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Summary: Crystalline [(C5H5)2Co][PF6] has been shown,
by variable-temperature X-ray diffraction experiments
(at 293, 243, and 313 K) carried out on the same crystal
specimen, to undergo two fully reversible phase changes.
The room-temperature ordered monoclinic crystal (form
I) transforms, below 252 K, into another ordered mono-
clinic crystal (form II) with different relative orientation
of the two independent [(C5H5)2Co]+ cations and into a
semiplastic cubic system (form III) containing ordered
PF6- anions and orientationally disordered [(C5H5)2Co]+
cations above 314 K.

Organometallic systems showing phase transitional
behavior and solid state dynamics1 are attracting much
attention because of the current interest in materials
chemistry2 and supramolecular interactions.3 Indeed,
the change in crystal structure associated with a phase
transition, in which intermolecular bonds are broken
and formed, is the crystalline equivalent of an isomer-
ization at the molecular level. The chemical and physi-
cal properties of the crystalline material can change
dramatically with the solid-state transformation.
Organometallic systems combine intramolecular struc-

tural flexibility (arising from delocalized bonding inter-
actions) with the intermolecular flexibility of molecular
crystals.4 Many crystals of globular organometallic
molecules have been shown to form plastic phases at
high temperature. Examples are provided by the
substituted ferrocene derivatives [(C5H5)(C5H4CHO)-
Fe]5a and [(C5H5)(C5H4CMeO)Fe]5b as well as by salts
of the type [(FC6H5)(C5H5)Fe][A] [A ) AsF6, PF6, SbF6,
and BF4].5c Plastic crystals are characterized by short-
range orientational disorder and long-range order, the
transition from the ordered phase to a disordered one
usually being associated with the onset of reorienta-
tional motion of the molecules or ions.6 This is also the
case of crystalline [(C5H5)2Fe][PF6],7 which has been

shown to undergo a phase transition from a monoclinic
crystal to a plastic cubic phase at 347 K.7b Both phases
have been characterized by single-crystal X-ray diffrac-
tion and investigated by 2H NMR and 57Fe Mössbauer
techniques.
In this communication, we report our novel findings

on the behavior with temperature of crystalline [(C5H5)2-
Co][PF6],8 which, although isomorphous with crystalline
[(C5H5)2Fe][PF6] at room temperature, shows remark-
able differences in the phase transitional phenomena.
We have discovered that [(C5H5)2Co][PF6] possesses
three crystalline phases within a very narrow temper-
ature interval.9a The three crystal phases have been

X Abstract published in Advance ACS Abstracts, September 15, 1996.
(1) Braga, D. Chem. Rev. 1992, 92, 633.
(2) Inorganic Materials; Bruce, D. W., O’Hare, D., Eds.; John Wiley

& Sons: Chichester, U.K., 1992.
(3) (a) Lehn, J. M. Angew. Chem., Int. Ed. Engl. 1990, 29, 1304. (b)

Whitesides, G. M.; Simanek, E. E.; J. P. Mathias, J. P.; Seto, C. T.;
Chin, D. N.; Mammen, M.; Gordon, D. M. Acc. Chem. Res. 1995, 28,
37. (c) Sharma, C. V. K.; Desiraju, G. R. In Perspective in Supramo-
lecular Chemistry. The Crystal as a Supramolecular Entity; Desiraju,
G. D., Ed.; Wiley: New York, 1996.

(4) (a) Braga, D.; Grepioni; F. J. Chem. Soc., Chem. Commun. 1996,
571. (b) Braga, D.; Grepioni, F. Acc. Chem. Res. 1994, 27, 51.

(5) (a) Daniel, M. F.; Leadbetter, A. J.; Meads, R. E.; Parker, W. G.
J. Chem. Soc., Faraday Trans. 1978, 74, 456. (b) Sato, K., Katada, M.;
Sano, H.; Konno, M. Bull. Chem. Soc. Jpn. 1984, 57, 2361. (c)
Fitzsimmons, B. W.; Sayer, I. J. Chem. Soc., Dalton Trans. 1991, 2907.

(6) Parsonage, N. G.; Staveley, L. A. K. Disorder in Crystals;
Clarendon Press: Oxford, U.K., 1978.

(7) (a) Martinez, R.; Tiripicchio, A. Acta Crystallogr. Sect. C 1990,
C46, 202. (b) Webb, R. J.; Lowery, M. D.; Shiomi, Y.; Sorai, M.;
Wittebort, R. J.; Hendrickson D. N. Inorg. Chem. 1992, 31, 5211.

(8) Preparation of crystalline [(C5H5)2Co][PF6]: 100 mg (0.03 mol)
of commercial [(C5H5)2Co] (Aldrich) dissolved in acetonitrile was treated
with HClaq. From the orange solution, yellow crystals of [(C5H5)2Co]-
[PF6] were precipitated by adding [NH4][PF6]. The yellow crystals are
stable in the air and in the mother liquor.

(9) (a) Crystal Data. form I: monoclinic, space group P21/c, a )
13.355(3); b ) 9.441(8); c ) 9.427(6) Å; â ) 92.87(4); V ) 1187(1) Å3;
Z ) 4, T ) 293(2) K; dc ) 1.869 g cm-1; µ ) 1.634 mm-1; 2215
reflections measured, refinement on F2 (2073 independent reflections)
for 166 parameters; wR(F2 all) ) 0.143, R1 (1183 reflections with I >
2σ(I)) ) 0.042, S ) 1.014. form II: monoclinic, space group P21/c, a )
13.419(7), b ) 9.286(5), c ) 9.342(6) Å; â ) 96.17(6); V ) 1157(1) Å3;
Z ) 4, T ) 243(2) K; dc ) 1.917 g cm-1; µ ) 1.676 mm-1; 2115
reflections measured, refinement on F2 (2025 independent reflections)
for 206 parameters; wR(F2 all) ) 0.116, R1 (1276 reflections with I >
2σ(I)) ) 0.037, S ) 1.025. Form III: cubic, space group Pm-3; a ) 6.72-
(1) Å; V ) 304(1) Å3; Z ) 1, T ) 323(2) K, dc ) 1.828 g cm-1, µ ) 1.598
mm-1, 317 reflections measured, refinement on F2 (116 independent
reflections) for 15 parameters; wR(F2 all) ) 0.284, R1 (107 reflections
with I > 2σ(I)) ) 0.073, S ) 1.707. Common parameters: formula:
C10H10CoF6P;M ) 334.08; crystal size 0.15 × 0.20 × 0.08 mm, F(000)
) 664; Mo KR radiation, λ ) 0.710 69 Å; monochromator graphite;
θ-range 2.0-25.0°. The computer programs SHELX86 (Sheldrick, G.
M. Acta Crystallogr., 1990, A46, 467) and SHELX93 (Sheldrick, G. M.
Program for Crystal Structure Determination; University of Gottingen,
Göttingen, Germany, 1993) were used for structure solution and
refinement. All atoms except the hydrogen atoms were treated aniso-
tropically. Hydrogen atoms were added in calculated position in form
I and refined riding on their respective C atoms, while in form II they
were found in difference Fourier maps and refined. In form III, 24
positions for the C atoms were generated by symmetry from the three
found independent positions; therefore, the occupancy factors of the C
atoms were set to the values giving the electron density corresponding
to 10 C atoms. For all molecular representations, the graphic program
SCHAKAL93 (Keller, E.Graphical Representation of Molecular Models,
University of Freiburg, Germany, 1993) was used. (b) The reversibility
of the two phase transitions was confirmed by collecting other data
sets at 293 and 313 K on the same crystal specimen discussed herein
as well as at 223, 293, and 313 K on another two crystal specimens
taken from the same preparation batch. A detailed comparison of these
results will be given in a future report. (c) F‚‚‚H separations were eval-
uated on C-H bonds normalized to 1.08 Å; seven bonds shorter than
2.60 Å are present in both form I (three <2.45 Å), and form II (five
<2.45 Å). F‚‚‚H bonds were not evaluated in the disordered form III.
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fully characterized by single-crystal X-ray diffraction at
variable temperature on the same crystal.9b Our results
can be summarized as follows:
(i) The room-temperature crystal of [(C5H5)2Co][PF6]

(form I) is isomorphous with that of monoclinic [(C5H5)2-
Fe][PF6].7 The monoclinic P21/c cell contains one PF6-

anion in general position and two independent half-
cations located on crystallographic centers of inversion.
(ii) Form I S form II transformation: when the

crystal of [(C5H5)2Co][PF6] is cooled at 243 K, a phase
change occurs leading from the room-temperature P21/c
monoclinic cell (form I) to another P21/c monoclinic cell
(form II) with a different â-angle [92.87(3) and 96.17-
(1)° for form I and form II, respectively] and slightly
different unit cell axes. On passing through the phase
transition, the b- and c-axes shorten with respect to the
room-temperature cell, while the a-axis lengthens.
Comparative views of the two crystal structures are
shown in Figures 1 and 2. The form I S form II
transformation is accompanied by a change in cell
volume from 1187 to 1157 Å3 and by a change in packing
coefficient from 0.67 to 0.69.10

(iii) The form I S form II phase transition is fully
reversible, and the relationship between the two crystal
structures is simple to depict. Let us first distinguish
between those cations with the molecular axes almost
parallel to the a-axis (cat-A) and those cations with the
molecular axes almost perpendicular to the a-axis (cat-
B) (see Figure 1). On passing (ideally) from form II to
form I, cat-A and cat-B change from a staggered (in
projection) to an eclipsed juxtaposition along the a-axis
(see Figure 3). Whether this model bears any relation-
ship with the actual phase transition mechanism is
difficult to assess only from diffraction data. However,
it is interesting to note that, since the centers of mass
of the cations do not move, the transformation only
requires the Cp ligands to slide to their new positions
while the PF6- anions “give way”.
(iv) Form II S form III transformation: the crystal

undergoes a second phase transition to a semidisordered
cubic crystal above 314 K. The high-temperature phase
(form III) measured at 323 K shows fully ordered anions
(Figure 4) and orientationally disordered cations, thus
differing from the high-temperature plastic phase of the
Fe complex with both anions and cations orientationally
disordered. In this respect, form III can be defined as
semiplastic, since only one component (the cation)
appears to have lost short-range ordering. As in the(10) Gavezzotti, A. J. Am. Chem. Soc. 1983, 95, 5220.

Figure 1. Molecular arrangement in the (a) room-tem-
perature (form I) and in the (b) low-temperature (form II)
phases: space-filling view in the ac-plane. H atoms are
omitted for clarity.

Figure 2. Space-filling view of (a) form I and (b) form II
in the bc-plane.
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case of the form I S form II transformation, the form I
S form III transition is also fully reversible.
(v) In both form I and form II there is an intricate

network of C-H‚‚‚F hydrogen-bonding interactions
between the C5H5 ligands and the PF6- anions, the
shortest F‚‚‚H separations falling in the range 2.41-
2.45 Å.9c

(vi) Both transitions are clearly observed in DSC
thermograms showing two endothermic peaks at 252
and at 314 K.11 The enthalpy differences associated
with the two transitions are 1.30 and 3.05 kJ mol-1 for
the form II S form I and form I S form III phase
transitions, respectively. These values fall within the
range observed for most polymorphic organic crystals.12

In summary, crystalline [(C5H5)2Co][PF6] behaves as
a remarkable “crystal switch” between three phases.
The crystalline material is particularly robust so that

diffraction data could be collected across the three phase
changes on the same crystal specimen. The low-
temperature transformation is between two ordered
crystals with similar unit cells but with very different
ion arrangements, whereas the high-temperature trans-
formation leads to a semiplastic phase in which the
cation is orientationally disordered within an ordered
anion cage. Most importantly, the two transformations
are fully reversible.
In the near future we plan to fully characterize the

dynamical processess in crystalline [(C5H5)2Co][PF6] by
means of solid-state NMR techniques. We will also
investigate in detail the relationship between the crys-
tals of the iron and cobalt salts in terms of C-H‚‚‚F
hydrogen-bonding interactions. These bonds, though
weaker than the conventional O-H‚‚‚O type hydrogen
bonds, are of comparable length (hence, most likely,
strength) with respect to the C-H‚‚‚O interactions
which have been demonstrated to play a crucial role in
organometallic crystals13 and have now begun to be used
in crystal synthesis.14
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OM9602421(11) DSC thermograms were measured on a Perkin-Elmer DSC-7
in sealed Al pans; 5.150 mg of crystals was taken from the same crystal
batch used for the diffraction experiments. The repeated cycles of
cooling and heating (scanning rate 5.0 deg/min) had histereses of 12.7
and 4.5 K, for the form I S form II and the form I S form III
transitions, respectively.
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Figure 3. The same molecular representation as in Figure
2 after removing the PF6

- anions: note the eclipsing of
cat-A and cat-B in form I (a) and the staggering of cat-A
and cat-B in form II (b).

Figure 4. High-temperature cubic phase (form III) of
crystalline [(C5H5)2Co][PF6]: space-filling representation
along a cell axis. Note how the crystal is constituted of fully
ordered anions and orientationally disordered cations.
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