]~ ]0.10 This work
Ge in Ge(C6F5)4 ]0.20 56
C

ipso
in Ge(C6F5)4 0.0 This work

Other C in Ge(C6F5)4 ]0.14 This work
Al in (THF)Al(C6F5)3 0.20 56
C in THF 0.02 (bonded to O) [0.2 (other) 56
O in THF [0.25 56
H in THF 0.1 56
C

ipso
in C6F5 in (THF)Al(C6F5)3 [0.08 This work

Other C in C6F5 in (THF)Al(C6F5)3 0.14 This work
C

ipso
in H3PB(C6F5)3 [0.06 This work

Other C in H3PB(C6F5)3 0.15 This work
P in H3PB(C6F5)3 0.07 56
B in H3PB(C6F5)3 0.08 56
H in H3PB(C6F5)3 0.01 56
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Fig. 3 Intermolecular potentials for the four supramolecular isomers of pictured in Fig. 2, as a function of the appropriate intermolecu-(C6F6)2lar separation : are the density functional energies, scaled as described in the text ; are from eqn. (1) with the parameters of Tables 3 and 4.> ]o

der Waals and electrostatic energies computed with the
empirical potential. The total energies range from 1.3 to 2.4
kcal mol~1 attraction, and in each case the electrostatic com-
ponent is small (ca. 10% of the total) and attractive.

The conclusion from examination of the geometries in this
one structure is that the directional local interactions are not
as inÑuential as they are in benzene. The energy calculations
support this, because the dominant component is the non-
directional van der Waals attraction.

The cocrystallite of andC
6
F

6
C

6
D

6

The crystal structure58 of the low temperature phase of
[BICVUE01] is shown in Fig. 6, from which it isC6D6 ÉC6F6evident that there are no ef interactions. The crystal is com-

prised of extremely o†set homo-ring stacks, but the most sig-
niÐcant attractive interaction occurs in the slightly o†set
stacks of alternating rings, for which details are shown in Fig.
7. The contrast between the parallel packing of C6D6 ÉC6F6and the herringbone packing of and of is attribut-C6H6 C6F6able to the oppositely signed quadrupole moments of C6H6and and has been deployed in crystal design.11C6F6 ,9,57
While this qualitative di†erence between the hetero-ring and
homo-ring structures has an electrostatic origin, the magni-
tude of the electrostatic (ES) energies relative to the van der
Waals (vdW) energies has been questioned.57 Our potentials
yield energies of [4.7 (vdW [4.3, ES [0.4) kcal mol~1 for
each of the local o† interactions between andC6F6 C6D6shown in Fig. 7. An SCF-MP2 calculation of inC6H6 ÉC6F6face-to-face geometry yielded a similar energy of [4.3 kcal
mol~1.59 The best o† interactions involving homo-ring pairs,

being severely o†set, have lesser calculated energies : (C6F6)2(vdW [1.75, ES [0.22) kcal mol~1 ;[ 2.0 (C6D6)2[1.3
(vdW [1.25, ES [0.04) kcal mol~1.

It is signiÐcant that the separation of the planes of the
hetero-rings in the o† motif is considerably lessÈit is ca. 3.35

in BICVUE01Èthan the separation of planes in homo-o†A�
motifs involving rings (ca. 3.5C6H5 A� ).

The structure just described is the lowest temperature (30
K) phase of Three higher temperature phasesC6D6 ÉC6F6 .
have been identiÐed, with some structural information avail-
able, and there is speculation about the increasing rotational
motion of the molecules at the higher temperatures.58 At
room temperature the molecules rotate about the axis of each
stack of alternating molecules.60 These thermal motions are
consistent with the relatively isotropic character of the poten-
tials for and and the dominance of the o†C6F6 C6D6energy.C6D6É É ÉC6F6OctaÑuoronaphthalene crystallises with the standard her-
ringbone pattern, in space group The local o† and efP21/c.61interactions are shown in Fig. 8, together with their calculated
energies. In the ef interaction two F atoms are directed
towards a C1ÈC2 bond of the other molecule, and the angle
between the ring planes is ca. 80¡.

Multiple perÑuorophenyl embraces

There is now in the CSD a collection of crystal structures of
compounds containing the moieties and (EE(C6F5)3 E(C6F5)4from periodic groups 13, 14, 15). We have examined all of
these and investigated the occurrence of the various multiple
phenyl embraces, which occur widely for andEPh3
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Fig. 4 The crystal structures of (a) hexaÑuorobenzene [HFBENZ] and (b) benzene [BENZEN], oriented to emphasise the similarities and the
di†erences.

Comprehensive analyses of the geometricalEPh4 .21h29
properties of these Ñuorophenyl embraces will be published
separately, but here we investigate the energies of representa-
tive examples and the balance of van der Waals and electro-

static components. Multiple phenyl embrace motifs are
comprised of concerted ef, o† and vf local interactions. The
abbreviation PFE is used in the symbols for perÑuorinated
phenyl embraces.

Fig. 5 The more attractive local interactions between rings in crystalline with the calculated energies as total [vdW,C6F6 C6F6[HFBENZ],
electrostatic] in kcal mol~1. Each representation is projected onto the plane of one ring.
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Fig. 6 The lamellar crystal structure of the low temperature phase of
[BICVUE01] : F is dark, D is white.C6D6 ÉC6F6

Sixfold perÑuorophenyl embraces, 6PFE

The compound in crystal structure(THF)Al(C6F5)3ZALPUX62 contains a sixfold perÑuorophenyl embrace,
abbreviated as 6PFE, with six concerted ef interactions

Fig. 7 Side (a) and top (b) views of the stack of alternating andC6F6rings in crystalline atom shading as for Fig. 6.C6D6 C6D6 ÉC6F6 :

Fig. 8 The herringbone packing in crystalline octaÑuoronaphthalene
(a), and the local o† (b) and ef (c) interactions with their calculated
energies.

Fig. 9 The centrosymmetric 6PFE in [ZALPUX].(THF)Al(C6F5)3The AlÉ É ÉAl distance is 6.17 A� .

Fig. 10 The centrosymmetric pseudo-6PFE in (THF)Al(C6F5)3[ZALPUX]. The AlÉ É ÉAl distance is 7.06 There are two PfÉ É ÉPfA� .
edge-to-face interactions and three H atoms (emphasised in black) on
each THF molecule form CÈHÉ É ÉF interactions (2.8È3.2 which areA� ),
drawn as Ñat connectors.

between Pf rings. This motif, shown in Fig. 9, is centro-
symmetric, as is usual for the analogous 6PE, and the three Pf
rings on each molecule have approximate threefold rotor con-
formations. The calculated energy is [11.7 (vdW [11.1, ES
[0.6) kcal mol~1. In crystalline ZALPUX there occurs also a
centrosymmetric pseudo-6PFE (see Fig. 10) in which the THF
ring takes the place of one Pf ring on each molecule. In the
pseudo-6PFE there are only two ef interactions between Pf
rings, but the coordinated THF molecules are oriented to
form weak CÈHÉ É ÉF interactions, which are marked on Fig.
10. This is the analog of the pseudo-6PE, which is known but
not common. There are two crystallographically independent
pseudo-6PFE motifs in ZALPUX, for which the calculated
energies are [9.1 (vdW [8.3, ES [0.8) kcal mol~1 (AlÉ É ÉAl
7.06 and [9.8 (vdW [9.7, ES [0.1) kcal mol~1 (AlÉ É ÉAlA� )
7.23 A� ).

Hexagonal array of sixfold perÑuorophenyl embraces, HA6PFE

Molecules of the type with threefold symmetry, andPh3XZ,
salts of the type crystallise in trigonal or(MePh3P`)2A2~,
rhombohedral lattices in which there are hexagonal arrays of
sixfold phenyl embraces : the Z groups of one array usually
occupy the centres of the hexagons of molecules and in

there are cavities formed by 12 cations con-(MePh3P`)2A2~
straining the anions to sites of symmetry and dinegativeD3charge.24,25,63 We have identiÐed one instance of a similar
lattice formed by [JICWUN].64 The two crys-H3PB(C6F5)3tallographically independent 6PFE motifs in this crystal have
geometrically good ef interactions and favourable energies of
[11.5 (vdW [10.7, ES [0.8) kcal mol~1 (at BÉ É ÉB\ 6.19 A� ),
and [11.0 (vdW [10.2, ES [0.8) kcal mol~1 (at
BÉ É ÉB\ 6.40 Two representations of this lattice are pro-A� .).
vided in Fig. 11.

Fourfold perÑuorophenyl embraces, 4PFE

There are two main classes of fourfold phenyl embraces
involving moieties on adjacent molecules. In the parallelXPh2supra-isomer, P4PE, the planes on the two moleculesX(C

ipso
)2are exactly or approximately parallel, while in the orthogonal

isomer, O4PE, the planes are approximately orthog-X(C
ipso

)2onal.26
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Fig. 11 Representations of the HA6PFE lattice formed by
in JICWUN, space group B black, P speckled, HH3PB(C6F5)3 P36 :

white. (a) Space-Ðlling view along the trigonal axis. (b) Side view of the
same molecules drawn in (a), showing parts of three of the layers.

The relationship between the two molecules involved in an
O4PE is frequently translation, and so crystals usually contain
inÐnite linear chains of these O4PE.23.27 This occurs also in

E\ Si [PFPSIL],65 Ge [PFPHGE10]66 and SnE(C6F5)4 ,
[TFUPSN].66 Fig. 12 shows that the orthogonal fourfold per-
Ñuorophenyl embraceÈO4PFEÈis very well formed in
PFPHGE10. The four rings involved make a very goodC6F5

Fig. 12 The O4PFE in crystalline [PFPHGE10] : Ge isGe(C6F5)4 ,
black. (a) The Ðve intermolecular connectors marked are the FÉ É ÉC
distances of 3.15È3.35 in one of the four symmetrically equivalentA�
edge-to-face interactions. (b) Side and top views of the four ringsC6F5engaged in the O4PFE, emphasising the concerted cycle of four edge-
to-face interactions.

concerted cycle of edge-to-face interactions with a GeÉ É ÉGe
distance of 8.12 The energy of this O4PFE in isA� . Ge(C6F5)4calculated to be [9.55 (vdW [8.93, ES [0.62) kcal mol~1.
The tetragonal lattice (space group contains parallelI41/a)
inÐnite chains of these embraces and is isostructural with the
lattice of the compounds.EPh4The perÑuorinated parallel fourfold phenyl embraceÈ
P4PFEÈoccurs also, but with a di†erence from the
unÑuorinated versions. Fig. 13 shows two views of the P4PFE
between ions in crystals POPXOH10 of the[B(C6F5)4]~compound [(l-Cl)2MCp*Zr[Me3SiNC(Ph)NSiMe3]N2]2`The normal, hydro-P4PE is com-[B(C6F5)4]~N2 ÉCH2Cl2 .67
prised of two ef interactions and one o† interaction.26 In the
P4PFE there are well-developed ef interactions, as shown in
Fig. 13(a), but the face-to-face interaction between rings in the
centre of the motif is abnormally o†set, to the extent that
there is minimal overlap of the rings [see Fig. 13(b)]. Never-
theless, the calculated attractive energy is still appreciable, at
[5.45 kcal mol~1, and the motif is centrosymmetric.

Another example of the P4PFE is found in crystals of the
compound [VUBRIT].68 Here thetrans-[(C6F5)3P]2PtCl2embrace is between two ligands, which is unusualPPf3because coordinated ligands normally form 6PEs andPPh3rarely form the P4PE, as a consequence of steric interference

Fig. 13 The perÑuorinated parallel fourfold phenyl embrace, P4PFE,
between two ions in POPXOH10: B is black and the[B(C6F5)4]~BÉ É ÉB separation is 8.84 The most signiÐcant FÉ É ÉC interactionsA� .
are marked. (a) Side view. (b) Projection onto the planes of the central

rings to show the pronounced o†set of the central o† inter-C6F5action.
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from other ligands in the complex.69 The pronounced o†set of
the central rings, noted for POPXOH10, occurs also in
VUBRIT.

Discussion and conclusions
1. Intermolecular energies within and can(C6H6)2 (C6F6)2be calculated by our density functional procedures, using the

PerdewÈWang PWC functional, but not with gradient cor-
rected BP or BLYP functionals. The factors that scale these
DF energies to experimental data have been evaluated.

2. The intermolecular potential energy surface for a pair of
molecules, investigated by DF calculations, is found toC6F6be relatively Ñat and the supramolecular isomers have been

characterised. These results are consistent with relatively small
electrostatic contributions to the intermolecular energies.

3. Parameters for a Lennard-Jones plus electrostatic inter-
molecular potential for have been derived by Ðtting toC6F6the calculated DF energies. Unfortunately, there are no data
(such as crystal sublimation enthalpies) against which the
accuracy of these potentials can assessed directly. The poten-
tials are consistent with indirect data and with DF calcu-
lations to better than 0.5 kcal mol~1.

4. It is evident that the CÈF bond cannot be polarised to
the extent implied by the conventional electronegativies : the
atom charges derived in this analysis are C`0.15ÈF~0.15. The
high density of contiguous F atoms in the crystal structures
analysed is also evidence that FÉ É ÉF electrostatic repulsion is
not a large or inÑuential contribution to total energies.

5. These intermolecular potentials should be transferable as
such to other Ñuoro- and perÑuoroaromatic systems and to
molecules with substituents : atom charges require smallC6F5adjustments according to the identity of the remainder of the
molecule or ion.

6. Intermolecular attractions between Ñuoroaromatics are
slightly more attractive than those of the hydro analogs. This
is due mainly to the increased van der Waals component. It
has been pointed out14 that many of the thermodynamic
properties of benzene and hexaÑuorobenzene are almost iden-
tical : the triple points di†er by 0.4¡, the boiling points di†er
by 0.2¡, and the enthalpies of fusion are 12.66 and 11.58 kJ
mol~1, respectively. This similarity is qualitatively consistent
with our calculated energies.

7. From the calculations reported here, and others,56 we
note that in both Ñuoroaromatics and hydroaromatics, and in
molecules with Pf substituents and in molecules with Ph sub-
stituents, the proportion of electrostatic energy in the total
intermolecular energy between these groups is less than 15%.
This conclusion extends also to ions with Pf or Ph substit-
uents, such as the redistribution ofPf4B~, Ph4B~, Ph4P` :
charge to the Pf and Ph groups in such ions is relatively small
and the changed electrostatic contribution to the total energy
is still small. Small electrostatic energies are the result of the
cancellation of opposing contributions. Electrostatic forces in
perÑuoroaromatics provide no more directionality than they
do in hydroaromatics.

8. Slightly o†set face-to-face interactions areC6H6É É ÉC6F6approximately twice as attractive as analogous homo-
aromatic interactions and by extension similar enhanced
attraction is expected between Pf and Ph.

9. Molecules and ions containing and form (inXPf4 XPf3crystals) the multiple phenyl embraces that are well known for
analogous and systems. The energy of the sixfoldXPh4 XPh3perÑuorophenyl embrace between molecules is(THF)AlPf3calculated to be [11.7 kcal mol~1 and the energies of the
other types of embraces involving Pf are calculated to be
similar to those with Ph.

Finally, our investigations show that supraÑuorous chem-
istry is not superÑuous, but is similar to the corresponding
suprahydrous chemistry, at least within the scope of the com-

pounds we have considered. We are now extending this
analysis to the crystal packing of a wider range of Ñuorous
compounds.

Acknowledgements

This research is supported by the Australian Research
Council. G.R.L. is grateful for a Royal Society Fellowship,
tenable overseas. We thank a referee for drawing attention to
the phase behaviour of C6D6 ÉC6F6 .

References
1 C. A. Reed, Acc. Chem. Res., 1998, 31, 133.
2 C. A. Reed, Acc. Chem. Res., 1998, 31, 325.
3 I. T. Horvath, Acc. Chem. Res., 1998, 31, 641.
4 R. H. Fish, Chem. Eur. J., 1999, 5, 1677.
5 P. Bhattacharyya, D. Gudmunsen, E. G. Hope, R. D. W.

Kemmitt, D. R. Paige and A. M. Stuart, J. Chem. Soc., Perkin
T rans. 1, 1997, 3609.

6 W. E. Piers and T. Chivers, Chem. Soc. Rev., 1997, 26, 345.
7 J. D. Dunitz and R. Taylor, Chem. Eur. J., 1997, 3, 89.
8 T. J. Barbarich, C. D. Rithner, S. M. Miller, O. P. Anderson and

S.H. Strauss, J. Am. Chem. Soc., 1999, 121, 4280.
9 J. H. Williams, Acc. Chem. Res., 1993, 26, 593.

10 C. Dai, P. Nguyen, T. B. Marder, A. J. Scott, W. Clegg and C.
Viney, Chem. Commun., 1999, 2493.

11 G. W. Coates, A. R. Dunn, L. M. Henling, D. A. Dougherty and
R.K. Grubbs, Angew. Chem., Int. Ed. Engl., 1997, 36, 248.

12 H. W. Roesky and I. Haiduc, J. Chem. Soc., Dalton T rans., 1999,
2249.

13 L. Brammer, E. A. Bruton and P. Sherwood, New J. Chem., 1999,
23, 965.

14 N. Boden, P. P. Davis, C. H. Stam and G. A. Wesselink, Mol.
Phys., 1973, 25, 81.

15 J. M. Steed, T. A. Dixon and W. Klemperer, J. Chem. Phys., 1979,
70, 4940.

16 K. Hiraoka, S. Mizuse and S. Yamabe, J. Phys. Chem., 1990, 94,
3689.

17 M. Moet-Ner, P. Hamlet, E. P. Hunter and F. H. Field, J. Am.
Chem. Soc., 1978, 100, 5466.

18 J. R. Grover, E. A. Walters and E. T. Hui, J. Phys. Chem., 1987,
91, 3233.

19 I. Nishiyama and I. Hanazaki, Chem. Phys. L ett., 1985, 117, 99.
20 T. A. Wesolowski, O. Parisel, Y. Ellinger and J. Weber, J. Phys.

Chem., 1997, 101, 7818.
21 M. Scudder and I. Dance, J. Chem. Soc., Dalton T rans., 1998,

3167.
22 I. Dance and M. Scudder, New J. Chem., 1998, 22, 481.
23 M. Scudder and I. Dance, J. Chem. Soc., Dalton T rans., 1998,

3155.
24 M. Scudder and I. Dance, J. Chem. Soc., Dalton T rans., 1998, 329.
25 C. Hasselgren, P. A. W. Dean, M. L. Scudder, D. C. Craig and

I. G. Dance, J. Chem. Soc., Dalton T rans., 1997, 2019.
26 I. Dance and M. Scudder, Chem. Eur. J., 1996, 2, 48.
27 I. Dance and M. Scudder, J. Chem. Soc., Dalton T rans., 1996,

3755.
28 I. G. Dance and M. L. Scudder, J. Chem. Soc., Chem. Commun.,

1995, 1039.
29 I. G. Dance, in T he Crystal as a Supramolecular Entity, ed. G. R.

Desiraju, John Wiley, New York, 1996, pp. 137È233.
30 A. J. Pertsin and A. I. Kitaigorodsky, T he AtomÈAtom Potential

Method. Applications to Organic Molecular Solids, Springer Series
in Chemical Physics, SpringerÈVerlag, Berlin, 1987.

31 J. D. Dunitz and A. Gavezzotti, Acc. Chem. Res., 1999, 32, 677.
32 A. Bondi, J. Phys. Chem., 1964, 68, 441.
33 B. Delley, J. Chem. Phys., 1990, 92, 508.
34 B. Delley, in Modern Density Functional T heory : A T ool for

Chemistry, eds. J. M. Seminario and P. Politzer, Elsevier,
Amsterdam, 1995, pp. 221È254.

35 MSI, http : //www.msi.com, 1998.
36 A. D. Becke, Phys. Rev. A, 1988, 38, 3098.
37 C. Lee, W. Yang and R. G. Parr, Phys. Rev. B, 1988, 37, 785.
38 J. P. Perdew and Y. Wang, Phys. Rev. B, 1992, 45, 13244.
39 S. H. Vosko, L. Wilke and M. Nusair, Can. J. Phys., 1980, 58,

1200.
40 J. P. Perdew and Y. Wang, in Electronic Structure of Solids 1991,

eds. P. Ziesche and H. Eschrig, Akad. Verlag Berlin, Berlin, 1991.

New J. Chem., 2000, 24, 295È304 303



41 P. Hobza, H. L. Selzle and E. W. Schlag, J. Am. Chem. Soc., 1994,
116, 3500.

42 P. Hobza, H. L. Selzle and E. W. Schlag, Chem. Rev., 1994, 94,
1767.

43 D. E. Williams and Y. Xiao, Acta Crystallogr., Sect. A, 1993, 49,
1.

44 D. E. Williams, Acta Crystallogr., Sect. A, 1980, 36, 715.
45 O. Engkvist, P. Hobza, H. L. Selzle and E. W. Schlag, J. Chem.

Phys., 1999, 110, 5758.
46 W. L. Jorgensen and D. L. Severance, J. Am. Chem. Soc., 1990,

112, 4768.
47 G. P. Linse, A. Wallqvist and B. J. Am.Karlstro� m, Jo� nsson,

Chem. Soc., 1983, 105, 3777.
48 G. Klebe and F. Diederich, Philos. T rans. R. Soc. L ondon, Ser. A,

1993, 345, 37.
49 R. L. Ja†e and G. D. Smith, J. Chem. Phys., 1996, 105, 2780.
50 I. G. Dance, in preparation.
51 J. M. PerezÈJorda and A. D. Becke, Chem. Phys. L ett., 1995, 233,

134.
52 H. Krause and H. J. Neusser, J. Chem. Phys., 1993, 99, 6276.
53 P. Hobza, O. Bludsky, H. L. Selzle and E. W. Schlag, Chem. Phys.

L ett., 1996, 250, 402.
54 A. K. Rappe and W. A. Goddard, J. Phys. Chem., 1991, 95, 3358.
55 A. Warshel and A. Papazyan, Curr. Opin. Struct. Biol., 1998, 8,

211.
56 B. F. Ali, I. G. Dance and M. L. Scudder, in preparation.

57 J. D. Dunitz, in Perspectives in Supramolecular Chemistry : T he
Crystal as a Supramolecular Entity, ed. G. R. Desiraju, Wiley,
Chichester, 1996, pp. 1È30.

58 J. H. Williams, J. K. Cockcroft and A. N. Fitch, Angew. Chem.,
Int. Ed. Engl., 1992, 31, 1655.

59 J. HernandezÈTrujillo, F. Colmenares, G. Cuevas and M. Costas,
Chem. Phys. L ett., 1997, 265, 503.

60 J. S. W. Overell and G. S. Pawley, Acta Crystallogr., Sect. B,
1982, 38, 1966.

61 N. A. Akhmed, Zh. Strukt. Khim., 1973, 14, 573.
62 T. Belgardt, J. Storre, H. W. Roesky, M. Noltemeyer and H.-G.

Schmidt, Inorg. Chem., 1995, 34, 3821.
63 C. Horn, I. G. Dance, D. Craig, M. L. Scudder and G. A. Bow-

maker, J. Am. Chem. Soc., 1998, 120, 10549.
64 D. C. Bradley, M. B. Hursthouse, M. Motevalli and Z. Dao-

Hong, J. Chem. Soc., Chem. Commun., 1991, 7.
65 A. Karipides and B. Foerst, Acta Crystallogr., Sect. B, 1978, 34,

3494.
66 A. Karipides, C. Forman, R. H. P. Thomas and A. T. Reed, Inorg.

Chem., 1974, 13, 811.
67 R. Gomez, M. L. H. Green and J. L. Haggitt, J. Chem. Soc.,

Dalton T rans., 1996, 939.
68 W. P. Schaefer, D. K. Lyon, J. A. Labinger and J. E. Bercaw,

Acta Crystallogr., Sect. C, 1992, 48, 1582.
69 I. G. Dance and M. L. Scudder, J. Chem. Soc., Dalton T rans.,

submitted.

304 New J. Chem., 2000, 24, 295È304


