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MEMBRANES composed of bilayers of amphiphiles such as phos­
pholipids generally exhibit two-dimensional liquid-like structure 
within the layers. When the constituent molecules of such a mem­
brane are permanently cross-linked to each other, the membrane 
becomes less flexible, forming a two-dimensional solid. Solid mem­
branes are expected to exhibit very different behaviour from their 
liquid counterparts•-\ including transitions between a two­
dimensional flat phase, a crumpled phase of fractal dimension 2.5 
and a compact, three-dimensional phase. Experimental evidence 
for the crumpled phase has, however, been lacking. As this phase 
was not observed in computer simulations4--6, it has been suggested 
that it may always be absent for self-avoiding (and therefore all 
real) membranes4--6. To the contrary, we report here the experi­
mental observation of the crumpled conformation in an aqueous 
suspension of graphite oxide membranes. Static light scattering 
measurements indicate the presence of membrane conformations 
with a fractal dimension of 2.54 ± 0.05. As the intra-membrane 
affinity is enhanced by changing the composition of the solvent, 
the membranes collapse to a compact configuration. 

A natural state for a solid membrane is a flat configuration. 
Unlike in a liquid membrane which lacks internal shear elas­
ticity, out-of-plane thermal undulations in a solid membrane 
are not energetically favoured, because they are accompanied 
by in-plane strains2

• When the in-plane elasticity is sufficiently 
weak or the temperature high enough, it has been argued that 
a crumpled conformation with random orientations should form 
because the entropy gain from the increased number of bent 
and folded configurations more than compensates the internal 
energy cosC·8

. Like the coiled polymer, the crumpled membrane 
is a tenuous fractal 9 with a dimension determined by the compe­
tition between the configurational entropy and steric constraints. 
If the affinity between the molecules is increased, the membrane 
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may collapse completely into a compact configuration 10
•
11

. 

Figure 1 provides a schematic representation of these three 
phases. 

In computer simulations4
-

6
, flat and compact10

•
11 conforma­

tions have been realized by tuning simple potentials, but the 
intermediate crumpled phase has not been observed in equili­
brium. This has led to the conjecture that a crumpled phase is 
always absent in self-avoiding membranes7

• Experimental 
studies of solid membranes are therefore most desirable. Candi­
dates for solid membranes include sheets of graphite oxide 
(G0) 12

-
15 and MoS2 (ref. 16), the spectrin network extracted 

from red blood cells (C. Schmitt, personal communication) and 
polymerized liquid membranes 17

. Previous electron microscope 
images show that both G015 and MoS2 (ref. 16) form irregular 
and folded configurations when dried on the microscope stage. 
Here we study conformations of GO membranes suspended in 
dilute solution. 

GO membranes are synthesized by exfoliating bulk graphite 
with strong oxidizing agentst 2

•
13

•
15

; we used potassium per­
manganate. The product of the oxidation reaction is GO, 
brownish yellow in colour, which consists of carbon layers 
bonded by oxygens 14

• Electron microscopy has shown that the 
GO membranes have a crystalline internal order15 and can be 
as thin as one carbon layer14

• Hydroxyl (OH) groups are bound 
to the surfaces of the GO membranes 14

• These hydroxyl groups, 
capable of forming hydrogen bonds with water molecules, are 
responsible for the compatibility of GO with aqueous solutions. 

A light scattering study of the structure of membranes in 
solution requires some control over their sizes. This was achieved 
by using polycarbonate filters (Nucleopore). The GO suspension 
was sequentially passed through filters with 8-j.Lm and 3-j.Lm 
pore size. The membranes retained on the 3-~J-m filter were 
redispersed in a solution, with the original buffer conditions. 
The final solution contains GO membranes sized between 3 and 
8 ILm with a concentration of -0.01 wt%. 

In static laser-scattering experiments, conformations of GO 
membranes are probed through the structure factor, S(q), at a 
wave vector q, which is directly related to the radius of gyration, 
Rc, and to the fractal dimension9

, dr, of the scattering objects. 
The membrane conformations can be differentiated by their 
fractal dimensions: for a flat membrane, dr = 2, whereas a com­
pact conformation corresponds to d1 = 3. The fractal dimension 
of the intermediate crumpled phase is estimated to be 2.5, from 
a Flory argumene. For a monodisperse solution3

•
18

, S(q) = 
1- (qRc) 2/2 for qRc < 1, and S(q) = q-d, for qRc > 1. As our 
solutions are polydisperse, the power law should be checked 
only at length scales shorter than the size of the smallest GO 
membranes (3 ~J-m). As our shortest probing length is 0.2 ILm 
(half of the laser wavelength), we have a range of about 1.5 
decades in q to determine the scaling exponent d1 for the decay 
of S(q). 

Figure 2 illustrates the structure factors of GO membranes 
obtained from aqueous solutions at three pH values. The 
behaviour of S( q) is fairly consistent with a self-similar scaling 
of density fluctuations at length scales less than the size of 
membranes. The best fits give a value of d1 = 2.54 ± 0.05, very 
close to the theoretical estimate3 of 2.5. The fractal dimension 
was found to be insensitive to pH and salt concentrations. This 
is understandable considering the low density of the ionizable 
groups (one COOH group for every fifty carbons14

). When 10% 
acetone is added to the solution, the structure factor, shown in 
Fig. 3, suggests formation of a compact conformation with a 
fractal dimension of -3, and a somewhat smaller radius of 
gyration. This observation can be explained by the fact that 
acetone molecules are less polar than water molecules. On 
addition of acetone, the solvent becomes poorer, and the intra­
membrane affinity is enhanced. 

Although our observation of a fractal dimension of -2.5 is 
consistent with a crumpled phase of membranes, we also con­
sider some other possible explanations. Haphazard crushing of 
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FIG. 1 Schematic representations of (a) compact. 
(b) crumpled and (c) flat confirmations of solid 
membranes. These illustrations, taken from ref. 
11. actually correspond to the same membrane 
at three different times in a numerical relaxation. 
This sequence also illustrates the need to 
complement static light-scattering results with 
dynamical studies. 

foil or paper' 9
·
20 also leads to objects with a fractal dimension 

of -2.5. Such objects are, however, far from equilibrium and 
represent metastable states along the way to a fully compact 
conformation. The observation of a sepa rate collapsed phase is 
evidence against this. Another possibility is a mixture of flat 
and compact configurations. This is unlikely in view of the lack 
of any curvature in the data of Fig. 2. On a log-log scale, light 
scattering data from a mixture of fractal s of dimensions 2 and 
3 would show clear bending in an interval of two decades 
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FIG. 2 The structure factor, S(q) , of GO membranes (sizes 3 to 8 1-1ml in 
aqueous solution at different pH. All measurements were made at room 
temperature. The wavevector is defined as q=1/ A, where A is the 
wavelength of the density wave that scatters the incident laser beam. The 
data for pH 8 and pH 12 have been shifted vertically for clarity. For q > 
0.33 1-1m - 1 • the plots of log S(q ) against log q can be fitted to straight lines, 
indicating that the GO membranes are self-similar at length scales smaller 
than their sizes. The fractal dimensions given by the fittings are: 2.55 ± 0.02 
for pH 4, 2.56 ± 0.03 for pH 8, and 2.51 ± 0.03 for pH 12. The theoretical 
estimate of a fractal dimension of 2.5 for a crumpled conformation is 
indicated for comparison by the solid line. 
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(D. A. Weitz, personal communication). Finally, flat membranes 
whose thickness scales with lateral size are inconsistent with 
our observations, as they would a lso produce a large curvature 
in log q-log S(q) plots 15

. 

Our experimental results therefore indicate that a crumpled 
conformation exists in solid membranes. This is somewhat sur­
prising, as most numerical simulations of rather flexible self­
avoiding membranes produce flat conformations4

-
6

. The flat 
phase is, however, unstable to a glassy crumpled configuration 
in the presence of internal defects2 1

• More information on the 
microstructure of GO, its rigidity and characteristic defects is 
needed. To determine the nature of the crumpled state, we 
propose three experimental studies. First, X-ray scattering 
experiments should be performed to reveal the mean curvatures 
and defects in GO membranes at microscopic scales. Second, 
th e crumpled-to-compact transition should be systematically 
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FIG. 3 The structure factor, S(q), of GO membranes in a 10% acetone +water 
solution with pH4. The slope at q > 0.331-'m - 1 is -3 (3.10±0.05), and 
the radius of gyration is somewhat smaller than in aqueous solutions, 
indicating a compact conformation of GO membranes. 
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studied with varying acetone concentrations and/ or varying 
temperature at a suitable acetone concentration. A careful study 
of the reversibility of this transition could definitely test the 
existence of these two phases as distinct stable states. Third, a 
careful dynamic light-scattering study could reveal the relaxa­
tion times of the internal modes of the membranes, and thus 
distinguish between equilibrium and possible glassy conforma­
tions19-21. Preliminary dynamic light-scattering data show two 
dynamic modes, the slower of which has a relaxation time 
roughly proportional to q-2 and may correspond to brownian 
diffusion of the GO membranes. Further studies are in 
progress. D 
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MACROSCOPIC amounts of the two fullerenes C60 and C70 have 
been available for a year\ and have already had an enormous 
impact on research in chemistry and physics. Experimentalists are 
now turning their attention to the higher fullerenes2

'
3

• Qualitative 
molecular-orbital theory predicts4-6 stability for en with n = 
60, 70, (72), 76, 78, 84, ... , of which all but C72 have now been 
produced by evaporation of graphite1

-\ and in general for infinite 
series of closed-shell neutral fullerenes for n = 60 +6k (k"' 1), 
70+30k, 84+36k (all kf-9

• Recent experimental observations of 
endohedral LaC" metallofullerenes10 have been rationalized in 
terms of 'magic numbers' for fulleride anions c;-, for which 
special stability is predicted 11 at n = 74, 82, 88, ... ; but the exact 
extent of charge transfer in these complexes has yet to be deter­
mined. Here we present calculations of magic numbers in the 
fullerenium sequence c;+ (n = 74, 80, (88), 92) and show that the 
electron count determines stability and the atom count determines 
structure in all three (neutral, anionic and cationic) series. Stable 
cations have two carbons more, and stable anions two carbons less, 
than the corresponding stable neutral cluster. We predict likely 
structures of the 'magic' cations. 

Qualitative theoretical treatments of carbon cages are based 
on the fullerene hypothesis: that stable structures are pseudo­
spherical polyhedra with (n/2+2) faces, of which 12 are pen-
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tagonal and the remainder hexagonal. The pentagons are needed 
for geometric closure, and the hexagons maximize the w­
delocalization energy of these unsaturated molecules. Within 
the fullerene constraint, many isomeric forms of en are in 
principle possible, but stable structures have the following 
features in common: (1) isolated (non-adjoining) pentagons; 
(2) large w-bonding delocalization energies and large gaps 
between occupied and empty orbitals; and (3) low steric strain. 
The pentagon-isolation criterion has been elevated to the status 
of a rule (the IPR) 12

; it can be rationalized on steric grounds 
as a way of easing a--strain 13

, and on electronic grounds as a 
way of avoiding the anti-aromatic eight-atom cycles inherent in 
pairs of adjacent pentagons4

• Large delocalization energies and 
large gaps between the highest occupied and lowest unoccupied 
molecular orbitals are obviously conducive to electronic stabil­
ity, and geometric (geodesic) stability of the cage framework is 
covered by criterion (3). 

When n belongs to one of the special series 60 + 6k, 70 + 30k 
or 84 + 36k, candidate structures can be generated by the 
geometric leapfrog and carbon-cylinder constructions of refs 
7-9. These constructions, of which one works by capping all 
faces and then taking the dual of a smaller fullerene, and the 
other by equatorial expansion of five- and six-fold symmetric 
fullerenes, automatically yield isolated-pentagon structures, and 
so satisfy the IPR. More generally, a computer search for all 
possible fullerene isomers of any given e" cage can be carried 
out with the aid of the ring-spiral algorithm of ref. 14. This 
algorithm 'peels' each cage as a continuous spiral strip of edge­
sharing pentagons and hexagons. The placing of the 12 pen­
tagons in the sequence uniquely determines the adjacency matrix 
and hence the three-dimensional isomeric form of the fullerene. 
The three-dimensional structures are thus encoded in a compact 
one-dimensional representation. Structures with fused pen­
tagons are easily detected and eliminated as the search proceeds. 
The general isomer count rises rapidly with n (from only 1 for 
n = 20 to over 20,000 for n = 78, for example5

). The count of 
structures with isolated pentagons also increases rapidly (from 
only I for n = 60 to over 450 for n = 100), but is much smaller 
for the same value of n. 

Relative stabilities of isolated-pentagon structures for neutral 
fullerenes depend on a balance between the electronic and steric 
criteria mentioned above. The leapfrog and carbon cylinder 
series give all the fullerenes with formally closed-shell electronic 
structure, but other isomers may still have considerable elec­
tronic stability, albeit with slightly bonding LUMOs in simple 
Hucke! theory. The electronic-steric balance is clearly a delicate 
one. Thus e76 is found 3

•
4 to be D 2 (electronically favoured over 

the only other ( Td) isolated-pentagon isomer), whereas5
•
15 the 

predominant isomer of e78 is C2 " (sterically favoured over the 
four other isolated-pentagon isomers, one of which has a closed 
shell). Prediction of stability from molecular-orbital models or 
molecular mechanics 15 may therefore be a delicate matter. 
Nevertheless, steric strain effects being equal, leapfrog and 

TABLE 1 Maximum energy gaps ll2+ for isolated-pentagon isomers of 
fullerenium cations C~ + 

n ll2+ n ll2+ 

70 0.0887 84 0.2259 
72 0 86 0.2417 
74 0.3371* 88 0.3121 
76 0.1989 90 0.2138 
78 0.2426 92 0.3147* 
80 0.4195* 94 0.2906 
82 0.2368 

*Local maximum in ll2 + corresponding to a single isomer that also has 
the highest 7T-bonding delocalization energy for the given value of n. Energies 
ll 2

+ are in units of a single effective Huckel resonance integral {3. 
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