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BLOCK 20 (continued)

The dimer of 1,11 dodecadiyne was prepared in a unique manner
which eliminates the possibility of contamination by oligomeric impurities
that hinder crystallization. Microscopic single crystals of the dimer,
obtained from hexane solution, were used in a structure analysis by
electron diffraction. These results were compared to the structure of the
fully polymerized crystal which was determined by X-ray analysis.
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Abstract The dimer of dodecadiyne is representative of
a family of diacetylene monomers which can be crystallized and then
polymerized into semiconducting polyzers. These materials possess
sheet-like structures containing par:llel polyacetylene and poly-
didcetylene chains bridged by methylese units. Polyperic forms of
these coupled diynes have also been ;repared and crosspolymerized.
Structural studies of these materials have been performed.
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The dimer of 1,11 dodecadiyne wzs prepared in a2 unique manner
which eliminates the possibility of concarination by oligomeric
icpurities that hinder crystallizatica. Microscopic single crystals
of the dimer, obtaineé from hexane sclution, were used in a struc-
ture analysis by electron diffracticz. These results were compared
to the structure of the fully polymerized crystal vhich was deter-

mined by X-ray analysis. Origivals- -‘gc.JyJ.»{;gA Mg crye Jrchu de »
%5‘,'.,(1%&0,5"*'7_.4(;,!:‘5) :117%A &r‘duc‘};\/iv' . ;
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The solid state polymerization of diicetylene monozers, which form
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materials with interesting optical &=d electronic properties, has
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been the subject of a great deal of research in the past few

years'’?., The unique characteristic of these polymerizations is L=

that they can result in large, nearir cefect-free, single crystals
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consisting of fully extended conjuge:ec beckbones®. These polymer
crvstals are obtained py first crys:zllizing the mcnomer é&nd then

exposing the crystals to high energr irraiiatica (y-rays, ultra-

violet) or thermzl anszezling in order o iaitizce polymerization.
" The propagation occurs by way of & 1,4 addition resction in the

crystalline phase. The general diacetyliene reacticn is shown in

G (N o2 i o o 2 . ol Y.y

Figure 1 and illustrates the two pes:=evic structures of the !
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ACETYLENIC  CUMULENIC
WONOMER POLYMER POLYMER

Figure 1. Generalized diacetylene reaction scheme.
polfmer backbone. The acetylenic form is energetically more stable
and as a2 result is observed more frequently. However, the ctmulenic
forn is observed in some cases where it is favored by the nature or
packing of the side groups°.

The polymerization of the diacetylene monomers ¢ (CHZ)n - F L
C-C=®C3 (n=5,6,8) has been reported earlier®™®. These macro-
ponomers were synthesized by a modified Glaser coupling reaction’’®’?°
performed on the appropriate a,w diyne starting material. The work
presented here will describe the synthesis and polymerization of the
polyfunctional diacetylene material: ’

BC=C (CBZ)8 C=EC-C=¢( (Cﬂz)8 C=CH 1)

In addition to the central diacetyvlene unit, the polymeriza-
tion of the terminal acetylene groups will be studied utilizing

co=parative structural anzlysis.

SYNTHESIS OF DIACETYLENE

The diacetylene monomer Eq. (1) for :this study was originelly pre-

pared by controlling the kinetics of the Glaser coupling reaction of
l,ll-dodecadiynezl. Originally, it vas izcorrectly believed that the
oligomeric izpurities present in the procict mixture were negligible

in quentity relative to the cesired dizer =zaterial. This assuaption
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CONDUCTION IN POLYMERIZED POLYFUNCTIONAL DIACETYLENES : Eif
was based on the gel permeation chrotatography (GPC)results shown ::i
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- Figure 2. Gel permeation chromsztography trace of the oligomeric .

product mixture obtained from coupling 1,ll-dodecadiyne. Ortho-

dichlorobenzene (ODB) is used as a standard.

in Figure 2. Peak area was used as z relative means of estimating
composition. However, since the dimer tends to remain dissolved in
the monomer present, and since the isolztion of the dimer from the
oligomers is difficult'due to similerities in physical constants,
the crystallization of the diacetylene cirmer was very difficultl?.
In order to overcome these problexzs, we developed a direct

synthesis of the dimer’? which would yield no oligomeric impurities.
This synthesis is shown in Scheze 1. The scheme still makes use of

the modified Glaser reaction; but, iz sidizion, a protective dibromo

T Y WECTEL L TIRY T T r a

group was utilized. Once the meterizl was coupled using the Cu2+/

il 4

pyridine catzlyst, the terzinal grouss were dehydrobrominated to
i _ ~form the acetylenic groups. Changes iz functional groups were

ponitored using IR and NMR analyses. A G2C chromatogram of the

. nmultistep product (Figure 3) shows that diacetyleme product is not

contacinated with oligomeric impurities.
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Mg, sther 2 BrCH,CH= T
Br(CH,), B¢ > Brig(CH,) MgBr re :CN-CH,) o
‘ Br
. H,C=CH(CH,) ,CH=CH, ——F——> M CCH(CH,),CH-CH, =
Br Br ‘--f;
TBAM, NaOH Br, S
3 H,c-cu(cn,),acu —_—r) c.:u,g:n(cn,).c-cu Sl
cu®, pyridi st 8 1
U, pyridine .
—> CH,CHICH,) CSC-CBC(CH,) ,CHEH, -
Br Br 8r Br 4
TBAH, NaOH A
> HCEC(CH,),CRC~C=C(CH,), C2CH -J
[
Scheme 1. Multistep synthetic pathway used tc obtain the _
dimer. )
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Figure 3. Gel permeation chyczztcgrephy trace of the product :Z:;:.:
mixture obtained.from the multistep synthetic pathway. Ty
R
. ®
t UNPOLYMERIZED DIACETYLENE STRUCITHE -
\ . _
t Microscopic single crystals of the cizer wvere obtzined froz a dilute _.:l;
i hexane solution at 4°C. Electroz é&:iffrection patterns frex these ffi
crystals were recorded at various crie=tations in trder o determine Q‘
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CONDUCTION IN POLYMERIZED POLYTUNCTIONAL DIACETYLENES

the unit cell constants. & photogra;h cf the b*c* lattice net is

o

4
o

PR 2% A
»

shown in Figure 4. The unit cell co=stants were czlculated using

v
4

I

Figure 4. Electron diffraction prhorograph of the b*c* lattice
net. Observed and absent reflecticns are schematized.

H
N \
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{ platinum a2s a standard. It should be zentioned that the dimer's
E; monoclinic unit cell, space group P-Zl/b, has the a-axis as its.

" unique axis. As a result, the diacervlene and acetvlene polymer
ﬁl backbones will be oriented along the ¢-axis. Unit cell data on the

a*-axis were obtained by tiltiug the cimer crystal in the electron

bean. Eowever, the intensities of reflections in the a* nets were
not acceptable for the structure analrsis. Dynamic scattering

effects were ignored since the crystzls were less than 300 X and -
composed of low mass atoms (carbon ani hydrogen). It . T -

should be noted that the nonorthogonzl axes b and ¢ and the angle y

i

Ce
e

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

u: ture determination.
K The structure of the tapolymerizel meterial waes solved essen-
tially by a trizl metkod. . Informaticz Zerived froz the structure of :

) the polymerized material, which was s:lved earlier ty this groupzl.

vy
3

; was helpful in the initial steps of refZnecent. Sizce we obtained
= .o
: only 19 unique reflections, the struciure refinement was cerried out

using the linked atom leasi~squzres (L~1S) program criginally

4

N
. - :
o developed by Arnott and co-workers-‘. The linked etom description

.
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R.P. GRASSO, M.K. THAXUR, AXD J.B. LANDO

of the molecule defines interatczic relzcionships in terms of bond
lengths, bond angles and dihedrzl zngies. The LALS program epplies
various geometrical restraints cn the zclecule and can then refine
oaly conformational parameters. This greatly increases the ratio of
data to parameters refined and therebr, allows a structure analysis
to be reliably undertaken. The zgreeect between the observed and
the calculated structure factors was chazracterized by the reliability

index or residual:

):]ul-‘ol - l}‘cl}

R =
z|¥,|

Density calculations were used tc Cetermine that there are 2
molecules per unit cell (4 assycetric umits). This offers four
possibilities for the locations of tte =olecules within the uzit
cell. Each of these cases was refined vsing LALS and it was found
that on the basis of both intersto=ic contacts and the structure
factor residual, the two molecules skzuld be centere¢ azt the frac-
tional coordinates 0,0,0 and 1/2,1/2,0.

The LALS progra= was then used t¢c refine the Eulerian angles
vhich define the relative orientatio:z of the molecule with respect to
the unit cell. Several conformstionzl parzmeters which would bring
zbout a minimum in both the potential ezergy and structure factor
residual were also vzried. The diace:ylene molecule, omitting hydro-

gens for clarity, is shown below:

] 113

~he initial bond lengihs, bondé zagles and dihedrel azgles, vweTe taken
“2r0m standard tzbles and model cozpouzds. The confcr=ationmzl param-
ecers that were varied include the bezd angles 10 ( = 15) and

3 ( = 22), and the dihedral ang.es ai:ul carbons ¢-i0( = 15-18) and
3-4( = 21-22). The zinimu= residual ~scained from this refinexent
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CONDUCTION IN PCLYMESIZED POLYF™NCTIONAL DIACETYLENES

was 8%.

The following changes were obserre2d in the refined structure.
Bond angles 10 and 15, which were Znizizlized at 112.5°, increased
12.2 to 124.7°. This was expected sizce this angle would initially
be larger than the stzndaré sp3 carbea dond angle. The dihedral
angle around carbons 9-10 (identiczl >v syumetry to the one between
carbons 15~16) was found to change 4.2° from.its original 180°
setting. This was determined to be z significant modification
through the use of Harilton statistics®®. The bond angles 3 end 22
as well as the dihedrzl angles zrounc carbons 3-4 acd 21-22 were
allowed to vary but no significant chznge was observed. Finally,
the relative orientation of the molectle, wvhich is determined by the
Eulerian angles, can be visualized iz the ab and b¢ projections.
These are shown in Figures 5 and 6 respectively. 1t should be noted
here that the methylece chzins ere 7.0° from their criginal posi-

tions, which were parzllel to the a-ais.

o B

0 A I

Figure 5. The &b projection of w=polymerized dimer structure.
Only carbon atoms are shown for claxity.

Figure 6. The OC proiecticz cf uwnpcly
Hydrogens have been ozitted fcr clazity.
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FOLYMERIZED DIACETYLENE STRUCTTUEE

4 large plate-like polymerized crystzl of the dimer was selected for
t_ 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

-y

Tethylene uaits. There are two of these sheets per umit cell. 1If
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 ac section shown in Figure 7. The
)
interplanar spacing between these sheets is approximately 4 A.
)
_ ’
Figure 7. The ac section of the polymerized dimer structure. =
The carbons in one assymetric unit a2re numbered and acetylenic -
hydrogens have been omitred. -
POLYMERIZATION MECHANISM L
By comparing the structures of the unpolymerized and polymerized
dimer material (see Figure 8) as well as zpplying the principle of .
least motion®’??, we can ratiozalize the mechanism of polymeriza- b
tion in the following manner. Tfirst, the diacetylene rod must tilt :
P2,/b P2/n ?.,
ar=28.25 & « = 100.8° ¢ = 2678 & £= 196" )
b: 8.50 B+ 825 -
C: 524 C= 4.8}
? = 0.866 ?t 1.134
Figure. 8. Space group anc unit cell parameters for 2) the ’
unpolymerized dizer ané, D) the jclyderized dimer.
¢ '
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COXDUCTION IN POLYMERIZED POLYFUNCTIONAL DIACETYLENES

by an angle of about 60° and is sinultzneously translated by 0
along tne c-axis. This is in accordance with the translationa
directicn invariant motion as is described by Baugh=anl®. Sec
the two nethylene chains swing 7° so as to bring the terminal

acetyleric groups into position so that they can rezct to form
polvacetylene chainf. We cannot be cercain 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 acetyleme 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 cen be estimated by Baughma
root-zean-square displacement (RMSD) parameter. Judging by th
ease of polymerization, a concerted mechanism seems to be the |
likely candidate. TFinally, the resuliing two-dimensional netw
can then slide along each other into a van der Waals potential

in order to minimize the potential emergy of the structure.

CONDUCTING PROPERTIES

Conductivity measurementS were carried out using a digital ele
eter with a range of 10-12 to 10-1 a=p 25 the current source a
digital Xeithley multiseter to measure the voltage. The condu
wvas found to decrease with decreasing temperature. At room te
ture, a two-point resistivity measurezent carried out on a sin

rystal of the polymerized dimer yieldec & conductivity celcul

of at least 10-2 Q-l c::-1 zlong the chain ¢irection . This

zeasurecent should be compared to values ol about 1¢7 -8 -l'cn-
-1

is typiczl of most other pclycdiscecy.enes &ad 10 1 e o

trans-pc.yacetylene.

Sirce the electrical properiies of a crystallize material
ultizately depend upon its chemical siructire, an explanation
this unusually high conductivity zmust be tised on the structur

the dimer crystal. As was previcuslr mentioned, the polyzeriz

S O ‘--‘_‘ N R SR T R S RSP R FE
R R PUANE \._ o e e et RN
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| ST

dicer is composed of sheets of altertzting polvacetylene and poly-

cdiacetylene chains. These sheets are szaggered by a/2 and as a

3y

4.0

result, polyécetylene and polydiacetrie=e chains are only about

)
4 A apart along the b direction. One esplanatien, given earlier by

| .

this group to rationalize these unique electriczl properties, was
based on the overlap and coupling of - electror orbitals between
interchain atoms. )

A more recent explanation suggests the possibility of self

C e w v .
s te Y
a'a’a' e o o

doping. This is based on partial cherge calculations and theoretical -
band structures which appear to agree w=th the spectroscopic datal?. ]
Thus the assignment of several peaks irn the absorption spectrum

correspond to. gaps in the band struciure of the polymerized dimer

(see figure 9).

OPTICAL S8PECTRUM OF POLYDIACETYLENE DIMER (PDD)
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Figure &. Absorption. spectrum ¢ zhe poly=erizec dimer
obteineé from a Nicolet FTIR (lelz. aad a Cary UV/visibie
spectrozeter (right)..

Finzllyv, a study of the tempere:ure cepencence of resistivity -y
.was carried out and a linear relatic-sh=p between the two (log o 5
vs. 1/T) enabled the activation enerzr zo be deterzined. The cal- : f;,
culated value of ~0.18eV3?® is to be zc=pered with the infrared o 4

spectra and thecreticel value of the ta=¢ gap which is approximately
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