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Subnanometer-Diameter Wires Isolated in a 
Polymer Matrix by Fast Polymerization 

Josh H. Golden, Francis J. DiSalvo," Jean M. J. Frechet," 
John Silcox, Malcolm Thomas, Jim Elman 

The preparation and analysis of inorganic-organic polymer nanocomposites consisting 
of inorganic nanowires and multiwire "cables" in a random-coil organic polymer host is 
reported. Dissolution of inorganic (LiMo3Se3), wires in a strongly coordinating monomer, 
vinylene carbonate, and the use of a rapid polymerization in the presence of a cross- 
linking agent produce nanocomposites without phase separation. Polymerization of 
dilute solutions yields a material containing mostly (Mo,Se3-), mono- and biwires, 6 to 
20 angstroms in diameter and 50 to 100 nanometers long. Polymerization of more 
concentrated liquid crystalline solutions yields a nanocomposite containing oriented 
multiwire cables, 20 to 40 angstroms in diameter and up to 1500 nanometers long, that 
display optical anisotropy and electrical conductivity. 

T h e  rational design and fabrication of ma- 
terials that display "nanowlre" or "molecu- 
lar wire" inorphologies is driven by poten- 
tial applications in nanoscale electronic, 
optical, and mechanical devices (1).  Useful 
properties exhibited by these materials in- 
clude nonlinear optical phenomena, mag- 
netism, anisotropic conductivity, and di- 
chroisin (2 ,  3). Some approaches used in 
the preparation of inorganic and organic 
nanofibrillar structures and composites in- 
clude template synthesis of nanowires with- 
in the confines of a porous host matrix, 
traditional solution synthesis, and the me- 
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chanical dispersion of carbon and silica 
nanotubes within an organic polymer host 
(3-7). 

W e  have prepared a nanocomposite 
consisting of a rigld rod metallopolymer 
dispersed in a random coil organic polymer 
host by using the "monomer as solvent" 
approach. This technique has been used to 
prepare nearly mono$isperse molybdenum 
chloride clusters, 10 A in diameter, isolated 
from one another in an organlc polymer 
host matrlx (8). The approach involves the 
preparation of solutions consisting of Inor- 
ganic salts dissolved in an organic monomer 
that are bulk-polymerized in the presence of 
a cross-linking agent. If the monomer is 
chemically bound to the metal species and 
thus serves as a polymerizable ligand, fast 
solidification and chemical association of 
the inorganic phase with the supporting 
organic matrix may be achieved simulta- 
neously. Flory has shown that rigld rods 

should phase-separate in the presence of a 
random coil organic polymer, even at low 
concentrations (9). However, the use of a 
solvating lnonoiner coupled to the fast po- 
lymerizatlon of the cross-linklng system 
about the rigid rods kinetically traps the 
dispersed form. The final concentration of 
the rigid rods in the solid nanocomposite 
can be tuned to yield materials that contain 
individual isotrouic nanowires or oriented 
multlwlre "cables." This approach has now 
been extended to disperse a purely inorgan- 
ic metallopolymer (LiMo3Se3),, (Fig. 1, A 
and B) in a random-coil organic polymer 
poly(viny1ene carbonate) [poly(VC)] 

We used (LiMoSe,).. because it is solu- > > , , L  

ble in polar solvents and has useful linear 
dichroism and electronic conductivity 
properties (10). The high solvation energy 
of Lit drives the dissolution of (LiMo3Se3),, 
to produce dark burgundy solutions (absorp- 
tion maximum at 480 nm) of Li+ cations 
and (Mo,Se,-),, polyanions (10). The met- 
allopolymer (LiMo3Se3), is a member of the 
(MMo3X3),, (M, an alkali or monovalent 
main-group metal; X, S or Se or Te)  series 
of metallic linear-chain cornpounds first de- 
scribed by Potel and co-workers (1 1) and is 
structurally related to the Chevrel phases 
(1 2). It is prepared (1 0 )  as shown below 

The organic component, the polar 
monomer VC, was chosen because its 
chemical struckre is similar to that of the 
nonpolymerizable solvent propylene car- 
bonate (8), which dissolves (LiMo3Sej),, 
(10). The V C  monomer retains the solubi- 
lizing property of its nonpolymerizable 
counterpart and polymerizes to a high mo- 
lecular weight product in the presence of a 
free-radical generator (1 3). In addition, 
poly(VC) is an excellent supporting host 
for conducting Li salts (1 4). 

A dilute inorganic-organic polymer 
nanocomposite containing mono- and bi- 
wires of (Mo3Se3-),, was prepared by the 
thermal free-radical polymerization of lop3 
to M VC-(LiMo,Se,), solutions con- 
taining 10% by weight tris(2-hydroxyethyl) 
isocyanurate triacrylate (the cross-linking 
agent) and 2 mole percent 2,2'-azobis(2,4- 
dimethylvaleronitrile) (the free-radical ini- 
tiator) at 23" to 50°C. The  addition of a 
rapidly curing cross-linking agent to the 
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dilute solution ensured that the gel point 
was reached rapidly and avoided extensive 
aggregation of the nanowires. Complete so- 
lidification was then achieved in -1 hour 
after the initial rapid gelling, as the remain- 
ing VC monomer polymerized to form a 
hard, glassy solid. The polymerization of 
dilute solutions may also be achieved photo- 
chemically if the thermal initiator is replaced 
with 5 mol% 2,2-dimethoxy-2-phenylaceto- 
phenone and a 500-W Hg lamp. 

We imaged the inorganic wires in the 
organic polvmer host (Fig. 2, A to C )  by - - ,  . - 
2-contrast (2, atomic number) scanning 
transmission electron microscopy (STEM) 
(8, 15), a technique that is sensitive to 
(Mo,Se,-), wires with high 2-number im- 
bedded in the low 2-number poly(VC) host 
(intensity Z3I2). Samples for STEM anal- 
ysis were prepared by polymerization of the 
dilute solutions on C-coated Cu grids under 
Ar. We estimate that the molecular weight 
of these (Mo,Se,-), wires is 1.03 X 1Q5, on 
the basis of an image length of -500 A and 
a (Mo,Se,-), unit molecular weight of 
525 gomol-l and an intertriangle spacing of 
2.54 A. 

The presence of some defects or wire 
joints may be the cause of the apparent 
kinks in the molecular wires. However, it is 
more likely that these defects are the result 
of the two-dimensional (2D) representation 
of a macromolecular chain traversing a 3D 
volume. Because the trajectories of the in- 
dividual inorganic chains cannot be re- 

Fig. 1. (A) Projection of the (MMo,Se,), structure 
(M,_Li) onto the hexagonal (001) plane and (B) the 
(1 120) plane (side view, n = 7). Atoms in order of 
increasing size are Li, Mo, and Se. The structure is 
built from the polycondensation of octahedral 
clusters of Mo through trans triangular faces. The 
remaining faces are capped by the chalcogenide 
atoms. 

stricted to a plane and the STEM depth of 
focus is significant (-400 A), any wire 
bending inward from the surface would be 
shown as a bright spot or a kink. Wegner 
and co-workers have recently observed in- 
dividual shape-persistent macromolecules 
for which 2D packing leads to a high degree 
of local order although defects may be clear- 

Fig. 2. Z-contrast STEM images of a M 
nanocomposite at a magnification of 2 x lo6, 507 
A horizontal and vertical field of view (256 by 256 
pixels). Because the appropriate calibration of the 
radiation damage and noise levels in the images 
has not yet been undertaken, the reader is cau- 
tioned against interpreting intensity patterns along 
the wires in terms of atomic structure. (A) 
(Mo,Se,-), wires 6 A in diameter and -50 nm . ., .,, 
long. The intensity variations (bright spots) are due 
to bends and twists in the nanowires as they tra- 
verse the host volume. (B) A biwire -20 A in di- 
ameter. Unbroken biwires can exceed 100 nm in 
length. (C) Intersecting mono- and biwires. As 
shown in the middle of the image, monowires 
typically suffer beam damage in 1 to 3 s, despite 
low current settings. 
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lv identified (16). However. a direct corn- . , 

parison of our observations (Fig. 2) with 
those of Wegner et al. is not possible be- 
cause ours is not a monolayer obtained at 
high concentration of the polymer chains. 

The flexibility of the nanowire is at 
first surprising because of the expected 
rigidity imparted by the strong intertri- 
angleoMo-Mo bonds (bond distance = 
2.54 A, which is comparable~o bond dis- 
tances in Mo metal = 2.72 A). However, 
the bending moment of a wire is vro~ortion- ., - .  
a1 to its radius to the fourth power (1 7), so 
molecular wires will be much more flexible 
than macroscopic wires. Both metal whisker 
crystals (18) and thin films made of analo- 
gous molybdenum selenide wires (10) also 
exhibit considerable flexibility. 

We prepared a nanocomposite contaia- 
ing oriented multiwire "cables" 20 to 40 A 
in diameter by shearing more concentrated 
and viscous 0.01 M liquid crystalline VC- 
(LiMo,Se,), solutions between two glass 
slides. Shearing the solution during room- 
temperature polymerization oriented the 
chains while rapid solidification (5 to 10 
min under Ar) ensured retention of order. 
A STEM analysis of the polarizing films 
revealed an oziented array of multiwire ca- 
bles 20 to 40 A in diameter, containing 5 to 
20 wires per cable, within the poly(VC) 
host (Fig. 3). A small fraction (2 to 5%) qf 
undissolved crystallites (100 to 500 A 
thick) appears to be less sensitive to the 
shearing forces and to orient only partially. 
The undissolved crystallites are a result of 
incomplete exchange of Li+ for In+ during 
the solid-state synthesis of (LiMo3Se3),, as 
confirmed by scanning electron microscopy 
microprobe analysis (1 9 ) .  

The oriented nanocomposite thin film 
(250 to 500 pm thick) exhibits significant 
absorption anisotropy as observed with polar- 
ized-visible absorbance microscopy and polar- 
ized-ultraviolet-visible transmission spectros- 

Fig. 3. A STEM dark-field image of oriented 
"nanocables," 20 to 40 A in diameter, in a M 
polarizing film at a magnification of 3 X lo5. The 
field of view is 1 100 nm by 11 00 nm. The length of 
the nanocables ranges from -500 to -1 500 nm. 



copy. The transmission data yielded an av- 
erage dichroic ratio ( R )  of 2 at 490 nm, 
where R is the ratio of absorbance parallel 
to versus perpendicular to the film (20). 
The conductivlty of the multiwlre cables 111 

the concentrated 10-' M nanocomposite 
was deternlined hy an opt~cal  method be- 
cause the ~ n a t e r ~ a l  exhibits a high contact 
resistance. We estimated the conductivlty 
from the plasrna resonance (a,,) exhihited 
by (Lii\403Se3),, in the infrared region (10). 
The infrared spectrum of a 10-' bf 
poly(VC)-(Liblo3Se,),, gel sheared between 
taro KRr disks displays a broad (Lii\403Se3),, 
plasrna absorption centered at -1100 cm-I. 
Fitting the absorption according to a Drude 
model (21) gives a ,  and an estilnated con- 
ductivity u of 10' to 10' S cm-' from u = 
ap2r /4n ,  ~vhere T 1s the carrier relaxation 
time. This compares favorably with a conduc- 
t~vity of 2 x 10' S cru-I measured for a neat 
(LiMo'Se,),, thln film (10). 
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Visualization of Slow Axonal Transport in Vivo 
Sumio Terada, Takao Nakata, Alan C. Peterson, 

Nobutaka Hirokawa* 

In axons, cytoskeletal constituents move by slow transport. However, it remains con- 
troversial whether axonal neurofilaments are dynamic structures in which only subunits 
are transported or whether filaments assemble in the proximal axon and are transported 
intact as polymers to the axon terminus. To investigate the form neurofilament proteins 
take during transport, neurons of transgenic mice lacking axonal neurofilaments were 
infected with a recombinant adenoviral vector encoding epitope-tagged neurofilament 
M. Confocal and electron microscopy revealed that the virally encoded neurofilament M 
was transported in unpolymerized form along axonal microtubules. Thus, neurofilament 
proteins are probably transported as subunits or small oligomers along microtubules, 
which are major routes for slow axonal transport. 

Neurons  are highly asymmetric cells. Their 
axonal processes can extend for an excep- 
tionally long distance, but there 1s a corn- 
plete lack of protein synthesis machinery in 
axons. Thus, all rnaterlals necessary for ax- 
onal maintenance and function are trans- 
ported from the cell body by fast and slow 
transport mechanisms. Components of the 
neuronal cytoskeleton and several axonal 
cytoplasmic proteins are conveyed by slow 
axonal transport at a rate of 0.1 to 3 mm/ 
day (1). Although the process has heen an- 
alyzed hy various methods, it still remains 
controversial whether axonal neurofila- 
lnents are dynamic structures in which only 
subunits are transported (2, 3) or whether 
the axonal neurofilarnent cytoskeleton poly- 
merizes in the cell body immediately after 
synthesis and subsequently is transported as 
a coherent column to the axon terminus hy 
a sliding mechanism (4, 5). 

To study the lnechanislns involved in slow 
axonal transport, we constructed a recombi- 
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nant adenoviral vector (6) encoding an 
epitope-tagged neurofilament bl protein. The 
rat gene encoding neurofllament M (7) a7as 
mod~fied by polymerase chain reaction tech- 
niques to encode a c-Myc epitope tag (8). 
Because the COOH-terminus of neurofila- 
lnent ivl 1s only poorly conserved anlong spe- 
cies (9),  the preclse amino acid sequence is 
unlikely to be critical, and we introduced the 
c-blvc enitone in that domain. The neurofila- 

I L L  

ment M protein by itself cannot form 10-nm 
filaments (10, 1 1 ), which precludes any direct 
evaluation of functional consequences arising 
from this modification. However, in a bacu- 
loviri~s expression system. neurofilalnent bf 
can form 1 0 - I I ~  filaments hy copolymerizing 
with neurofilarnent L. Epitope tagging did 
not lead to any observable changes in cross- 
bridge for~nation, spacing between core fila- 
ments, or core filament assemhlv in this ex- 
pression system (1 1 ). The recombinant ade- 
novirus encoding the epitope-tagged rat neu- 
rofilament ivl protein (AxCA-NT-NFbfmyc) 
was constructed by homologous recombina- 
tion between the exnression coslnid cassette 
and the parental virus genome (1  2). This 
vector was then used to infect the fourth 
lumbar (L4) dorsal root ganglion (DRG) neu- 
rons of hoth normal and transgenic mice 
(1  3). In line 44A transgenic mice, expression 
of an NF-H-P-galactosidase f ~ ~ s l o n  protein 
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