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Helical Polyacetylene 
Synthesized with a Chiral 

Nematic Reaction Field 
K. Akagi,* G. Piao, %. Kaneko, K. Sakamaki, 

PCHjO6-h1nol as a chiral dopant to the equal- 
n eight nlixrure of the nematic LCs 4-(ti.cii1.r-1- 
i~-propylcyclol1exyl)et11oxybe~1~ei1e (PCFliO2) 
and 4-(n.oiis-1-71-propylcyclo11exyl)butoxyben- 
zene (PCH301). The PCI-Ij06 substih~ent group 
in the (R)- and (5')-PCH506-binol enhances the 
miscibility betcveen the nematic LC mixture 
and the binol derivative used as the chiral do- 
pant (Scheme 2). Cse of a sinlilar substirueat 

H. Shirakawa,* M. Kyotani wit11 a shotter methylene spacer such as 
PCI-Ij03 or a normal allcyl substituent gave 

Helical polyacetylene was synthesized under an asymmetric reaction field insufficient miscibility. yielding no chiral 
consisting of chiral nematic (N*) liquid crystals (LCs). The chiral nematic LC was nematic phase. In polarizing optical micro- 
prepared by adding a chiroptical binaphthol derivative as a chiral dopant to a graphs of the lllixrure of PCH302, PCHi04. 
mixture of two nematic LCs. Acetylene polymerizations were carried out using and (R)-PCH506-bin01 (abbreviated as R-l ) and 
the catalyst titanium tetra-n-butoxide-triethylaluminum dissolved in the chiral that of PCH302. PCH304. and (5')-PCH506- 
nematic LC solvent. The polyacetylene film was shown by scanning electron hinol (abbreviated as S-1). a striated fan-shaped 
microscopy to consist of clockwise or counterclockwise helical structure of texh~se and a striated Schlieren texture were 
fibrils. A Cotton effect was observed in the region of the a + a* transition of obsen.ed in the (R-1) and (S-1) mixtures. re- 
the polyacetylene chain in circular dichroism spectra. The high electrical con- spectively (Fig. 2) .  Both textures are cllaracter- 
ductivities of -1500 to 1800 siemens per centimeter after iodine doping and istic of chiral nematic LC phases. The distance 
the chiral helicity of these films may be exploited in electromagnetic and optical bemeen the striae coi~esponds to a helical 
applications. pitch, and thus, the (S-1 ) mixture has a longer 

helical pitch than the (R-1) mixture. In other 
Polyacetylene is the simplest linear coiljugat- 1-l~exyl]etl~er n-ere synthesized tlxougl~ the nords, the desee  of helicity in the foriller is 
ed l~lacromolecule and a representative of Williamson etherification reactions of chiropti- less than that of the latter. This can be rational- 
conducting polynlers (1  ). Pristine polyacety- cal (R)-(-)- and (5')-(-)-1 . l  '-bi-2-naphthols, re- ized by considering the smaller specific rotatory 
lene is a typical semiconductor, but its elec- spectively, nit11 phenylc~~clol~esfl d e r i ~ a t i ~  es. polvet- of the (5')-PCHjO6-binol ~llentioned 
trical conductivity can be \.aried by more than The products will hereafter be abbre~iated as above. Neveitheless, measurements in a differ- 
14 orders of ~nagaitude through doping. The (R)- and (L5~-PCH506-binol (Scheme 1). Tote ential scaluliilg calorimeter sho\ved that both 
masimum conductivity reported to date is that the substituent is composed of a phenylcy- illixh~res exhibit quite sinlilar phase transition 
nlore thal: 10' S. CIII (2 .  3 ) .  .Although there is clohexyl (PCI-I) moiev. an ii-pentyl group, and temperatures as \yell as enantiotropic behaviors 
a divergent view by Boiovid. TT ho proposed a hexanlethylelle chain linked to the PCI-I group (Scheme 2).  
helical models (?), a planar sti-ucture has been via an ether-Ype oxygen atom, [-(CH2)h0-. Cl~olesteryl chloride is knom-11 to be a 
generally accepted for both ciy- and tiwi~y- 061. and is thus abbreviated as PCH506. Spe- clocltn.ise chiral lleillatic (cholesteric) LC, 
polyacetylenes ( 5 ) .  If it were possible to mod- cific rotatory povers, [a],,, of the (R)- and and therefore is a feasible candidate for per- 
ify such a planar structure of polyacet>lene (S)-binol deril-stilts nrere +24.0 and -10.0. forming a miscibility test \vith our LCs. A 
into a helical one, no\-el nlagnetic and optical respecti\-ely, in tetrahydrofuran at 2 lCC.  The mixture of (R-1 )-LC and cholesteryl chloride 
properties might be expected. In earlier stud- smaller absolute value of [a], for the (S)-binol lost the striae characteristic of a chiral 
ies ( 6 1  1) .  v e d e ~  eloped a polymerization deri\.ative compared \\-it11 that for the (R)-bin01 nelllatic phase in the optical microscope, in- 
method for highly aligned polyacetylene derivative should be ascribed to partial race- stead yielding features cor-responding to an 
filins by using nematic LC as a polymeriza- mization during the etherification reaction (I,?). ordinary nenlatic phase. In contrast, the mix- 
tion solvent for a l~omogeneous Ziegler-Natta The (5')-binol deri\ ati1.e includes a certain ture of (S- 1 )-LC and cholesteryl chloride 
catalyst composed of Ti(0-i1-Bu),-Et,Al and amount of racemates. resulting in a loweling of showed no change in optical texture, remain- 
achieved high electrical conducti\~ities of lo4 optical purity. This is also contirmed by circular ing in a chiral nematic phase. These results 
S c m .  I-Iere. \Te report polymerization of acet- dicl~oisin (CD) spectra of (R)- and (5')-bin01 demonstrate that the screw directions of the 
ylene under an asymmetric and anisotropic deiivatives (Fig. 1.A). (R)- and (S)-chiral nelllatic LCs are opposite 
reaction field constl-ucted wit11 chiral nematic To prepare an induced chiral nematic LC, to and the same as that of cholesteryl chlo- 
LCs and sho\v that polyacetylene filins n-e added 5 to 14 ~veight "11 of (R)- or (S)- ride, that is, they are counterclocltm-ise and 
fonned by helical chains and fibrils can be 
synthesized. Na, Br(CH2),Br 

(R)-  and (5)-1.1 '-bi-napl1tl1yl-2.?'-bis HO WC~H,, - Br(CH2),0 
~iii~a-(ti~ciii.r-1-ii-pei1tylc~~clol1exyl)phenoxy- EtOH 
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30 Fig. 2. Polarizing optical micrographs of the mixtures of PCH302, PCH304, and (R)- or (S)-PCH506- 
0 20 binol. (A) (R-1); PCH302:PCH304:(R)-PCH506-binol = 100:100:5 (weight %) at 31°C. (6) (5-1); 
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Fig. 1. (A) CD spectra of chiral dopants and (6) 
helical polyacetylene films. (A) (R)-(+)- and (R)-chiral nematic LC system: (Rl) 

(S)-(-)-PCH506-binols. As (= s, - s,) is the 
difference of molar extinction coefficients (8,. 
E,) of sample to left and right circular polarized 
lights, and i t  is also correlated with molecular C ~ , ~ O C , H ~  
ellipticity [el, that is, [0] .-. 3300 X As. (0) R-PA 
and S-PA indicate polyacetylene films synthe- PCH302 

sized under (R)- and (S)-chiral nematic liquid 
crystals, respectively. C.H. ~ O C ~ H ~  

clockwise, respectively. 
Next, the (R)- and (8-chiral nematic LCs 

Scheme 2 were used as solvents for the Ziegler-Natta 
catalyst consisting of Ti(0-n-Bu), and Et,Al. 
The concentration of Ti(0-n-Bu), was 15 
mmoV1, and the mole ratio of the cocatalyst to 
catalyst, [Et,Al]l[Ti(O-n-Bu),], was 4.0. The 
catalyst solution was aged for 0.5 hours at 
room temperature. During aging, the chiral 
nematic LCs containing the catalyst showed 
no noticeable change in their optical texture 
from that shown in Fig. 2, and only a slight 
lowering of the transition temperature by 2' 

chiral nematic phase, by circulating cooled eth- 
anol through an outer flask enveloping the 
Schlenk flask. The initial acetylene pressure 
was 11.6 to 22.6 torr, and the polymerization 
time was 10 to 43 min. After polymerization, 

to the IT + IT* transition of the polyacetylene 
chain, despite the absence of chiroptical sub- 
stituents in side chains. This indicates that the 
polyacetylene chain itself is helically screwed. 
It is evident that the aforementioned Cotton 
effect is not due to the chiral dopant [(R> or 
($)-PCH506-binols], because the Cotton effect 
of the chiral dopant is only observed at the 
shorter wavelengths of 240 to 340 nm (Fig. 
1A). It should be noted that the negative Cotton 
effect of the clockwise S-polyacetylene is 
smaller than the positive one of the counter- 
clockwise R-plyacetylene (Fig. 1B). This 
means that the degree of helicity in the S- 
plyacetylene chain is less than that of the R- 
one, as a result of the smaller specific rotatory 
power of the (8-PCH506-binol. The difference 

polyacetylene films were carelidly stripped off 
the container and washed with toluene several 
times under argon gas at room temperature. The 
films were dried through vacuum pumping on a 
Teflon sheet and stored in a freezer at -20°C. 

Scanning electron microscope (SEM) im- 
ages of polyacetylene films show that the 
polyacetylenes synthesized under the (R)- 
and (8-chiral nematic LCs form helical 
fibrillar morphologies with counterclockwise 
and clockwise directions, respectively (Figs. 
3 and 4). The screw directions of the fibrils 
are the same as those of the chiral nematic 
LCs used as solvents. The helical polyacety- 
lene thus seems to replicate the helical struc- 

to 5OC; the transition temperature between 
the solid and chiral nematic phases was 16" to 
17"C, and that between the chiral nematic 
and isotropic ones was 30" to 31°C. No so- 
lidification was observed down to -7OC as a 
result of supercooling. Thus, the (R)- and 
(8-chiral nematic LCs are confirmed to be 
chemically stable to the catalyst. Therefore, 
we were able to employ these LCs as asym- 
metric and anisotropic solvents for acetylene 
polymerization. 

Acetylene gas of six-nines grade 
(99.9999%) purity was used without further 

ture of the chiral nematic LCs employed as an 
asymmetric reaction field. In CD spectra of 
the polyacetylene thin films synthesized un- 
der the (R)- and (8-chiral nematic LCs, pos- 
itive and negative Cotton effects, respective- 
ly, were observed in the region from 450 to 
800 nrn wavelength (Fig. lB), corresponding 

purification. The apparatus and procedure em- 
ployed were similar to those in earlier studies 
(8, 9), except for the polymerization tempera- 
ture. Here, the polymerization temperature was 
kept between 17" and 18OC to maintain the 
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Fig. 3. SEM micrographs of polyacetylene film 
synthesized with (R)-chiral nematic liquid crys- 
tal at increasing magnification. 

in the specific rotatory power between the (R)- 
and (9-PCH506-binol is also reflected in the 
SEM micrographs of the helical structures of 
fibrils (Figs. 3 and 4). 

From these results, we conclude that 
counterclockwise and clockwise helical 
polyacetylene chains are formed under (R)- 
and (S)-chiral nematic LCs, respectively, 
and that these helical chains are further 
bundled through van der Waals interactions 
to form helical fibrils with the same screw 
directions as those of the chiral nematic 
LCs. The helical pitch of the chiral nematic 
LC depends on the optical purity of the 
chiral dopant, as exemplified in the (R)- 
and (S)-PCH506-binols. This implies that 
the hklical pitch of the polyacetylkne chain 
can be varied by changing the optical purity 
of the chiral dopant. Another axially chiral 
dopant, (R)-(+)-6,6'-bis-PCH506-2,2'- 
di-Et-bin01 (Scheme 3) (13) gave a shorter 
helical pitch of chiral nematic LC by 0.3 
km than that of (R)-PCH506-binol. Acety- 
lene polymerization with this chiral 
nematic LC afforded clearer helical mor- 
phologies in SEM micrographs (Fig. 5), 
resulting in hierarchical higher-order struc- 
tures (14). The bundles of fibrils are 
screwed counterclockwise (Fig. 5C), with 
the same screw direction as that of the 

Fig. 4. SEM micrographs of polyacetylene film 
synthesized with (S)-chiral nematic liquid crys- 
tal at two different magnifications. 

in the macroscopic regime (Fig. 5A). 
To evaluate the helicity of this polyacety- 

lene, we estimated the dihedral angle between 
neighboring unit cells (-CH=CH-) and found 
that the value ranged from 0.02" to 0.23". Al- 
though such a very small dihedral angle may 
allow us to regard this polyacetylene as an 
approximately planar structure, the polymers 
are rigorously screwed in the direction of the 
non-zero dihedral angle. These helical p ly-  
acetylene films have high trans contents of 
90% and become highly conductive upon io- 
dine doping. In fact, the electrical conductivities 
ofthedopedfilmsare -1.5 x 103to 1.8 X lo3 
S/cm at room temperature, comparable to those 
of metals. Iodine-doped polyacetylene showed 
the same Cotton effect as that of nondoped 
polyacetylene, although the CD peak was 
slightly shifted to shorter wavelengths. This 
indicates that the helical structure is preserved 
even after iodine doping. Furthennore, CD and 
x-ray diffraction measurements showed that the 
helical structure was also preserved after heat- 

ing to 150°C (which corresponds to the isomer- 
ization temperature fiom cis to trans form). The 
most stable structure of polyacetylene is the 
planar one. However, because the polyacety- 
lene is insoluble and infusible, the helical struc- 
ture formed during the polymerization can be 
preserved even if it is washed with toluene or 
thermally heated below the isomerization tem- 
perature. In other words, the insolubility and 
infusibility of polyacetylene are indispensable 
for preserving the metastable helical structure. 
Our data show that helix formation is possible 
not only for plyacetylene but also for T-con- 
jugated polymers without chiroptical substitu- 
ents in side chains. 

Lastly, we would like to emphasize the 
results of the following control experiments: 
(i) Acetylene polymerization was carried out 
in a nematic LC environment using an equal- 
ly weighted mixture of PCH302 and 
PCH304, but without the chiral dopant. The 
polyacetylene film showed neither helical 
morphology in SEM micrographs nor a Cot- 
ton effect in CD spectra. The obsenred mor- 
phology was composed of fibrils that were 
locally aligned, owing to spontaneous orien- 
tation of the LC solvent. This has also been 
confirmed ureviously (7-9). (ii) Next, the - .  , ~, 

acetylene polymerization was in 
toluene and a small amount (less than 10%) 
of the chiral dopant. The synthesized poly- 
acetylene showed the typically encountered 
randomly oriented fibrillar morphology, rath- 
er than the helical one. At the same time, the 
polyacetylene showed no Cotton effect in the 
CD spectrum, although the characteristic 
very broad absorption band due to the 7~ + 
IT* transitions in the conjugated polyene 
chain was observed in the region of from 450 
to 800 nm. (iii) Acetylene polymerization at 
35" to 40°C, where the LC mixture including 
the chiral dopant was isotropic, produced 
polyacetylene with no helical morphology. 
These results demonstrate that the chiral 
nematic LC 'environment is essential for the 
helical polyacetylene. 

chiral nematic LC. These are Fig. 5. SEM micrographs (at different magnifications) of helical polyacetylene films synthesized 
aligned~arallel to each other in the microsco~ic with (R)-chiral nematic LC including (R)-(+)-6,6'-bis-PCH506-2,2'-di-Et-binol as the chiral dopant 
regime (Fig. 5B) and form spiral morphologies (Scheme 3). 
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Macroseopie Quantum 

Tunnel Arrays 
B. P. Anderson and M. A. Kasevlck 

Interference of atomic de Broglie waves tunneling from a vertical array of 
macroscopically populated traps has been observed. The traps were located in 
the antinodes of an optical standingwave and were loaded from a Bose-Einstein 
condensate. Tunneling was induced by acceleration due to gravity, and inter- 
ference was observed as a train of falling pulses of atoms. In the limit of weak 
atomic interactions, the pulse frequency is determined by the gravitational po- 
tential energy difference between adjacent potential wells. The effect is closely 
related to the ac Josephson effect observed in superconducting electronic systems. 

Josephson-effect interference expeliments ha\-e 
become paradigns for understanding the phys- 
ical manifestations of the phases of macroscop- 
ic quanrom systems ( 1 .  17). Bose-Einstein con- 
densation in dilute all<ali vapors (3) and recent 
interference shldies \T ith Bose-Einstzin con- 
densed atoms (4) raise the possibility of obse1~- 
~ n g  sinlilar phase-dependent dqnamics \\-ith di- 
lute neutral-atom systems (5). 

In the ac Josephson zffect. application of a 
dc loltage. T; acrosa a t~nlnel j~nc t ion  be- 
nx-zen tn o superconducting resen oirs leads 
to an alternating cu l~zn t  through the junction 
m-lth a frequency proportional to the applied 
v-oltage (6) .  The physical origin of the effect 
is thz tenlporal interferznce of tn,o macro- 
scopic quantl~m states 11) and 2 )  of differing 
chemical potentials y, and y,, respectivelq. 
The voltage-induced chemical potential dif- 
ference betwzen the states, y, - p., = 2e17. 
lzads to a linear evolution of their relati\~e 
quantunl mechanical phase at a rate (y, - 
I L ~ ) . A  ( A  is Planck's constant. 11, divided by 
2 ~ ) .  This tenlporal phase alip results ia an 
alternating current of frequency 2eT'A 

I11 our experiment. interference occurs be- 
nleen n~acroscopic qualltunl states comprising 

Physics Department, Yale University, N e w  Haven, CT 
06520, USA. 

Hose-Einsteia condensed atonls coaflned in an 
array of optical traps in a ga\itational field. 
Seglectiag atomic interactions. the chemical 
potential difference between adjacent uaps is 
determined bqi the gral itational potential C, = 

i l lgz ,  ~ l h i c h  is analogous to the applied voltage 
in the ac Josepl~soa effect (111 is the atomic 
mass. g the acceleration due to graviQ. and : is 
the vertical coordinate). The traps are formed at 
the antinodes of a \-eltically oriznted optical 
standing \va\e, nhich are separated by 1- = 

A 2 ( 1  is the ~vavelengtl~ of light used to confine 
the atoms), and the chzmical potzntial differ- 
ence is i i l g X  2 .  Cohzrent nunneling fro111 these 
traps leads to a time-dependent atom cul~ent 
that is modulated at the fsequencq o, = 171g1. 

2A. This fi'equencq depends only on fimdamen- 
tal constants. g, and the vravelength of the 
confining light. 

4 combined optical-plus-gmvitatialal trap- 
ping potential similar to those used in this sti~dy 
is illustrated in Fig. 1. The quanrum t~ansport 
pro~erties of periodic sloping potentials for sin- 
gle particles have beell studied as models for 
electron motion under the influznce of a static 
electric field in a clystal lattice ( 7 ) .  For \leak 
external potential gradients. the evtelual field 
can be treated as a pemlrbation to the band 
structure associated \T ~ t h  tllz lattice. In this liln- 
it. nave packets reman1 confined in a single 
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band and the external field dri\ es coherent os- 
cillations at the Hloch frequency ( 8 ) .  At higher 
field strengths, the field dri\es interband tran- 
sitions to lugher lying states. as first calculatecl 
by Zener in the context of dielectric brealidona 
in sollds (5). 

Our expzrlmental parameters are in the re- 
gime \\here the bare lattice potentla1 (neglect- 
ing the ga\itatlonal slope) supports only one 
band below its energy maximum. The width of 
this band is con~parable to the graLitationallq 
induced offset bem~een adjacent wells of the 
conlbined potential. 4 single-palticle eigenstate 
localizes over a small cluster of adjacent lattice 
sites (10). Particles that tillme1 out of these 
states rapidly progress to a continuum state in 
which the lattice potential is a negligible per- 
turbation on the g~.avitatioaally accelerated 
w,a\ 2 packet trajectories. The lattice states are 
pop~llated in such a lvaq that the wale function 
associated with the ijth lattice position can be 
accurately described bq the macroscopic state 
\I/, = e ~ ' h  ( '1  In the noninteracting lilnit. 
nhere effects due to interatomic collisions are 
negligible. the atoll1 density iiq is deternl~ned by 
tllz single-particle lvave lilnction and the num- 
ber of atoms. and the macroscopic phase ch< ! ( t )  

depends only on the initial phase at time t = 0 
and the gravitational energy. 

Tor appropriate experimental parameters. 
each lattice state can have a potentially sig- 
nificant ttmneling probability into the (u11- 
bound) contlnuum and can be lllodeled as a 
1101nt enlitter of de Hroglie lvaves n i th  an 
enl~ssion rate proportional to the tunneling 
probability. The output from an anay of such 
emitters localized at positions rjj is obtained 
by summing o\ er the coherent e~llissioll from 
each n-ell. For an array of I\' traps the elnis- 
sion is 

( 1 )  

nhere filLy = 1112. 2 g r  - zjj I and fro<, = 
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