LETTERS TO NATURE

2,100

2,000

1,900

Temperature (K)

1,800

1,700

0.0 0.5 1.0 1.5
Number density {nm=23)

FIG. 2 Computed temperature—density phase diagram of Ceo for tem-
peratures in the region of 1,800 K. The solid lines are the solid-fluid
coexistence lines. They were obtained by a fit to the data points (indica-
ted by error bars) derived from free-energy calculations™® at 3,218,
1,893, 1,839, 1,788 and 1,694 K and ‘Clausius-Clapeyron’ integration®
between 3,218 and 1,893 K. The area between the two solid lines is
a two-phase region where solid coexists with fluid. The dashed line
denotes the (metastable) liquid—vapour coexistence line. It was
obtained by a fit to the data points (solid circles) that were computed
using the Gibbs-ensemble simulation technique of ref. 5. The solid
diamond indicates the estimated location of the critical point. The fact
that the critical point is located below the solid—fluid coexistence line
implies that Cgo has no liquid phase.

by integrating the Clausius-Clapeyron equation, following the
scheme developed by Kofke®.

Figure 2 shows our prediction for the phase diagram of Csg.
The sublimation line passes 354 10 K above the liquid-vapour
critical point. All phases that occur below the sublimation line
in Fig. 2 have a higher Gibbs free energy than the coexisting
solid and vapour phases. It may be possible to reach the liquid-
vapour coexistence curve by supercooling the fluid below the
sublimation line. But the liquid phase that would then form is
necessarily less stable than the coexisting solid and vapour
phases. Our results therefore suggest that Cq has no stable liquid
phase. To our knowledge, this would be the first example of a
pure substance that has no triple point. Of course, these findings
assume that the interaction potential for Cg proposed in ref.
1 is accurate. An improved description of the intermolecular
interactions would presumably result in small shifts of the pre-
dicted phase boundaries, but this will do little to change the
highly anomalous appearance of the Cqo phase diagram. Specifi-
cally, we expect the (metastable) critical point to remain very
close to the sublimation line. This has interesting consequences
for the formation of solid Cg from the vapour phase. If Cy, is
cooled below the sublimation line, it will probably not nucleate
crystals from the vapour phase because, as soon as it is cooled
below the liquid-vapour spinodal (that is, the line where the
homogeneous fluid becomes absolutely unstable), metastable
liquid-like aggregates will form. One might think that the forma-
tion of these aggregates would assist subsequent crystallization.
However, experiments'®and simulations'' on colloids with short-
ranged attractions indicate that such aggregates do not crystall-
ize but gelate to form rather open fractal structures. By analogy,
we expect that solid Ceo that is formed by homogeneous nuclea-
tion from the vapour phase will form an amorphous, rather than
a crystalline phase. This may explain why the high-temperature
synthesis of Cq in the gas phase often results in sooty deposits.
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After we had completed this work, A. Cheng et al.'” reported
a similar simulation study of Ce in which the phase boundaries
were located using a series of approximations. As a result of
these approximations, a narrow liquid range was seen above
1,800 K. O
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Enhanced reactivity of
fullerene cations
containing adjacent pentagons
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GEOMETRICAL constraints, first identified by Euler, dictate that
all of the closed carbon cages known as fullerenes must contain
twelve pentagonal rings of carbon atoms'. In all of the fullerenes
synthesized so far, each pentagon is surrounded by hexagonal
rings”. Indeed, this has been proposed as a criterion for fullerene
stability—the ‘isolated-pentagon rule’’”—on the basis that
adjacent pentagons are expected to be chemically reactive. Buck-
minsterfullerene (Cqo) is the smallest fullerene for which the
isolated-pentagon rule can be satisfied; smaller, adjacent-pentagon
fullerenes have not been formed in bulk, but have been identified
previously as cations*®. Here we report experimental evidence
for the heightened chemical reactivity of cations of the adjacent-
pentagon fullerenes Css and Csg, relative to Cgy , which provides
support for the basic assumptions underlying the isolated-pentagon
rule. Our findings suggest that, if fullerenes such as Cs¢ and Csg
are produced as intermediates or byproducts of Cg generation
either in the laboratory or in natural environments, they should
form derivatives readily.

Using a selected-ion flow tube (SIFT) described elsewhere”*,
we have observed many examples of addition reactions

Cis +AB— Cy. AB™" )

for the ions Cgy, C3y and Cig, and have determined that several
factors influence the efficiency of reaction (1) for different charge
states (x) and for different reactants (AB)*'°. The ions Cig are
generated by the impact of electrons upon vaporized Cg, a tech-
nique which also produces ions C;~ (r<60) by the dissociative
ionization of buckminsterfullerene. The molecules chosen for
reaction with these latter ions were several (CH;CN, NH;,
C,H,, n-C,H,,) which showed little reactivity with C&; , because
such reactions provide scope for observable rate enhancement.
The increased reactivity of Cig and C33, compared to that of
Cio, can be readily seen from the kinetic measurements reported
in Table 1 and illustrated in Figs 1 and 2. There is a considerable
amount of experimental evidence to support the assumption
that C3, and C33 are fullerene ions. For example, collisions of
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FIG 1 Experimental data for the association reactions of c%, citand
C25 with methyl cyanide, CHsCN, performed at 294+ 2 K and at a hel-
ium buffer gas pressure of 0.344 4 0.001 torr. The exponential decay
curves for C2¢ and C24 (which appear linear as the vertical-axis scale
is logarithmic) are very much steeper than that observed for C23, indi-
cating that the adjacent-pentagon fullerene ions C2% and CZ; are much
more reactive with CHsCN than is C2; . Rate coefficients for each ion
are obtained from the least-squares line fitted to each ion signal plotted
on such a graph. The corresponding ADO collision-rate coefficient is
represented by the dotted line: clearly, C2¢ and CZg react with CH5CN
upon virtually every collision.

high-energy Cgy (x=1-3) and C3; with helium result in forma-
tion of endohedral He adducts of the ‘descendant’ ions Cg&;_
and Csg_.,, respectively: the incarceration of helium within the
cavities of these descendant ions indicates that the surfaces have
‘healed’ rapidly to retain the fullerene structure'''%. Further evi-
dence is seen in the dissociation pattern for large carbon-cluster
ions'*—all even-carbon clusters larger than Cs, lose only even
numbers of carbon atoms on laser-induced fragmentation,
whereas odd-carbon clusters in this size range lose an odd num-
ber of carbons. This is explained most readily by the dissociative
model'*'* which presumes that the even-carbon cluster products
containing >32 carbons are fully closed structures. In our own
experiments, while we are able to generate substantial quantities
of ions such as Ci, Ci;, Cif, Ci¢ and Ci; by dissociative
ionization of Cg, we cannot produce detectable quantities of
the neighbouring odd-carbon ions. This strongly suggests that
the Cig_,, fragment ions in our experiments are also fullerenes,
and, by necessity, adjacent-pentagon fullerenes as they contain
fewer than 60 atoms'.

Of the four neutral reactants included in the present study,
three react by association. The heightened efficiency of these
reactions for the smaller fullerene ions C3¢ and C3 is especially
significant because theory'® predicts that, in the absence of other
factors, association efficiency should decrease with the decreas-
ing size of the reactant ion or neutral; furthermore, this effect
should be small for the reactions of such large ions with small
neutrals. A rationale for the enhanced reactivity of Ci¢ and
C% lies in the greater sp® character of carbons lying at the shared
edge of adjacent pentagons, as shown in Fig. 3. The sp’ character
of the carbons within the reactant fullerene ion is important
because each atom in a fullerene is already bonded to three
others: formation of an additional bond between a fullerene
carbon atom and an atom within a neutral reactant molecule
requires tetrahedral coordination about this carbon atom, and
this will be easier if this atom already possesses a degree of sp®
character. All the carbon atoms in Cs, and in all higher isolated-
pentagon fullerenes, possess largely sp” character: the increasing
stability of fullerenes with increasing fullerene size'® is ascribed
to the smoother, more graphite-like surface of the higher fuller-
enes. Inducing tetrahedral coordination at one carbon atom on
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FIG. 3 An illustration of different environments for a
carbon atoms within fullerenes. Each carbon atom
on the surface of a fullerene is involved in three
pentagonal or hexagonal rings. Fullerenes smaller
than Cgo invariably possess structural features of
type (a), involving two pentagons and one hexagon.
These three rings are far from coplanar (as shown
in the bond-and-orbital diagram beside (a)) and the
orbitals of the central carbon atom are therefore
expected to possess substantial sp® character.
Structural features of type (b), the only feature found
on the surface of Cgo, involve two hexagons and
one pentagon which are more nearly coplanar: the
carbon atom involved here has bonds with a lower
degree of sp® character. Fullerenes larger than Cso
contain sites of type (b) but also possess structural
features of type (c¢), which is also found in graphite
and which has the lowest deviation from coplanarity
of the three features discussed here. So, the bonding
involved in this feature is expected to have a high
degree of sp® character with little sp® character. The
formation of a fourth chemical bond to a carbon
atom, in a tetrahedral coordination, implies sp®
hybridization at the carbon concerned in the result-
ing product. This process is expected to be easiest
at sites which already feature a high degree of sp®
character.

o

o

a surface such as that of Cg,, which is constrained to remain as
smooth as possible in order to maximize 7 overlap across the
surface, is likely to be an energy-demanding process, and will
only be feasible if the energy gain by means of bond formation
is greater than the energy required to distort the carbon surface.

Although theoretical calculations have not, to our knowledge,
predicted increased chemical reactivity for adjacent-pentagon
fullerenes, they have indicated that such structures are substan-
tially lower in thermodynamic stability than isolated-pentagon
fullerenes. MNDO (modified neglect of diatomic overlap)
calculations'® suggest a destabilization energy, per pair of adja-
cent pentagons, of about 7 kcal mol ™', which is similar to the
calculated resonance destabilization for the adjacent-pentagon
conjugated hydrocarbon molecule pentalene. Calculations on
Cqo isomerism'’ have indicated that a Ceo structure with two

TABLE 1 Reactions of C;" (x=56, 58, 60) with various compounds

Reaction Products Kobs™ k.t k/ksof
C2¢ +CHSCN Css . CHsCN?" 43 4.96 53.8
CZ4 + CH5CN Css.CH3CN?" 4.2 4.94 52.5
C25 +CH5CN Ceo . CH5CN?" 0.08§ 4.93 1.0
Cle+NH3 Css . NH4 0.0096 1.65 >9.6
Cly+NH3 Css . NH3 0.034 165 >34.0
Céo+NH3 Ceo.NHZ <0.001 ) 1.65 1.0
C24 +CoHy Css.CoH3 ! 0.021 1.86 >21.0
C24 +CoHy Css.CoH3 ' 0.019 1.86 >19.0
C25 +CoHy Coo.CoHZ" <0.0019 1.86 1.0
c§§+n-cAH10 CseH* +CaHS 0.027 1.87 >27.0
CZ; +n-C4Hio CsgH* +CaHS 0.034 1.86 >34.0
C25 +n-CaHq1o CeoH " +CsHg <0.001¢| 1.86 1.0

* Observed effective bimolecular reaction rate coefficient (in units of
107° ¢cm® molecule * s ) at 294 + 2 K and 0.35 + 0.01 torr of helium.

T Calculated ADO (Average-Dipole Orientation) collision rate
coefficient (in units of 1072 cm? molecule™* s7%) at 294 K, determined
using the method of Su and Bowers™.

1 Rate enhancement observed for reaction, expressed as the ratio
kobs (C)n(+) . kobs(ng)-

§ The reaction of C35 was previously reported in ref. 10.

|| The reaction of Cé, was previously reported in ref. 25.

€ The reaction of C35 was previously reported in ref. 9.
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pairs of adjacent pentagons is ~35 kcal mol™' higher in energy
than the giobal minimum buckminsterfullerene structure.

A recent experimental study of high-energy collisions of
the adjacent-pentagon fullerenes Csz and Cg with helium has
demonstrated that, in contrast to similar experiments with Cgp
and C3,, the parent helium adduct is not formed in detectable
quantities, although ‘descendant” adducts (involving loss of C,
units) are observed in all cases'''?. The failure of the adjacent-
pentagon adducts to remain intact has been attributed to the
relative destabilization caused by the adjacent-pentagon struc-
tural feature'”.

Our results may have implications for chemical reactions of
fullcrenes in interstellar clouds and circumstellar shells. It has
been suggested that fullerenes may be formed in the envelopes
surrounding giant carbon-rich stars'®'? especially those with
very low abundances of hydrogen. We have identified viable
pathways to singly and doubly ionized fullercnes from neutral
fullerenes under such conditions™, indicating that ion-molecule
reactions of these molecules may be significant in interstellar and
circumstellar environments®'->. Growth mechanisms for fuller-
enes are still a subject of debate: most proposed mechanisms
involve the production of fullerenes from smaller neutral or ion-
ized carbon fragments, although a recent study suggests that
rearrangement and fragmentation of larger mono-, bi- and tri-
cyclic carbon rings can also produce fullerenes™. It seems poss-
ible that production of Cy, involves the earlier, or simultaneous,
formation of smaller fullerenes such as Csz and Cse. If this is
the case, these smaller fullerenes will also be intermediates in,
or byproducts of, the circumstellar generation of Ce. Our results
suggest that those clusters which possess adjacent pentagons
are likely to form derivatives readily in interstellar and cir-
cumstellar environments, which are expected to have spectral
features distinct from those of the less-reactive fullerenes typified
by Ceo-
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ZroLiTES derive their catalytic activity from the strong acidity of
protons attached to the negatively charged aluminosilicate frame-
work, which makes the materials excellent proton donors. Unlike
zeolites, the aluminophosphate molecular sieves'? are built from
alternating AlO; and PO; tetrahedra and are thus electrically
neutral. Much attention has therefore been devoted to the genera-
tion of Brensted acidity in these materials by introducing het-
eroatoms, such as Si, Mg, Fe, Co or Zn, to produce negatively
charged frameworks™®, Similar arguments apply to gallophos-
phate molecular sieves’™?, of which cloverite®' is a remarkable
example. This extra-large-pore material contains pore openings in
the form of a four-leafed clover, defined by a ring of 20 gallium and
phosphorus atoms, some of which are linked to terminal hydroxyl
groups. Here we use NMR, X-ray photoelectron spectroscopy
(ESCA) and infrared spectroscopy to show that the P-OH groups
in cloverite are localized versions of those in solid phosphoric acid,
H3PO,. Cloverite is thus a strong Bransted acid even though no
heteroatoms are present in its framework.

Cloverite has a cubic structure, @=51.712 A, with the unit-
cell formula [GaesP76502.976( OH ) 02]- 192QF, where QF is qui-
nuclidinium fluoride. Single-crystal structural determination’
shows that there are five crystallographic framework sites for
both P and Ga. Pure, highly crystalline cloverite was prepared
by the method of Estermann er al’. The surface/near surface
composition was determined by ESCA to a depth of ~50 A.
The Ga(3ps,»)/P(2p) intensity ratio (Fig. la) gives Ga/P=1.15,
indicating a slight excess of surface gallium, which is consistent
with results from related molecular sieves''. High-resolution
ESCA spectra reveal detailed core-level peak structures for each
element. The binding energies and linewidths are given in Table
1, along with those for related materials. The 2.7-¢V linewidth

+ To whom correspondence shouid be addressed.
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of the Ga(3d) ESCA spectrum (Fig. 15 and Table 1) is typical
of a distinct gallium species, GaPQy, in the cloverite framework.
The broad and asymmetric P(2p) ESCA line in Fig. 1¢ signifies
the presence of two different oxidic phosphorus-containing
species. Deconvolution (Fig. 1d) shows that the binding energy
of the more abundant P species is 134.1 eV and that of the
less abundant species is ~132.3 eV. Although the progressive
creation of electron holes in the sample during an ESCA experi-
ment affects the apparent value of the binding energies, a general
argument'” ' allows us to draw conclusions about the initial
chemical state from the measured binding energies of oxides.
Thus one may assume that, during the formation of an oxide,
the more electropositive the element the more negative the O(1s)
binding energy in its oxide. Further, it is known'*'* that forma-
tion of a mixed A ,M,O. oxide from two or more simple A,,O,
and M,O. oxides will in most cases result in the enhanced coval-
ency of the more covalent of the two metal-oxygen bonds and,
conversely, the enhanced ionicity of the more ionic of the two.
This manifests itself as a lowering of the binding energy of the
more covalently bonded element, and an increase in binding
energy of the more ionically bonded. The O(ls) binding energy
for the mixed oxide lies between that of the two simple oxides.
The more intense P(2p) line represents ~84% of the total
phosphorus. This means that the more abundant oxidation state
of phosphorus must belong to the Ga-O-P unit in the cloverite
framework. The binding energies give a clue as to the nature of
the other phosphorus species (~16%). Because of the presence
of ‘terminal hydroxy!l groups’ pointing towards the centre of the
20-membered ring, Ga~-O-H and P-O-H bonds are present as
well as Ga-O-P bonds. The ESCA technique is very sensitive
to the nature of M O-H bonds, and the chemical shifts easily
distinguish hydroxides from the M-O-M* bonds of the equiva-
lent oxide'*'". The M—O-H bonds in cloverite should therefore
produce an easily distinguished set of peaks in the appropriate
M spectrum. This type of shifted spectral feature is found in the
P(2p) spectrum in Fig. 1¢, corresponding to P-O-H bonds.
Solid-state NMR and infrared spectroscopy support the above
interpretation. The *'P magic-angle-spinning (MAS) NMR spec-
trum shown in Fig. 2a reveals features not seen by Merrouche
et al.'’ It consists of a main peak at —11.2 p.p.m. with a shoulder
at ~—12.6 p.p.m., and a separate smaller line at —6.3 p.p.m. As
the intensity ratio of the two lines is 6.84: 1, the main peak must
correspond to P(OGa), structural units, and that at —6.3 p.p.m.
to P-OH phosphorus atoms. This ratio is very close to the 7:1
required by the structural determination®. The lower ratio of
5.25:1 detected by ESCA (corresponding to a larger population
of P-OH groups) is due to the higher surface sensitivity of the
technique'”. The fine structure of the main NMR peak is caused
by the presence of four different phosphorus sites. The correct-

TABLE 1 ESCA binding energies and linewidths of cloverite and
related materials

Ga(3d) P(2p) 0O(1s) Al(2p)
(eV) (eV) (eV) (eV) Reference

P-O-Gain 21.6(2.7) 134.1(2.3) 531.9(2.5) - This

cloverite [0.84] letter
P-0O-H in - 132.3(2.3) 531.9(2.5) - This

cloverite [0.16] letter
AlIPO,-8 - 135.0(2.4) 532.8(2.2) 75.4(24) 23
NasHPO, - 133.1 NA - 16
Na3P0, - 132.3 NA - 16
Ga,03 20.5 - 530.9 - 16
P,0s5 - 135.2 533 - 16
Al,O3 - - 531.0(2.0) 74.0(2.1) 12,16

Selected binding energies and (in round brackets) linewidths +0.2 eV,
referenced to C(1s)=284.6 eV from the quinuclidinium —CH, groups.
The justification for this method of removing charging shifts has been
given previously'>'®??, Relative intensities are given in square brackets.
The total linewidth of the overlapping P(2p) lines from P-0-Ga and
P—O-H in cloverite is 3.0 eV. NA, not applicable.
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