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CONDUCTION IN POLY.//RIZED POLY .,'MCTIONAL DIACETYLENES

ROBERT P. GRASSO, MRINAL K. TKt.A .TR, AND JEROME B. LAY0-O
Department of Xacromolecular Science, Case Western
Reserve University, Cleveland, Chio "106 P

Abstract The diner of - _ dodecadiyne is representative of
a faily of diacetylene monomers which can be crystallized and then
polymerized into semiconducting polrers. These materials possess

sheet-like structures containing parallel polyacetylene and poly-

diacetylene chains bridged by methylene units. Polymeric forms of

these coupled diynes have also been -repared and crosspolymerized.

Structural studies of these materials have been performed.

The dimer of 1 ,11 dodecadlyne vas prepared in a unique manner ,

which eliminates the possibility of contanination by oligomeric
i=purities that hinder crystallizaticn. Microscopic single crystals

of the dimer, obtained from hexane sclution, were used in a struc-
ture analysis by electron diffractic-. These results were compared

to the structure of the fully polymerized crystal which was deter-
mined by X-ray analysis. Or-fij1, 4  1"C 444 . .

INTRODUCTION

The solid state polymerization of diacetylene monomers, which form

materials with interesting optical a-d electronic properties, has

been the subject of a great deal of :esearch in the past few

years1 , . The unique characteristic of these polymerizations is

that they can result in large, near!- defect-free, single crystals

consisting of fully extended conjuga-:ed backbones " . These polymer

crystals are obtained ky first cr-s:tall zing the menomer end then

eyposing the crystals to high energ,7 i-radiaticn (y-rays, ultra-

violet) or thermal arealing in ords: to initiate polymerization.

The propagation occurs by way of a 1,4 addition reaction in the

crystalline phase. The general diacttyiere reaction is shown in

Figure 1 and illustrates the two mes:-e-:ic structures of the

.,2.:
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Figure 1. Generalized diacetylene reaction scheme.

polymer backbone. The acetylenic form is energetically more stable

and as a result is observed more frequently4. However, the ctnulenic

form is observed in some cases where it is favored by the nature or

packing of the side groups 5 .

The polymerization of the diacetylene monomers - (CH 2 )n - C N2 n

C - C 9 C + (n - 5,6,8) has been reported earlier 6 . These macro-
x

monomers were synthesized by a modified Glaser coupling reaction 7 ' S 's °

performed on the appropriate ,,w di)ne starting material. The work

presented here will describe the synthesis and polymerization of the

polyfunctional diacetylene material:

BC 2 C (CE2) 8 C C-C C (CE 2 ) 8 C CH (1)

In addition to the central diacetylene unit, the polymeriza-

tion of the terminal acetylene groups vill be studied utilizing

co=parative structural analysis.

S! T1ESIS OF DIACETYLENE

The diacetylene monomer Eq. (1) for :his study was originally pre-

pared by controlling the kinetics of the Glaser coupling reaction of

1,11-dodecadiyne '". Originally, it was izcorrectly believed that the

oligomeric ipurities present in the product mixture were negligible

in quantity relative to the desired di=er material. This assumption
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was based on the gel permeation chror-atography (GPC)results shown 1
DimGCj

CU i
ELTO OLE(t

Figue 2 Ge pemeaion hroatorapy tace f te olioeri
prouc mxtue btine fomcoulig ,11doecdiye0Orh3

Figuoomr 2.eelt perdesin chroatonph tae of te ofromerie

oligomers is difficult due to simila:ities in physical constants*

the crystallization of the diacetylene dimer was very difficult 1 2

In order to overcome these problems, we developed a direct

synthesis of the dimer13 which would yield no oligomeric impurities.

This synthesis is shown in Scheme 1. Vne scheme still makes use of

the modified Glaser reaction; but, i: addition, a protective dibromo,
2+

group was utilized. "Once the material was coupled using the Cu/

pyridine catalyst, the term-inal grous vere dehydrobrominated to

* form the acetylenic groups. Changes in ft ctional groups were

monitored using ZR and &MiR analyses. A G'?C chromatogram of theI

multistep product (Figure 3) shows th.at diacetylene product is not4

contaminated with oligomeric impurities.

.. .. . . . . . . . ..
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BrCCHI)*OBr -d thr> BrIdg(C4),,gBr r C2

HC'CHCCH,),CH-CH, . ",CUCHI(CHd),CH-CH

Br Br

TBAH. NaOH HICCH(CHI CHCHCCcH
S)V. 14C(H, ~ -L C *I'(HCC

Sr Br 1

Cu*. pyridine
H 2 HI(CH o)8 I-CEC(C . )a I HCHa

Br Br Br Br

TBAH. NOH > HCCCH2 ),C.C(C.4,)CuCH

Scheme 1. Multistep synthetic patlrw-ay used to obtain the
dimer.

Dape

GPC

I. S

EI.UT*N VOL.UM El

Figure 3. Gel permeation ch-c--ztcgraphy trace of the product .,
mixture obtained- from the ulse synthetic pathbwa;;. .

LNPOLYM.,ERIZUD DIACETY.LENE STRUCTZ-Z...

Microscopic single crystals of the diner were obtained from a dilute
hexane solution at 4'C. Electron- d-'ff -action patterns .'-cm these "

crystals were recorded at various c:ieLr~tations in crder to determine

• S2

")'4

• . :.. .., ., , .. ,+. +,'++-, ,, ,.+ ,.- +. . ., , .\ .. . -, .,ODE,
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the unit cell constants. A photogra;h of the b*c.* lattice net is

shown i'n Figure 4. The unit cell co.srants were calculated using

IC-

0oorp of th b** latc

Figure 4. Electron diffraction oograph of the b"c* lattice
net. Observed and absent reflections are schematized.

platinum as a standard. It should be zentioned that the dimer's

monoclinic unit cell, space group P 21/b, has the a-axis as its.

unique axis. As a result, the diacetylene and acetylene polymer

backbones will be oriented along the C-axis. Unit cell data on the

a*-axis were obtained by tilting the di=er crystal in the electron

beam. However, the intensities of reflections in the a* nets were

not acceptable for the structure analysis. Dynamic scattering
0

effects were ignored since the crystals were less than 300 A and

composed of low mass atoms (carbon an! hydrogen). It

should be noted that the nonorthogonal axes b and C and the angle -.

are changed from those reported earlier- 1 for convience in the struc-

tute determi.nation.

The structure of the unpolymerized material was solved essen-

tially by a trial method. Infor-atic= rerived from the structure of

* the polymerized material, w'hich was s:'ved earlier "-y this group

was helpful in the initial steps of -fne-ent. Sice we obtained

only 19 unique reflections, the st.u::%-re refinement was carried out

using the linked atom leas:-squares (----S) program criginally

developed by Arnott and co-workers " . :he linked atom description

- .. . " .,,.' -. .. .
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of the molecule defines interatcmic rela:ionships in terms of bond

lengths, bond angles and dihedral an&'es. The LALS program applies

various. geometrical restraints cn the =clecule and can then refine

only conformational parameters. This greatly increases the ratio of

data to parameters refined and thereby, allows a structure analysis

to be reliably undertaken. The agree-e=t between the observed and

the calculated structure factors was characterized by the reliability

index or residual:

ZJF , 01- I F 1
R-=

Z I ro

Density calculations were used tc determine that there are 2

molecules per unit cell (4 assynerric units). This offers four

" -possibilities for the locations of the-olecules -ithin the uit

cell. Each of these cases was refine. using LALS and it was found

that on the basis of both interatoic contacts and the structure

factor residual, the two molecules sh:uld be centered at the frac-

tional coordinates 0,0,0 and 1/2,1/2,0.

The LALS progra= was then used to refine the Eulerian angles

which define the relative orientatioz of the molecule with respect to

the unit cell. Several conformational parameters which would bring

about a minimu in both the potential energy and structure factor

residual were also varied. The diacc-:ylene molecule, omitting hydro-

gens for clarity, is shown below:

Ahe initial bond leng:hs, bond an.g'es an' dihedral a-les, e e taken

from standard tables and model co=por ds. The confcr=ational param-

eters that were varied include :he bcd angles 10 ( 15) and

- 3 ( - 22), and the dihedral angles a.:u- carbons 9-i0( - 15-16) and

3-4( - 21-22). The ni.im residue.al :b:ained fro= this refi-enent

[[:7.
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was 8%.

The following changes were obse.-:ed in the refined structure.

BCnd angles 10 and 15, which were --ni:ialized at 112.5*, increased

12.2 to 124.70. This was expected since this angle would initially
3

be larger than the standard sp carbcn bond angle. The dihedral

angle around carbons 9-10 (identical by s,-metry to the one between p

carbons 15-16) was found to change 4.2* from.its original 180.

setting. This was determined to be a s.ignificant modification

through the use of Hanilton statistics". The bond angles 3 and 22

as well as the dihedral angles around carbons 3-4 and 21-22 were P

allowed to vary but no significant change was observed. Finally,

the relative orientation of the molecule, which is determined by the

Eulerian angles, can be visualized in the ab and bc projections.

These are shown in Figures 5 and 6 respectively. It should be noted

here that the methyle-e chains are 7.0* from their original posi-

tions, which were parallel to the a-ay.4s.

8I

Figure 5. The a-b projection of =polymerized dimer structure.
Only carbon atoms are shown for cla=ity.

Io

B

Figure 6. The bc projectic- c- -. symerized dier structure.
Hydrogens have been o=itted fcr c-ariy.

". . . ° - - . . o o • . • , . . o -. . , . - . o
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?-OL Y.ERIZED DIACETYLEXE STRUCTMU...
I

A large plate-like polymerized crystal of the dimer was selected for

the X-ray structure analysis, which was reported earlier". The

final structure is composed of sheets of two-dimensional networks

of polydiacetylene and polyacetylene chains interconnected by eight p

=ethylene units. There are two of these sheets per unit cell. If

we designate the origin of one sheet to be at a corner (fractional

coordinates 0,0,0), then the origin of the second sheet would be at

the fractional coordinates: 1/2,1/2,0. A portion of one of these

sheets can be visualized in the ar- section shown in Figure 7. The
0

interplanar spacing between these sheets is approximately 4 A.

I

Figure 7. The ac section of the polymerized dimer structure.
The carbons in one assymetric unit are numbered and acetylenic
hydrogens have been omitted.

POLY.kRIZATION MECHANISM

By comparing the structures of the unpolymerized and polymerized

dimer =aterial (see Figure 8) as well as applying the principle of

least motion 1 '17 we can rationalize the mechanism of polymeriza-ID

tion in the following manner. First, the diacetylene rod must tilt

P2,1 P 21n

a z8.25 A zI00.6, & 26.78 A ga 119.6"

b, 8.50 6 s 8.5

Ca 5.24 C * 4.91

, 0.866 1.,134

Figure. 8. Space group and u-it cell parameters for a) the
unpolymerized di-er and, b) the ;lymerized dimer.

P A -"-A-- ~~~~~~~~~~~~~~~.. . .....;. . .' .- . ,, . .. . . . ...... ? - • . . . , - . ... - . -. , ... .- -
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by an angle of about 60* and is simultaneously translated by 0

along the c-axis. This is in accordance with the translationa

directicn invariant motion as is described by Bauglmanle. Sec

the two methylene chains swing 7* so as to bring the terminal

"" acetyleric groups into position so that they can react to form

polyacetylene chains. We cannot be certain whether this secon

step occurs before, during or after-the diacetylene polymeriza

However, it is unlikely that it occurs before, due to the fact

the least motion principle does not favor the acetylene polyme

tion to be the initial one. Furthermore, if the acetylene pol

zation occurs after the diacetylene reaction, then the latter

be very difficult to induce. This can be estimated by Baughma

roo:-mean-square displacement (R.SD) parameter. Judging by th

ease of polymerization, a concerted mechanism seems to be the

likely candidate. Finally, the resulting two-dimensional netwi

can then slide along each other into a van der Waals potential

in order to minimize the potential energy of the structure.

CONDUCTIflG PROPERTIES

Conductivity measurements were carried out using a digital ele

eter with a range of 10- 12 to 10-1 a= as the current source a:

digital Keithley multimtter to measure the voltage. The condu

was found to decrease with decreasing temperature. At room tei

ture, a two-point resistivity measurenent carried out on a sin

crystal of the polymerized dimer yielded a conductirity calcul
-2 -1 -1of at least 10 Z c- along the chain direction:. This

measurement should be.compared to values of about 10 8  z
-4- - 1is typical of most other pclydia:e:yenes and 10 .I C= lo'

trans-pc e yace:ylene.

Since the electrical properties of a crystalline =aterial

ultimately depend upon its cheical structure, an e-Dlana-ion

this unusually high conductivity -ust be based on the structur

the dimer crystal. As was previously mentioned, the polymeriz

I
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* diner is composed of sheets of alter--atzig polyacetylene and poly-

diacetylene chains. These sheets are staggered by a12 and as a

result,. polyacetylene and polydiacetlee chains are only about

4~ A apart along the b direction. One e.,panation, given earlier by

this group to rationalize these unique electrical properties, was

based on the overlap and coupling ofr electron orbitals between

interchain atoms.

A more recent explanation suggests the possibility of self

doping. This is based on partial charge calculations and theoretical
29band structures which appear to agree i.--rtb the spectroscopic data

Thus the assignment of several peaks in the absorption spectrum

correspond to gaps in the band structure of the polymerized dimer

(see figure 9).

OPTICAL SPECTRUM OF POLYDIACETYLENE DIMER (POD)

~..04 Ia a

:1 8 0.6 6.6 00 .0 '1 . . .

Ipctoete (rgh).

0 iala sud gof gae geera1.0 s eep.0 c o.f reisivt

obts aried fotan a linoer Felti mh_ betwee thd aw (r 7/ilog

vs. 1/T) enabled the activation enerr: =o be dezerined. The cal-

culated value of 'LO0.18eV" is to be cc-Pared with the infrared

spectra and theoretical value of the :-a..d gap which is approxirately
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0.40 eV' 9 .
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