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ABSTRACT Acetylene has been polymerized directly onto the electron microscope grid a t  -78 ‘C to produce 
ultrathin films of cis-(CH), having regions of oriented fibrils. An electron beam directed a t  these fibrils gave 
fiber electron diffraction patterns. Pristine cis-(CH), has an orthorhombic unit cell with a = 7.68, b = 4.46, 
and c = 4.38 A. The fiber and molecular axes are along c. The space group is Pnam, with a setting angle 
of 31-33’ for the cis-transoid structure and 34-36’ for the trans-cisoid structure. The structure contains 
nonbonded interactions between some of the atoms in the unit cell. cis-(CH), doped by iodine to the 
semiconducting state showed all the unperturbed reflections of undoped cis-(CH),. In addition, there are 
present meridional reflections of undoped trans-(CH), and new ones arising from the doped structure. Heavily 
iodine-doped metallic polyacetylene had electron diffraction entirely different from that of the undoped polymers. 
A structure is proposed for this material. 

Introduction 
Acetylene can be polymerized as predominantly cis- 

(CH), or trans-(CH), under proper  condition^,'-^ the latter 
being the thermodynamically more stable isomer. In fact, 
cis-(CH), can be readily isomerized to trans-(CH), by 
heating in v ~ c u o . ~ - ~  Pristine cis-(CH), is free of unpaired 
spins6 when polymerized at -78 “C. Upon warming up to 
room temperature, there is some isomerization,4 producing 
about one neutral soliton per 25000 CH units. The 
polymer is flexible and can be stretched about threefold. 
cis-(CH), has a room-temperature conductivity’ of ca. lo4 
(a cm)-’. By comparison, trans-(CH), is brittle, contains 
one soliton per 1000-3000 CH units, and has a room-tem- 
perature conductivity of (a cm)-’. Knowledge of their 
structures is essential to the understanding of the prop- 
erties of polyacetylene. 

We have developed a method to prepare very thin films 
(- 1000 A) directly on the electron microscope grid.8 By 
repeated washing of the polymer and evaporation of sol- 
vent, there were formed regions of oriented bundles of 
polyacetylene fibrils. Analysis of the electron diffraction 
from these oriented fibrils yielded the crystal structure of 
t rans- (CH), .g 

The crystal structure of undoped cis-(CH), was first 
studied by Baughman et al. with X-ray diffractionlo on 
randomly oriented specimens. Ten reflections were ob- 
served; seven of them are very broad. Together with 
packing calculations, Baughman et al. concluded that the 
unit cell is orthorhombic, containing two molecules and 
a Pnam space group. Lieser et ale1’ reported electron 
diffraction results on cis-(CH),. Only equatorial reflections 
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were observed at normal electron beam incidence. Upon 
tilting of the specimen, the (001) and (221) reflections 
become observable. The two studies agreed in the unit cell 
dimensions. They differ in the indexing of reflections. 
Lieser et ale1’ stated that their samples have a space group 
different from Pnam, a folded-chain morphology, and the 
c axis (molecular axis) perpendicular to the axis linking 
the lamellae (“fiber” axis). Baughman et al. assigned the 
b axis to be the molecular chain axis. 

Because of the above-mentioned discrepancies in the 
cis-(CH), structure, we have now carried out electron 
diffraction studies on oriented fibrils of this polymer. The 
results are in agreement with the X-ray work, except that 
the c axis has been identified unambiguously to be the 
molecular axis and the fiber axis as well. Therefore, the 
previous b- and c-axis assignments by Baughman et al.1° 
should be interchanged. 

In addition, cis-(CH), has been doped to both the sem- 
iconducting state and the metallic state with iodine. 
Structures for these materials are also described. 

Experimental Section 
The procedure for in situ acetylene polymerization has been 

described p r e v i o ~ s l y . ~ ~ ~  The semiconducting polymer (A) was 
obtained by doping with Iz; both the specimen and the iodine were 
maintained a t  -23 ‘C (PI, = 3 x mm) for 4 h. cis-(CH), was 
heavily doped with iodine to the metallic conducting state (B) 
by keeping the polymer and iodine at  10 ‘C overnight  PI^ = 8.08 
x lo-* mm). 

A JEOL lOOCX EM diffractometer was used in this investi- 
gation. The sample was first examined in the transmission mode. 
Electron diffraction patterns of selected regions of the oriented 
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I _  

Figure 1. Electron diffraction pattern of pristine cis-(CH),. 

(a) (d)  

Fipme 2. (a) Schematic representation of the electron diffraction 
of oriented cis-(CH). fibrils. (b) Schematic representation of the 
electron diffraction pattern of randomly packed regions. (c) 
Rec ip rd  lattice for the a'b' plane ((0) observed reflection). 
(d) Projection of the rec iprd  lattice of the first five layer o*b* 
planes. 

fibrils were then obtained. Evaporated gold and aluminum were 
used aa reference materials for d-spacing calibration. A Nonius 
microphotometer was used to read photographic intensities of 
the diffraction lines, and theae were converted to diffraction 
intensities by a calibration curve obtained as a function of ex- 
posure. 

Results and Discussion 
Pristine cis-(CH),. cis-(CH), has the same fibrillar 

morphology as trans-(CH),. lLpical electron microscopy 
photographs have been published p r e v i o ~ s l y . ~ ~ ~  The 
electron diffraction pattern for aligned fibrils of cis-(CH), 
is shown in Figure 1. It is evident that this pattern has 

I P  Y E .  I I + 
Figure 3. Photographic intensities of the equatorial reflections 
in Figure 1. 

. (251 ..I**,' 

ca-tramad tram c b o d  

Figure 4. Atomic parameters used to calculate reflection in- 
tensities. 

more reflections than that for pristine trans-(CH),? Figure 
2a is the schematic representation of the electron dif- 
fraction of oriented fibrils. Figure 2b is the schematic 
representation of the Debye rings observed for the ran- 
domly packed region of the specimen by electron diffrac- 
tion. There are observed (002) and (004) meridional re- 
flections for cis-(CH), whereas only the (002) reflection was 
seen in the case of trans-(CH),? Also, there are seven 
equatorial reflections for the former as compared to six in 
the latter. 

The unit cell for cis-(CH), was arrived a t  by the fol- 
lowing considerations. The four meridional reflections are 
quite sharp. This indicates strong periodicity along the 
fiber axis, as polymer molecules generally maintain strong 
periodicity in their chain axis. So it is concluded that the 
molecular chain axis is along the fiber axis as in the case 
of trans-(CH),. This information is obtainable from 
electron diffraction of partially aligned fibrils but not with 
randomly packed 

Extinction of (001) reflections with 1 = odd requires that 
the polymer chain have a 2, screw axis in the unit cell. The 
reciprocal lattice is shown in Figure 2c. In Figure 2d, it 
is seen that all the observed reflections fall on the recip- 
rocal lattice site; they have been indexed in Table I. For 
comparison, the indexing of the X-ray and electron dif- 
fraction data by Baughman et alJO and Lieser et al.," 
respectively, are also included in the table. 

The unit cell is orthorhombic, with parameters sum- 
marized in Table 11. The space group is probably Pnarn, 
though not with certainty. The reflections for this space 
group are given in Table 111, both for those predicted and 
observed and for others not found. The observed inten- 
sities of the equatorial reflections are shown in Figure 3, 
the fmt one. (110) + (200). being much more intense than 
all the others. 

- 

The theoretical reflection intensities were calculated for 
both the cis-transoid and trans-cisoid structures with the 
following parameters: C = C  = 1.35 A, C-C = 1.46 A, 
C-H = 1.09 A, and repeat length 4.38 A, as shown in 
Figure 4. The structure factors of the (hkO) reflections 
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Table I 
Indices for Reflections of Pristine cis-(CH), 

Table I1 
Unit Cell Parameters for cis-Polyacetylene 

present Baughman Lieser 
work e t  al. et al. 

a, '4 7.68" 7.61 7.74 

c, A 4.3gC 4.39 4.47 
b, '4 4.46 4.47b 4.32 

P, g cm-3 1.15 1.16 1.16 

Estimated error is tO.02 A .  bkughman  et al. assigned 
b to  be along the molecular chain axis. C Molecular chain 
axis and fiber axis. 

Table I11 
Reflections for cis-Polyacetylene 

reflections 
present absent 

hkl (lll), (112), (113), P 

(212), (311) ..., all 
Okl ( O l l ) ,  (022)?, (012), (021)?, n ( l a )  

k t 1 = even 
h01 (201), (202), (203), (101), (102), (I ( l b )  

h = even (3011, (3021, 

hkO (110), (120), (210), m (IC) 
(2201, (3101, (4201, or 1 
(510) ..., all 

hOO (200), (400) ( loo) ,  (300) 
Oh0 (020), (040) ( O l O ) ,  (030) 
001 (002), (004) (OOl), (003) 

(1141, (1211, (1221, 

k + 1 = odd 

h = odd 

were calculated as a function of setting angle $. In cases 
of overlapping reflections, their calculated intensities are 
summed. Figure 5 shows the calculated intensities vs. $ 
for the trans-cisoid structure. 

The reliability factor is defined as 

R = x(IIFobsdl - IFcalcdll)/xIFobsdl (1) 

where Fobsd is proportional to ( Iobd sin (2~9))l/~, where I is 
the intensity. In Figure 6, plots of R vs. 4 are shown for 

Figure 5. Calculated reflection intensities as a function of 4 for 
cis-(CH),. Because of the much stronger observed and calculated 
intensities of reflection I over those of reflections 11-VII, relative 
intensities among reflections 11-VI1 are shown here. 

30 10 90 

0 

Figure 6. Variation of the reliability factor with setting angle 
4: (-! cis transoid for reflections I-VII; (- -) cis transoid for 
reflections 11-VII; (-e .) trans cisoid for reflections I-VII; (---I 
trans cisoid for reflections 11-VII. 
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Table IV 
Observed and Cdculated Electron Diffraction Intensities for Pristine ck-(CHb. 

intensity 
cis trans 

transoid cisoid 
reflection spacing, A e, m, or ofP widthb ( h h 0  ob& @ = 3 T  0 = 3 T  

I 3.84 e B 110 963 vs 727 829 
220 

3.06 off 011 m 
2.92 off N 201 m 

I1 2.89 e N 210 100 s 100 100 
111 2.23 e B 020 66 s 59 68 

120 
310 .-. 

2.19 m N 002 
IV 1.98 e B 220 

400 
V 1.70 e B 320 

VS 
26 m 20 22 

34 m 3 4 
410 

VI 1.42 e VB 130,230,420,610 10 vw 8 8 
vn 1.28 e vB 330,520,600,610 16 w 22 23 

1.10 m N 004 m 
' e  = equatorial, m = meridional, off = off meridional. * B = broad, N = narrow, vB = very broad. E lobd sin (28);vs = 

very strong, s = strong, m = medium, w = weak, vs = very weak. 

I ,I a 
Figure 7. Mol& amformation of cis-(CH).. 

both the cis-transoid and the trans-cisoid structures. In 
addition, the reliability factors were calculated in one case 
including all seven equatorial reflections and in another 
using only reflections 11-VII. The latter was done to re- 
duce the overwhelming contribution of the fmt equatorid 
reflection, which has a very high intensity (Figure 3). The 
curves in Figure 6 showed that by excluding reflection I, 
the minima in R are sharper and the setting angles are 
slightly different from the results using all equatorial re- 
flections. The best aetting angle is 31-33' for cis transoid 
and 34-36'' for trans cisoid. Table IV compares the ob- 
served and calculated intensities of the cis-transoid and 
trans-cisoid (hkO) reflections. 

Figure 7 shows the molecular conformation of cis-(CH), 
in the crystal. The black regions in the figure correspond 
to CH separations of only 2.70 A, which is less than their 
van der Waals radii of 1.80 + 1.17 A = 2.97 k This may 
be the reason why cis-(CH), is so unstable and facile 
isomerization occurs even below room temperature. 
However, this nonbonded interaction may not be real and 
ean be eliminated by refinement in calculation such as 
including a slight twisting of a few degrees of the cis-(CH), 
backbone. Measurements are under way to obtain electron 
diffraction of greater precision, and refinement in calcu- 
lations are being made. In comparison, there are no 
packing conflicts in the crystal structure of trans-(CH),.8 
Furthermore, the adjacent monomer units along the b axia 
are parallel in trans-(CH),, and x-orbital overlaps between 
them are possible. This is not the case in cis-(CH),, which 
may contribute toward the differences in their conduc- 
tivities. 

Figwe 8. Electron diffraction pattern of aligned fibrils m sample 
A (cis-(CH), doped with iodine to the semiconducting state). 

cis-(CH), Doped with Iodine to the Semiconducting 
State. cis-(CH), was doped with iodine a t  -23 O C  for 4 
h. The sample waa kept at -78 OC for a short while before 
it was transferred into the electron microscope with a cold 
stage maintained a t  -150 'C. Transmission EM photo- 
graph show beadlike morphology. Several interpretations 
are possible: (a) there are deposits of I2 microcrystals, (b) 
there are aggregates of iodine-doped region, (c) there are 
spiral overgrowths on the fibrils, and (d) iodine acts as 
decoration helping to render noticeable the overgrowth. 
In this particular case, the beads disappeared upon 
warming of the sample to room temperature, suggesting 
(a) or (b) as the possible explanation. Nevertheless, such 
observations made us curious and led to an intense in- 
vestigation and the finding of polymorphism in undoped 
(CH),, which will be published elsewhere. 

Careful comparison with EM photographs of undoped 
polyacetylenes showed that neighboring fibrils may have 
been fused together by doping. 

The electron diffraction pattern of the aligned fibrils in 
sample A is shown in Figure 8, and Figure 9 is a schematic 
representation of it. The pattern is more complicated than 
that of undoped cis-(CH),. All the equatorial reflections 
can be aeaigned to the pristine cis-(CH),. Therefore, most 
of the cis-(CH), retains ita crystal structure; the mole 
fraction of iodine in the sample is between 
Along the meridian there are reflections corresponding to 
(002) and (004) of cis-(CH),. However, there are also 
reflections agsignable to (002) of trarw-(CH),. In addition, 
there are new reflections that do not correspond to any 

and 
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*,,", ,,,,.,,, 
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t 
Fiwm 9. Schematic representation of the electron diffraction 
pattern in Figure 8. 

Figure 10. Electron diffraction pattern of aligned fibrils in eample 
B (cia-(CH), saturation doped with iodine to the metallic state). 

Table V 
Observed and Recipmal Spacings 
si for the Meridional Reflection8 in 

Polvacetvlene Saturation D O D ~  with Iodine 

sits, 
intensity calcd for 
wak. i si = (sin .9;)/Aa ohsd 1-1 = 3.3 h . .  . . .. 

1 0.16 (=s,) 1.0 vs 1.0 
2 0.26 1.63 1.54 
3 0.32 1.98 m 2.03 
4 0.37 2.21 
5 0.41 2.50 s 2.51 

2.86 
6 0.53 3.28 3.17 
7 0.63 3.88 3.63 
8 0.69 4.29 4.11 

a sf corresponds to the distance of the ith peak from the 
center of the electron diffraction pattern. 

spacings of either of the undoped polyacetylene structures. 
These are apparently the reflections from the new doped 
structure. 

The above results suggest that doping can promote 
isomerization of polyacetylene even at low temperatures. 
cis-(CH), Do& with Iodine to the Metallic State. 

This sample exhibits very broad equatorial reflections and 

... .I ... 
- I  

Figure 11. Schematic reprwentation of diffraction in Figure 10. 

Fignm 12. Electron microscopy photograph of sample B. 

eight broad meridional reflections (Figures 10 and 11). 
The transmission EM photograph (Figure 12) showed the 
polymer retains fibrillar morphology. The fibrils appear 
to have fused together and/or swollen, and some regions 
seem to contain more dopants than others. Very dark 
regions are probably a thick mat of randomly packed po- 
lyacetylene fibers. 

None of the reflections can be attributed to the cis-(CH), 
spacings. Attempts to index these reflections have been 
made but no reasonable seta of indices were found. The 
intensity distribution is believed to be mainly due to the 
structure factor; i.e., intensity corresponds to scattering 
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Figure 13. Packing arrangement for polyacetylene doped with 
iodine to the metallic state. 

Structure of Iodine-Doped cis-(CH), 1017 

the length of IC to be 10.2 A and the diameter of the iodine 
atom to be 3.96 A, we propose the model in Figure 13. 
Therefore, not all CH units have neighboring dopant. In 
these vacancy regions the interchain distance is smaller 
than in those regions with dopants. This causes broad- 
ening of the equatorial reflections and only a few reflec- 
tions are observable. 

Implicit in this model is that the P orbitals perpendicular 
to the polyacetylene chains interact with the iodine. 
Atomic distances of I and C suggest that the interchain 
distance is 3.96 + 3.6 = 7.6 A, which is about twice the 
observed spacing of 3.8 A. Another observed reflection 
corresponds to the interplane distance of 2.19 A. Calcu- 
lations have been carried out for reflection intensities along 
the meridian. The results are shown in Figure 14. The 
relative spacings for these reflections are summarized in 
Table V for both experimental and calculated values. 

The agreement of the model-predicted reflection spac- 
ings and intensities with observation is fairly good for the 
smaller iodine-iodine distances. The model appears rea- 
sonably good and more measurements are under way to 
refine the model further. 
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