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This note is concerned with anisotropic electrical con- 
ductivities of a single-crystalline form poly(diacety1ene). 
In our previous  paper^,^?^ we reported the synthesis, 
characterization, and mechanical and electrical properties 
of poly[ 4,g-decadiyne- 1,lO-diol bis( [ (n-butoxycarbonyl) - 
methyllurethane)], which has a highly conjugated poly- 
(ene-yne) backbone with the substituent R = 
-(CH2)30CONHCH2C00(CH2)3CH3. The polymer ab- 
breviated as poly(3BCMU) is soluble in common organic 
solvents such as CHC1,. CHC13-cast films of this polymer 
exhibited an enhancement of the electrical conductivity 
by doping with iodine from 10-l2 to 10" W cm-', although 
the films were poorly crystalline? Another member of this 
class of poly(diacetylene)s, poly[5,7-decadiyne-l,12-diol 
bis( [(n-butoxycarbonyl)methyl]urethane)], having the 
substituent R = -(CH2)40CONHCH2COO(CH2)3CH3 
[abbreviated as poly(4BCMU)I has an intriguing property. 
Namely, we can obtain, besides solvent-cast amorphous 
specimens of this poly(4BCMU), single crystals with fully 
extended chains by a solid-state polymerization of the 
monomer single  crystal^.^ We prepared CHC13-cast and 
single-crystalline form specimens of this polymer and 
compared their electrical properties in the undoped and 
iodine-doped states. 

Experimental Section 
4BCMU monomer was prepared through the following four-step 

reactions: (i) Addition of 4-chloro-1-butanol to ethyl vinyl ether; 
(ii) reaction of the ether with sodium acetylide in liquid ammonia 
to obtain 5-hexyne-1-01 [bp 72 "C (10 t ~ r r ) ] ; ~  (iii) oxidative 
coupling of the monoalcohol by Hay's method6 to obtain 5,l- 
dodecadiyne-l,lO-dio1; and finally (iv) reaction of the diol with 
n-butyl isocyanatoacetate to obtain 4BCMU (mp 72 "C). 

Needlelike and plateletlike single crystals of 4BCMU monomer 
(typical sizes = 6 X 1 X 0.2 and 3 X 2 X 0.2 mm3, respectively) 
were grown from acetone/hexane solution by slowly evaporating 
the solvent. Powder-form monomer crystallites were obtained 
by precipitating the monomer from acetone solution in n-hexane. 
These single-crystalline and powder-form specimens were allowed 
to polymerize by irradiating them with 48-Mrd 'Wo y-rays in 
high-vacuum ampules (10-6 Torr) at room temperature. Unreacted 
monomer was extracted with acetone. The polymer conversion 
determined from the absorbance at 470 nm of the CHC1, solutions 
(e- = 17000 L/(molmn)) was 94.4% for single crystals and 74.1% 
for powder-form samples. This method has been shown to give 
accurate values for the polymer conversion of poly(4BCMU).' 
Poly(4BCMU) films were obtained by casting the powder-form 
polymer from CHCl, solution. Both the single-crystalline and 
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Table I 
Characteristics of Poly(4BCMU) Samples in Various 

Forms 
~ 

10-3. 10-3. AHt, J g-' 
samples Mna M," MW/Mna 380 K 410 K 

0 

powder form 93 623 6.1 18.41 4.11 
CHC13 cast 56 339 6.1 6.25 4.16 
single crystal 152 984 6.5 21.39 6.66 

a Molecular weights based on polystyrene standards. 

powder-form poly(4BCMU)s showed metallic black-gold luster, 
while the color of the films was red with metallic brilliancy. 

All the samples were characterized with a gel permeation 
chromatograph (Model HLC-WlA, Toyo Soda Mfg. Co.) by using 
CHC13 carrier and polystyrene elution standards. Table I lists 
the molecular weights M ,  and M,, of these samples. The sin- 
gle-crystalline sample has the highest M,, while the CHCl,-cast 
specimen the lowest among the samples examined. Presumably, 
as pointed out by Wenz and Wegner? UV-induced chain scission 
and/or degradation due to oxygen or impurities in CHC13 had 
taken place during the casting and film handling processes. 

The samples were tested on a differential scanning calorimeter 
(DSC Model 8055, Rigaku-Denki Co.) with a heating rate of 10 
K m i d  to estimate the degree of crystallinity. Color change 
accompanied by crystalline melting was observed by a micro- 
melting point apparatus (Yanagimoto Seisakusho, Kyoto). 

A preliminary X-ray diffraction study was carried out on single 
crystals by using a cylindrical camera with Cu Ka radiation? The 
relation between the unit cell and habitus of the crystal was 
determined by two rotation photographs around the mutually 
perpendicular axes along the length and width of plateletlike 
crystals. The fiber (c) axis is parallel in the width direction and 
b axis (the side groups) in the thickness direction, and thus, the 
poly(4BCMU) chains are stacked along the length direction of 
the crystal. 

Conductivity experiments were performed in two-electrode 
configuration. For CHC13-cast films, two platinum wires were 
connected to a specimen (usually 9 X 3 X 0.15 mm3 size) with 
carbon black containing conductive paste (Dotite XC-12, Fujikura 
Kasei Co.). On the other hand, single-crystalline specimens were 
prepared as follows: Plateletlike crystals with good quality were 
selected by examining them with a polarizing microscope. Gold 
was evaporated onto each specimen to form electrodes so that 
we could measure the conductivities u,, and gL in the directions 
parallel to the c and a axes of the crystal, respectively. The area 
and distance between the electrodes were measured with a Peacock 
dial thickness gauge (0.01 mm) and Ocular micrometer attached 
to a polarizing microscope. Current was measured from a 1.5- 
or 130-V dry cell with a Keithley 640 electrometer. Doping of 
specimens with iodine was carried out by exposing specimens to 
iodine vapor at  Torr at  room temperature. The amount of 
iodine absorbed in the specimen was determined either by 
weighing or by elemental analysis. The dopant concentration is 
expressed by Y as the number of moles of 13- ions per mol of the 
monomer unit, because dopant iodine is known to exist mostly 
in 1; form a t  low dopant concentration level from the mea- 
surement of Raman ~ p e c t r a . ~  

The current for the doped specimens under both applied 
voltages of 1.5 and 130 V was almost constant during more than 
200 h as previously shown in the case of ~ o ~ ~ ( ~ B C M U ) . ~  This 
means that the observed conductivity is mostly due to electronic 
rather than ionic conduction. However, for the undoped speci- 
mens, transient current was observed for a few minutes, which 
may be attributed to the orientation of polar side groups and/or 
ionic conduction due to a small amount of impurities. Therefore, 
the current at  5 min after applying the voltage was used for the 
calculation of conductivity. 

Results and Discussion 
In DSC tests, CHC13 cast films and single-crystalline 

samples usually exhibit two endothermic peaks a t  about 
380 and 410 K, although the 380 K peak for the former 
is rather weak. The red color of the former slightly changes 
its tone at  380 K and, further, t o  yellow at 410 K, while 
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Figure 1. X-ray rotation photograph about the cham axis of 
poly(4BCMU) single crystal 

the black-purple single crystal turns to red at 380 K and 
then to yellow at 410 K. According to Patel and Miller,’O 
the polymer chains of urethane-substituted soluble poly- 
(diacetyleneh usually assume a planar, flat ribbonlike 
conformation stabilized by sideby-side hydrogen bondings 
between the C = O  and -NH groups of the adjacent sub- 
stituents, and these flat ribbons are stacked regularly in 
the crystallites. The melting peaks accompanying the color 
changes are due to transitions from planar to nonplanar 
conformation leading to changes in effective conjugation 
length of the polymer backbones.1° These transitions are 
obviously induced by intermolecular disordering, i.e., the 
destruction of ribbon stacking8 at 380 K and by intra- 
molecular melting, i.e., the disruption of hydrogen bond- 
ings at 410 K. Table I also lists the values of the enthalpy 
of transition A?& of these samples estimated from the area 
under the DSC peaks. From these data, the inter- and 
intramolecular orderings in CHC13-cast film are estimated 
to be decreased to 29% and 62%, respectively, in com- 
parison with those of single-crystalline specimens. 

From the preliminary X-ray diffraction analysis: the 
fiber period (c axis) was found to be 0.488 nm. The subcell 
dimensions perpendicular to the c axis were a’= 0.533 nm 
and b‘= 5.436 nm with the assumption of y‘ = 90°. The 
b‘axis is almost parallel to the urethane group direction, 
and the a’axis perpendicular to both of the main chain 
and urethane group directions. Figure 1 shows an X-ray 
rotation photograph about the c axis, in which we see 
several discrete reflections on the equatorial line and 
continuous scattering streaks on each layer line. These 
features suggest that in the crystal the chain backbone has 
an essentially regular periodic conformation, and the 
packing of the chains in the a’and b’directions is also 
periodic, but the mutual level of the chains in the c-axis 
direction is irregular. A more detailed analysis of the 
crystal structure is now in progress? 

Figure 2 shows temperature dependence of electrical 
(direct current) conductivity u for undoped and iodine- 
doped films. For single crystals, the conductivities along 
the c axis, u,, and along the a’axis, ul, were measured a t  
various dopant concentrations. The values of u’s a t  20 “C 
and the apparent activation energy E. are compared in 
Table U. For the doped single crystals of Y = 0.005-0.010, 
the E. values for a,, and uI were also estimated to be 0.92 
and 1.09 eV, respectively. For all samples, the E. value 
appears to decrease slightly by doping. Also the E. value 
for ul appears to be slightly smaller than that for uI. 

Figure 3 compares the conductivities as functions of Y 
for single crystals with that for CHCl,cast films a t  20 “C. 
For single crystals, the conductivities rapidly level off a t  
a level of Y by a factor of 100 times lower than that for 
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Figure 2. Logarithm of conductivity a w. 1/T for CHCI,-cast 
and single-crystalline specimens. 
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Figure 3. Dependence of conductivitiea and the ratio q / w ,  on 
dopant concentration Y for CHCl,cast and single-crystalline 
specimens at 20 “C. 

Table I1 
Electrical Conductivities at 20 OC and Their Apparent 

Activation Energy E. for CHC1,-Cast Films and 
Single-Crystalline Specimens with Various Dopant 

Concentrations 

0.13 3.6 X UT7 1.32 
2.09 4.0 X lod 1.30 

0.014 4.1 X 10.‘ (al) 
single c y t a l  0 2.8 x 1 ~ 4  (.,) 1.320 

6.5 X lo4 (a,) 

‘Estimated at 50 O C .  

CHC18-cast films. The maximum attainable values of uI 
and ul are also lower than those for the solvent-cast films. 
This result is presumably due to the difficulty in effectively 
doping the highly crystalline specimens. For example, a 
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cast film could be doped to Y = 0.13 after 5-h exposure 
to iodine, while a single-crystalline specimen gave Y = 
0.026 even after as long as 50-h exposure. Figure 3 also 
shows that the anisotropy in the conductivities uI1/u1 of 
the single crystal is 6.5 f 0.4 and is independent of Y. This 
value of anisotropy is comparable to that reported by 
Schermann and Wegner‘l on dark conductivities of a sin- 
gle-crystalline poly(diacety1ene) p-toluenesulfonic acid 
derivative (PDA-TS). 

Recently, Siddiqui and Wilson12 reported that the an- 
isotropy for PDA-TS is u,, /ul  = lo3, which is in sharp 
contrast with the results obtained by Schermann and 
Wegner. They pointed out that Schermann and Wegner 
had used an undesirable arrangement of electrodes on the 
same face (surface electrodes), in which, when examining 
currents along the chains, the current must also flow in 
the directions perpendicular to the chains. This is not the 
reason for the low anisotropy of poly(4BCMU) single 
crystal, since we adopted evaporated-gold electrodes cov- 
ering the edges of the specimen completely. Then, the 
difference in the anisotropy between poly(4BCMU) and 
PDA-TS single crystals might have resulted from the 
difference in their crystal forms. The single crystal of 
PDA-TS is known to be the most perfect among various 
poly(diacetylene)s, but poly(4BCMU) single crystal con- 
tains the disorder in the mutual level of the chains in the 
c-axis direction as above men t i~ned .~  In addition, the 
nearest-neighbor distance of the chains for poly(4BCMu) 
is 0.533 nm in the direction of a axis ( u1 direction), which 
is much shorter than that of 0.75 nm for PDA-TS.13 This 
evidence seema to give the reasons for the low anisotropy 
of poly(4BCMU) single crystal. 

From the results given above, we may conclude as fol- 
lows: (i) The conduction along the polymer chain is pre- 
vailing. (ii) The doping takes place mainly in the 
amorphous regions of the specimens. (iii) The dopant 
iodine is interacting with and providing charge carriers 
along the conjugated backbones of poly(4BCMU). (iv) 
Presumably the dopant may be acting also as bridges for 
hopping of charge carriers from one chain to another. 
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Polymerized vesicles are now receiving intense interest 
as stable models for biological membranes, as carriers of 
drugs, and as devices for solar energy conversion?* While 
considerable attention has focused on the synthetic design, 
gross morphology, entrapment efficiency, permeability, 
stability, and dynamic properties of such vesicles, sur- 
prisingly little effort has been aimed at characterizing the 
polymeric nature of the membrane. 

In this paper, we report the molecular weight distribu- 
tion of polymers formed within vesicles of dimethyl-n- 
hexadecyl[ 11 - (methacr yloyloxy )undec yl] ammonium 
bromide (1) via AIBN-induced and photoinduced polym- 
erization.l0 

Results and Discussion 
The preparation of polymerized and nonpolymerized 

vesicles derived from 1 has been previously described.2 
Characterization was made on the basis of Fourier trans- 
form ‘H NMR spectroscopy, turbidity, gel filtration be- 
havior, electron microscopy, stability toward ethanol, and 
entrapment and permeability toward [14C]sucrose. With 
use of similar preparative methods, a well-sonicated dis- 
persion of 1 was prepared in distilled water and purified 
by gel filtration on a Sephadex G-50 column. The yield 
of vesicles, recovered in the void volume of the column, 
was ca. 95% (nitrogen analysis). After addition of a 
free-radical initiator (azobisisobutyronitrile, AIBN) and 
subsequent heating (80 “C), the resulting dispersion was 
purified by gel filtration (Sephadex G-50). Nitrogen 
analysis of the void-volume fraction revealed a 95% re- 
covery of the vesicles. The dispersion was then freeze-dried 
to give a colorless solid (sample 1). In a second prepara- 
tion, a similarly prepared aqueous dispersion of 1 was 
subjected to direct UV irradiation (254 nm, 0.5 h), gel 
filtered (95% recovery), and freeze-dried to give a colorless 
solid (sample 2). Both samples 1 and 2 were completely 
soluble in chloroform (nitrogen analysis) or chloroform 
containing 0.005 M tetrabutylammonium bromide and 
were analyzed directly by size-exclusion chromatography. 

Elution profiles of samples 1 and 2 in pure chloroform 
depended significantly on the concentration of injected 
sample. In sharp contrast, analysis carried out with sam- 
ples dissolved in chloroform containing 0.005 M tetra- 
butylammonium bromide yielded chromatograms that 
were independent of polymer concentration, in the range 
of 2.0-25.0 mg of polymer per milliliter of solvent. In- 
creasing the salt concentration to 0.05 M had no influence 
on the elution profile. Retention volumes of polystyrene 
molecular weight standards (used to derive a universal 
calibration curve) in chloroform containing 0.05 M tetra- 
butylammonium bromide were identical with those found 
in pure chloroform. 

Figure 1 reveals a substantial difference in apparent 
molecular weights between polymers formed from AIBN- 
initiated and photoinitiated polymerization; the former is 
substantially higher.ll Measurement of the intrinsic vis- 
cosity of samples 1 and 2 together with these size-exclusion 
chromatography data and a universal calibration curve 
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