
resistance at finite temperatures. Because 
such a probability decreases with tempera- 
ture, the fluctuation supercurrent, and hence 
the conductance, increases. Zero resistance is 
reached only at T = 0 K.  

Note added in proof: After the submission 
of this manuscript, superconductivity in ropes 
of nanotubes was reported (28). 
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Construction Principles of 
"Hyparenes": Families of 

Molecules with Planar 
Pentacoordinate Carbons 
Zhi-Xiang Wang* and Paul von Rague Schleyer? 

Density-functional theory calculations predict that three borocarbon units with 
planar pentacoordinate carbons -C3B,-, -C,B,-, and -CB,-, can replace 
the -(CH),- subunits in aromatic or even in antiaromatic hydrocarbons to 
construct "hyparenes" (families of molecules with planar pentacoordinate car- 
bons). These borocarbon units contribute two, one, and zero electrons, respec- 
tively, to the parent pi system. Depending on the choice of these units, the 
hyparenes (judging from computed proton and nucleus-independent chemical 
shifts), can maintain or can interconvert the aromatic or antiaromatic character 
of the parent compounds. The hyparenes are low-lying local minima with 
normal carbon-boron, boron-boron, and carbon-carbon bond lengths. The mul- 
ticenter bonding in the hyparenes involves contributions of partial sigma and 
partial pi bonds to the planar pentacoordinate carbons; the octet rule is not 
violated. Borocarbon species, for which there is some mass spectrometric 
evidence, might be observed and identified, for example, in matrix isolation by 
vibrational spectroscopy. 

The principles of the mechanical molecular 
models for hydrocarbons, still widely used to 
visualize organic structures, have remained 

Center for Computational Quantum Chemistry, Com- 
putational Chemistry Annex, University o f  Georgia, 
Athens, CA 30602-2525, USA. 

*Permanent address: Graduate School a t  Beijing, Uni-
versity o f  Science and Technology o f  China, Aca-
demia, Sinica, Beijing 10039, People's Republic o f  
China. 
?.To whom correspondence should be addressed. E-
mail: schleyer@chem.uga.edu 

essentially unchanged since van't Hoff intro- 
duced folded paper tetrahedra (1, 2) as the 
first three-dimensional representation. Placed 
comer-to-comer, two of these methane tetra- 
hedra represent ethane. Two tetrahedra joined 
edge-to-edge have four coplanar vertices and 
model ethylene. Similarly, an acetylene mod- 
el results from a face-to-face arrangement. 

Here we predict simple structural group- 
ings, based on planar pentacoordinate car-
bons (ppC) [-C,B,- (type A), -C,B,-
(type B), and -CB,-(type C)] (Fig. I), 
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which are fundamentally different from the tion are quite common (12). of type C. Replacement of the three dicoor- 
traditional trigonal sp2 arrangements. We As in 20 and 21, six n electrons are dinate borons in 22 by three CH groups gives 
show how A, B, and C can function as build- involved in 22. Moreover, 22 contains a unit 6 (also with six n electrons), in which the 
ing blocks to construct the simple molecules 
(1,2, and 3) and elaborate numerous aromatic 
and antiaromatic hydrocarbons to give "hy- 
parenes" (hypercoordinated arenes) including 
4, 5, and 6 (Fig. 1) and 7 through 19 (Fig. 2) 
[more examples are given in Web fig. 1 (3)]. 
All these species have computed structures 
(4) with normal bond lengths (9,vibrational 
spectra with no imaginary frequencies, and 
magnetic properties [nucleus-independent 
chemical shifts (NICS) ( 6 )as well as proton 
chemical shifts] that reveal the aromatic or 
antiaromatic character of the individual rings 
(Table 1) (7). The planar pentacoordination 
results from multicenter bonding. However, 
the total Wiberg bond indices (WBI) for the 
central carbons range from 3.65 to 3.95 (Ta- 
ble 1) and show that the octet rule is not 
violated (8).  

The demonstration that molecules with a 
planar hexacoordinate carbon, such as 20 
(Fig. 3), can be viable (9) led us to explore . -
higher degrees of planar hypercoordination 
computationally (10). The D,, geometry of 
CB,-, 21 (with a planar heptacoordinate car- 
bon) is a minimum, but the D,, geometry of 
CB, (with carbon in the center) has two 
imaginary frequencies (1 I). The carbon atom 
is too small to achieve good bonding to all 
eight boron atoms simultaneously and 
moves to a ring edge upon further optimi- 
zation in lower symmetry. The resulting w 6 
minimum, 22, features a ppC. No prior ppC 4 5 6 

example has been described, to our knowl- CZV l o n e  CS 6 x e  Czv 6 n e  

edge, even though "hypercarbons" with Fig. 1. Conceptual relation of the building units A, 8, and C t o  stable isoelectronic 4 a  species with 
three-dimensional carbon pentacoordina- planar pentacoordinate carbons (1 t o  3) and the hyparenes 4, 5, and 6. 

Table 1.Theoretical results for the hyparenes 4 to 19 and 22. For compounds antiaromatic cyclobutadiene and benzocyclobutadiene are 4.8 and 6.6 (four- 
with two entries, the first refers to the ring (or carbon) shown on the left in ring) and 6.1 (six-ring), respectively. NICS(l), values at CIAO-B3LYP/6-
Fig. 2, and the second to  the right. v, is the smallest vibrational frequency at 31 1 +C**//B3LYP/6-311 +C**.For reference, the NICS(1) for aromatic ben- 
B3LYP16-31G*. Tot. a e, total a electron occupancies given by NBO analysis. zene, naphthalene, and azulene are -10.2, -10.6, and -7.8 (seven-membered 
Aa, number of a electrons contributed by A through C. 6H, average H ring) and -17.8 (five-membered ring), respectively, whereas the NICS(1) for 
chemical shifts at GIAO-B3LYP/6-311+C**//B3LYP/6-311+C't. As refer- the antiaromatic cyclobutadiene, pentalene, and benzocyclobutadiene are 
ences, the average 6H values for aromatic benzene, naphthalene, and azulene 17.5, 18.2, and 13.4 (four-ring) and -2.8 (six-ring), respectively. Tot. ppC 
(both rings) are 7.6, 7.9, and 8.0 ppm, respectively, whereas those for WBI, total Wiberg Bond Index for the ppCs at B3LYP/6-31G*//B3LYP/6-31G*. 

Hyparene v1 Tot. a e AT 6H NICS(1) Tot. ppC WBI 
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five borons bind the central carbon more 
effectively than in 22. Note that 6 can be 
regarded as benzene extended by a type C 
unit. That the 4n + 2 aromaticity rule is 
followed is confirmed by the negative 
NICS(1) (13) and downfield H nuclear mag- 
netic resonance (NMR) chemical shifts (6H) 
(14).  

Most mono- and polycyclic aromatic (and 
even antiaromatic) species (referred to here 
generically as "arenes") can be extended geo- 
metrically and electronically by the borocar- 
bon groups A to C. Appropriately chosen, 
these extensions either can maintain existing 
aromaticity (for example C in 6) or can con- 
vert antiaromatic into aromatic systems (for 
example A in 4)  and vice versa. Group A 
simply replaces three adjacent hydrogens of 

an ally1 or of an arene-(CH),-fragment by 
three borons. This increases the total electron 
count by six. These extra electrons can be 
assigned (with some oversimplification) as 
follows: two electrons help form a fourth (for 
example B-B) u bond (in addition to the three 
CH bonds of the original species), two elec- 
trons are involved in four-center-two-elec- 
tron (4c-2e) bonding of the central carbon 
with three borons (shown by the dashed lines 
in A to C), and two electrons from A add to 
the existing IT electron count. Group B not 
only replaces three hydrogens, but also one 
carbon atom by boron; a second carbon-bo- 
ron replacement characterizes C.  Hence, B 
adds one IT electron, whereas C does not 
change the IT electron count. Simple isoelec- 
tronic molecules illustrate these groups: neu- 

tral C2B,H, (2) belongs to group B, the 
CB,H2- anion (3) to group C, and the 
C3B3H2+ cation (1) to group A (Fig. 1). Note 
that 1, 2, and 3 all have four IT electrons, but 
exhibit the diatropic ring currents associated 
with aromaticity. Because deltahedral multi- 
center bonding (15), both u and IT, is in- 
volved in 1, 2, and 3, the CC, CB, and BB 
bonds have normal lengths. 

Unit A, acting as a two IT electron donor, 
converts the antiaromatic tub-shaped cyclo- 
octatetraene into a planar aromatic 10 IT elec- 
tron system (4). Similarly, the antiaromatic 
pentalene becomes aromatic 7 after incorpo- 
ration of an A unit (Fig. 2). The average 
proton chemical shifts, 6H, of 4 and 7 (Table 
1) are in the region for typical aromatic com- 
pounds. Attached once to naphthalene, group 

Fig. 2. Examples of hyparenes incorporating type A (7  to 9) (A); B (10 to 1 
examples are given in Web fig. 1 (3). 

3) (B); C (14 to 16) (C); and mixed A, B, and C (17 to 19) (D) units. More 
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A results in an antiaromatic, albeit still pla- 
nar, molecule, 8, with 12 .rr electrons. At- 
tached twice to benzene (thereby replacing all 
the protons and adding four v electrons), A 
gives the borocarbon, C,B, (9), which is an 
aromatic 10 a electron system. Unlike all 
other species reported in this paper, the planar 
benzene with one A unit had an instable 
wavefunction. 

Aromatic neutral hyparenes with singlet 
ground states are predicted by using B, which 
contributes one v electron, to extend 4n + 1 
v electron annulene systems. Thus, cyclopen- 
tadienyl (n = 1) gives 5 and cyclononatetrae- 
nyl (n = 2) gives 10 (Fig. 2); the latter has a 
10 .rr electron aromatic planar nine-mem-
bered ring. Conversely, unit B renders (CH)y 
(x = 4n + 3, n = 1, 2. . .) systems antiaro- 
matic. An example is 11, which has strong 
bond length alternation, positive NICS(1) 
(+30.9), and a strongly upfield SH of 2.0. 
Two B units contribute a total of two .rr 
electrons and invert the aromaticity (or an- 
tiaromaticity) of an arene. Thus, the doubly 
substituted cyclooctatetraene (12) is aro-
matic, whereas the doubly substituted 
naphthalene (13) is antiaromatic. 

Unit C adds no extra v electrons and does 
not alter the existing aromaticity (or antiaro- 
maticity). In addition to 6, we have elaborat- 
ed a host of polycyclic aromatic hydrocar- 
bons by one or more C units (Fig. 2). The 
singly substituted benzocyclobutadiene (14) 
retains its antiaromaticity, whereas 1 5  retains 
the aromaticity of its parent (naphthalene). 

Fig. 3. Minima with 
planar hexacoordinate 2-

(20), heptacoordinate 
(21), and pentacoordi- 
nate (22) carbons. The 
latter was optimized 
by following one of 
the degenerate imagi- 
nary frequencies of 
the octacoordinate 20 

CB, (D,,) structure. 
D,, 677 e 

Fig. 4. Representive 
C,B, isomers of 9. 

1 

Despite being antiaromatic, the doubly sub- 
stituted cyclooctatetraene 16 also has a planar 
eight-membered ring. This illustrates the "ro- 
bustness" as well as the rigidity of the A, B, 
and C "construction units" and their inherent 
planarizing abilities, even in the absence of 
aromaticity. 

Units A, B, and C also can be combined, 
as exemplified by 17 to 19 (Fig. 2). The 
expected 10 .rr electron count is consistent 
with the NICS(1) and H chemical shifts (Ta- 
ble 1). Combinations of A, B, and C can also 
create antiaromatic hyparenes [see Web fig. 1 
(311. 

To be observable as isolated species (e.g., 
in the gas phase or in matrix isolation), these 
predicted hyparene minima should be stable 
toward dissociation and should have relative- 
ly large barriers toward rearrangements. Due 
to its relation to benzene, 9 (C,B,) was cho- 
sen for detailed exploration. Remarkably, the 
atomization energy (1390.7 kcalimol) of 9 is 
larger than that (1289.3 kcalimol, both com- 
puted at B3LYPl6-3 11 +G**) of benzene. 
The strength of the deltahedral bonding in the 
ppC structures also is reflected by the rather 
normal BB and BC bond lengths (5) and by 
their wide adaptability not only to aromatic 
but also to antiaromatic hyparenes. The high 
rigidity of the aromatic C, ring strongly hin- 
ders the rearrangement of 9 into the isomers 
without C, rings. Structural isomers with C, 
rings are much less stable than 9: the only 
minimum (23) (Fig. 4) we have found is 
136.4 kcalimol higher in energy than 9. How- 

24 

ever, some structurally more remote isomers 
(i.e., without C, rings) [see Web fig. 3 (3)] 
are lower in energy than 9. The vertical ion- 
ization energy of 9 (7.8 eV), comparable with 
7.5 eV for azulene and 8.0 eV for naphtha- 
lene, also implies its stability. 

Although boron carbide is a familiar ma- 
terial, very little is known about binary bo- 
ron-carbon (borocarbon) compounds. The la- 
ser ablation study of Becker and Dietze (16) 
recorded the mass spectra of a great number 
of binary boron-carbon anions and cations 
(BnC,+ -) (including C,B,+), but noOr 

structural information is available. Clearly, 
experiments should be directed at generating, 
separating, isolating, and identifying (e.g., by 
vibrational spectroscopy) (1 7) individual bo- 
rocarbons. Even those without ppCs can be 
expected to have unusual structures (18, 19). 

Although no examples have been identi- 
fied experimentally as yet, the hyparenes are 
unusual in combining planar hypercoordinate 
carbon and aromaticity. They extend our 
knowledge of chemical bonding and promise 
to enrich and to bridge organic and inorganic 
chemistry. The unusual structures of the hy- 
parenes may confer special properties useful 
for the design of new materials. The recent 
exciting discovery (20) that magnesium di- 
boride (MgB,) exhibits superconductivity 
(Tc = 39 K) further stimulates interest in 
borocarbons with their unusual electronic 
structures. Our computational results chal- 
lenge preparative chemists. The examples 
presented here deliberately focused on carbon 
as the "central" atom and are only illustrative. 
Analogs with planar pentacoordinate borons 
(or other elements) are equally viable; iso- 
mers of 1 to 19 with hypercoordinate central 
borons (instead of carbon) can be lower in 
energy (e.g., 24 and 25 in Fig. 4 are 23.6 and 
44.9 kcal/mol more stable than 9). Note that 
24 contains a ppC and a planar pentacoordi- 
nate boron. Outer rings involving atoms other 
than boron and carbon in perimeters are pos- 
sible (21). Units A through C may be expect- 
ed to have counterparts containing transition 
metal (22-24) groups. Initial results show 
that construction units similar to A through C 
but based on planar tetracoordinate carbon 
also are possible (25). A potentially rich hy- 
percoordinate "flat carbon chemistry" can be 
foreseen. 
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Predicting the Mesophases of 

Copolymer-Nanoparticle 


Composites 
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The interactions between mesophase-forming copolymers and nanoscopic par- 
ticles can lead t o  highly organized hybrid materials. The morphology of such 
composites depends not only on the characteristics of the copolymers, but also 
on the features of the nanoparticles. To explore this vast parameter space and 
predict the mesophases of the hybrids, we have developed a mean field theory 
for mixtures of soft, flexible chains and hard spheres. Applied t o  diblock- 
nanoparticle mixtures, the theory predicts ordered phases where particles and 
diblocks self-assemble into spatially periodic structures. The method can be 
applied t o  other copolymer-particle mixtures and can be used t o  design novel 
composite architectures. 

Mixtures of solid nanoparticles and block co- 
polymers can yield complex, highly ordered 
composites for next generation catalysts, selec- 
tive membranes, and photonic band gap mate- 
rials (1-3). The specific morphology and hence 
the utility of these materials depends on the 
copolymer archtecture and on such parameters 
as the size and volume fraction of the particles. 
Here, we present a method for calculating the 
morphology and thermodynamic behavior of 
copolymer-particle mixtures without requiring 
a priori knowledge of the equilibrium struc- 
tures. The method combines a self-consistent 
field theory (SCFT) for polymers and a density 
functional theory (DFT) for particles. The 
SCFT has been remarkably successful in de- 
scribing the thermodynamics of pure polymer 
systems (4), whereas DFTs capture particle 
ordering and phase behavior in colloidal sys- 
tems (5, 6). Applied to a diblock-particle mix- 
ture, this technique identifies new self-assem- 
bled (SA) morphologies, where both particles 
and polymers spontaneously order into a meso- 
scopically regular pattern. We thus delineate 
conditions where the chains drive particles to 
self-assemble into continuous "nanowires" or 
"nanosheets." The method can also be applied 
to composites involving other copolymer archi- 
tectures (h-iblocks, multiblocks, combs, stars) or 
blends of different polymers. 

Our model system consists of a mixture of 
molten AB diblock copolymers and solid 
spherical particles. All particles have the 
same radius R.  Each diblock consists of N 
segments, each of a volume p,-'. The frac- 
tion of A segments per chain is denoted by$ 
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The enthalpic interaction between an A seg- 
ment and a B segment is described by 
the dimensionless Flory-Huggins parameter, 
xAB. AS a function of (xABN) andf; a pure 
diblock melt can form spatially periodic mi- 
crostructures with lamellar, cylindrical, 
spherical, or more complicated phases. 

In SCF theory, many-body interactions 
between differing segments are replaced by 
the interaction of each segment with the av- 
erage field created by the other segments. 
Here, w,(r) is the value at a point r of the 
mean field felt by the A segments, wB(r) 
denotes the field for B segments, and wp(r) 
represents the field for particles. Using this 
approach, the free energy (7) for our system 
is given by 

The first term, F,, details the enthalpic inter- 
actions in the system: 

where V is the volume of the system, x,, and 
xBP are the interaction parameters between 
the respective segments and particles, and 
qA(r), qB(r), and qp(r) are the dimensionless 
concentrations of A segments, B segments, 
and particles, respectively. The diblock en-
tropic free energy F, is adapted from (4): 

- dr [w~( r )q ,4 ( r )+ w ~ ( r ) q ~ ( r ) l' I 
( 3 )  

where Q, is the partition function of a single 
diblock subject to the fields w,(r) and w,(r). 
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