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An intercalation compound of azafullerene, K,C5,N, was prepared and structurally char- 
acterized. It is isostructural with the fullerene compound K,C,,, adopts a body-centered- 
cubic structure (lattice constant a = 11.31 angstroms), and consists of quasi-spherical 
monomeric (C5,N), ions. Density functional calculations of the structural and electronic 
properties confirm the similarity to K6C6, but also suggest a sizable deformation, prin- 
cipally confined in the vicinity of the nitrogen atom, of both the molecular structure and 
the electron states. These results show that study of the intercalation chemistry of 
azafullerene promises to reveal a rich family of both n- and p-doped systems with novel 
conducting and magnetic properties, like their fullerene antecedents. 

W h e n  (Cj9N), was isolated, its potential 
as a structural, but not electronic, analog of 
C6, was discussed ( I ) .  T h e  C6, molecule 
has a triply degenerate t,,, lowest unoccu- 
pied molecular orbital (LUMO) ,  which, 
when half-filled with electrons from alkali 
metal atoms, gives rise to metallic A3C6, 
salts with half-filled electronic bands. face- 
centered-cubic (fcc) structures, and, a t  am- 
bient pressure, transitions to the  supercon- 
ducting state in the range of 2 to  33 K 
(2-4). W h e n  the t,,, level is completely 
filled, the  stoichiometry requires six alkali 
metal ions (A6C6,), the resistivity once 
again reaches a maximum, and the  resulting 
insulating salts adopt a body-centered-cubic 
(bcc) struct~lre (5). 

In  the  case of the C,,N molecule, as a 
27 

result of the lower symmetry, the  t,,, triplet 
L U M O  is n o  longer degenerate (6-8). 

u u 

hloreover, because of the  trivalency of ni- 
trogen versus the tetravalency of carbon, 
the  neutral molecule is a n  open shell with 
partial occupancy of one of the  t,,, levels, 
which has reduced energy: 

--- LUMO -+- LUMO 

Complete filling of the  levels arising from 
the t,,, manifold should require, in princi- 
ple, only five alkali metal atoms, as shown 
below. Thus, reduction of C,,N with six 
electrons necessitates population of the  
L U M O  + 1 state: 

is still unknown 19),  reverts to  a monomer ~ , ,  

upon doping with excess K metal. T h e  
saturation ~ r o d u c t .  whose stabilitv is ~ o s -  , A 

sibly driven by its large Madelung energy 
( l o ) ,  is isostructural with K6C65 and has a 
stoichio~netry K6Cj9N and a bcc crystal 
structure. Supporting ab initio optimiza- 
t ion of the  structure and electron energy- 
band calculations o n  K6Cj9N suggest the  
likelihood of a n  ionic metal, whereas com- 
parison with its fullerene analog reveals 
sizable but localized structural and elec- 
tronic changes. 

Heating (C,,N),  (-5 mg) wi th  excess 
K, in Pyrex capillary tubing a t  250°C for 
36  hours under vacuum in  a sealed tube, 
yielded a free-flowing, crystalline powder. 
T h e  K-filled capillary was kept a t  t he  
cooler (by -10°C) end of the  evacuated 
tube a t  all times. Two rather unusual phys- 
ical properties of as-prepared (Cj ,N)2 (1  I )  
are that  it has a tendency to  adhere to  
surfaces and is difficult t o  grind into a fine 
powder. A n  x-ray diffraction (XRD) pat- 
tern  of the  sample (after a s u b s e q ~ ~ e n t  
24-hour annealing a t  250°C) sealed in a 
glass capillary 0.5 mm in diameter was 
recorded a t  ambient temperature with a 
Siemens D5000 diffractometer (2t = 5" to  
45", wavelength A = 1.5406 A ) .  Data 
analysis was performed with the  PROFIL 
(12)  suite of Rietveld analysis programs, 
wi th  the  background modeled by linear 
interpolation. Preliminary susceptibility 
measurements with a SQUID (supercon- 
ducting quantum interference device) sus- 

- - 

--- LUMO + 1 + LUMO + , ceptometer o n  t h e  same sample revealed 

il- it 4- LUMO 
n o  evidence of superconductivity. W e  per- 

$+,+ LUMo formed structural o ~ t i m i z a t i o n  and calcu- 
I r 

C5,N.6 
lation of the  electron energy bands in the  

%i6 frame of densitv functional theory i n  the  

cessfully applied to  other  f~~ l l e r ides  (13) .  
W e  used norm-conserving pseudopoten- 
tials, a plane-wave basis set for the  expan- 
sion of the  electronic wave functions with 
a n  energy cutoff of 5 5  rydbergs, and the  P 
point as representative of the  Brillouin 
zone for the  electron density. T h e  lattice 
constant was fixed a t  the  experimental 
value, and the  molecules were kept in  the  
T,, orientation as in  (13) .  Hence,  the  re- 
sults are directly comparable with those 
for K6C6,. Comparisons can  also be made 
with analogous calculations o n  molecular 
C j9N ( 6 ,  7), so tha t  the  effect of N sub- 
sti tution for C can  be distinguished from 
that  of K doping. 

Inspection of the  XRD profile (shown as 
dots in  Fig. 1 )  reveals that all reflections 
index to bcc symmetry. h/loreover, their 
intensities are in remarkable correspon- 
dence with those observed in the  fullerene 
analog K6C6, (3 ,  5). Rietveld refinements 
of the  profile were thus attempted in  space 
group lm3 with the  Kt ions occupying the  
distorted tetrahedral po2itions a t  (0,  0.5, r )  
(z = 0.2890 + 0.0007 A ) .  W e  modeled the  
azafulleride ( C j 9 N ) 6  ions by using orien- 
tationally ordered C60 molecules in  whicb 
all C-C distances were kept fixed at 1.44 A 
(Fig. 2 ) ,  in analogy with the Rietveld re- 
finement of K6C6,. T h e  refinement con- 
verged rapidly (R,., = 0.151, R, = 0.1 18, 
R,,, = 0.101, background excluded) with 
a cubi5 lattice constant a ; 11.313 +- 
0.004 A [a(K6C6,) = 11.39 A]. T h e  cen- 
ter-to-center distance betweep neighbor- 
ing azafulleride ions was 9.80 A, somewhat 
smaller than  t h e  average interdimer dis- 
tance i n  bo th  the  p r i s t i ~ e  azafullerene 
(9.97 A )  and K6C6, (9.86 A ) .  Refinement 
of the  K occupation number always indi- 
cated full stoichiometry (n  = 6 )  within 
one  estimated standard deviation. T h e  
calculated fit and the  difference profile are 
shown in  Fig. 1. High-resolution synchro- 
t ron XRD or neutron diffraction patterns 
would be necessary to  allow refinement of 
t h e  individual C positions and  identifica- 
t ion of the  unique N position and any 
associated local distortion. 
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Fig. 1. The upper curve shows the 
final observed (points) and calculat- 
ed (solid line) diffraction profile for 
&C,,N at room temperature in the 
range of 20 = 8" to 45" (Cu K a  
radiation). The lower panel shows E 2000 
the difference profile. Vertical marks - indicate the observed reflections. 1500 - 

Y 

Inasmuch as the XRD powder pattern 
of the saturation-doped K heterofulleride 
does not allow differentiation from its ful- 
leride analog, the unlikely possibility that 
C5,N had somehow been converted to C6, 
under strongly reductive conditions need- 
ed to be explored. To  this end, a sample of 
K6C5,N was undoped with methanolic p- 
toluenesulfonic acid (the acid acts as an 
oxidant, presumably releasing H,). High- 
performance liquid chromatography anal- 
ysis showed that C5,NH and (C,,N), were 
produced, but not C,,. 

Intercalation with alkali metals causes 
marked relaxation of the C,, molecule 
(1 3), leading in particular to a lengthening 
of the short C-C bonds as a result of the 
excess electrons that are occupying orbitals 
with antibonding character. Using the 
C5,N molecule as a reference (6, 7), we 
found that the LDA calculations on the 
azafulleride also reveal the same effect and 
are consistent with full ionic character for 
the K,C,,N salt. In addition, the K+ ions 
occupy similar sites in the fulleride and 
azafulleride salts, in agreement with the 
XRD results. 

The results of the band structure calcu- 

Fig. 2. Unit-cell basal plane projection of the bcc 
structure of &C5,N. The location of the N atom on 
the azafulleride ion is currently unknown. 

lations for K6C5,N are shown in Fig. 3A 
and can be compared with those for K6C6, 
(Fig. 3B). In contrast to the insulating 
behavior of K6C6, (band gap -0.8 eV), 
K6C5,N is predicted to be metallic. The 
effect of spin polarization on the half- 
filled band of K6C5,N is not considered 
here. However, spin polarized calculations 
of C5,N (7) show that spin polarization 
effects are only slight, leading to an energy 
splitting of 50.1 eV. In Fig. 3A, the values 
at the r point essentially represent the 
one-electron levels of the C,,N molecule 
to which six electrons have been added. 
The main effect evident for the specific 
molecular orientation chosen here is the 
large splitting of the lowest tl,-derived 
level (0.3 eV), which localizes strongly in 

-0.5 I I I 
r H P I- 

Fig. 3. Kohn-Sham electron energy bands of (A) 
K,C5,N and (6) &C,, along some symmetry 
lines of the Brillouin zone of the bcc crystal. E = 

0 corresponds to the top of the h,-derived bands 
of C,, at the k = 0 (r) point. The other bands 
(above E = 0) are those derived from the ti, 
levels (solid lines, E = 1.5 to 2 eV) and ti, levels 
(solid and dashed lines, E = 2.5 to 3 eV). The 
dotted line in (A) represents the estimated value 
for the Fermi level. 

the vicinity of the N atom, as shown in 
Fig. 4. However, the tl,-derived levels are 
almost unaffected bv the Dresence of N at 
k = 0, but are significantly modified along 
the (1.0.0) line (T-H). In fact, the one- . . . . 
electron state at H has the samk localiza- 
tion pattern as that shown in Fig. 4. 

The successful synthesis of the azaful- 
leride salt K,C,,N-which is isostructural 
with its analog K,C,,, with essentially 
unchanged lattice dimensions and the K+ 
ions occu~vine the same distorted tetrahe- ., 
dral interstices in the bcc arrangement of 
(C,,N),- ions-opens the way for the 
isolation of a new family of alkali metal 
azafulleride salts. The theoretical results 
reveal local structural changes and non- " 
rigid-band behavior in the transition from 
C,, to C,,N and from K,C,, to K6C5,N. 
However, as the modifications are spatial- 
ly localized, the overall effects on the 
T-delocalized states of C,, are minor. The 
structural similarity of K6C5,N with C6, 
salts should likely prevail for other mem- 
bers of the AnC5,N ( A  = alkali metal) 
series, but the electronic difference be- 
tween C5,Nn- and C6,"- that arises from 
the extra electron should sensitivelv affect 
the conducting, magnetic, and electronic 
properties of the materials. Furthermore, 
the availability of azafulleride salts should 
also prove crucial for the theoretical un- 
derstanding of the electronic structure and - 
properties of superconducting fullerides 
and for the testing of various proposed 
scenarios. The most interesting cases 
should be those of the KC,,N salt, in 
which the extra electron should fill the 
state that is most affected by the presence 
of the nitrogen atom (Fig. 4), and of the 

Fig. 4. Probability density of the lowest of the 
t,,-derived states at r at -1.6 eV in Fig. 3A, which 
is most affected by the replacement of a C atom 
by N. The light and dark areas correspond to 
e/au3 = 0.005 and 0.01, respectively. The arrow 
points toward the N atom. 
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K,C,,N salt, which is isoelectronic with 
the K,C,, superconducting phase. 
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The Elasticity of a Single Supercoiled of models of DNA that assume that the 

DNA Molecule 
twisting and bending contributions to the 
free energy of the molecule are harmonic 
and isotropic (20-22), a good approxima- 

T. R. Strick, J.-F. Allemand, D. Bensimon, A. Bensimon, tion for unstretched DNA (8-1 2). 
V. Croquette For closed circular DNA and for linear 

DNA molecules whose ends are not free to 
Single linear DNA molecules were bound at multiple sites at one extremity to a treated rotate (6), topological models provide the 
glass cover slip and at the other to a magnetic bead. The DNA was therefore torsionally conceptual framework (2 ,  13) we shall use 
constrained. A magnetic field was used to rotate the beads and thus to coil and pull the to analyze our data. The number of times 
DNA. The stretching force was determined by analysis of the Brownian fluctuations of the the two strands of the DNA double helix 
bead. Here, the elastic behavior of individual A DNA molecules over- and underwound by are intertwined-the linking number of the 
up to 500 turns was studied. A sharp transition was discovered from a low to a high DNA (Lk)-is a topological constant, the 
extension state at a force of -0.45 piconewtons for underwound molecules and at a force sum of two geometrical characteristics of 
of -3 piconewtons for overwound ones. These transitions, probably reflecting the for- the shape of the DNA, writhe (Wr) and 
mation of alternative structures in stretched coiled DNA molecules, might be relevant for twist (Tw), where Lk = Wr + Tw (2). Wr 
DNA transcription and replication. is a measure of the coiling of the DNA axis, 

like a twisted cord forming intenvound 
structures (plectonemes). Tw reflects the 
helical winding of the DNA strands around 

T h e  supercoiling of DNA-that is, the of dynamic light-scattering methods ( 7 ) ,  each other (13). For an unconstrained (re- 
twisting and bending of the double helical fluorescence depolarization (8), and topo- laxed) linear DNA molecule (assuming the 
axis-is an  extensively studied aspect of isomer analysis during the circularization absence of any spontaneous local curva- 
DNA topology (1 ,  2). It affects both struc- of small DNA molecules (9-12). Among ture), Lk = Lko = Two (=  number of 
tural transitions and interactions between the studies on single molecules are the helical turns). One defines the relative 
DNA and other molecular complexes. For analysis of static electron microscopy im- change in linking number or degree of su- 
example, a locally underwound DNA ages of small plasmids (1 3-15) and Monte- percoiling, a, as 
strand is necessary for transcriptional ac- Carlo (MC)  or molecular dynamics simu- (Lk - Lko)/Lko = ALklLk, 
tivation (3)  and recombinational repair lations (16-19). Most of these experi- 
(4). Supercoiled DNA is also a key struc- ments have been interpreted on the basis The value of a for most circular molecules 
tural factor in chromosomal organization, 
in which the winding of the molecule 
around histone proteins is necessary for Fig. 1. (A) Experimental setup: The DNA molecule A Light 6 
DNA compaction ( 5 ) .  More specifically, was bound to a glass cover slip at one end by 
the entropic tension generated in super- DIGanti-DIG links and at the other end to a para- 
coiled DNA in anaphase during chroma- magnetic bead by biotin-streptavidin links (26, L L I h  

somal condensation is released by the ac- 27). A force was applied on the bead with CO-Sm 
r 

z ,'--, , - - \  

I I , 
i , , 

tion of a specific enzyme (6), topoisomer- magnets equipped with a polar piece to focus the 

ase 11, thus allowing the disentanglement field in a 2-mm gap locatedjust abovethe sample. 
The magnetic device can spin about the optical 

and segregation of the chromosomes net- axis, causing the paramagnetic beads to rotate. 

I???.: 1 -7:iy 
\-. _. 

essary before cell division. We controlled the magnitude of the force by dis- -DNA - -, ' : I  
previous studies DNA super- placing the magnets vertically. To determine this Oil , ,  , , 

coiling were done on  solutions of circular force, we measured the Brownian fluctuations , , , 8 

8 t 

supercoiled DNA molecules with the use and the coordinates of the tethered bead. The XI 00 , , 

samples were observed on a Diaphot-200 Nikon 
T. R. Strick. Laboratoire de Physique Statistique de microscope with a 1 0 0 ~  immersion oil 

objective 

I'ENS, associe aux universites Paris VI et VII. 24 rue 0 X 

Lhomond, 75231 Paris Cedex 05, and Laboratoire de The and coordinates were directly measured 
B~~~~~~~~~~ de Pasteur, 25-28 rue du Dr on the image. The value of thez coordinate was obtained with an optical sensor to measure the position 
Roux, 7501 5 Paris, France. of the objective, which yielded the best image determined by a polynomial fit to the bead's profile. The 
J.-F. Allemand, D. Bensimon, V. Croquette, Laboratoire Brownian motion of the tethered bead was measured in real time with a special tracking algorithm 
de Physique StatiStiquede I'ENS, aSSocieauxuniverSiteS inspired by previous work (47). We obtained video data using a square pixel XC77CE Sony camera 
Paris et VII, 24 LhOmOnd* 75231 Paris 05, connected to a Cyclope frame grabber (timed on the pixel clock of the camera) installed in a 486 (33 MHz) 
France. 
A, Laboratoire de Biophysique de In- personal computer (42). N and S represent the two poles of a magnet. (B) Schematic of a bead 
stitut Pasteur, 25-28 rue du Dr ROUX, 75015 pafis, undergoing angular fluctuations (6a) in the xOz plane transverse to the direction of stretching. The 
France. transverse restoring force is F, = F6a = (F// )ax. 
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