
tine and phototransformed C60 films, which 
were obtained with 488-nm excitation, sug- 
gest a similar conclusion (27). The strongest 
peak in pristine C6,, which was at -725 
nm, redshifted -20 nm on phototransfor- 
mation. The small changes in these elec- 
tronic spectra are consistent with the poly- 
merization of fullerene molecules. 

Finally, the phototransformation of sol- 
id C,, altered x-ray diffraction of the films. 
Using Cu K, x-rays, we observed three 
clear peaks in -5000 A-thick pristine 
films that could be indexed according to 
the fcc lattice: (1 1 I) ,  (220), and (3 11). 
Phototransformation broadened these 
peaks by -20%, which indicates an in- 
crease in disorder in the film, and the 
peaks shifted slightly to higher scattering 
angles, which is expected for an average 
contraction of -0.1 A in the lattice con- 
stant. This contraction is much less than 
one might expect for a simple polymeriza- 
tion of C60 units in which the van der 
Waals bond between C60 molecules (-3.0 
A) is replaced by a covalent C-C bond 
(-1.5 A). This could occur, for example, 
if a 2 + 2 cyclo addition photochemical 
reaction (28) were to take place. In the 
case of adjacent C6,, molecules, parallel dou- 
ble bonds (G--C), one from each molecule, 
are broken and reform as single bonds be- 
tween the molecules, that is 

which results in a 1.5 A contraction in the 
bond between the molecules, which would 
appear to be inconsistent with our prelim- 
inary x-ray results. However, the photo- 
transformation may involve the conver- 
sion of (C60) (C60) -+ C60=C=C=C58- 
that is, the formation of a L=c=c=' bridge, which preserves the - 10 center- 
to-center distance between adjacent 
fullerenes. Further work will be necessarv 
to determine the nature of the photoin- 
duced intermolecular coupling. 

Note added in proof: Our recent Raman 
scattering studies of C60 in the range 30 to 
200 cm-I clearly indicate that phototrans- 
formation introduces a new mode at o - 
116 cm-'. which we identifv with an 
intermolecular vibrational mode. Further- 
more. intercalated 0, has been found in 
other Raman scattering studies (12) to 
harden the C,, films against phototrans- 
formation. Because 0, also quenches the 
luminescence of the first excited triplet 
state of C60 (27), it appears that the nearly 
100% efficient transition from the singlet 
manifold to this triulet state and the reac- 
tivity of the molecule in this triplet state 
are both important to efficiently produce 
the polymerized form of C6,. 
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Electrochemical Processing of 
Conducting Polymer Fibers 

Shulong Li, Christopher W. Macosko, Henry S. White* 
An electrochemical method for growing macroscopic fibers of electrically conductive 
poly(3-methylthiophene) is described. Single fibers of uniform diameter (-0.1 to 0.7 mil- 
limeter) and length greater than 10 centimeters are grown in a capillary flow cell by 
electrochemical oxidation of the monomer, 3-methylthiophene. The shapes and diameters 
of the resulting fibers are determined by the fluid flow pattern in the cell. Straight fibers, 
sawtooth-shaped fibers, and fibers with tapered necks can be grown by varying the 
capillary shape. 

T h e  high electrical conductivity of het- 
eroaromatic polymers, such as poly- 
thiophene, polypyrrole, and polyaniline, has 
spurred interest in the use of these materials 
in novel electronic and chemical applica- 
tions (1, 2). Prototype designs of flexible 
light-emitting diodes ( 3 ) ,  molecular tran- 
sistors (4), lightweight battery electrodes 
(5), electrochromic displays (6), and an- 
ticorrosion films (7) in which a conductive 
uolvmer is the active element have been 
L z 

realized during the past decade. However, 
most electrically conductive polymers are 
insoluble or intractable or decompose be- 
fore melting, which prevents the use of 
conventional polymer-processing tech- 
niques in shaping these materials into 
desired structures. 

Department of Chemical Engineering and Materials 
Science, University of Minnesota, Minneapolis, MN 
55455. 

*To whom correspondence should be addressed. 

Several methods for processing conductive 
polymer fibers require multistep chemical or 
mechanical procedures (8-12). In this report, 
we describe a one-step electrochemical pro- 
cess for synthesizing macroscopic electrically 
conductive fibers of poly(3-methylthiophene) 
[poly (3-MT)] . Conductive poly (3-MT) fibers 
were grown in a two-electrode flow cell, 
shown in Fig. 1. The main body of the cell 
consists of a glass capillary 3 mm in inner 
diameter, oriented vertically. The electrolyte 
solution containing the monomer, 3-methyl- 
thiophene (3-MT) (1 3), is pumped through 
the cell with a centrifugal pump. Polymer 
fibers are grown from a Pt wire 127 1J.m in 
diameter. which is encausulated in glass with - 
-1 cm of the wire extending past the end of 
the glass insulation. This electrode is posi- 
tioned in the center of the capillary -5 cm 
from the entrance port to reduce the effects of 
entrance flow. A second Pt wire 1 mm in 
diameter and -2 cm long, is positioned at the 
bottom of the tube near the exit port. The 
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monomer is oxidized at the upper Pt wire by 
the passage of a constant anodic current 
through the cell (14): 

x 3-MT + poly(3-MT) + 2x e- + 2x H+ 
(1) 

Continuous flow of current through the cell 
results in the growth of a single, conductive 
poly(3-MT) fiber attached to the end of the 
electrode. 

Fig. 1. Schematic drawing of the electrochem- 
ical flow cell used to grow conducting poly(3- 
MT) fibers. A centrifugal pump is used to pump 
the electrolyte solution through the cell. 

An optical photograph of a portion of a 
poly (3-MT) fiber - 11 cm long and 0.6 mm 
in diameter grown over a period of -14 
hours is shown in Fig. 2A. The fiber was 
grown at a constant current of 1.8 mA in a 
flowing acetonitrile solution (2 ml s-I) 
containing 0.5 M 3-MT and 0.1 M tetrabu- 
tylammonium perchlorate (TBAP) as the 
supporting electrolyte. The length of the 
fiber increased at a constant rate of -0.8 
cm hour-' and was limited only by the 
length of the electrochemical cell. The 
fiber diameter is uniform and is controlled 
by the diameter of the capillary in which it 
is synthesized, decreasing in cells of smaller 
diameter. A concentric sheath of the elec- 
trolyte containing the monomer flows be- 
tween the fiber and the cell walls, trans- 
porting monomer to the tip of the fiber 
where it is attached, according to Eq. 1, to 
the growing fiber. 

The current efficiency [that is, the cur- 
rent consumed by the growth of the poly(3- 
MT) fiber relative to the total current 
passed in the cell] was estimated from Eq. 2: 

current efficiency = nFvpA/(iMW) x 100 
(2) 

where F is the Faraday constant (96,485 
Cleq), v is the linear rate of fiber growth (in 
centimeters per second), p is the polymer 
density (- 1 g ~ m - ~ ) ,  A is the cross-section- 
al area of the fiber (in centimeters), MW is 
the molecular weight of 3-(MT), i is the 
applied current (in amperes), and n is the 
number of electrons transferred per mono- 
mer attached to the polymer. From Eq. 1, n 
= 2. However, under the electrochemical 
conditions used here, the resulting polymer 
is further oxidized to the charged and con- 
ducting state [poly (3-MT) + poly(3- 
MT)8+, where 6 is reported to be -0.25 per 

Fig. 2. Optical photographs of conducting 
poly(3-MT) fibers. (A) A straight fiber prepared 
in the electrochemical flow cell shown in Fig. 1. 
The total length of the fiber is 11 cm. (B) A 
zigzag fiber grown in a zigzag tube. 

monomer unit (15)]. Thus, if we use n = 
2.25, the current efficiency for fiber synthe- 
sis is 80 ? 15%. 

Poly(3-MT) fibers of various arbitrary 
shapes can be synthesized if the cell geom- 
etry is varied. A sawtooth-shaped polymer 
fiber is produced in a sawtooth-shaped cell 
tube (Fig. 2B). As with the growth of 
straight fibers, the zigzag-shaped fiber does 
not touch the walls of the cell, which 
demonstrates that the electrolyte flow pat- 
tern controls the growth direction of the 
fiber. The fiber diameter can also be 
changed if the cell tube diameter is varied. 
We have used this finding to produce ta- 
pered fibers (both increasing and decreasing 
diameter) in tapered cell bodies. This ob- 
servation also indicates that monomer at- 
tachment occurs at the tip of the fiber 
where the direction of fiber growth is affect- 
ed by local fluid flow. Only a straight fiber 
would be obtained if the monomer attach- 
ment occurred at the fiber base. In one 
experiment, we allowed the fiber to grow 
close to the cathode positioned at the bot- 

Fig. 3. SEM images of the poly(3-MT) fibers. 
(A) Side view of the fiber surface; (B) the 
fracture cross section; and (C) a poly(3-MT) 
fiber grown at a high current (5 mA), showing 
dendritic growth. 
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tom of the cell. As the fiber grew to within 
-1 mm of the tip of the cathode, the 
direction of growth changed to allow the 
fiber to grow in the annulus between the 
cathode and the cell wall. This observation 
demonstrates that the current distribution 
has an insignificant effect on the direction 
of fiber growth. 

The conductivity of air-dried poly(3- 
MT) fibers, measured by the four-point 
probe method along the length of a l-cm- 
long fiber, was -20 (ohm cm)-'. This 
value is comparable to the reported conduc- 
tivity [lo to 30 (ohm cm)-'1 of poly (3-MT) 
thin films (1 5). X-ray diffraction patterns of 
poly(3-MT) displayed a weak single diffrac- 
tion ring after a 4-hour exposure, inditating 
that the fiber has very small crystallinity 
and that alignment of polymer chains with- 
in the fiber is negligible. 

Scanning electron microscopy (SEM) 
images of poly(3-MT) fibers (Fig. 3, A 
through C) show that the fibers have a 
rough porous surface and a dense core. (We 
have observed that hollow fibers are occa- 
sionally synthesized by the procedure de- 
scribed above. We speculate that the pres- 
ence or absence of a hollow center is asso- 
ciated with phenomena that are occurring 
during nucleation of the fiber, albeit for 
reasons yet not understood.) The poly(3- 
MT) fibers fracture easily with handling 
and are brittle. as indicated bv the smooth 
fracture cross section shown in the SEM 
micrograph (Fig. 3B). We have not at- 
tempted to quantitatively measure the me- 
chanical properties. However, we have 
tried to improve the mechanical properties 
of the fiber by the incorporation of poly- 
mer electrolytes. For example, we have 
incorporated poly(styrenesu1fonate) (PSS, 
MW = 70,000) into the poly(3-MT) fiber 
by adding PPN-PSS [1% by weight; PPN 
stands for bis (triphenylphosphoanylidene) - 
ammonium cation] to the electrolyte solu- 
tion. The resulting fiber is significantly 
stronger than poly(3-MT) fibers grown 
without PSS and can be handled without 
fracturing. Detailed studies of this and 
other composite fibers will be described 
elsewhere (1 6). 

We tested the electrochemical activity 

of a poly (3-MT) fiber by cyclic voltammetry 
in a stagnant acetonitrile solution contain- 
ing only supporting electrolyte (0.1 M 
TBAP). In this experiment, a copper wire 
was epoxied to the end of a l-cm length of 
a poly(3-MT) fiber. The fiber was then 
immersed in the electrolytic solution and 
used as the working electrode in a conven- 
tional three-electrode cell. The polymer 
fiber was oxidized beginning at -0.8 V 
versus the saturated calomel reference elec- 
trode (SCE), as indicated by the onset of a 
large monotonically increasing anodic cur- 
rent at this potential (no anodic peak was 
observed up to 3 V versus SCE). A cathodic 
wave centered at 0.2 V versus SCE was 
observed on the reverse scan (2 mV s-'), 
corresponding to the rereduction of the 
oxidized fiber. 

Several experimental parameters (flow 
rate, faradaic current, and monomer con- 
centration) have a pronounced effect on 
the shape and quality of the resulting fiber. 
Fiber growth does not occur in stagnant 
solutions; in such solutions a smooth thin 
film or a rough, porous powdery deposit is 
obtained on the upper Pt electrode, in 
agreement with previous reports of poly(3- 
MT) thin film deposition (15, 17). An 
average flow rate of 10 cm s-' [correspond- 
ing to a Reynold's number (18) of 7001 is 
required to grow a conducting polymer fiber 
in the 3-mm-diameter flow cell. Fibers can 
be grown at flow rates that correspond to 
laminar and turbulent conditions (Reynolds 
number between 700 and -lo4). Figure 4 
shows the dependence of the linear growth 
rate and the diameter of fibers on the fluid 
velocity in the capillary flow cell. Although 
the growth rate decreases linearly with in- 
creasing fluid velocity for velocities be- 
tween 10 and 60 cm s-', the fiber diameter 
increases only by a factor of -2. As a result 
of the offsetting dependencies of the linear 
growth rate and diameter, the net volumet- 
ric growth rate (-5 x cm3 s-') 
remains essentially constant over the range 
of flow rates studied. Thus, the current 
efficiency calculated above (80%) is inde- 
pendent of the fluid velocity. 

Fibers tend to grow very slowly and with 
significantly larger diameters when the ap- 

Fig. 4. Dependence of the linear = 
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plied current is less than 0.8 mA. Smooth 
fibers with uniform diameters can be repro- 
ducibly grown at currents between 1.0 and 
3.0 mA. When the current is increased 
above 3.0 mA, dendritic growth occurs, 
generating fibers of small diameters as 
shown in Fig. 3C. Each of the branching 
fibers continues to grow in the direction of 
the flow stream. 

The concentration of 3-MT also ~ lavs  a . , 
key role in the growth of the polymer fiber. 
Fiber erowth does not occur for 3-MT - 
concentrations less than a few millimolar. 
However, at 3-MT concentrations greater 
than 2 M, small dendrites form on the 
surface of the fiber, producing a very porous 
structure. An intermediate monomer con- 
centration (for example, 0.5 M) is appar- 
ently optimal for fiber growth. We have not 
investigated the influence of the supporting 
electrolvte concentration and electrolvte 
resistance beyond placing the counterelec- 

-trode at different se~aration distances from 
the fiber. This prockdure had a very small 
influenceKon the growth rate. 

Our experimental observations suggest 
that fiber growth is controlled by coupled 
transDort and reaction orocesses that are 
governed by the electrolyte flow patterns in 
the cell. The mechanism of electrochemi- 
cal polymerization, proposed initially by 
Diaz and co-workers for the polymerization 
of pyrrole (19) and generally accepted by 
others for the polymerization of 3-MT (I), 
involves a series of electrochemical and 
chemical reactions on or near the electrode 
in which dimeric, trimeric, and oligomeric 
intermediates are formed and deposited on 
the surface. It is reasonable to assume that 
oxidation of 3-MT and subsequent deposi- 
tion, through oligomer formation, may oc- 
cur alone the sides of the fiber as.wel1 as at - 
the fiber tip, because voltammetric experi- 
ments in which poly(3-MT) fibers were 
used as electrodes suggest that the entire 
surface of the fiber is electrochemically 
active. 

This conclusion appears to contradict 
our observation that fiber growth occurs 
only at the fiber tip. We propose that the 
electrochemical kinetics of 3-MT oxidation 
or polymer deposition, or both processes, 
are significantly reduced along the fiber 
sides, relative to the tip, when the polymer 
diameter reaches a critical value. This hy- 
pothesis is supported indirectly by the 
abrupt variation in the fiber morphology 
(Fig. 2B) from a dense core to a very porous 
outer structure, indicative of a change in 
the polymerization mechanism or kinetics, 
or both, at a critical fiber radius. 

A similar variation in polymer morphol- 
ogy has been observed during the deposi- 
tion of thin films of poly(3-MT) in stagnant 
solution; thin films (<0.1 km) tend to be 
smooth and dense, whereas continued 
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growth results in a porous outer layer (15). 
Other researchers have correlated the 
transition in polymer morphology with a 
decrease in the polymer conductivity (ZO), 
although an unambiguous mechanism for 
the transition has not yet been proposed. 
However, the similarity between the poly- 
mer moroholoeies of fibers and thin films 
suggests ;hat t i e  uniformity of the fibers 
and the high current efficiency result from 
a decrease in the polymer conductivity in 
the outer porous layer of the fiber, allow- 
ing essentially all of the current to flow to 
the tip. 

The effect of the cell geometry in govem- 
ing the direction of the fiber growth, dem- 
onstrated in Fie. 2. is undoubtedlv related to - .  
hydrodynamic flow patterns at the tip. The 
flow of the electrolyte past the fiber tip 
results in a relatively stagnant fluid layer for 
which the residence time of chemical inter- 
mediates is significantly longer than at the 
side surface of the fiber. We demonstrated 
this by inserting a Pt cylindrical electrode 
127 pm in diameter in the capillary cell, 
oriented with its axis perpendicular to the 
direction of flow. When an anodic current 
was applied, poly(3-MT) deposition oc- 
curred noticeably faster on the back side of 
the cylindrical electrode than elsewhere, 
consistent with our hypothesis that the poly- 
mer deposition is highest in regions where 
the residence time of the intermediates is 
largest. Given this experimental observa- 
tion, a change in flow direction produced by 
the cell geometry would tend to orient the 
direction of the fiber growth in the direction 
of the flow, consistent with our experimental 
results. Our results are also consistent with 
the results of a rotating disk electrode 
experiment (Zl), in which a polypyrrole 
film was deposited preferentially at the 
center of the rotating disk where the fluid 
velocity is the smallest. 
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Colicin E 1 Binding to Membranes: Time-Resolved 
Studies of Spin-Labeled Mutants 

Yeon-Kyun Shin, Cyrus Levinthal, Fran~oise Levinthal, 
Wayne L. Hubbell* 

To investigate the mechanism of interaction of the toxin colicin E l  with membranes, three 
cysteine substitution mutants and the wild type of the channel-forming fragment were spin 
labeled at the unique thiol. Time-resolved interaction of these labeled proteins with phos- 
pholipid vesicles was investigated with stopped-flow electron paramagnetic resonance 
spectroscopy. The fragment interacts with neutral bilayers at low pH, indicating that the 
interaction is hydrophobic rather than electrostatic. The interaction occurs in at least two 
distinct steps: (i) rapid adsorption to the surface; and (ii) slow, rate-limiting insertion of the 
hydrophobic central helices into the membrane interior. 

Colicins are water-soluble cvtotoxins se- 
creted by and active against Gcherichia coli 
(1). The secreted toxin binds to a receDtor . , 
in the bacterial outer membrane and is 
transported into the periplasmic space, 
where it inserts into the inner membrane to 
form voltage-sensitive ion channels. Struc- 
tural domains (receptor binding, transloca- 
tion, and channel formation) of the protein 
subserve distinct steos of the cvtotoxic 
process. The functional channel-forming 
domain of colicin El,  consisting of an 
-20-kD COOH-terminal fragment, is 
readily isolated by trypsinolysis (2). The 
crystal structure of the analogous fragment 
of colicin A was recently solved (3, 4);  the 
core of the molecule consists of two ex- 
tremely hydrophobic a helices and is sur- 
rounded by eight amphipathic a helices. 
Two-dimensional nuclear magnetic reso- 
nance (NMR) studies (5) generally sup- 
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port a similar structure for the correspond- 
ing colicin El fragment. With this infor- 
mation, a structural model of colicin El 
was generated (Fig. 1A) (6). 

The channel-forming fragments of colicin 
A and El interact irreversibly with mem- 
branes at acidic pH. Although the structure of 
the membrane-bound form is unknown, the 
helical content is similar to the soluble form 
(7). and there is evidence for the insertion of > ,, 

the two core helices into the membrane inte- 
rior (Fig. 1B) (8). In many ways, the colicin 
channel-forming fragment is similar to the 
translocation domain of diphtheria toxin, 
which consists of nine a helices, two of which 
are hydrophobic (9). Membrane insertion and 
channel formation of diphtheria toxin are 
triggered by acidic pH. Thus, studies of the 
colicins may also be germane to the mecha- 
nism of action of other toxins. 

The recently introduced method of site- 
directed spin labeling (SDSL) is well suited 
to time-resolved analysis of structural 
changes in proteins. In this method, cys- 
teine substitution mutants are used to pro- 
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