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Chapter 1

INTRODUCTION

1-1. General Features of Highly Specialized Macromolecules

After vigorous pioneering work of Hermann Staudinger
during 1930's, the macromolecular science has grown and
been growing at a very rapid rate through early 1970's.
Mark, Carothers, Ziegler, Natta, Flory, Szwarc and many
others have contributed to the foundation of the modern
science of macromolecules. With the progress in macro-
molecular science, macromolecular industries produced .
plastics, synthetic fibers, synthetic rubbers and numerous
other macromolecular materials, which gave a good dea}vof‘
wealth and happiness to mankind. We were in the age of
chemistry. However, it appears to -us that around:the‘mid.
70's, and since, the macromolecular science and industries.
reached their maturity or have been growing at a rather,
slow rate. Great efforts have been made tQ produce |
materials with more versatile utility of high performance
and/or with new propertieé for special applications.
Indeed, demand for developing highly specialized macro-—: -

molecules is becoming more and more urgent. These special



function macromolecules must be those defined well in
molecular design, be synthesized exactly, have a definite
molecular architecture and show highly specialized physical
properties.

~In the present day we expect to develop varibus special
functional macromolecules and to explore their applications
in a Variety_of ways and purposes. There are four major
g&als for déﬁeloping.such functionéi méteriais. -The firgt
goal is to develop hacromolecular membranes, which ‘separate
certain’solutes*from others in the mixture without
accompanying a phase transition. The second one may be
biomedical materials such as artificial;organs. The third
one is perfectly oriented macromolecular films having
extremely high mechanical strength.  The last one may be to
develop functional materials in electrical and/or electronic
applications. These four major groups of functional mate-
rials are interesting for us to study in the present day.

Among these varieties of functional materials, we
concentrated our attention on the study on electrical
properties of macromolecules, particularly with a hope of
establishing thé relationship between the electrical

properties and characteristics of macromolecules.

i

1-2. -Electrical Properties of Macromolecules

-~ There are three areas of research in the field of the



electrical properties of macromolecules. .The first area

.is related to (1) dielectric. and related properties.ﬁ Sqqh
a‘'study is useful not only:in developing'nonfcopduqtive

and low loss materials or dielectrics; but-also in providing
a powerful means of examining:molecular dynamics such as
the: primary, side chain and local que relaxationrpro—

Al-A3
cesses. -

For this reason, studies on dielectric .
behavior form a desirable supplement to the studies on the
molecular dynamics of macrémolecularnsystems such as ..
viscoelastic properties, nuclear magnetic relaxatiqn,_,
quasielastic scattering and many other relaxation phenomena.
The second area is related to-(2) piezo- and pyro-

electricity leading to explore new type of application.
of macromolecules as, for example, polymer,elect:ets._?f)
This problem has been studied most extensively on poly-
(vinylidene fluoride).,A4,_ ) » . . _ e

. The last area is a relatively new field related to

A5-A7

(3) electrical conductions in macromolecules.

The electric conductivities of macromolecular systems are

very interesting on account of the following four aspects..
(i) The first aspect is that only conductive macro-

molecules have possibility of becoming superconductors . at

room. temperature, as suggested by Little. A? Superconduc-

tion was first observed in metal at liquid helium temper-

A9

ature by Kammerlingh Onnes as early as in”1911., . The

phenomenon occurs when certain metals are cooled below



the characteristic transition temperature TC' In this:
state currents‘floijithout:any‘fesistaﬁce-at all. Bardeen,
Cooper and Schrieffer succeeded in explaining theoretically
‘this phenomenon in- 1957 using the model 6f Copper-electron
pairs due to electron-phonon interactions. AL ghis
theory called BCS9theory'predictéd‘that'the highest attain-
able Tc‘by aﬁy metals will:be below about 40K. Experi-:
mental results showed that the T_ attained by all the’
supercohductors“based'on*metais'and metal alloys are:
always‘béiow”ZOK} "Little presented his theory on super-.
' conducting polymers based on'‘the idea of “electron pairs
due to electron-exciton’ interactions in 1964. 2 one of
his mdst\imbortént conclusions was that a well defined
macromolecule havihg:a conjugated main chain such as poly-
ene structure-and polar side chains such-as’ 1,1'-diethyl-
4,4'-cyanine iodine might show supefconductioh at room - -
temperaturé;' All the'attempférmade so far for preparing
such supérégnductihg'macrbmolecules were unfortunately
unsuccessful. However, among several attempts in explor-:
ing organic superconductors, poly(Sﬁlfuréhitrogen)-All
and certain charge-transfer éompiexés‘Alzfsuéh as tetra-
methyltétraééiéhafulvéléné (TMTSF) were found to: become
shpérCOnductors;walthough below liquid helium’ temperature.
(ii) The second feature is the anisotropy-in electrical
conductivifyzirMétals are three-dimensional conductors- on

account of ‘their metallic bonds, extending ‘in three



dimensions. Graphite is a'two—dimensional qqnductorf, Its
plape consists.of benzenef;ikeiconjugated‘bonds,extenging
in two dimensions, and each planes are stacked by van der
Walls interaction. Electrical conductivity in the plane

is as much as 100 times larger than that iﬁ the direction
perpendicular to the plane. On the other hand, macro;
molecular conductors may be considered as one-dimensional
conductors or linear-chain conductors Al3 on account of
their conjugated backbones such as found in polyaéetylene,
extending only in one dimension. Little's suggestion on
the possibility of high temperature linear-chain conductors
might be too optimistic. Nevertheless, the study on macro-
molecular conductors itself is of interest,as a subject

of physics of low dimensional materials.

(iii) The third feature is easy processibility of
macromolecules. Macromolecules may be molded into thin
films or highly oriented fibrous specimens. Films made
from macromolecular semiconductors may be utilized as solar
cell materials and/or rechargeable organic battéries.
Extremely'thin films formed by casting dilute solution
would permit an application as transistors and new types
of sensing devices.

(iv) The last feature is the possibility of controlling
the condudtivity of macromoiecular conductors in é very
wide range by adequate chemical and physical means, suéh

as demonstrated by Shirakawa et al. for polyacetylene by



A4, Al5 mpo ‘range of electrical

chemical dbping'ih 1978
cdhauctivity‘oBSéfOedyih’Varietiéé”of;méferiaiéIcovers‘Zé‘
décades“in”mégnitude;r:Such'a-Widé réhge‘COQéréd by/the
condhéfi&ify:is péfﬁabs thé’&idéétprahge 6f’theAperef£yt'
chéﬁéé,VWhich'Cahnot'be found ihtany'ofher matériél prop-
ertieSfﬁ”Polyaééfyiehe}'ofiginally an inéUlﬁtor, doééa -
with halSQéné'or A;Fg)wéé found to exhibit météllic con-
ductivity as well aé-n—typé~ahd é;typévsemicoﬁauctiViﬁieSQ
Figure'141”$h6ws.the range of-conductiVity'of materials

as compared with those of drgéhic:és'wéii‘as'hacrdmdleCUlér
 éubstahbes.‘ " |
o For thesé reasons mentibhéd‘aboﬁe; we'were motivated
to study mainly the coﬁduc£i§ity‘of Macromolecuies,raithdugh
dielectric and piezéf:éﬁd;pY£6éleétric>propértiesﬁof o

macromolecules are also interesting and important.

1-3. Poljéfééeinénéé"
A well known example as g conductive macromolecule is.
5- Polyacetylene
is one of the .simplest organic macromolgqules_having_d“
wconjugated‘ﬁ:elect;qn;packpgngs. _preyer,vbecagse,oﬁ the
insolubility and .infusibility of polyacetylene, it was

molecular weight and its distribution without some laborious
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manipulation. Al6 In addition to this difficulty,. neither

solvent-cast films nor oriented fibrous specimens Al7 can
be obtained fromrpolyacetylene to teét its anisotropic
conductivify. SgCh fact% are éxamples of the difficulties
encountered in)elucidating'the nature and mechanism of
electric conduétivify of‘linear-chain conductors. .
DiacetyleneéxR—CEC-CEC—R, where R is a substituent
group, are a unique class of honomers which can be poly-
merized in the solid state by high energy radiapipn or.
simply by therma;,annealing. Polydiacetylenes possess
conjugated main—chains,‘and/ma§ exhibit electric— and photo-
" conductivities similar to those of poiyadétylene.4 The
major difference between‘polyacetylene and polydiécetylenes
lies in the béckbone structﬁre. The former possesses the
conjugated ethene type éCH=CH}n backbone, and the latter
poly(ene-yne) type_#CR—C-EC—CR#n with an admixture of the
butatriene structure %CR=C=C=CR&H. ‘The other difference
is that the latﬁer has two substituent groups R in the
monomer unit.  Although fhe_polymerization of a large number

of diacetyléhéé has been repofted, especially by Wegner Al8

and by Baughman, Al9, A20

most of the products were
insoluble‘and infusible, and hence nqt”feasible for molecular
characterization.

Recently, Patel et al. succeeded in synthesizing

several polydiacetylenes, in which



OH 0O

T " ' -
R = {CHZ)n—OfC—N—CH —C—O—(?gz?m—CH

2 T3

with n = 1-4 and m = 1 and 3. A21, A22:

Tﬁey referréd to‘i
these new class of diacetylenes as nACMU‘(staﬁding fof‘g;methyl
alkoxy carbonyl methylurethane; the side chain) and the
polymer as poly(nACMU). A21, A22 o
Because the conjugated main chain is surrounded b§
thé bulky side groups, poly(nACMU) is fusible and soluble
in common organic solvents. Therefore, poly(nACMU)s'c@uid
be a convenient model of‘linear—chaiﬁ condﬁéféfs'to study
the relationship between molecular characteristics and |

electrical conductivity. vTherefore, we selected them as'

a working material for this study on linear-chain conductors.

1-4. Scope and Outline of This Dissertation

A key problem to be solved is undoubtedly to elucidéte
the mechanisms of electric conduction and bf ehﬁancing
the conductivity of polymer conductors by dbping;- In order
to solve this problem we attempted first to elucidate the
relation between structure and conductivities.

Figure 1-2 shows a prospect of this research on

macromolecular conductors. As the first step in this study,

we choose a convenient model of linear-chain conductors,



3| 1) DESIGN .f:. . . . e

a) Monomer
b) Polymer
¢c) Material

2) STNTHESIS

a) Monomer
..b) Polymer
c) Film
- d) Chemical Doping

3) CHARACTERIZATION

PINREN
I

‘a) Molecular Characterization
'A.Mnl‘;;Mwl.. [n]: .e_t al-

. b) Material Characterization _
T Xes Tg]'X—ray, Raman, UV, ‘et.al. -

4) CONDUCTIVITY

a) Dependence on Applied Potential,
‘w?img,ipqgagtrConcentration and.
Temperature

b) Ionic or Electronic Conduction -

c) Mechanism of Conduction

5) ‘APPLICATION

a) Semiconductor Devices

b) Sensors

Figure 1-2. A prospect of the research procedure for

polymer conductors.
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which satisfy the requirements as much as possible to solve
the given problems.. This step, which-involves the monomer,
polymer and material designs, is of importance in starting
a new research. We selected poly(nACMU)s as a model for:
the reasons mentioned in the previous sections.

As the second step in this study, we synthesized five
different polydiacetylenes of poiy(nACMU) type and subjected
the products to molecular characterization.

As the third step, we carried out a structural study
in the following two ways. One was solution-properties
to ‘reveal the conformations of an individual polymer chain.
The other was bulk propertieé to elucidate the state of .
aggregation of the polymers. A-structural analysis by
X-ray diffraction was also conducted.

As the fourth step, we studied the conductivity of
poly(nACMU)s in various forms such as solvent cast films,
single crystals, partially oriented films, and KOH
hydrolyzed specimens.- It is important to estimate the -
material parameters which affect the conductivity and-its .
activation energy. Taking the relation between the struc-
ture and electrical properties of poly(nACMU)s into account,
we attempted to elucidate the mechanisms of the electric-
conduction.

. As the last step, we examined the applicability of
poly(nACMU)s as semiconductor devices such as rectification

devices.

-11-



As shown in Figure 1-2, all these knowledges acquired
would further stimulate the design and production of new
materials,: which in turn would enable us ‘to reach deeper
understanding on the relationships between structure and
electrical properties. - The understandings would eventually
open up a new field of application of -such materials.

- This thesis consists of following six chapter. - - . -
Chapter 1 is the Introduction.. Chapter 2 is devoted to
describe .the preparation and characterization of some
poly(nACMU)s. Our aim is to obtain well-defined or pure
poly(nACMU) samples with negligible ammounts. of impurities
such as catalyst of polymerization. For this purpose, we"
used solid-state polymerization technique with GQCo—y-i*
irradiation. T

Chapter 3 treats the phenomena of characteristic
color changes exhibited by nACMU - -and -poly(nACMU). - Since -
the conjugated main chains ‘of polydiacetylenes absorb -
visible light, poly(nACMU)s exhibit unique color changes
in solution, reflecting the ‘change:iin main-chain confor-
mation. We:study these phenomena in some _detail. Chapter 4
‘treats the problem’ of complex-formation on -the bulk propérties.
Especially we paid our -attention to ‘'study the difference
in the bulk structure and properties before and after .
doping by measuring visible absorption spectra, Raman spec-
tra, X-ray diffraction, differential scanning calorimetric

thermograms, dynamic viscoelastic and dielectric spectra.:

-12-



Chapter 5 treats the electrical properties of poly-
(nACMU)s having different substituent groups, molegular
weights and their distributions. Particularly, we studied
in this chapter the dependences of their electric conduc-
tivities on the molecular characteristics as well as on
the external variables such as applied potential, time,
dopant concentration and temperature. We attempted to
formulate the conductivity of doped poly(nACMU) system
by employing these parameters and to discover the predom-
inant parameter contributing to enhancement of the
conductivity. To this end, it is necessary to know whether
the conduction mechanism is ionic or electronic. Finally,
chapter 6 treats the application of poly(nACMU)s to semi-
conductor ‘devices. We attempted to explore the possibility
of preparing photoconductive device, rectification device

and sensor from polydiacetylenes.

-13-
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Chapter 2
PREPARATION AND CHARACTERIZATION OF

POLY(nACMU)S

2-1.- Introduction-

Diacetylenes; RC=C-C=CR, where R is a substituent

group, are a unique class of monomers which can be poly-

merized in the solid state by high energy radiation or

51mply by thermal anneallng. B1-B3 The details of the

solid state polymerlzatlon of dlacetylenes were revealed

B4, BS5

malnly by Wegner who 1dent1f1ed the polymerlzatlon

reaction as l 4- addltlon shown as follows.

%RC—CEC—CR#n

- - high energy radiation
n RCZC-CZCR , R H

thermal annealing

N2

éRC=C=C=CR%h

The structure of the backbone is a resonance admixture of
the acetylenic and the butatriene structures. A large

number of diacetylenes having different substituent groups
B1-B6

have been synthesized by a numbef‘of investigators.:

About half of the research-publications on diacetylenes

-16-



are concerned with the properties and polymerization of. -
2,4-hexadiyn-1,6-bis(p-toluene sulfonate), abbriviated as

prs. B7. BB

The PTS has become a model diacetylene of solid
state polymerization, because it yields the polymer single
crystal quantitatively by thermal polymerization. . Poly- -
(PTS) obtained from partially polymerized crystals with

the conversion less than 12% is completely soluble in
dimethylformamide (DMF), while poly(PTS) with the conversion
more 12% is entirely insoluble due to high molecular weights.
This fact is a fatal disadvantage of poly(PTS) when the
relation between the electrlcal propertles and molecular

characterlstlcs is to be studled

Recently, Patel et al., succeeded in synthesizing

several soluble polydiacetylenes, B9-B11 which have a
substituent R of the form:
) uI-|I“ 9
R = —(CHZ)n—O—C—N—CH2 -C- Q(CH ) 3

with n = 1—4.and m =1 and 3. They referred'to this-new.
rclass of dlacetylenes as nACMU (standing for'n methyl‘alkoxy
carbonyl methyl urethane; the side chain) and the polymer as
poly(nACMU). As the flrst step in studylng the phy51cal
properties of llnear—chaln conductors, we synthe51zed flve
different poiy(nACMU)s. |

Further, we attempted to examine the change in molec-

ular weight and its distribution during the solid state

-17-



polymerization by 6QCoW’—ray'irradiation. Such an attempt

may be the first. one Blz'in the ‘polymerization of nACMUs.
'All the polymer samples were tested on a gel permeation

chromatograph, and the intrinsic viscosities were also-

determined. .

.2=-2 . Experimental Designs of Polymer:.-Syntheses

We synthe51zed f1ve dlfferent soluble polydlacetylenes
of poly(nACMU) type. They are:

poly[4 6- decadlyn 1, 10 lel bls(n butoxy carbonyl methyl—

urethane)] or poly(3BCMU) w1th n=3 and m = 3{
poly[4 6 decadlyn 1,10- lel bls(ethoxy carbonyl methyl—

urethane)] or poly(3ECMU) w1th n = 3 and m = 1;

poly[3,5—octad1yn—l,8—dlol—bls(n—butoxy—carbonyl—methyl—

urethane ] or poly(ZBCMU) w1th n = 2 and m ; 3,

poly[3,5-octadiyn- l 8- lel bls(ethoxy carbonyl methyl—

urethane)] or poly(ZECMU) w1th n =2 and m=1 and

poly[S 7 dodecadlyn 1 12 dlol bls(n butoxy carbonyl methyl—

“nrethane)] or poly(4BCMU) w1th n ) = 4 and m = 3.

'Five monomers were synthe51zed by usual technlques of
organlc‘chemlstry and the synthetlc routes are shown tn
Scheme 2-1, 2-2 and 2—3. The 3BCMU and 3ECMU monomers

were prepared through four steps. The 2BCMU and

-18-



2ECMU monomers were prepared through two steps. The

4BCMU monomers was prepared through five steps. The reac-
tion of oxidative coupling of the moho—olé and the reaction
of the diols with isocyanatoacetate are aimoéf the same

for thesé different ﬁondﬁers;-:fhé‘ogher synthetic processes
are different from one'another. The five monomers were

polymerized in the solid state by exposing the 60Co y-ray.

2-3. Syntheses of Monomers

2-3-1. 3BCMU and 3ECMU Monomers

Thesé monomers were prepared accdrdiné to Scheme 2{1,
which involves the following four steps. The prqcedureé
were fhe same for both ﬁénomers except the final stage éf
add;ng isocyanatoacetate.

Chlorination of Tetrahydrofurfuryl Alcohol: B13 ‘In a 2000

ml threanecked round-bottomed flask fitted with a stirfer,
a Qroppipg fﬁnnel,"and a’ thermometer were placéd 410g (412
molés} of distilled tetrahydrofurfuryl alcohdl (THF—OH)Q
and 350g (4.4 moles) of distilled pyridine.. 500g (4.2 |
moles) of thionyl chloride were added at 0°¢}from the
dropping funnel to thé mixture undef vigorous stirring.f
Then the mixture was further stirred fér 5 hours. Tetré;

hydrofurfuryl chloride (THF-Cl) was extracted from the

-19-
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mixture with ether. After removing ether, the residue was
‘distilled under reduced pressure and the fraction boiling
at 57°C/25mmHg was collected. The yield of THF-Cl was
305g (70%).

B13

Ring Opening of THF-Cl: 1500mL of anhydrous liquid

ammonia were introduced through an inlet tube to a 3000mL
three-necked flask, and 1lg of hydrated ferric nitrate was
added, following by 80g of freshly cut sqdium at the temper-
ature of -36°C. The mixture was stirred until all the sodium
was converted to: sodium amide. Then, 120g (1 mole) of
THF-C1l was added from a dropping funnel for 30 minutes.

The mixture was stirred for additional 2 hours, and 177g
(3.3 moles) of solid ammonium chloride was .added. After
ammonia was evaporated, the product, 4-pentyn-1-o0l, was
extracted from the mixture with ether. After removing
ether, the residue was distilled under reduced pressure

and the fraction boiling at 66°C/20mmHg was recovered.

The yield of 4-pentyn-1l-ol was 63g (74%).

Oxidative Coupling: BLS To a 1000mL three necked flask

were added 500mL of acetone, 10g (0.1 mole) of copper(I)
chloride and 14g (0.12 mole) of N,N,N',N'-tetramethylene
diamine. 33.6g (0.4 mole) of 4-pentyn-1-ol were added
from a dropping funnel to the reaction mixture into which

oxygen was bubbling. After the addition was completed, .

-21-



the reaction was continued for -3 hours. Then, acetone was
evaporated, and 50mL ‘of water containing:2mL of concentrated
hydrochloric acid were - ‘added. -The product, 4,6-decadiyn-
1,10-diol (DD) was extracted from the mixture with ether.
The ether was evaporated and the residual product was
recrystallized from ethyl acétaté...The melting point was.
46°C. The yield of DD was 26.5g (79%). = -

B12. B16

Addition of Isocyanatoacetate: - For preparing.:

“3BCMU, both n-butyl -isocyanatoacetate (IA) and ‘triethyl=
amine (EA) were degassed and dried with CaH, in-a high"
vacuum apparaﬁus (10_-5 torr) and then distilled to ampules
with breakable seals. - -Tetrahydrofuran (THF) was purified .
by an anionic polymerization technique until the blue color
characteristic to the sodium benzophenone complex appeared,
and then ‘distilled to another ‘sodium mirror covered storage
vessel with breakable-seals.

In-a 1000mL -round-bottomed flask fitted with a magnetic
stirrer and a thermometer, 6.6g (0.04 mole) of DD and o.lg"
of dried dibutyl-tin-2-ethyl-hexanoate were introduced.
Ampules of IA (13g, 0.08 mole) and EA (émL) were connected
to the reactor, which in 'turn was connected to:the vacuum
line and to the THF 'storage vessel,:as ‘shown in Figure 2-1.
The whole apparatus”was?evacuated2t0b10757torrrand was
sealed off-at-:the’constriction  (A) from the vacuum line. -

FrOmithe storage vessel (B) ca. 400mL of THF was distilled

-22-



Stirrer

Figure 2-1. Reactor for nACMU monomer synthesis: (B)
THF; (EA) triethyl amine; (IA)-n—butyl.or ethyl‘isocya:
natoacetate; (M) high vacuum apparatus; (A) and (C)
contriqtions; (D) dropping funnel; (E) cock; (R) reaqtgr;

(T) a thermometer.
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into the reactor (R). After the THF vessel (B) was removed
by sealing off‘at the constriction (C), the triethyl amine
catalyst (EA) wés introduced intolthe reactor (R) by break-
ing the breakable—seél;erhe'iéocyanatoacetate (IA) was
introducedvihto a specially designed dropping funnel (D),
and then thelIA was added through the dropping cock (E) to
the mixtu%é (R) at 23°C, while vigorously stirring for
30 minuteé; Thé température‘was monitored by the ther-
mometer (T). }The mixture was stirred'for 2 more hours,
and air waé introduced to ﬁhé réactqr to tgrminate the
reaction. Then the fesuiéant solution was poured into
1500mL n—hexane'to precipitate the product, 3BCMU monomer.
The meltihé éoint of 3BCMU was 6£°C. The  yield of 3BCMU
monomer was; 19 ; 6g (100%).
4,é:dé¢adiyn;l,10-diol—bis(ethoXy—carbonyl—methyl-
urethane)'monomer (3ECMU) was prepared byﬂthe same manner
using ethylisdcyénatoacetate instead of‘n—butyl IA. The
melting point of the product was 78°C. The yield was

again 100%.

2-3-2. 2BCMU and 2ECMU Monomers

These monomers were ﬁrepared according‘to'Scheme'Z—Z.
Again the routéé’were the same except the finél’step;
3-butyn-1-ol was purchased from Tokyo Kasei Co. 2BCMU

and 2ECMU monomers were prepared by the following two steps.
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(1) 3-butyn-1-0l was subjected to oxidative coupling by
Hay's method to obtained 3,5-octadiyn-1,8-diol; mp was
41°C. The yield was 92%. (2) The diol was allowed to
react in the same manner as 3BCMU and 3ECMU,:with n-butyl
IA or with ethyl IA to obtain 2BCMU and 2ECMU monomers,
respectively: mp were 90.5 and 70.5, respectively. The

yields were about 95% for both cases.

2-3-3. 4BCMU Monomer

This monomer was prepared according to Scheme 2—35;

B17

Addition of Ethyl Vinyl Ether: A 500 mL three-necked

flask, equipbed with a dropping funnel, a stirrer and a
thérmometer was used.f 100mg of the catalyst, p—toluené—
sulfonic_écia, was added‘to ethyl viﬁ;l e£hé¥ Which waé
under Stirriﬁg.at ofCi ‘Immediately, 1 mole of34—chlor6;
l-butanol was added‘té the mixture at such a réte that?the
heét eVolutién Qas éméllﬁénough and the tempergture off%he
mixture could easily be maintained between'5°C and 8°C;
Additional 50 mg of the catalyst were added, and the |
tempe:éture was maintgined between 10°C and 15;C for l;
hour. The mixture was then cooled to 0°C, and vigorouS 

stream of ammonia was passed into the solution for a few

seconds. The excess of ethyl vinyl ether was removed by
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an aspirator. The vinyl ether adduct was stored at 0°C.

B17 -

Reaction of Ether with Sodium Acetylide: 339 of

freshly cutiéodium were introduced through an inlet tube
to 700mL anh&drous liquia ammonia, to which aéétylene gas

was simultaneously bubbled at -35°C throﬁgh other inlet

i

tube. The white precipitate, sodium acetylide was produced
in the liéuid ammonia.
Hydrbxyl,gropp protected 4—chloro—1—butan017was added

to the solution of 1.4 moles of sodium acet&lide in 700mL

of liquid‘ammonia. In order to exchange the sleent from
liquid gmﬁoniq to dimethyl sulfoxide (DMSO), &OOmL of DMSO
were added to‘the liquid ammonia mixfurQ; Then ammonia was
evappratéd under stirring being continuéé. During the
evapofation éf ammonia, a slow stfeaﬁ offacetyiéne was

passed throqu the inlet tube. Since the reaction was

exothermic, the temperature of stirred mixture was main-°
| , .

tained between 60°C and 70°C by use of an ice bath. Aftef
1 hour,bacefylenefstream was stopped, and thg diXture was .

cooled to room temperature. The mixture was-‘then cautious-

S { Lo ‘
ly poured onto 800g'of crushed ice to kill the residual

| [ -

sodium'écetyiide.i Tﬁé water phase of the mixture was

-

extractéﬁ with a 1:1TEix£ure of ether and pentane.

5—Hexyn—1—oi: The extracted solution was doncéhtrated

after removing ether and pentane. Hydrdxyl>grqup protedfed
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5-hexyn was mixed 200mL of methancl and 7mL of 36%

HCl. After warming the mixture at 55°C:for 30 min, the
excess of methanol was removed by an aspirator. 200mL of-

- concentrated NH4Cl eolution and 10mL of concentrated NH4OHv
were added to the mixture. " Extraction was carried out
with ether, and then the ether residue Was concentrated

to obtain 5-hexyn-1-ol; bp = 72°C/10mmHg. The total

yield from butanol to 5-hexyn-1-ol was 38%.

Oxidative Coupling: B15 5-hexyn-1-0l was subjected to

oxidative coupling by Hay's method to obtain 5,7—dodecadiyn—
1,12-diol; mp was 49°C. The yield wae 14%; This step wee
the most inefficient among all the synthetic processes;

It was found that the oxidative coupling ef S—hexyn—l—ol

is strongly affected by the solvent used. 1In fhis studyh
acetoﬁe was used.v We repeated this reaction 8 timee with
varying reaction-temperature aﬁd reaction-time. However,‘
we could not fihd out any suiteble condifion. Recentiy;

it was shown that use of isopropanol for oxidative

eoupling is preferable to achieve high yield.

B12, B16

Addition of n-Butyl IA: The diol was reacted

witﬁ n-butyl IA to obtain 4BCMU monomer. The mp was 72°C.
The yield was about 100%. The experimental procedure was

the same for preparing 3BCMU mentiened above}
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The intermediate-and final products were identified
by comparing their boiling points (bp) and melting points
(mp) data with those of the literature values; All the
substances. were also checked by elemental analysis, infrared
and nuclear magnetic resonance spectroscopies. The results

were all satisfactory.. .

2-4. Solid State Polymerization

4BCMU monomer was polymerlzed w1th hlgh polymer—
oonver51on 1n comparlson Wlth other nACMU monomers. There—
fore, poly(4BCMU) was studled as a model of the polymer
'51ngle crystal and other polymers were studled in the
form of semlcrystalllne and/or amorphous fllms. |

Powder - form monomers of 3BCMU, 3EC_MU, 2BCMU, 2ECMU
andr4BCMU were sealed in ampules after degasslng underhdrxi
hlgh vacuum (10 -5 torr);r The diaoetylene monomers in
ampules were exposed to 60Co Y 1rrd1at10n w1th varylng
doses from 0A09 to 45 Mrad at room temperature and powder;
form mixture of monomer and polymer crystallltes were. o
obtalned The unreacted monomers were removed by extract—

ing w1th acetone. The poly(nACMU)s were dlssolved in CHCl3

and reprec1p1tated in excess hexane. Flnally, the powder—
form polydlacetylenes were recollected by drylng under high

vacuum.

-30-



The polymer samples were coded as poly(nACMU)/xMrad,
where x denotes the total dose -of 60Co Y ray employed for
the ‘polymerization. Thus, the code poly(3BCMU)/45Mrad
implies a poly(3BCMU) sample obtained by 45 Mrad exposure -
to the Y ray.

Needle-1like and platelet-1like single crystals of 4BCMU
monomer (typical size; 6 x 1 x 0.2 and 3 x 2 x 0.2 mm3,v
respectively) were grown from acetone/n-hexane solution
by slowly evaporating the solvent. The single crystalline
poly(4BCMU) monomer in high vacuum ampules (10_5 torr) - was
allowed to polymefize by irradiating it with 48 Mrad 60Co

Y ray at room temperature.

2-5. Molecular Characterization of Poly(nACMU)s

2-5-1., Methods

All the polymer samples were tested on a gel perme- .-
ation chromatograph (GPC: Model 801A, Toyo Soda Mfg. Co.)
to estimate their average molecular weights and molecular -
weight distributions. The carrie; solvent was CHCl3.
Narrow distribution polystyrenes (TSK polystyrenes, Toyo
Soda Mfg. Co.) were used as elution standards. Low-angle-
laser-light-scattering (LALLS) measurements were made

with an LALLS photometer (Model LS-8, Toyo Soda Mfg. Co.)

at 633 nm on yellow colored CHCl3 solutions at 25°C
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Refractive index increments, dn/dc, of the same solutions
at 25°C were determinedvby a differential refractometer
(Model RF-600, G. N. Wood Mfg. Co.) with a 633 nm heljium-
neon laser as the light source at professor Takahashi's
Laboratory of Mie University.

Intrinsic viscosities as a function of shear rate were
determined for some poly(3BCMU) samples in CHCl3 and
CHC13/n—hexane mixtures at 30°C. Three conventional

Ubbelohde viscometers of .different capillary sizes and a-

four-bulb spiral capillary viscometer were used. -

2-5-2. Results and Discussion

2-5-2-a. Poly(3BCMU)

Poly{(3BCMU) is considered as a model specimen, because
it is easier to handle for laboratory work than éﬁy other
soluble polydiacetylenes. 3BCMU monomer and poly(3BCMU)
polymer conversions are. higher than any other monomer and
polymer conversions. B18 Hence, the polymerization process
of poly(3BCMU) was studied in greater detail with regard
to the relationship between molecular characteristics of
the products and the doses of 60Co Y-ray exposure.

The polymer conversions at various doses were calculated

from the residual polymer.found after careful extraction

of monomers with acetone. The conversions were also
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checked by visible absorption spectroscopy and by differ-
ential scanning calorimetry (DSC). The results obtained
by these method agreed with one another reasonably well.
 Figure 2-2 shows plots of polymer conversion vs total
dose or exposure time for poly(3BCMU). The curve consists
of two steps. The first step levels off at about 40%
conversion or at about 1 Mrad dose, and the second step
at about 60% conversion or above 45 Mrad dose.

‘Each of the polymerization mixtures was dissolved in
CHCl3 for GPC test. The chromatograms showed two major
peaks corresponding to the unreacted monomer and the polymer.
Figure 2-3 shows the peaks for the polymers obtained at
various doses. The polymers obtained below 1 Mrad dose
or bélow 40% conversion show fairly sharp chromatograms
tailing fo low molecular weight side. With polystyrene
elution standards, the PS-reduced weight-average molecular
weight Mw and polydispersity index (the ratio of the numbe;
to weight—average molecular weight Mw/Mn) for all samples
were determined.<.The results are summarized in Table 2—1. 

Patel et al. B19 reported that the conversion in
synthesizing polY(3BCMU) increased steadily with increasing
radiation dose and that the polymers at various doses‘had
essentially similar average molecular weights-and'distfi—
butions. The conversions obtained by Patel et al. are

about half or less than our values at low doses, but nearly

the same as ours at high doses. Probably, in Patel's
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experiment, the monomer was exposed to y-ray in-the air,’
in contrast to our experiment in which the monomer was
vacuum-sealed.

- In the early stage of the polymerization of 3BCMU, the
reaction proceeds via 1,4 addition in the reactive monomer
.crystalline phase, yielding high-molecular weight and
narrdw distribution components. In the later stage, !
however, the monomer remaining in the mixed monomer-polymer
crystalline phase undergoes polymerization. Some degra-
dation of polymer chains also may take place by prolonged
exposure to high energy radiation. These two factors seem
to be responsible for the production of low-molecular
weight components in the later stage of the reaction.'

The 45 Mrad sample was further subjected to Mw deter-
mination by LALLS. The area of -GPC chromatogram monitored
by RI detector a®! and that by LS detector alS are pro-
portional to the polymer concentration ¢ and to the product
of the weight-average molecular weight MW and ¢, respec-
tively.

RI ,_ LS . . .
Therefore, the A" /A ratio is given as followss:

RI

N

LS (1+2a,M c) (2

]
[ve I I
2|+

where A., and B are the second virial coefficient and anl

2
B20, B21

apparatus constant, respectively. The B depends

-37-



on the experimental condition and on dn/dc of the polymer

solution as
B = BS (dn/dc) / (dn/GC)s o o (2-2)

where Bs is the value of B determined for a known standard,
say, polystyrene of known characteristics, and (dn/dc) and
»(dn/dc)é are the refractive index increments of the unknown
solution and of the reference polymer solution, respectively.
Using several standard polystyrenes with known-MW; we
carried out the -GPC-LALLS measurements to determine-Bs.of
the particular. instrument. .The ratio-of the refractive
indices at 633 nm for poly(3BCMU) and polystyrene CHCl3
solutions at 25°C, (dn/dc)/(dn/dc)S was -determined by the
differential refractometer. By introducing these values
into Eq. 2-2, we determined the B. for poly(3BCMU)- in CHC1,
“solutions.

Figure- .2-4 shows plots of ARI/ALs vs polymer concen-
tration c for pol§(3BCMU)/45Mrad in CHCl, at 25°C. From

3

the .intercept and slope of ‘the plot_s;'LMw and A, of poly-

2

(3BCMU) /45Mrad sample in CHCl3 were determined to be 10.7
- -4 -2 ; .

X 106 g mol 1 and 0.34 x 10 4 mol cm3 g =, respectively.

This value of M _ is about 3.4 times as;largejés the PS

reduced GPC value. If the difference in monomer molecular

weight per unit contour length between PS and
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poly(3BCMU) is taken into account, the GPC value should be
multiplied by 2.51. However, the corrected GPC value is
still about 35% smaller than the LALLS value; The differ-
ence may be attributeditoithe permeability limit and an
imperfect resolving'power of our GPC columns for high molec-

ular weight components.

2-5-2-b. Poly(nACMU)s Other than Poly(3BCMU)

Poly(3ECMU) and poly(2BCMU) were‘obtained by the solid
state oolymerization exposing the powder form monomers to
60Co Y ray. The characteriatics are summarized‘in table
2-2,

2ECMU monomer was also exposed 45 Mrad dose of 6QCo
Y ray, but only a trace of poly(ZECMU) was obtained. It
was ‘light red- brown. The GPC chromatogram showed only a
sharp single peak which corresponded to the 2ECMU monomer,
although the solution showed yellow color due to the conju-
gated main chains of poly(ZECMU). However, the polymer |
can not be recollected by extracting the residues with
acetone; Therefore, we‘conolnded thatVZECMU:monomer is‘
hardly polymerizable by Y—ray 1rrad1at10n.

- Powder form and s1ngle crystalline 4BCMU monomers were

polymerized by irradiating them with 48 Mrad 60Co Y-ray-.

The polymer conversion determined by specific absorption

—40-



Table 2-2. Molecular characteristics of

poly(nACMU)s polymerized at 45Mrad dose.

PS-reduced moleéﬁlar weights

Polymer , : —.
10™%mn 10 O Mw/Mn
Poly(3BCMU) 0.080 | 3.2 40
Poly(3ECMU) 0.10 1.0 12
Poly(2BCMU) 0.066 0.89 13
Poly(ZECMU) no polymerization
Poly(4BCMU) 0.093  0.62 6.7
powder-form
Poly(4BCMU) 0.15 - 0.98 6.5

single crystal
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at 470 nm of the CHCl3 solution was 94% for single crystals
and 74% for powder form samples. Thable 2-2 lists the
PS-reduced molecular weights. Single crystalline sample

has higher Mw and Mn than powder form ones. This finding

is reasonable as compared to the results of poly(3BCMU).

For poly(4BCMU), macroscopic polymer single crystals may

be obtained not by the crystallization from dilute solutions
but by the soiid sfate polymerisafion of a monomer single

-B22, B23 This possibility of preparing a polymer

orystal[
single crystal is one of the advantages of the SOlld state
polymerization, although the molecular weight distribution
tends to become broad due to the heterogeneous polymerlza-
tion process.

There are three features in these samples. _The first
feature is that (1) the ratio of M and Mﬁ are as large as
7 to 40. 1In case of homogeneous polymerization in'solution,
the ratio is usually around 2.‘ In case of bulk polymeriza-
tion such as radical polymerization of PS, the rafio may
reach 2 to 4. On the other hand, the solid state polymeriza-
tion of poly(nACMU)s usually produce highiyipolydisoerse
samples. This result is reasonable, since a trace amount of
impurity and dislocations in crystal may hinder the 1-4
addition reaction of diacetylenes.

The second point is that (2) the Mw/Mn ratio of poly-
(4BCMU) is half smaller than that of other soluble poly-

(nACMU)s obtained at the same dose levels. This result
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suggests that 4BCMU monomer crystal may have a highly
regular monomer-arrangement to undergo the 1-4-addition .
than any other nACMU monomers.

The last point is that (3) the molecular weight of
the single crystalline poly(4BCMU) is about 1.5 times larger
than that of powder form poly(4BCMU)s. That is to say, an
ideal solid state polymerization may have occurred in the
macroscopic monomer single crystal rather than in monomer:
crystallites such as existing in powder-form specimens, .
because such a monomer single crystal contains little impu-

rities and dislocations rather than the powder form monomers.

2-5-2-c. Shear Rate Dependence of Intrinsic Viscosity

The poly(3BCMU)s in solution are likely to assume an
extended chain conformation because of its conjugated
backbone, and its dimensions may differ in a good solvent
CHCl3 (yellow), and in a poor solvent, CHCl3/n—hexane
mixtures (blue or purple). 1In order to chéck this consid-
eration, wé made a study on intrinsic viscosity in the
mixtures as a function of shear-rate. Particularly, we
made an attempt to measure the viscosity of completely
blue solutions with CHCl3 content X (in mole fraction)rhy

< 0.55. However, it was found that these solutions always

leave precipitates deposited on the capillary wall of the
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viscometer after each*ekperimental run. For this reason
the viscosity measurement was limited ‘to a yellowish’brown
solution with X = 0.70, which was apparently more stable

than: the blue solution, and a yellow solution in CHC13.

For flexible macromolecules ‘as well as rigid

ellipsoids, -the dependence of [11] on shear-rate has been-

theoretically\elucidated,r324' B25

'B26, B27.

and-tested by
experiments. -~The ‘available theories all may be
cast 'into a form

fn] =7[6j0(l - A 82 + higher terms in even

powers of B) (2-3)

e

with

o

>w
It

(M[n]dns/RT)‘& ST (224

. BN e cU
Where [n] and [n], are the intrinsic viscosities .at an
apparent §hea;—rate.§“and thg,limityqf,zero_sheaﬁ—ratguu
respectively; A is a factor depending on the shape of the

polymer (e.g., the axial ratio for ellipsoids); B is the

reduced shear-rate dgﬁinedlby,Eq.Z—Q,,nsﬁisrthe solvent

PR S SO

viscosity, M is the solute molecular weight, and RT has.

the usual meaning. .
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The value of [n] was determined by the. usual procedure
using Ubbelohde type capilléry;viscoheters and a four-bulb
spiral capillary viscometer. The corresponding value of

% was calculated using the Hagen-Poiseulle law:

pgh a
(2-5)

<
]

2n52
Here a and £ are the radius and length of the capillary,
respectively, h is the height of the midpoint between the
upper and lower marks of the bulb above the meniscus of the
liquid column; g is the acceleration--due to gravity; and

p is the solvent density. The values of & for CHC1l, at

3
30°C were 650, 950 and 1660 s_l for the three Ubbelohde
viscometers, and 53.6, 148.5, 256.4 and 357.3 s T for the
four bulbs of the'spiral capillary viscometer.

Figqre 2-5 shows typical viscosity vs concentration
plots for the poly(3BCMU) sample in CHCl3 at 30°C. The

insert in the figure compares the [n] vs % curve for

the CHCl3 solution with that for CHC13/n—heXane (X = 0:7)

solution. From these data, the zero-shear intrinsic

viscosities [n]o were estimated to be 236 and 254 cm?’g_l

for CHCl3 and the mixture, respectively. It can be seen’
that.[n]0 and its decrease with an increase in } are larger

for the latter system than for the former one. " This
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Figure.2-5.. Viscosity-concentration plot for poly(3BCMU)/
45Mradrin CHCl3yat 3Q9C. ‘The plots of 7 sp/c and 1n(n r)/
c are shown for the data obtained by three Ubbelohde

viscometers:-and by three bulbs of the four-bulb yiscometer.
‘The shear-rates for CHC1

3 are indicated in the figure.

The insert is:.the.[n] versus Yy for CHCl., solution and

3
CHClB/n—hexane(X = 0.7) solution.
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tendency is opposite to that observed for solutions of
ordinary flexible polymers, in which [n]O and non—NewtoniaQ
behavior are larger in good solvents than in poor solventé.
The [n] of the poly(3BCMU) sample in CHCl3 at finite
; are.plotted as [n]/[n]o vs log B in Figure 2-6. For com-
parison, theoretical curves for prolate ellipsoids B24, B25
and earlier experimental results on polystyrene
solutions B27 are also shown in the figure. The
polY(3BCMU)/45Mrad data fall in the region of ellipsoids
with very large axial ratios, suggesting that poly(3BCMU)
in CHCl3 assumes a highly extended conformation.
The data in the insert of Figure 2-5 shows that [n]
of the poly(3BCMU)/45Mrad exhibits larger shear-rate
dependence in the CHCl3/n—hexane mixture than in CHCl3.
Thus it seems that the conformation of this sample is more

extended in a poor solvent, CHC13/n—hexane mixture, than

3 in contrast to the behavior of

in a good solvent CHC1
flexible polymers.
It is known that lyotropic liquid-crystalline

solutions exhibit a characteristic rheological behavior

when the phase changes from iostropic to anisotropic phases

B28, B29

take place. For example, at the phase transition

usually called the A point, B30 an abrupt change in.
Viscosity occurs. Since poly(3BCMU)/45Mrad appears to

assume‘a‘highly extended conformation, viscosity

measurements were carried out to examine whether the
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expected liquid crystalline behavior apﬁears in the nr
(relative viscosity) vs c for poly(3BCMU)/45Mrad sample in
CHCl, at 30°C. For the solutions of c¢ below 3.16 wt$,

n_ increased in proportion to c

and reached 63 at the
3.16 wt% solution. For those of c between 3.16 and 5.37
wt%,rnr was proportional to c7'5. Above 5.37 wt% the

polYmer was not dissolved completely in CHC13. If‘the‘
break at c = 3.16 wt% on the log n_ vs log ¢ curve |
corresponds to the A point for this system, a sudden dfop
in n. should be seen at or in the vicinity of this poinf.'
However, for the solutions with ¢ below 5.37 wt% no such
drop in viscosity was observed.

According to Flory, B31 the polymer volume fractidn 

L at the A point of a solution of rodlike macromolecules

is given by

v, ¥ (8/p)(1 - 2/p) - (2-6)

where p is the axial ratio of the rod. For the poly(3BCMU)/
45Mrad sample, the axial ratio p may be estimated to be -as
large as 300 from the data in Figure -2-6. Assuming the. -

specific volume of the polymer to be .l cm3/g and "l

v
2

which is somewhat lower than the volume fraction at the

substituting p = 300 into Eq. 2-6, we obtain v 2.65 %,

break point. Furthermore, within the solubility limit no
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evidence was obtained for the liquid_crystal formation of
poly(3BCMU). These findings appear to be due partly to a
partial flexibility éf the polymer chain and partly térthe
tendency of aggregate formation in solutions.

) Anqther interesting observation on moderately
concentrated (c > 4 wt®) solutions of poly(3BCMU)/45Mrad

in CHCl3 was that they exhibited a significant Weissenberg

effect. B32

This fact also suggests that the poly(3BCMU)
chain assumes a highly éxtended (but not rigid rodlike)

conformation in CHC13.

2-6. Conclusion

- Monomers of five different (nACMU)s were prepared in
this study. From these monomers except 2ECMU, the polymers
were obtained by the solid state polymerization with 60Co
Y-ray irradiation of745 Mrad dose. The partially poly-
merized poly(nACMU)s obtained show a black-golden color,
‘corresponding to the exsistence of conjugated main chains.
PS-reduced molecular weights,Mn and Mw’ of the poly-
(nACMU)s from GPC measurements were about 0.1 x 106 and
1l x 106, respectively. The samples have sufficiently high
molecular weight to formltough films. Their single

crystals of poly(4BCMU) were also obtained. Its typical

size was 3 x 2 x 0.2 mm3._
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Poly(3BCMU) samples obtained at low doses have fairly
high molecular weight and narrow distribution and those-at
high doses relatively low molecular weight and broad dis-
tribution. We found that the molecular weight and its
distribution of poly(3BCMU) may vary with dose levels in
the solid state polymerization.

Non-Newtonian intrinsic viscosities of poly(3BCMU)/

3
were compared. The result suggested that the polydi-

45Mrad solutions in CHC1l., and in CHC13/n—hexane mixture

acetylene chains may assume a more extended conformation

in poor solvents rather than in good solvents.
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Chapter 3

CHARACTERISTIC COLOR CHANGES OF .POLY(nACMU)S

3-1. Introduction

Polydiacetylenes have the highly conjugated

ci, c2 This feature of poly(nACMU)s together

backbones.
with their solubility and fusibility allows us to observe
visually the process of polymerization, chemical reactions,
and physical transitions suchias melting, dissblution, and
hydrolyzation, through color éhangesvdue to the confdrma—
tional transitions of the polymer chains. c3-Cé

The conjugated main chains of polydiacétylenes absorb
light in the visible portion of the spectrum. On the other
hand, diacefylene monomers have two non-conjugated triple
bonds, whiéh do not absorb visible 1light. Therefore, as
the polymerization proceeds, the colorless monomer eventﬁally
changes to black polydiécétylene with metallié luster.
This color change was the first example by which one saw

€7, €% The highly

the process of polymerization by eye.
conjugated backbones of poly(3BCMU) usually assume planar
conformation stabilized by the hydfogen bonds between the

urethane moieties in the neighboring side chains.
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Breaking of the hydrogen bonds either by melting the
crystallites or by dissolving the polymer in a good solvent
tends the polymer backbones to assume nonplanar conformation.
The effective conjugation length is relatively long in the
planar backbones, which absorb long wavelength light and
hence look blue. On the other hand, the effective
conjugation length is rather short in nonplanar backbones,
which therefore absorb only short wavelength light and look
yvellow. These characterlstlc color changes w1ll be dlscussed
in thls chapter. | ‘. A |
Because 3BCMU monomer and polyk3BCMU) underwent most
strlklng color changes durlng these visual processes web
employed them as the model system in this study. Poly(3BCMU)
is soluble in.usual organic solventsband gives colored
solutlons. ClO, Cll_ Their color depends on’the solvent
quallty such as the ratio of good versus poor solvent 1n
the mlxture: The change in color corresponds to that ln
the effectlve length of conjugation extendlng along‘the
chaln backbone Wthh is affected by the conformatlon of
poly(3BCMU) chalns in the solutlon. C97 Hencer the
phenomenon of the characteristic color change in solutlon
was examlnedrln detall to establish phase dlagrams for the
conformatlonal trans1tlons in poly(3BCMU) solutlon. Effects
of temperature and molecular welght on this phenomemon

were also studied. Further spectroscoplc studles were

carried out to elucidate the details of the color change
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by employing UV absorption and Raman spectrbseopy;”’

‘Two ester groups in the side chain of poly(3BCMU) can
be easily hydrolyzed, and the polymer\becdmes soluble in
aqueous media. The potassiun salt of KOH hydrolyzed poly-
(3BCMU), abbreviated as poly(3KAU), also exhibits a similar
characteristic color change by varying pH. This behavior was

also examined.

3-2 Experimental Procedures

Materials: A few drops of 3BCMU/acetone solution were used
to demonstrate color changes on a filter paper due to
polymerization, melting and recrystallization in partially
polymerized polymer/monomer solid solution.

To establish phase diagrams of poly(3BCMU) in
CHCl3/n—hexane mixture, we employed 45 Mrad and 0.09 Mrad
samples.

For the visualization of the color changes in aqueous
media, we hydrolyzed poly(3BCMU)/45 Mrad sample to obtain
potassium salt of poly[4,6-decadiyn-1,10-diol bis{ carboxyl:
methyl urethane)] abbreviated as poly(3KAU), which has the
substituent R of the form: R = ~(CH2')'3O—CONH—CH —COO_-I§+‘.“- J

2

To approx1mately 30 ‘mL of poly(3BCMU)/CHCl3 solution' we

added a few mL of 6N KOH/CH OH solutlon and stlrred the_
mixture at room temperature for 20 minutes. The degree
of saponlflcatlon was not determined quantltatlvely.

However, by comparing the solubility of these two polymers
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we concluded that poly(3BCMU) was saponified substantially
to poly(3KAU). The hydrolyzed materials was soluble in

water but not in CHCl,, while poly(3BCMU) was opposite.

3
Methods: The polymerization of 3BCMU on a filter pgper was
carried out using a 245 nm wavelength UV lamp. For
crystalline melting in polymer/monomer solid solution on
the filter paper, a jet dryer was employed.

Phase diagrams on 0.09 and_45 Mrad samples in CHC13/
n-hexane mixture were determined by visual observation of
the color changes. For determining absorption speétra of
the solutions, a JASCO spectrophotometer (Modél UVDEC-5A,
Nihon Bunko Co.) was employed. Raman spectra of -the
solutions were obtained by a JASCO R-500 double beam
monochrometer with plane polarized light of 514.5 nm length

from an argon-ion laser source.

3-3. Results and Discussion

3-3-1. Demonstration of Color Changes

Color éhangéé ih séiid: The polymérization of 3BCMU
crystaliites on avfilier.paper by uv ifradiation proééeds
in l,4—addition'to“form polymé;/monomer solid sélﬁtion,
accomﬁaﬁying development of color. Partially polymerized

and fully polymerized polymer/monomer mixtures exhibit
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another color changes by heating and cooling. These visual
processes are demonstrated in photographs 1. A few drops
of 3BCMU/acetone solution were placed on a piece of filter

paper and dried by breeze of a drier. Thin colorless

coating of 3BCMU on the filter paper was obtained as shown in
phgtograph 1-a. Upon irradiating the filter paper with the

UV lamp, blue color of poly(3BCMU) appeared immediately, and

intensified and turned to deep purple color after another
one minute exposure, as seen in photographs l1l-b and -c,
respectively. Further exposure completed the polymerization,
and the color turned metallic black gold. This color
development corresponds to formation of poly(3BCMU) with
increasing yield by prolonged UV irradiation.

When this blue filter paper with partially polymerized
3BCMU (photograph 1l-b) was heated by a drier, the color
changed to red-purple, -and then to yellow upon further
heating to higher temperature, as shown in photograph l-e.
The color change from purple to yellow corresponds to the

melting of poly(3BCMU) crystallites.

Color Changes in Solution: Crystalline poly(3BCMU)/45 Mrad

sample looked like coal inlaid with gold as shown in
photograph 2-d. The powder form sample as well as the
partially polymerized sample on a filter paper were soluble
in CHCl3 and gave orange-colored solution, as shown in
photograph 2-b. By slowly evaporating the solvent, a film

with metallic gold luster as shown in photograph 2-a was
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photograph 1. Color changes on filter paper-demonstrate
_the processes of polymerization of 3BCMU monomer and
melting/recrystallization of poly(3BCMU)/3BCMU solid
solution: (a) colorless monomer crystal; (b) partial
polymerization by 254nm UV irradiation; (c¢) further
polymerization by prolonged exposure to the UV irradi-
ation (&) color changes in the mixture of polymex/monomer
crystal by heating; (e) color changes in melting of poly-

mer crystal.
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Solvent (CHCl3) Poly 3 BCMU Povdar

Cast Film Good Solvent Poor Solveni
(CHC s ) (CHCLs /0-Catiy o)

Photograph 2. Poly(3BCMU) in solutions and in the solid
state: (a) CHCl3 as-cast film; (b) CHCl3 solution;
(c) CHCl3/n—hexane mixture; (d) powder-form poly(3BCMU)

specimen polymerized by 6OCo Yy-ray.

KOH, gH> 10 e—a Soponificotian
KOH, pH> 7 HCL pH< 7 @—a HC|, gH< 4

Photograph 3. Color changes in poly(3KAU) agueous
solution with pH: (a) alkaline solution, pH >10;
(b) mild alkaline solution, pH > 7; (¢) mild acidic

solution, pH < 7; (d) acidic solution, pH < 4,
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obtained. Addition of a poor solvent, n-hexane, to orange

colored poly(3BCMU)/CHCl, solution changed its color to

3
purple, as shown in photograph 2-c.

Potassium salt of poly(3KAU) dissolved in water gave
red-yellow solution above pH = 7, as shown in photograph
3-b. When the pH was raised above 10 by adding KOH, the
solution color changed to yellow, as shown in photograph
3-a. On the contrary, when the pH was lowered, it changed
to pink solution (photograph 3-c) and eventually turned to
blue colored solution as shown in photograph 3-d. Finally,
in acidic solution with pH below 4 purple precipitates |
emerged. Obviously, these color changes correspond to the

nonplanar to planar conformational transition of the chain

backbones by the neutralization of the acidic side chains.

3-3-2. Phase Diagrams for Color Changes

3-3-2-a. Phase Diagrams

Poly(3BCMU) is soluble in common organic solvent such

as CHC1 N-methyl-2-pyrroridones, m-cresol, dichloroacetate,

37
and dimethylformamide. Among these solvent, C_HCl3 is the
best solvent which dissolves poly(3BCMU) up to nearly 5 %
at room temperafure; n—Alkapes and alcoholé, on the

contrary, are noh%dlvent. Wébseléc;éa CHCl3 as fhé gqu

solvent and n-hexane as the nonsolvent.

’ - .. P .
. P : R
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By titrating poly(3BCMU)-CHCl3 solution with n-hexane

and back titrating the solution with CHC13, we established
phase diagrams as a function of polymer concentration c
and solvent composition X. Figure 3-1 shows the phase
diagrams obtained for poly(3BCMU)/45 Mrad and 0.09 Mrad
‘samples at 22°C and 0°C. The dashed line indicates a

typical route of titration and back titration. For example,

poly(3BCMU)/ 45 Mrad in CHCl3 with the concentration of

1073 mo1 171 (the point a in Figufe 3-1) showed orange
color. Addition of n-hexane to the solution made its
color.change from orange to blue abruptly at the mole
fraction of CHCl, X_ = 0.68 (at the point of b). By
further addition of n-hexane blue precipitates of the
polymer appeared at the point c (Xc = 0.43). On the
contrary, addition of CHCl3 to the solution at the point

a (Xc = 0.35) made the precipitates dissolve at the point

e to yield blue solution. Further addition of CHCl3 changed
the color of the solution from blue to yellow at the point
f, different from the b. The transitions petween these
different colors wefe reversible. These reversible color
changes were also very sharp so that the transitions could .
detected accurately by visual observation with naked eyes.

For pure CHCl., solution with polymer concentration above

3
10—2 mol l_l, dark blue precipitates appeared by addition
of only one drop of n-hexane. The space between the two

vertical lines between b (Xc = 0.66) and £ (Xc = 0.80)
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indicates the transition région.

The phase diagrams'obtained have the fdllo&ing'features:
(i) The solvent compositions Xc and Xc' (in the mole fraction
of CHC13), at which the yellow-to-blue and the blue-to-
yellow transitidn take pléce, respectively, do not coincide,
and always XC < Xc'. (ii) Neither Xc nor ch depends on
the polymer concentration. However,. (iii) thé transitidn
from precipitation to dissolqtion takes place re&ersibiy
at the same composition Xp, which depends on the poiymer
concentration. Besides these features already pointed‘out
by Patel et al., C13 the present results indicate some
additional features such as follows:\ (iv) By lowering the
temperature from 20°C or 22°C to 0°C, the phase boundaries
shifted to the good solvent side. ‘Particularily,fthe shift
of Xc' for the 0.09 Mrad sample was substantial.
Comparison of the phase diagrams of the two samples shows
that (v) the diagram of thé 0.09 Mrad sample is located in
the better solvent side than that of 45 Mrad one,:but that
the différén&e between the Xc of the two samples is not as

large as either that between. their Xc' or that between

their X_.
p

3-3-2-b. Absorptioh Spectra

Figure-3—2 shows typical absorption spectra of
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Figure 3-2. Visible absorption spectra of solutions of

poly(3BCMU)/45Mrad for various mole fraction of CHCl3 in

n-hexane at 16°C. The spectra are progressively offset by

arbitrary amount. The polymer concentration is 2.97 k 10_5

mol 17%Y. c¢/H/C implies that the solution in CHCl,/n-hexane

was back titrated with CHCl3 until XCHCl3 = 0.72.
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poly(3BCMU)/45Mrad sampie'in'CHCljyn—hexahe mixtures during
the processes of titration and back titration. The spectra

of the solutions of concentrations between Xc‘andfxc,

changed gradually with incréaSipg annealing time. Figure
3-3 shows that the spectrum of a visibly yellow solution
of the 45 Mrad sample obtained by adding n—hexane.to the
.CHC13 solutionvfo X = 0.75 underwent a blue shift although
the solution remained visibly yéllow after 480 hours
annealing. The spectrum of_the visible blue solution of
the same sample of X = 0.75 (Xc'.= 0.80) obtained by back
titrating the mixture of X = 0.66 with CHCl, also showed
a blue shift. These blue shifts suggest that at X = 0.75
the blue~colored solution is more stable than the yellow
colored one. However, the change was so slow that it was
impossible to estimate the time required for these solutions
to reach equilibrium.. Actually, it was beyond our
estimation whether such an equilibrium exiéts.

From Fourier transform infrared spectra, Patel et

Cl4 suggested that the color changes arise from the

al.,
planar-nonplanar conformational transition of the poly

(nACMU) backbone and that the planar, fully conjugated
conformation be stabilized by intramolecular hydfogen

bonding of urethane moieties on the adjacent substituent
groups; The planar-conformation is schématically illustrated.

in Figure 3-4. The disruption of the planarity or the

shortening of the conjugation length le of the backbone is
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Figure 3-3. Change of spectra with time of two solutions

of poly(3BCMU)/45Mrad with X = 0.75: One coded as
ST S e “CHC13 ‘ s NG
. ¢/h was. obtained by titrating CHCl3 solution with n-hexane,

while the other C/H/C by back titrating CHCl3/hfhexane

solution with‘CHC13.
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Figure 3-4. Planar, hydrogen-bonded conformation of
poly(nACMU)s/poly(ene-yne) isomer as suggested by Patel
et al. c14 The dashed lines between N-H and O0=C indicate

hydrogen bonds.
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compensated for by an increase in entropy of the substituent
groups due to the breaking of hydrogen bonds in the CHCl3
solution. On the other hand, the decrease in entropy of
the side groups enhances the planarity of the backbone, and
gives rise to an increase in the critical solvent
compositions‘XC and Xci (i. e., spift to the CHCl3 rich
side). The values»XCIADd Xc'_sqm@arized in.Table 3-1
indicates thét as the temperature:is iowered;‘ifve., the
contributioﬁ;pf ent;bpi.is deqreased, both X_ and Xc'
increase, espécially the latter shbstantially.

On théibésis of a modified free eleétroﬁAtheory of

Kuhn, €15 Patel C9'>Cl3

célculatéd the effective conjugation
length le from'fhe wavélehgth of tée visible absorption
peak. For the yellow solution with fﬂe abéorptign peak at
475 nm, le was estimated to be 6 to 7 repeat units or 12

to 14 conjugated multiple bonds. For blue solutions le

exceeded 30 repeat units.

3-3-2-c. Raman Spectra

Raman spectra were determined on 0.297‘pmolvdmf%h\_bu
solutions. Figure 3-5 shows typical results. The spectrum
of the yellow solution excited by 514.5 nm radiation
exhibits two strong bands due to the resonance Raman

C16 cl17, c18

effect. According to Baughman et al., the

band at 2125 cm_l may be assigned to -C=C- vibration and
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Table 3-1. Critical solvent compositions for

the color transition in poly{(3BCMU) solutions.

Code Temp/°C XC X c
45Mrad 20 . 0.66 0.80
45Mrad 0 0.68 0.84
0.09Mrad 22 0.70 0.89
0.09Mrad 0 0.73 0.96

a) Xc and Xé, indicating the mole fraction of CHCl3

at the color transition points, determined‘by the
titration of CHCl3 solution with n-hexane and of

a blue solution with CHC1l respectively.

3l
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Figure 3-5. Raman spectra of 0.297 mol dm—3 solutions

of poly(3BCMU)/45Mrad at 25°C in CHCl3 and in CHC13/

n-hexane mixture.
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the one at 1515 cm * to -C=C- vibration. For the blue

solution of X_ = 0.55, the -CZC- band shifts to 2100 cm *
and the -C=C- and to 1464 cm;l, accompahiéd with a small

band at 1498 cm_l

. It shouldrbé noted that viSibly biue
and yellow solutions thainedrét the same solvent
compositions (Xc = O.72yand 0.75) éxhibif somewhat diffefeht
Raman spectra. This difference suggests that, in the
sélutions between Xc and'Xc', the intramolecular hydrogeh
bonds between adjacent urethane mbieties, which influences
the planarity of the molecule, are unstable. |
Probably, electron delocalization in coﬁjugatedv
backbone chains is fesponsiblerfor the aboVe—meﬁfibned'
lowering of -C=C- and.—C=C- vibration freqﬁencies‘as wéli
as for the yellow—to;blue coior transition. In orderlfbbu
evaluate the difference in the concentration of delocaiizea
electfons, we carried out an electron spin'resonance (ESR)V
measurement using a Japan Eieétrén Optics Lab. Model
JES-FE 1X apparatus provided with a 100 kHé modulator..
‘However,‘no significant difference was detected between
the ESR spectra:of the two solutions. Therefore,vthe coiéi
changes result from changes in the effective conjugated |
length, not from changes in the number of delocalizedv

electrons.
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3-4. Conclusion

Thebprocess of polymerlzatlon was observed as the
development of blue color. The conformatlonal changes of
poly(3BCMU) due to meltlng or dlssolutlon were observed
as color changes between yellow and blue w1th naked eyes.
These drastlc color changes were demonstrated in this
chapter. . - |

Phase dlagrams for the changes in color of poly(3BCMU)/

45Mrad and poly(3BCMU)/O 09Mrad samples in CHCl and CHCl /

3
n-hexane were compared. The crltlcal solvent comp051tlons

(CHC1 content) X and X ' at Wthh yellow-to—blue or

3
blue to- yellow changes respectlvely, occurred were
1ndependent of polymer concentratlon but varled w1th

molecular welght and temperature. V1s1ble absorptlon

spectra and Raman spectra were compared for yellow CHCl

3

and blue CHCl /n- hexane solutlons of poly(3BCMU)/45Mrad

samples. The spectra of poly(3BCMU) solutlons between X

and Xk' gradually changed to blue llght 51de w1th 1ncrea51ng

anneallng tlme. Intramolecular hydrogen bonds between

adjacent urethane moletles were found to be unstable 1n~the

solution between Xé and Xc'. o ‘ |
Conjugation lenghts of poly(3BCMU) chain‘in the

yellow and in the blue solutions were estimated to be 6

to 7 repeat units and 30 repeat units, respectively.

However, the concentration of delocalized electrons in the

-74-



backbones appears to be the same for both yellow andﬁblue

solutions.
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. Chapter 4

STRUCTURE OF PURE AND DOPED POLY(nACMU)S

4-1. Introduction

It has been known that the doping'with electron
acceptors such as iodine and ASFS makes polyvacetylene and
other polymers having conjugated main chains change
from insulators to semiconductors and/or metallic
conducfors. D1-D4 Similar effects of doping on the
conductivities are anticipated for polydiacetylenes. 1In
order to elucidate this phenomenon we must carry out the
structural analyses as well as measurements of electric
and electronic properties of poly(nACMU)s employed as the

model of linear chain conductors D5, De6

in this study.
Structural analyses involve the following three areas.
The first area is related to the microscopic strucfure
observed by spectroscopic techniques such as Raman
scattering and visible absorption. From such studies we
would obtain information on the intermolecular interaction
bgtween the conjugated main chains and dopants. The second

area is related to the crystalline region. We would obtain

answers to such questions whether POly(nACMU) films are
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crystalline or amorphous, and whether dopants enter intq.
the crystalline or amorphous regions. The tools to do this
may be the differential scanning calorimetry and X-ray
diffraction analysis. The last area is related to the
amorphous region. The glass transition temperature is a
significant parameter related to the amorphous region.
Hence, dynamic mechanical and dielectric spectroscopies
would be helpful.

All different experimental techniques mentioned above
supplement with one another to reveal the complex structures

of pure and doped polydiacetylenes.

4-2. Experimental Procedures

4-2-1. Materials

As-Cast Films: Poly(3BCMU), poly(3ECMU), poly(2BCMU) and

poly(4BCMU) samples were used for this study. Films bf:
0.2-0.3 mm thick were cast from 2 % (w/v) CHCl3 solution

of the purified polydiacetylenes. The solvent was al}owed
to evaporate slowly at room temperature over a period of.

80 hours. The films of poly(3BCMU), poly(3ECMU), poly(2BCMU)
black purple luster, metallic black red luster and metallic
red luster, respectively. These films were further dried

at room temperature in vacuum of lO—3 torr for about 100

hours to completely remove the residual solvent.
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Single Crystals and Oriented Films: Needle-like and plate-
like single crystals of poly(4BCMU) were obtained by in
situ polymerization of 4BCMU monomer single crystals by

60Co‘Y—ray irradiation. - The polymer conversion was about

94 %. Their typical sizes were 6 x 1 x 0.2 o and

3 x 2% 0.2 mm>.  Although films of poly(4BCMU) showed a
metallic red color, Single crystals of poly(4BCMU) were
matallicrblack gold.

Partially oriented films of poly(3BCMU) were obtained
by the following procedures: An as-cast film of 0.05 mm
thick sandwiched betwzen two teflon sheets was clamped by
a stretching dévice. And the film together with the teflon

sheets was stretched to a certain elongation ratio near the

melting point of poly(3BCMU).

A

4-2-2. Doping With Iodine.

- “The solvent cast and melt-stretched films of
poly(nACMU)s were easily doped Wifh'iodihe, a strong -
electron-accepter simply’by exposing them to iodine vapor
in a desiccator evacuated in advance under vacuum of 1073
torr. In some cases, the cohductivity was measured .
simultanéously with iodine-doping in a special home-made-’

glass cell. This technique will be described in the next -

chapter. The specimens doped with iodine were relatively
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stable even in air, where iodine was lost very slowly.

However, AsF5 was very unstable and toxic and had to be
handled under vacuum. Therefore, in this study only iodine
was used as the dopant, although AsF5 is a much more

effective dopant. The dopant conéentration was.varied~ffom

1 to 60 weight ¢ by adjusting the doping time from 1 minute to
30 hours, as shown in Figure 4-1. The amount of iodihe absorb-
ed were determined by measuring the weight increases-of the
specimens. The dopant.concentration Y was expressed as

the number of moles of 13— ions per one mole of the;'nACMU‘.E
unit by the reason weFWill mention later. Thereforé we

express the doped films as poly[nACMU(I3)Y]

4-2-3. Methods

Raman Spectroscopy: Raman spectra were obtained with a

triple monochrometer Raman spectrometer (Nihon Bunko Co.,
Model R750). The 514,5 nm line from Ar+ ion laser was
used as the excitation source. The measurements were
carried out at room temperature and at 1iquidAnitrogen
temperature. The temperature was monitored by a copper
constantan thermocouple. Above 7 x 3 x 0.2 mm3 films
were sealed in the glass tubes to keep the dépant

concentration constant and to prevent frost.
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Visible Absorption Spectroscopy: Visible absorption spectra

of -thin f£ilms were obtained by a Shimadzu UV-360 -spectro-.

photometer. Thin films of about 30 x 20 x 0.002 mm3 were

prepared from 2 x 10_3 wt? CHCl3 solution by casting on a

glass plate and evaporating the solvent. The measurements

were carried out at room temperature.

Differential Scanning Calorimetry: Differential scanning

calorimetry was carried out on a ' DSC apparatus (Rigaku
Denki Co., Model 8055) with heating rate of 10 K min~ L.
About 10 mg sample was compressed into an Al pan by a.

mini-molder. These specimens were used in this study.. -

X-ray Diffraction: X-ray diffraction patterns were

obtained by a cylindrical camera of 3.5 cm radius. The -
radiation used was CuK g line monochromatized by Ni filter.
Samples of powder-form, as-cast film-form, partially
oriented film-form and single crystal-form were measured

at room temperature. The exposure time was about 1 hour.

Infrared Spectroscopic Analysis: Measurements of infrared

spectra were carried out by JASCO grating infrared
spectrophotometers (DC-402 G and A-3, Nihon Bunko Co.) at
room temperature. Stretched thin films of about

20 x 25 x 0.02 mm3 weretused as specimens.
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Dynamic Mechanical Measurement:. Dynamic mechanical

measurements were made on a Rheovibron DDV-11 (Toyo-Baldwin
Co.) at 110Hz. ‘About 20 x 5 x 0.2 mmo- £ilms: were used.

The temperature was monitored by a COpéer constantan
thermocouple. -The heating -rate was about 1 K min_l.
Measurements were made in a box under nitrogen atmosphere
to prevent frosting on the samples.

Complex Dielectric Permittivity: ' Complex dielectric

permittivity was measured with a transformer-bridge
(General Radio Model 1615) -in' ' the range-of ' 0.01-100 kHz.:

A specimen of 25 mm diameter and 0.2 mm thickness was
inserted in an improved three-electrode cell with an
air-tight brass container.” The container'was then filled
with helium and the measurement- was carried out at the
heating rate of 0.4 K'min_l;‘“The temperature  was monitored

by a copper constantan thermocouple.

4-3. Results and Discussion

4-3-1. Raman Spectra

We obtainedTSpectra ét’room témﬁeraturé and at liquid'
nitrogen temperature for'pdfé‘ahd“doped'poly(3BCMU)/0.09Mrad
films. As shown in Figﬁre 442, RamanTSpectrum of the purés

(undoped) specimen at room temperature has two strong bands
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due to the resonance Raman Effect. D7 On the basis of the

results reported on polydiacetylenes 8, D3

one absorption
at 2079 cm t may be assigned to C=C vibration and the other
at 1461 cm“l to‘CEC vibration. The doped specimen also
exhibited the same two bands as those of the pure specimen.
However, the doped specimen exhibited rather high baekgroend
intepsity. This increment in the beckground intensit§ may
be regarded either as the fluorescent eackground D7 due
to some impurities, or as that due to eharge transfer
compiex D10 between conjugated main chains and dopant ions.
‘;Figure 4—3eshows Raman spectra in the range of small

wave number obtained at lidﬁid'nitregen tempereture; The

doped specimen (Y = 0.52) shows additional bands in the
range of wave number below 400 cm—l; Comparing these results

with those reported for iodine doped pelyacetylene,Dll' D12

we concluded that one absorption at 105 cm ™t was due to

3 5

vibration. Moreover, we observed their overtones with the

the I, vibratien and the other at 160 cm—l to I

intensities less than those of the fundamental absofbtions.

The results clearly indicate the existence of 13— and I5_

i

ions in the iodine doped specimens.

4-3-2. Absorption Spectra

A CHC1, cast film of (0.002 mm thickness mounted on a

-86--



Lo . o -7 - rsordwes (nwddz)Atod pue (nwoge)Atod pedop
‘Ucm muzﬂ_cﬁ QCﬂ@oHrwo w 06 18 BI130ods uewey jo uorbox Kouenboxg Mo *g-y °anbtd

| S CWd AV
o o001 002 © L 00E 009

spun Asejiqee / ALISNILNI NVAVY

-87-



glass plate was used to determine the visible absorption
spectrum of the solid film. As shown in Figure 4-4, the
visible spectrum of pure (or undoped) poly(3BCMU) film has
two broad absorptionﬁpeaks at 1.97 eV (629 nm) and 2.21 eV
(561 nm). Becapse of»the absorption at”the long wavelength,

¢ i .
the film looked blue-gold. The spectrum was essentially

similar to that .of CHCl3 solution. ?ll These absorptions

are presumable due to the photo-excitation processes such .

as m > T* transitions.,Dl3 According to the band theories

of semiconductiyities,;.D14 the excltation of electrons
from the valence band to the conduction band usually results
in a broad spectrum increasing steeply in the longer

t

wavelengthiendq' The band energy determined from the spectra
shown in Figure 4-4' is about 1.8 evV. This value coincides

with the wavelength at the maximum 1nten51ty of the solar

spectrum. On the other hand, doped polyacetylene

eXhibits metalllc conductivity and does not have such a

bahd gap. D14 JThis‘fact might be an advangage for

utlllzlng polydlacetylenes as a solar cell materlal

The absorptlon coeff1c1ents of poly(3BCMU) at 1. 97 ev.
and 2.21 ev 1ncrease w1th 1ncrea51ng dopant concentration.
The spectra oflundoped and doped spec1mens are nearly the

same except an additional peak for the latter presumably

due to I3 ions. D15 These results may be interpreted as

follows; (1) The increase in the absorption coefficients

suggests the increase in the transition probability of
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electrons from the valence band to the conduction band.
Thus, we expect an enhancement of the conductivity by
doping. (2) The shape of the spectrum was essentially'

unchanged by doping. The result suggests that no transitions

of the electronic state have occurred by doping, while
ddped polygcétylene shows the transition from an insulatp;

D14

to a metallic conductor. (3) The additidﬁalrééak at

about 3.4 eV Suggests that the majority of iodine molecules

exist in 13_'form'in doped poly(3BCMU). D15 However, thej

ratio of IZ’ I3 , énd I5

“could not be determined. ‘ This is
the reason that we éxpress a doped épecimen as

poly [nACMU(I3)Y 1.

4—3—3. DSC Measurements -

DSC measurements were carried out for as-polymerized

“and purified mopomef—free poly(3BCMU) /45 Mrad powder férm
?samples. The'aé—éélymerized sample was the one obtained-
{immediately aftér £he polymerization, and the ﬁurified |
rsaﬁple was théﬂbhérobtaineaxby-extfacfiﬁg the unreacted
:monbmer by acetone from the as-polymerized one. The DSC
‘measurements were also made'forIOther poly(nACMU) samples.
DSC thermogram of aS—polymerized poly(3BCMU) powder

specimen showed two endothermic peaks: The first one at

332 K due to the melting of residual monomer, the second
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one at 425 K due to the polymer melting. Two endorthermic
peaks due to interchain melting and to intrachain melting
seem to be overlapping at the second broad peak.

In the thermogram for the monomer-free powder specimen,
two endothermic peaks were observed at 418 K and 449 K.

However, in the thermograms of CHC1l, cast films of

3
poly(3BCMU), poly(3ECMU) and poly(2ECMU) such as shown in
Figure 4-5-a, we observe only one peak [at 450 K for
poly(3BCMU)] tailing to the low temperature side.

.For poly(4BCMU), we were able to make an additional
obsefvation, because single crystalline specimens were
available. Figure 4-5 b shows typical thermograms of.CHCl3
cast and single crystalline specimens of poly(4BCMU). o
These specimens usually exhibit two endothermic peaks at
about 380K and 410K, although the 380K peak for the
CHCl3 cast films is rather samll. Its red color slightly-
changes its tone at 380 K and further to yellow at 410 K,
while the black-purple single crystal furns to red at 380
K and then to yellow at 410 K. B

| From the areas under the endothermic peaks of all:
these poly(nACMU) samples, we estimated the enthalpy of
fusion AHf of these samples. The results are summarized
in Table 4-1.
For poly(3BCMU) samples, it was‘difficult to estimate

the degree of crystallinity XC from these enthalpy data,

because standared single crystalline samples were
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unavailable. However, assuming that the AHf -1

for monomer-free powder-form sample represents that of

= 28.5 J g

100 & crystalline sample, we estimated tbe X, of CHC1,.
cast films of poly(3BCMU), poly(3ECMU), and poly(2BCMU) to
be about 20 %, 34 %, and 17 %, respectively.

On the other hand, for CHCl3 cast poly(4BCMU) films
we estimated the Xc for the two peaks at 380 K and 410 K
are 29 % and 62 %, respectively, in comparison with those
of the single crystalline specimen. ‘

From these results of AHf or Xc values, we-may
conclude that solvent-cast specimens are very poorly
crystalline, while powder form specimens as Well as single
crYstalline samples have rather high degree of crystallinity.
The results are consistent with those of X-ray diffraction
analysis which gives diffuse Debye—Schefrer rings for
these film-form samples as will be described in the next
section.

Accordihg to Patel and Miller, D18 the polymer chains
of urethane-substituted soluble polydiacetylenes usually
asssume a planar flat-ribbon like conformation stabilized
by side-by- 51de hydrogen bondings between the C=0 and —NH
groups of the adJaCent substituents and these flat ribbons
are stacked regularly-inrthe crystallites. The melting’
peaksiaccompanying the celor ehanges arezdue to transitions
frbm plaaar to nonplahar confermation'leading to cbangee in

effective conjugation length of the polymer backbones. D18
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These transitions are obviously induced by intermolecular
disordering, i. e., the destruction of ribbon stackings

[at 380 K for poly(4BCMU) and at 420 K for poly(3BCMU)] and
by intramolecular melting, i. e., the distruption of
hydrogen bondings [at 410 K for poly(4BCMU) and at 450 K

for poly(3BCMU) ].

4-3-4., X-ray diffraction

Figures 4-6-a and 4-6-b show the Debye-Scherrer

photographs of powder-form and CHCl, cast film specimens

3
of undoped poly(3BCMU)/45Mrad, respectively. Both
photographs show the characteristics of unoriented
semi-crystalline polymers. For the powder specimen, eight
diffraction rings are detected, while only five diffraction
rings for the film specimen. The latter photograph
suggests that the film specimen has very low degree of
crystallinity. This result is consistent with the DSC
result.

An X-ray photograph of the doped poly[3BCMU(I3)0.42]/
45 Mrad film is shown in Figure 4-6-c. Only three
diffraction rings are detected for this doped film due to
the pronounced background scattering. The d-spacings

calculated from the X-ray diffraction patterns are listed

in Table 4-2. The difference in the d-spacing between the
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Table 4-2.

poly(3BCMU) specimens.

The d-spacings* for the various

S

d—spacingsx/ nm

Powder Undoped film "Dbped film‘
1.33 (s) 1.40 (s)

0.90 (vw)

0.53 (w) 0.45 (w) 0.45 (w)
0.43 (s) 0.42 (s) 0.42 (s)
0.38 (w)

0.34 (vw)

0.22 (vw) 0.23 (vw) 0.23 (vw)‘
0.20 (vw) 0.20

(vw)

* The symbols in the parentheses indicate

the intensity of the X-ray diffractions :

S =

strong;

= weak;

v =

~97-
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powder and film specimens suggests that their crystal
forms may be different. On the other hand, all the
d-spacings in the doped film are found to be the same as
those in the undoped film, and no differences in the
relative intensities of the corresponding diffractions
between the undoped and doped éiims érérobserQéd.vahese
results impiy(ﬁﬁé£'thehappingidﬁés ndfhéff¢§£>thé crystal
form. . Thus, Qe may conclude fhat,the doping takes place

mostly in the amorphous regions.

4-3-5, Characteristics of Anisotropic Specimens

We prepared two different anisotropic specimens of
poly(nACMU)s: one was polymer single crystals of poly(4BCMU)

and the other partially oriented films of poly(3BCMU).

4-3-5-a. Poly(4BCMU) Single Crystals

To determine the réiatioﬁ between the unitAéell and the
gross feature of the polymer sinéle'érystéi‘éf bol§(4BCMU),
two rotational photographs were taken around fhe mutually
perpendicular axes along the length and width directions
lying in the plane of " the platelet. From the repeating
distances determined from the diffraction angles of the

layer lines and from other results on microscopic
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observations on the crystal, we decided that the fiber (c-)
axis is parallel in the width direction and the b axis
‘(the side groups) in the thickness direction, and thuéﬁix
the poly(4BCMU) chains aré stacked aiong the lenéfh"
direction of the crystal, as shownwinAFiguref§—7—b.

 From the prelimihafy'x—ray diffraction 5ialysis, DZP
the fiber period (c-axis) of boly(4BCMU) singie cryst;l
was found to be 0.488nm; The subcell dimensiohg -
perpendicular to the c-axis were a' = 0.533 nm and bj‘é‘
5.436 nm with an assumption of Y' = 90°. The b'-axis ié
almost parallel to the urethaﬁe group direction, and £He
a'-axis perpendicular to both of the main chain and |
urethane group directions.

Figure 4-7-a shows an X-ray rotation photograph of
poly(4BCMU) single crystal about the c-axis. 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 béckbone
has as 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. b20
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4-3-5-b. Uniaxially Stretched Poly(3BCMU) Film

We prepafed several uniaxially stretched films by
varying the elongation ratio, A = %/%,, where %, was the
initial length of the samplé,'and'ﬂ the length éftér
stretching. Figure 4-8-a shows a typical example of
polarized infrared spectra for. the film of A = 2.92,

The infrared dichroic ratio is defined as R = All/AL,
where All and A ) are the absorbance of the same sample for
the polarized light parallel and perpendicular, respectively,
to the stretch direction. We choose the N-H stretching band
at 3330 cm_l for the calculation of R. The absorption of
N-H stretching band for the polarized light paralle to
the elongation axis was always stronger than for the
perpendicular polarization. This means that poly(3BCMU)
molecules are oriented, at least, partially along the
stretch direction. The R values calculated from the
infrared spectra scattered between 1,5 and 2.1 from one
another, although ) was nearly the same for those specimens.
We defined the degree of orientation f of the molecules
in the polymer film by assuming that the transition
moment of N-H stretching is parallel to thevpélymer chain
direction. Then we have

-y
/

t=(R-1)/(R+2)

g
il

Presumably, this assumption may be rationalized from.the .

-101-



100 T T T T T — T

-~— perpendicular

— parallei

Transmission (°/)

(
3000 2600
Frequency (cm™)

(a)

1 1]
3800 3400

( b)) (c )

Figure 4-8. (a) Polarized infrared spectra parallel (—)
and perpendicular (---) to the stretch direction for a poly-
(3BCMU) film of X = 3.67 and R = 1.64. X-ray diffraction

photographs (b) for an as-cast film and (c¢) for an oriented

film of poly(3BCMU)/0.09Mrad.
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crystallcgraphic result of similar polydiacetylenes,
poly{l,Z—bis [4—(phenylcarbamoyloxy)—n—bdtyn]—l—buten—3—
ynylene},D21 although quantitative results of X-ray analysis
on poly(3BCMU) are not available now.

The X-ray diffraction patterns for an as-cast film
and for a stretched film with R = 1.78 and £ = 0.21 are
compared in Fugure 4-8-b and.4—8—e. The diffuse
Debye-Scherrer rings observed for the as-cast film change
to diffuse spots for the stretched film. This X-ray
photograph implies that in the stretched‘film poly(3BCMU)
molecules are uniaxially oriented. The calculated fiber
period is 0.49 nm corresponding to the length of a repeat
unit of the polymer backbone. X-ray diffraction patterns
show that the samples are semicrystalline, but the degree

of crystallinity is very low.

4-3-6. Dynamical Mechanical Measurements

Figure 4-9 shows the temperature dependence of tpel
storage Young's moduli E', loss moduli E" and tan § for
some poly(nACMU) samples. These films were.sufficiently
tough to carry out the mechanieal measurements. The E'
of all the films decrease gradually with increasing
temperature from 140 K to 240 K and then somewhat more

rapidly from 240 K to 300 K. Poly(3BCMU) and poly(3ECMU)
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begin to flow at around 420 K, and poly(2BCMU) at around
360 K. These results coincide with thosevof DSC:
Poly(3BCMU) and poly(3ECMU) exhibited the melting point
Tm at about 440 K, end poly(2BCMU) at about 390 K. The
dynamic mechanical properties of the»poly(nACMU)s are
simiiar in nature to thosevef'common.sehicryétéliiﬁe
polymers. The E" and tan g curves exhibit a broad‘
transition at about room temperature which presumably
corresponds to the glass transition temperature Tgf Thej
T, of poly(3BCMU), poly(3ECMU) and poly(2BCHU) were
estimated to be 273 K, 305 K and 283 K, respectiQely.‘
The Tg of these specimens are almost the same but are
slightly different from one another.

Figure 4—10 demonstrates the effect of iodine doping
oﬁ the mechanical properties of poly(3BCMU)/45Mrad sample.»
The figure shows the temperature dependence of the storege

Young's moduli E', the loss moduli Ef, and tan § for

3)0.09 0323]'
The E' of undoped poly(3BCMU) decreases rapidly with = '

poly(3BCMU), poly[3BCMU(I 1, and poly[3BCMU(I3)

increasing temperature from 240 K to 300 K. The specimen J'

begins to flow at about 420 K. 1Its E" and tan § curves

exhibit a broad transition with the maximum temperature

Tmax at 270 K, corresponding to the glass transition

temperature Tg' The tempetature dependence of the complex
Young's Moduli were measured also on the doped specimens

of poly(3BCMU)/45Mrad. The behavior of poly [3BCMU(I 1

3)0.09
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and poly [3BCcMU(I ] are similar to that of the undoped

370.23
specimen, except that the Tmax shifts to the higher
temperature side. As shown in Figure 4-11 the TmaX
increases as Y increases upto Y = 0.09, and reaches a
constant of approkimaféiy'deWK inrfhéirangelbf Y from 0.09
to 0.23. In the doped specimens, 13_ ions might coordinate
to several conjugated main chains or polar side chains:
and might form ioniciclusters as those usually found in
ionomersf D9 Thié strong intermolecular interaction unaer

the presence of I. might cause the Tm to increase with

3 ax

increasing dopant coﬁgentration.

The Tg of poly(nACMU)s is usually beiow ropm
temperature,'and henée the doping with iodine at room
temperature proceédsfin the leathery and/orsrﬁbbery stéfe
of the poly(nACMU)s but not in the glassy'specimens, where

the diffusion of small molecules are thén hindered. D22

4-3-7. Dielectric Measﬁrements

~Fighre 4-12 shows the temperature dependence of the
dielectric permittivity e' and loss ¢" for undoped

poly(3BCMU)/45Mrad and doped poly[3BCMU(I The

3)0.12]'
loss curve of the poly(3BCMU) has a small peak at 210 K

(designated as B-peak), a peak at 280 K (oa-peak), and
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Figure 4-12. Temperature dependence of the dielectric
permittivity €' and loss €" for poly(3BCMU) and

Poly[3BCMU(I4) 1,1
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prlmary relaxatlon of pure poly(3BCMU)/45Mrad
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a steep rise in the high temperature side. ' The a-peak
temperature is roughly the same‘as the Tmax of . dynamic
mechanical transition, and may be attributed to the primary
relaxation due to the glass transition. The B-peak
temperature is also roughly the same as that of the dynamic
mechanical B- relaxation. The B-relaxation may be ascribed
to the motion of polar side groups. b22 Figure 4-13 shows
that the frequency and temperature dependence of the qg-peak
follows a Williams-Landel-Ferry (WLF) law. From the slope
of the plot at 1 kHz, the apparent activation energy was
estimated to be 163 kJ mol—l. The ¢' and e¢" curves of the
doped poly[3BCMU(I3)O.12] exhibit steep rise in the high
temperature side, as the conductivity steeply increases
with increasing dopant concentration. The dielectric

¢- relaxation peak was obscured because of this steep rise.

Therefore the dopant concentration dependence of the g-

and B- relaxations could not be elucidated.

4-3-8. Comlex Formation of Poly(nACMU)s With Iodine

Two evidence given in the previous sections showed
that the dopant iodine entered mostly into the amorphdus
regions of the specimens. Namely, the d-spacings of thé
X-ray diffraction patterns aré essentially unaltered by

the doping, and the amount of iodine absorbed by single
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crystalline poly(4BCMU) specimens is by a factor of 100
smaller than that of solvent-cast films. ~Acéording to the
Raman spectra of undoped and doped specimens of poly(3BCMU),
iodine is likely to exist-in- the forms of I,, I3_,’and 15_.
Although the exact ratio is unknown, the 13_ appears to be
dominant. ~The dopant increases the fluoresent background
which is probably due to the formation of charge transfer
~complex between the conjugated main chains and dopant ions.
The glass transition temperature is shifted to the high
temperature side by the iodine doping. The strong’
-intermolecular'interaction undef’the presence of 13_ and/
or IS_ ions tend- the Tg'to increaée,with ihcreasingidopant

concentration. .These results suggest that the 13— and‘Is_
ions might coordinate to several conjugated main chains or
polar side chains, and might form ionic clustérs;
Polydiacetylene-iodine complexes may influence the °
absorption coefficient of the spectrafbut'not necessarily
the photo-excitation energy.

Polydiacetylene backbones are admixtures of poly(ene)

D24, D25 1, these structures,

and poly(ene—Yne)vtypeéa
some geometrical isomers such as trans- and cis- isomers
around déubie bonds, and also'some rotational isomers
arouna singlé.bqndé are alloWed. D26-D28 Thus, pqu(ene)
has thfee:iééﬁéfs ofVﬁoly(ene)/tréns—transoid, pély(ene)/
cis—transoid and poly(ene)/trans-cisoid, as shown in

Figure 4-14-a, -b and -c, respectively. The former symbol
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poly(ene) type

B \ ﬁ dR
. ~Na—C=(C=— — /C N —C= ~
(a) trans-transoid F__C ,C \TC“C ,Ff’c
R ' R ’ R
R ' 2 R‘é c=c=C
(b) cis-cisoid c=C=C=C ‘ =C=C=C
: : < ’ \,C=C=C:::C\/ s /C
R R R
R R R
Cx /\C—C,\
L Yo N PN
(c) trans-cisoid Cx =C Cx
c—Cc = "C—C
R R R
poly(ene-yne) type
‘ ' R R R
‘ _ /Cl /C' /
(d) trans-transoid Nc—C=CT "xc-Cc=C pr__CEEC"CQb
7/
K R K
R "R R
/ N
=C< ~C=C
Cx z° ‘s
(e) cis-transoid Comn _C Cw._ 7
c=q”. c=c
R R R
R R _ R
i C—C=C—C ,C—C=C—C
(f) trans-cisoid z \\,C——CEC—-C\/ \/C—
R R R .
Figure 4-14. The geometrical and conformational isomers

of polydiacetylenes.
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such as trans indicates a geometrical isomer around a
doublé bond, and the latter symbol such as transdid a’
conformational isomer around a single bond. On the other
hand, poly(éne—ynej haé élso ihrée iéomers of poly(ene-~yne)/
trans-transoid, poly(ene-yne)/cis-transoid, and poly(ene-
yne)/trans—cisoid such as shown in Figure 4-14-d, -e and -f,

e

respectively. The combinatio

's of -a and —d,l—b and -f;
and -c and -e are exchanéable between poly(ene) and
poly(ene-yne) structures.

Possibiéwschemgs for the backbéne structures of
,polydiééetylenes are>presen£éa in Figure 4—15—c.>‘Figﬁre
4-15-d suggests a possible mechanism of a dopant iodine

withdrawing an electron from the conjugated main chain

5 -
Hence, an extra hole and radical can be produced in the.
D29, D30 ‘

given in Figure 4-15-c to become anions of 13_ and/orli
chain. This structural model also explains or,
at léast, is not contradictory to the observation that the
Tg of poly(3BCMﬁ) samples increases:by doping. These
extré holes in the conﬁugated ﬁain chains may play an
“important role in enhancing the conductivities of doped

poly(3BCMU).
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(a) Poly(ene-yne) Chain
== CR— C=C— CR=CR— C= C— CR=CR— C=C—CR=5 ’
(b) Poly(ene) Chain

—~+ CR=C=C=CR—CR=C=C=CR—CR= C‘—"C-':CR—)E

(c) Conjugated Polydiacetylene Chain

23z CRi €222 €25 CR=:: CR:: €222 C22 CR3EE CRE= C3E CE CRE)E,
(d) Polydiacetylene—Ibdine Complex

hole . ~radical
e
45 CR#: C<5 C55 CR— CRH C&= C35 CR=CR: C=: C: CR 23
n

Figure 4-15. Possible schemes for conjugated polydi-

acetylene chains and complexes with iodine.
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4-4. Conclusion

The DSC, X-ray diffraction and mechanical studies
indicated that poly(nACMU) filmsbwerevsemicrystailine '
although,therdegrees.of,crystal}inityuare‘usgallyvlow.
Their melting points and degrees of crystallinity were
in the rang of 400 K to 450 K, and in the range,of 17 %
to 62 %, respectively. The glass transition temperatures
of poly(hACMU)s were found 'to be approximately 273 K by
the mechanical and dielectric spectroscopies.

Poly(nACMU) films were eaS1ly doped w1th 1od1ne by
exposing them to 1od1ne vapor at room temperature. An
X-ray diffractionistudy‘suggeetedvthat the doping mostly
occurs ie'the amorbhousvregicc. ‘fheycoﬁiné increased the
glass transition temperature as much as 27 K. Raman and
v151ble absorption spectra 1nd1cated the presence of
iodines in the form of 13 and I5 in poly(eAcgd{s. |
Possible model of poly(nACMU) - fllm-lodlne complexes
were{presepted. Dopant iodines w1thdraw electrons from

the conjugated main chains of poly(nACMU)s to become

anions. Hence, extra holes and radicals can be produced

in the chains. These extra holes existing in the amorphous
regions qf doped pcly(nACMU)‘specimens_should play e”key
role in the electric condqctivity.‘ ;

We succeeded in preparing polymer single crystals of

poly(4BCMU). The fiber (c-) axis is lying parallel to
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the width direction of the crystal. On the other hand,
in uniaxially stretched films of poly(3BCMU) the degrees
of orientation of the polymer chains were found to be
roughly 0.20, regardless of the stretch ratios Qf the

films. . ] PPN
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Chapter 5

ELECTRICAL -PROPERTIES OF POLY(nACMU)S

5-1. Introduction

Although common polymeric materials are generally
~insulators of electricity, some conductive polymers ha&é
been attracting attention invrecent years. Bl These:
conductive polymers have two intriguing characte:istics
beside their rather high conductivity. OneAis the
anisotropy of the conductivity. Therefore, these materials
may be called linear-chain conductors or oneédimensiéﬁal
conductors.E2 The other is the possibility of easy |
processability. They may be molded into thin films which
might be qtilized as solar cell mafefials and/or rechégge—
able organic batteries. | |

Polydiacetylenes as well as polyaéetylene are
insulators of electricity, unless they are doped adéquately
with some electron acceptors (or donors) such as halogéﬁs
or arsenic pentafluoride (AsFS). The cénductivity répidly
increases with increasing dopant concentration. E3-ES
A key prqblem is undoubtedly the mechanism of enhahcing

the conductivity by doping. 1In order to solve this
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difficult problem we carried out studies on the
conductivities of four different poly(nACMU)s: Poly(3BCMU),
poly(3ECMU), poly(2BCMU) and poly(4BCMU). First, we
investigated whether the mechanism of the conduction of
doped poly(nACMU)s is ionic or electronic. Secondly, we
examined the dependence of electrical conductivity of
poly(nACMU)s on the dopant concentration and temperature.
We also examined dependence of the conductivity on tne
types of molecular species and on the molecular welight.
Furthermore we attempted to develop a new technique of "~
doping in order to prepare specimens with much higher‘
conductivity: | |

In order tovstudy the anisotropy of the conductivity,
we prepared 51ngle crystals of poly(4BCMU) and compared
the properties w1th those of CHCl3 cast films. ‘We also
prepared partially oriented films ofipoly(3BCMU) by*
stretching them near the crystalline melting temperature,
and examined the anisotropy in the doped state.

We also attempted to formulate the dependence of the
conductivity on the‘varieties of molecular characteristics
as well as the empirical parametersjwith simple terms as
much as p0551ble. Taking these empirical relations
between the molecular structure and the conductivity into
account,'We attempted'to clarify the mechanism of electric
.conduction bf poly(nACMU)s as well as that ofvenhancing

the conductivity’by doping in molecular terms.
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5-2. Experimental Procedures

5-2-1. Materials

poly(nACMU) Sample: The characteristics of poly(3BCMU), -

poly(3ECMU), poly(2BCMU) and powder-form and single
crystalline poly(4BCMU) samples prepared were described in
Chapter?2.

Knowledges on molecular weight dependence of the
conductivity of Polymer semiconductors should be important
for elucidating the mechanism of the electric conduction.-
However, there are few works reported so far on this
problem, because of the difficulties in carrying out the
molecular characterization experiments on polymeric
semiconductors. The soluble polydiacetylenes such as

poly(3BCMU) E6-E3

are an excellent model system to solve
this problem by the following two reasons: One is that .
poly(nACMU) samples with different molecular weights can
be easily obtained by adjusting the total dose of 60Co
Y-rays in the solid state polymerization. E8 Particularly,
in the early stage of polymerization high molecular weight
and narrow distribution samples may be obtained. E8 In
the later stage, however, low molecular weight and broad
distribution samples were produced. The other reason is
that poly(nACMU)s are soluble and the molecular

characterization can be easily carried out.

We carried out an extensive study on the conductivity,
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employing several poly(3BCMU) samples.with different
molecular weight. Typical GPC chromatograms of poly(3BCMU)
samples are shown in Figure 5-1. The molecular character-
istics determined is summarized in Tablée 5-1. It should -
be noted that the molecular weight'values listed in Table
5-1 are smaller than those in Table 2-1. The former values
were determined on the samples recovered from solvent cast
films, while the latter values on powder form fresh samples
obtained ‘immediately after the polymerization. By casting

from CHCl, solution, poly(3BCMU) chains might have been

3

degraded by some oxidants existing in-CHC1

3

Poly(3KAU) Samples:’ KOH hydrolyzed poly(3BCMU), poly(3KaUu),
is soluble in water, and hence, as-cast films of poly(3KAU)
were obtained from poly(3KAU)/water solution by evaporating
water. The films were dried u1"1der~10"4 torr for 60 -hours

and subjected to conductivity experiments. .-

5-2-2.° Methods Lo ' N

5-2-2-a. Measurements of Conductivity

' The direct-current conductivityfcdc'is defined by the

current I,‘poteﬁtial drop‘&V,Aarea“A, and separation{AX as

3=T/A, E=MV/x o (5-la)
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Odc = = ‘ {5-1b)

where j and E are the current density and electric field
strength, respectively. To carry out accurate
measurements of the conductivity, one must be careful on'-
the following three points, which otherwise cause a large
error. (i) The electrical resistance of the specimen must
be much smaller than the input resistance of the

voltmeter. E10 Otherwise, the current flows between the
input terminals of the voltmeter via routes other than the
intended one through the specimen. Recently, electrometers
having high input impedance are available, and.hence, this
difficulty may be readily avoided by use of such high-
performance electrometers. (ii) When a voltmeter and an
ammeter are used simultaneously in the same circuit, mutual
interference between them often gives anomalous apparent
current in the circuit. Electrical noises through the
earth terminals also cause a trouble. 1In order to avoid
this trouble from the mutual interference, the power source
of the ammeter must be changed from the 100 V alternating-
current source to a battery. (iii) The.last problem is
concerned with electrodes used. The electrodes must form
an ohmic contact with>specimen. It may be conveﬂient tor
apply conductive paint such as silver dispersions or
Aquadag (dispersion of colloidal graphite) directly to the

surface of the specimen. However, paints often contain

-127-



toluene as the solvent, and such solvents often cause

some trouble in carrying out the measuremeﬁts. On the
other hand, use of gold electrodes evaporated on the sample
surface is reliable but is often inadequate for doped
specimens, because the dopant is lost in. the high vacuum
chamber during .evaporating gold. .. . . .

In order .to avoid the troubles mentioned. above, we
used a Keithley 640 Electrometer as an ammeter and
Keithley 610 Electrometer as a poténtiometer which has a
high input impedance. A battery was employed as the
source for the ammeter to avoid  the mutual interference
with the véltmeter. A toluene dispersion of colloidal.
graphite, Dotite XC—l%L(Fujikura Kasei Co.) was used to
attain ohmic electrical contacts.

. Alternating-current ' (ac) conductivity Oac was
measured with-a- transformer bridge -(General. Radio Model

1615A) in the :range of 0.1 kHz-100 kHz . .

5-2-2-b. -Electrical Circuits in Measuring conductivity

In this study we empldyedvfbllbwing four different
methods of measuring conductivity. Each method has its

own advantages and disadvantages.
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4-terminal Method: A better way to measure the conductivity

is a 4-terminal method, as illustrated in Figure 5-2-a.

The electrodes were formed by painting Dotité XC-12 on the
specimen and platinum wires were aﬁtached. A»kqown current
I is injected into electrode 1 to the elecfrodél4, while
the potential difference AV between the electrodes 2 and

3 was measured. The cross section of electrode and
separation of electrodes were also measured. Then, the
conductivity was calculated by Eg. 5-1. The potential
difference AV was not affected by the contact resistance
and polarization effect between specimen and electrode.

These facts are the advantage in using a 4-terminal method.

4-Point Probe Method: A 4-point probe shown in Figure

5-2-b was employed for measuring the dopant concentration

dependence of ¢ Tungusten point probes were used as

dc”
electrodes. We can observe the net potential difference
AV between the electrodes 2 and 3 under a given current I

between the electrodes 1 and 4. If the specimen is a

semi-infinite block, the conductivity O4c is given by

11 1 1 1 1
Mo ow ol Ya T T, asa, a,
T 94 1 dytd, 1%9, 3

©) - (5-2)

If the separations between the electrodes are the same

and equal to d, Eg. 5-2 reduced to
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Figure 5-2. Schematic circuit diagrams for conductivity
measurements: (a) 4-terminal mefhod; (b) 4-point method;
(c) 2—tefminal method parallel to film; (d) 2-terminal
method perpendicular to film. - C) and C) are an ammeter

and a potentiometer, respectively.
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1 I
o) = — ‘ 5-3)
dc 2md AV (

Since we usually use a specimen of finite size, especialiy,
thin film, the corrections are necessary on using Eq. 5;3.
Such a correction of conductivity in the direction »
perpendicular to the film is dominant father than fhatrin
parallel to the film. The true value‘cdc may be about 6
times larger than the apparent value. However, we did not
make any corrections for the finite size of the specimens.
The 4-point probe method is a simple but conveniént

technique for anisotropic specimens as well as usual films,

because no extra care such as Dotite pastings is necessary.

2-terminal Methods: The dimensions of poly(4BCMU) single

crystals were usually small, and the conductivity of even
doped specimens was very low at low temperature so that
the 4-terminal and 4-probe methods could not be used.

For these cases we had to use a 2-terminal method. There

are two different types of 2-terminal method.

Electrode configuration used for single crystalline
poly(4BCMU) is shown in Figure 5-2-c. To prepare a
specimen, we first selected platelet like crystals with
good quality by examining them with a polarizing microscope.

Gold was eyaporated onto both ends of each specimen to
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form electrodes such as shown in Figure 5-2-c, while
masking the rest of the specimen. We. attached electrodes
along the direction normal to therc—axis and also to the
a—axié so that we could méaSuré the condﬁctivities d”raﬁd
dl_in the directions parallel to the c- and a-axes of the
crystal, as shown in Figure S—Z—a,'respeCtively. The area
and the distance between the electrodes were measured with
a Peacock dial thickness éadéé (0.01 mm) and Ocular
micrometer attached tb'é‘pblérizing“miéroscope.

"Another 2—terminél electrbdé éonfigﬁratidﬁ is shown
in Figuré 5-2-d. The electrodes were formed by Dotite.
VOccasiénally'we used a dieléétfic cell with guard electrode.
Some troubles such as the contact resistance and the |
polarization effect between the electrodes and the specimen
may arisé/in ££é§é‘devices. It is noted that thé?apparent
conductivitf measured is lower than the true one in these

two terminal methods.

3-Terminal Method: In order to measure the volume and

surface conducfiVities)ééparafély; three terminal methods
were used. The two variations of these three terminal
configuration are shown ‘in Figure 5-3-a and -b.

The 3—terminalQépécimen;holdéf consisted of a;hiéh;‘
‘voltage electrode, a guarded electrode and éjguafd‘
electrode. 1In order to estimété the volume current IQ,

a certain voltage was applied between the guarded and
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—— —e

(a) - (b)

Figure 5-3. 3-terminal specimen holder: (a) circuits for
volume conductivity measurement and for (b)‘surface con-
ductivity measurement. B, C, and D denote guard electréde,
guarded electrode and high-voltage electrode, respectively.

C) is an ammeter.

A B LI BRAL RV R R R AR R

TIT I AL

™ - thermocouple

(a) (b)

Figure 5-4. Home-made electrode cells: (a) a home made
glass cell for 4-terminal method and (b) a home—made bfass

cell for 3-terminal method.
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high-voltage electrodes, and the guard electrode to the
battery thrdugh an ammeter, as shown in Figure 5-3-a.

Then, the volume conductivity ov was determined as foilows,

d I,
| == -1 -1
o A v [ @  cm 7] co (5-4)

where A is the area of the guarded electrdde énd d is the
thickness>df the specimen held between the guarded and
high—VQltagé elctrodes. :

. For a rectangular specimen the surface conductivity

Og is defined by

I
s -1

s ;’ [ & 7] (5-5)

q
g = —

p
where p and q is the length and width, respectively, of
the specimen betwéen the electrodes;fand Is!i§:the current
flowing on the sufface of the speqimén. A mg;eiéonvenient
m=thod of determihg’os is to use aAB;termina; éieétfdde
shown in Figﬁre 5—3ub. |

For measu?ing the surface current IsI aicertain
voltage was applied through an ammeter betweeﬁ_théEguarded
(B) and guard (c) electrodes, and the high-voltage
electrode (D) was connected to the earth terminal, as
shown in Figure 5-3-b. Concentric ring electrodes are

convenient for measuring of the surface current. With this
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type of electrodes,; the O is given by, E10

1 r2 I
9 = — In( — ) — (5-6)

27 rl

Where ry and r, are the outer radius of the guarded
electrode and the inner radius of the guard electrode,

respectively. The results will be discribed later.

5-2-2-c. Special Purpose Cells

Occasionally, measurements of the conductivity weré
carried out during doping with iodine using a specially
designed home-made glass cell, which is shown in Figure
5-4-a. Four platinum wires were sealed on the top of the
glass cell, and the four terminals were connected to the
measuring circuits. A glass tube from the side pf the
céll was connecfed to a vacuum line connected to a special
vessel of iodine vapor through a vacuum cock. The gla§s>
cell was evacuated to lO_3 torr by a rotary pump. Then,
iodine vapor was introduced, and the measgrement of
conductivity was started simultaneously. By using tﬁis
glass apparatus, the effeét of aging on the conducti?ity
was also studied.

'In making measurements of temperature dependencéhoﬁ
a a specimen was inserted in an air—tightvbrass

dc’

container, shown in Figure 5-4-b, filled with heliem and
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the container was cooled or heated. The temperature was
monitored by a copper-constantan thermocouple mounted close

to the specimen.

5-3. Results

5-3-1. Volume and Surface conductivities

Usually the current 1n a. spe01men flows through

both the surface and the bulk of the specimen, i. e.,

I, =1 ; I in Wthh I I and I ‘are total current,
t - V. S v )

{

volume current and surface current respectlvely. bThel
ratio of the I and I is affected by the ratlo of volume
and surface of samples.i We attempted’to#estimate the
ratio of I; and I, of the 4-terminal devices which were
usually used in conductivity measurements. For example,
the volume conduct1v1ty 0 and surface conduct1v1ty 0

of poly[ZBCMU(I3)O 70] measured by the 3-terminal method

were 1. 5 x lO 6HQ—_lcm“l and 2.6 x 10 -3 Q_l, respectlvely.
Using these values, we estimated I, and’IS as 120 x 10710 a
and 9.3 x 10 -10 A,'respectively; forwawtypical case of

conduct1v1ty measurement on poly[ZBCMU(I ) ] spe01men

0.70
with a 4- termlnal device. Thus, we may concluded that
the ratlo of I /I was 93 %. The apparent conduct1v1ty odc
measured by the 4- termlnal method 1s almost equal to the

volume conduct1v1ty.'
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5-3-2. Dopant Concentration Dependence

The direct-current (volume) conductivities ¢ of

dc
undoped poly(3BCMU)/45Mrad and poly(3BCMU)/0.09Mrad films
are of the order of 10 1% Q_lcm_l, although they have the

metallic appearance of golden color. The 93¢ of an uhdopted

specimen by the 4-terminal method after about 4 hours

;

evacuation at lO_3 torr in the home-made glass cell

decreased from 2.3 x ]_0_ll Q_lcm—l to 0.8 x 10 11 Q—lcm_l.

The Odc became constant after 70 hours evacuation as shown’

in Figure 5-5. After the constant was reached, a small

amount of air was introduced into the céll and then the
O4c increased to the initial value of 2.3 x 10”11 Q_lcm_l

after about 4 hours. This behavior was reversible. This .

increase in o

dc
El4 . .
dopant. However, such an increase in ¢

may be a result of oxygen acting as a

gc Vas usually

far less than that due to iodine doping. Hence, the O4c

of iodine doped specimens were measured under usual
atmosphere.

The change in ¢ during doping poly(3BCMU) was also:

dc

measured. Figure 5-6 shows the results. The curve I is:

the change in o for poly(3BCMU) placed directly in a

dc
sealed glass cell at room temperature. The increase in
the conductivity is very rapid. After doping the specimen
for 3 hours, the cell was evacuated under 10_3 torr. The

o] began to decrease with time with an almost constant

dc
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Figure 5-6. Change in the conductivity at room temper-

ature- by doping of poly(3BCMU) with iodine and sublimating

iodine. The conductivity was about 107t g7t cpt

t = 0 and about 10—6 2! em™ at t = 3 hours. Different -

at

methods of doping were employed for specimen-I and -II

' (see text).
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rate, as shown inAthe figure. kanthe otner hand;

the curve II represents the similar data for pely(3BCMU)
doped with iodine contained in a separated ampule connected
to the cell tnrough‘glass tubes and stopcocks. The O4c
increased slowly with time in the early stage of doping.
The specimen may be doped with*iodine at a slow‘rate.

After doping the specimen undef_this condition for about 1
hour, the O4c began to increasekfapidly in a mahner similar
to that of the initial stage of the curve\I, and finally
reached the same level as of the curve I."And then by

evacuation of the cell, the o decreased in a manner .

dc
similar to that of the curve I. The diffefence in the
doping behavior of the curve I and II obvionsly reflects
the difference inhthe dopant nressure in the}eerly stage
of doping.’. The conductivity O4c of solvent-cast |
poly(3BCMU) films increases with the dopant concentration,
and after about 3 . hours of doping the Odc becoﬁe7enhanced
by a factor of as much as almosf'lOS. The processes were
completely reversible.

Figure 5-7 shows the dependence of Ogc On the dopant

concentration-Y for a few poly(nACMU)s and polybutadiene

at:25°C." ' The Odc/increases with increasing Y and finally

reaches to the semieenductivity region of about .-

10_5 Q‘—lcm_‘l at Y of about 0.7. -These results may be the
E15, Elo6

first demonstration “ 7 that the o c of poly(nACMU)s -

d
among varieties of other polydiacetylene derivatives,El~7_-}~3v19
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Figure 5-7. Dc conductivity of three poly(nACMU)s
and polybutadiene at 25°C as a function of dopant

concentration Y.
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reaches as high as semiconductive level by adequate doping
with iodine. This high ievel of conductivities was stable

for about two years under the atmosphere and sunlight. EL17

Thevdrop of 90 % of the conductivities afteritwo years
may be attributed to the iodihevdésorbtion during the two
years. | .

For comparison, we examined the 93¢ of polybutadiene

doped with iodine. The o of doped polybutédiene remained

dc
-11
almost constant at about 10

2

level in the range of Y
about 10 “ to 10_14 These results suggest that iodine is
not acting merely as an ionic charge carrier but interacts

with the conjugated main chains of doped poly(nACMU)s to

increase the o

dc’
According to Drude, E10 the;odé is generally given by
%4c T A MM ©(5-7)

whefe g, n égd>;ua£e the émou;t df‘Chafges“ber a carrier,
the number density, and the mobility of the charge carrier,
respectively. | H -

On the other hand, the 04o ©f doped poly(nACMU) may

be represented as a function of. Y by

(Y)=ay ¢ .. (5-8)
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where A and ¢ are the parameters independent of Y. If

the dopant iodine is acting merely as an ionic carrier, the
q and u should be virtually constanf énd’n would be directly
proportional to the carrier concentratioﬁ.Y. However; £h¢
Gdc for poly(3BCMU)/45Mrad first increases in préportioﬁ .
to Yzfoand later to Y3'0. The parameters of poly(3ECMU)

and poly(2BCMU) in the low Y side of the curves are 1.3

and 1.2, respectively, and those in the high Y side are

4.8 and 5.7, respectively.

The large values of g above the break points of the
Udc versus Y curves suggest that iodines are acting as |
electron acceptors which withdraw electrons from the main'
chains thus producing charge carriers, in this case, holes.
The iodines may also act as bridges for hopping of holés |
from one chain to another. On therother hand, the small
values of @ below the break points might imply that the
conduction is ionic rather than electronic.

Preciseiy speaking, the values of a below the break
points are still large than one. Hence the dbpant iodines
may be interacting to some extent with the conjugated méin
chains of poly(nACMU)s.

For the break points on the o versus Y curve, we

dc

notice that the Y* is about 0.14 and almost constant for

three different poly(nACMU)s, while the 03¢ of poly(2BCMU)

and poly(3ECMU) are about 107707 tem™t and that of

poly(3BCMU) is about 107 8q tem™ L.
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5-3-3. Temperature Dependence

Figure 5—8 shows the temperature dependence of Cdc

for some doped poly(nACMU)s. The od decreases with
decreaSing temperature and then becomes almost constant
below a certain temperature T*. In the high temperature

region the plots-of log‘dd' vs. 1/T give approximately
stralght lines With the thermal activation enthalpy E of
1.07 oV mo1~! for poly(3BCMU), 0.98 eV mol™ ! for poly(3ECM‘U)
and 0.99 eV mol_l for poly(2BCMUl For undoped spec1mens,
only the result of poly(3BCMU) is shown in Figure 5 8
However other poly(nACMU)s show s1milar behav1or. vThe
values of E for undoped speCimens are the same as those
of the doped spec1mens although the conduct1v1t1es of the
former are far smaller than those of the latter. That is
to say, the dopant affects the conductiv1ty but not the
Ea. On the other hand in the low temperature region the‘

dc

undoped poly(3BCMU) spec1men was too low to be measured

Ea of doped poly(nACMU)s become very small. The o of

accurately, and is not shown in Figure 5—8.

The temperature dependence of O suggests that there

dc e
are at least two independent mechanisms of conductionl
One is the thermal activation process in which the rise in
temperature increases bothrthe current—carrier concentration
and the carrier mobility. The other is an:electronicH”‘

process such as tunneling mechanism, by which
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Figure 5~8. Temperature dependence of dc conductivity

for pure and doped poly(nACMU)s prepared by the irra-

diation of 45 Mrad dosage.
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the conductivity does not depend on temperature. At high
temperature sdde'the former has ierger contribution than

the latter. The conductivity by thermal activafion rapidly
decreasesﬁwithvdecreasing temperature, while the conductivity
dueito the latter bfocess remains almost constant.
The?efore]réﬁufhe_low temperature side, the latter has a
laréer contriedfion fo the conductivity than the former.

The temperature T* is merely an intersect of the two gdc
Vs i/T curves, and is not a material parameter such‘as

the glass transition temperature Tg but an apparent
empirical parameter.

The temperature dependence of the conductivity does
not differ much from one species to another. The
electronic structure”is affected very little by the side
chains but appears»to‘be‘ihherent and commoﬁ to the
poly(ene-yne) type backbones of poly(nACMU)s. . The
inddfference of the temperature dependence of Gdc among the
different poly(nACMU)s is similar to that of the dopant

concentration. dependence.

5-3-4. Alternating-Current Conductivity

Measurements of the conductivity Oac for alternating
current often provide an important informaion on the ™

mechanism of electrical conductivity of materials. Figure
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5-9 shows the temperature dependence of ac conductivity

o of'poly[3BCMU(Ij)

1/45Mrad specimen. The © is
ac ac

0.12
much larger than the %4c and the difference becomes

progressively greater as temperature is lowered. Similar
temperature dependence of Gac was found in some inorganic

B21, E22 such as single crystalline silicon.

semiconductor
The electrical properties of single crystallinea;
silicon have been interpreted on the'basis'of the band
theory. E23 There may be band ana hopping conduction ini
vsingle:étyetalline silicon. The\ddc is'attributedv
essentially to the'Band cenduction with'less sigﬁificent’
hoppiﬁg carriers. 9qrthe other handiﬁthe oac is:attributed
to.both“bahd aﬁd hopping between the localized states in
the fqrbiddenhfegion and the cerrier mobility is.extremely
smaller than that by the band conductien. The band
conductiep is é dominant faetor at the high temperature
side where the number of thermally activated carriere in
the band region becomes larger. On the other hand, the
hoppinéwebndUCtion'is”e dominant factor at the low
temperature side where there is few carriers ie the band
region.r Hence, in:the low temperature side ac conductivity
9.c due to the hopping conduction may be dominant rather

than dc cdnductiVity‘Udé'duevtoithe band :conduction. - .

Figure 5-10 shows the frequency dependence,of»cac;at

variousetemperatures for poly[3BCMU(I3)O112]/45Mrad. ‘The

data may be cast into the form; E21
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o CE Ty T S
dc(f)—Af (5-9)

where A and s are constant and £ is the frequency. The

oac of an insulator is‘directIY“proportioqal to £ (s = 1),
while Fhe Gac of a metal does not depend on £ (s = 0) in
the usﬁal frequency region. As seen in Figure 5-10, the
value of s decreases from 0.88 to 0.46 as the temperature
is raised from 100 K to 285 K. lThis result suggests that
the transitidn from an insulator to a metal is takiﬁg place
in doped poly(3BCMU)s as the temperature is increased,
besides the steep increment of conductivity atvhigh

temperature side.

5-3-5. Molecular Weight Depéndence

It has-been known that some physical properties such
as dieiectfic reléxationréf semicrystailine polymer are
influenced not-Only by the molecular weight and its
distributionrbut also by the variation in the degree of
crystallinity XC and in the crystalline morphology.El3’ E24
Sometimes, the XC itself depends on the molecular weight
and its distribution. However, several poly(3BCMU) samples
having different molecular weights invariably yield poorly
crystalline specimens, when cast from CHCl3. As judged

from the enthalpy of fusion the Xc of those CHCl3 cast
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films are very small and nearly the same from one sample
to another, as shown in Table 5-1. Therefére; in this
chapter, we interpret the results of the electric
conductivities of the solvent-cast films of these samples
as reflecting the molecular weight dependence but not
necessarily the Xc dependence of the»conductivities.

Figure 5-11 shows the dependence of O4c on Y at 18°C

for different samples. The %4c increases with increasing

Y. Obviously the values of ¢ compared at given Y depend

dc

on the samples used. This finding may be the first evidence

that demonstrates the molecular weight dependence of o
E16, E25, E26

dc

for polymer semiconductors. There was no .

correlation between the O4c at ‘a given Y and Mw' but a

good correlation was found between the © and Mn' The

dc

values of Odc read at three different values of Y are

plotted against Mn in Figure 5-12. We see that the Gdc
at gny‘Y is increasing linearly with Mn' The 03¢
extrapolates to zero at M = 0. This result suggests that
3BCMU monomer doped with iodine may be an insulator.

The slope of the straight line for Y = 0.4 is larger
than those for Y = 0.3 and ¥ = 0.2. Namely, the molecular

weight dependence of ¢ for poly(3BCMU) with large Y is

dc
larger than that for those with small Y. Presumably, the
migration of electrons and/or holes in the conjugated

backbones may be delayed at the chain ends. Therefore,

the resistivity is proportional to the number of chain
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Figure 5-11. Dependence of dc conductivity at 18 C
on dopant concentratlon for f1ve poly(3BCMU) samples

having dlfferent molecular welghts and their distri-

butlons
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Figure 5-12. Dependence of dc conductivity on humberé
avefage moleéular wéight Mn for poly(3BCMU) spgcimenéﬂi
Vwith'three different dopant levels Y of 0;2,Ad;3 andr
..0.4. The piots were determined from the data‘in

Figure 5-10.
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ends, i. e., the ¢ is directly proportional to M

dc n
VFigurevS;l3'shOWS the temperature dependence of 94c

at high temperature side for the poly(3BCMU) samples. All

the samples indicated the same temperatnre dependence before

andvafter doping, although the conducti&ity itself is

enhanced significantly. The activation energies Ea

determined from thekArrhenius plot of O3c VS- 1/T depend

on the Mn but neither on Y, Mw or Mw/Mn ratio of the samples.

Figure 5-14 shows the activation energy Ea plotted against

Mn_l. The Ea decreases with cecreasing Mn_l and egtrapolates

to 0.44 eV mol ! at infinite Mh, Hence the E_ may be given

by the folloning equation

6

Ea = 0.44 + 0.023,3_10 / Mh‘ (5-10)

for the samples with'Mn'in the range between 0.02 x 10°

and' 0.23 x 10 The first term corresponds to the energy
for exc1t1ng an electron or a hole 1n the conjugated
backbone and for transportingvthe‘charge carrier along the
backbone chain with infinlte length. The second term of
Eq 5-10 represents the molecular welght dependence of E
and is 1nversely proportlonal to M o This result 1s

reasonable because the resonance energy and the effective

conjugatlon length of the backbone increase with 1ncrea51ng

3

2

molecular weight.
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5-3-6. Anisotropic Conductivity

5-3-6-a. Single Crystalline poly(4BCMU)

Figure 5-15 shows temperature dependence of electrical
(direct current) conductivity 03¢ for undoped and iodine-
doped films of poly(4BCMU). Two data innts for the
conductivities along the c'-axis o, and along the a'-axis
01 of single crystalline poly(4BCMU) are also shown in
the figure. For single crystals, the ¢,, and 0, at 20°C
were measured at various dopant concentrations. ' These
values and the apparent activation energy Ea are compared
in Table 5-2. For the doped single crystals of Y = 0.005-
0.010, the Ea values for oy and 0, were estimated to be
0.92 and 1.09 eV, respectively. For all the samples, the
Ea value appears to decrease slightly by doping. The Ea
value for 0” appears to be slightly smaller than that for
o,. |

Figure 5-16 compares the conductivities as functions
of Y for single crystals with that for CHC1, casf films at
20°C. For single crystals, the conductivities rapidly
level off at a level of Y by a factor of 100 times lower
than that for CHCl3 cast films. The maximum attainable
values of 0, and 043 are also lower than that for the solvent
cast films. .This result is presumably due to the difficulty

in doping the highly crystalline specimens effecfively.

For example, a cast film could be doped to Y = 0.13 after
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Table 5-2. the electrical conductivitiesrﬁnd‘j
their apparent activation energy E_, at 20° c
for CHCl3 cast films and 51ngle crystalllne

specimens with various dopant concentratlons.

Samples Y o/ Q cm E_/eV
i
- . “13 0 L
CHCl3cast film 0. -3.1 x 10 oo f .1.48
0.13 3.6 x 1077 1.32
2.09 4.0 x 107° i 1.30
(W }
. - T N a
Single. crystal Q . 2.8'x 10 ( o1}) 1.32

0.014° 4.1 x 1077 (o ”f) (0.92)°

6.5 x 1008 (o, (1.09)°
IR

T
]

8 Estimated at 50°C.

b these values are estimated for single crystals

with slightly different values of Y.
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Figure 5-16. Dependence of conductivities and the ratio

Oy, 0, on dopant concentration Y for CHCl3 cast and single

crystalline poly(4BCMU)s at 20°C.
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5 h exposure to iodine, while a single crystalline specimen
gave Y = 0.026 even after 'as long as 50 h exposure. . Figure
5-16 also shows that the anisotropy in the conductivities

o, /o, of the single crystal is 6.5 + 0.4, and is nearly

independent of Y. This value of anisotropy is comparablet

El7, E27

to that reported by Schermann and Wegner ™' -on dark

conductivities of a single crystalline poly(diacetylene

p-toluence sulfonic acid) derivative (PDA-TS).

Recently, Siddiqui and Wilson Ezz\reported that ;the. -
anisotropy for PDA-TS is(y//U_L = 103,;which is in sharp
contrast with the results obtained :by:Schermann and Wegner.
They pointed out that Schermann and Wegner-had used ;.
undesirable arrangement of electrodes on the same-r face .-
(surface electrodes). When examining currents along-the. . ;
chains with this arrangement, the current must also flow
in the directions perpendicular to the chains. However,

this is not the reason for the low-anisotropy of our SO

poly(4BCMU) 51ngle crystals, since we adopted evaporated
gold electrodes coverlng the edges of the spec1men

completely as. shown 1n flgure. Then, the dlfference in

the anlsotropy between poly(4BCMU) and PDA TS 51ngle

crystals mlght have been resulted from the dlfference 1h”

il

their crystal forms. The s1ng1e crystal of PDA TS is

known to be the most perfect among various polydlacetylenes,
but poly(4BCMU) 51ngle crystal contalns the dlsorder in =~
AR IR Ty

the mutual level of the chalns in the c- ax1s dlrectlon as
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fabbve-mentioned. "In ‘addition, the nearest neighbor .
‘diStance 'of thei chains for poly(4BCMU) is 0.533 nm in the
direction ‘of ‘a'-axis {(-0L. direction), which is much shorter
than ‘that- of'0.75 :nm for PDA- TS.‘,E27 E29 LThese evldences;
seem5to“giveithe\reasonswfor the  low ‘anisotropy of
poly(ﬁBCMégﬁsiééleVCrystals;‘»uh-»44L'

“{'From:the -results-given -above, ‘we may conclude :as.. .
follows. (i) ‘The conduction along the polymer chain-is.~ - -
preGaiIing.3i(ii)1The;dopingftakes place mainly in the
amofpﬁousiregionsiofathe speciﬁens.: (iii) The dopant: ..
‘iodine is ‘interacting.with.and providing charge.carriers .
along the conjugated-backbones ofupoly(4BCMU).“~(ivjv
presumably the-dopant may be acting‘also as bridges-for.
hopping ‘of -charge-carriersifrom:.one chain.to another.:- :

R e O S L A SO B P

5-3-6=b. partially Oriented Poly(3BCMU).

. "]F:»". .,

PREOISS [OF S B

The relatlonshlp between current I and voltage \Y of

an orlented fllm of poly(3BCMU) was examlned for the
e S TR

electrlc flelds applled parallel and perpendlcular to the

P . Ag,. P

stretch dlrectlon. Flgure 5 l7 shows the result for a

L Y v : PRPUN d . + i . L

film w1th R e l 75 f = 0 27 and the dopant concentratlon

Rias)

[ -.l.:v ol S o 3 PR

Y = 0 409 The I- V plots are llnear and obey the ohmlc

law 1n the range examlned. From these plots the

01 [NRRRS PO [CITNGES 6. Vi RN

electrlcal conduct1v1t1es parallel and perpendlcular to 7

RSB N
PO T ) O S -
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log’ \

Figure '5—17; The I-V characteristics in the direction
parallel (O) and perpendicular' (@) to the stretched
dlrectlon for an orlented poly[3BCMU(I3)0 409] fllm

(R =1.75, £ = 0.27).
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the stretch direction, 0,, and 0, were estimated to be

-7 -8 -1 _ -1 .
2.47 x 10 ' .and 5.85 x 10 ° § “cm ~, respectively, for
this film. Thus, the anisotropy, 9, /0; 1is 4.26. Our
result is consistent with that of doped polyacetylene
reperted by Shirakawa et. al. E28 This result also suggests
that the electrical conduction along the polymer chain is

preﬁailing.

5-3-7. Other Attempts to Enhance the Conductivity

5-3-7-a. Solution-Method of Doping With Iodine

. There is another doping method E29 different from

exposing the specimen to the vapor of dopant. :We called
it a vapor-method. Another method is to dissolve polymers

and ﬁopants simultaneously in CHC13, and then evaporate
i

the solventito"obtain a doped~film. This doplng technlque
is appllcable only to soluble semlconductors. 'We may call
it a solution-method. A f

First we attempted to dope poly(3BCMU) with iodine by

the solugion—method. _Three films were cast from:CHCl3
solutlon of poly(3BCMU) and 1od1ne and drled for 2 days.

About 90 % of iodine 1n1t1ally dlssolved 1n CHCl3 solutlon
was subllmed at“room temperature and the amount of re51dual

iodine in doped poly(3BCMU) was only 10 % of initial amount

of iodine. The dopant concentration Y was estimated from
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this residual amount of iodine. The conductivities Gdc

of three specimens were measured by the 4-terminal method.

The result is listed in Table 5-3. The 04 Of

poly[ 3BCMU(I 0 032]by the solution methods is larger than

3)
that by the vapor-method by a factor of 103 times. The
increment in odc by the solution method was saturated

at heavy dopant concentration and then became ultimately
the same as that by.the vapor method.

These poly(3BCMU) specimens doped with iodine by the
different methods to the same dopant concentration .
possessed the different conductivities. This result
suggests that only a part of dopant iodine is active as

the effective dopant with the concentration Ye The

££°
dopant concentration Y might represent the total amount of
dopant such as I., I3_ and IS_ forms, while the effective
dopant concentration Yeff the amount of iodine ions such as

I, and I forms conjugating effectively with poly(nACMU)

3 5
backbones. The ratio of Yeff and Y could not be estimated

quantitatively.

5-3-7-b. Charge Transfer Complexes as Dopants

The solution-method for doping soluble poly(nACMU)s
is particularly convenient for dopants having low vapor
pressure. Examples of such dopants are 7,7,8,8-tetra-

cyanoquinodimethane TCNQ E30 which is a very strong
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" Table 5-3. Dc conductivities %4c of the samples by the
solution—mefhod and reduced cdﬁdﬁétivityiincrements'by“

'a vapor-method of iodine.

Polymera) 7 o /Q_'cm o

Poly[3BCMU(T4)y o35 . 5-2x 107 1x 107
-6
0.231 a2y :

Poly[3BCMU(I,) c2e S :
1. 2.6 x10°°

Poly[3BCMU(I3)O;81

Poly[3BCMU(TCNQ), ,,] 3.4 x 107

Poly[3BCMU(TTF)y 1 1.2 x 107
. iy L
- Poly[3BCMU(TTF/TCNQ) g gggd 3:7 x 10 T\ . .. . .
, 5 e
. Poly(3KAU) g b lueo Yo 5'3{x%;0-% i
r boee
a) Poly(3BCMU)/0.09Mrad
b) Odz anduqdzwindicate the conductivities by the .

solution-method and those by the vapor-method.

B T P - PR Y R T Lr
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electron accepter, tetrathiafulvalene TFF?E3l“a'strong\

=1

electron donor, and. TFF/TCNQ compléx E325which itself’ has

a very high conductivity. The,odc'values of ‘poly(3BCMU)s:
deped with these dopants ;are listed in-Table 5-3. ‘TCNQ:or:
TTF alone -were not effective dopants for poly(3BCMU). :On-
the other hand, TTF/TCNQ complex was ‘an effective dopant i'!
for poly(3BCMU). Only 0.068 moles of “the complex -enhanced :
‘the conductivity to 3.7 x lO-_5 Q—;cmil;- If poly(3BCMU)

is doped with the same amount”of'IB,'the'conductivity'

reaches to the level as low as 10 10 g lem™l. -In this-

sense, the complex is as muchras 1055timesfmore effective v
than iodine. Such a large enhancement ‘may not be due to .=
the conduction through the TTF/TCNQ complex itself but ito -
poly(3BCMUf activated by TTF/TCNQ complex, because the’

dopant concentration ‘was soﬂlOW'thatVTTF/TCNQacomplex”were'
not - forming continuous phase.in‘the'dopedfpoly(BBCMﬁy:fiimi
It should be noted that such a film:was'.as tough as' =:2: ~0o

polyethylene.

5-3-7-c. Poly(3KAU)

The 0 4c of poly(3KAU) measured under atmosphere was
IS R I(

5 x lO—4 lecm—l, as llsted in Table 5 3 Assumlng that

{0t e Lo

all pota551um ions 1ntroduced became the dopant llke

...... ‘ l‘-‘f )' Sty

1od1ne, we estlmated the dopant concentratlon to be about 2.

T - - . . . ! O : il ; I copl e
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The Odc of:polY(3KAU)1i54almostuidentical with that of

poly(3BCMU). doped wifh iodine. However, a significant -

difference in the conductivity between them was that for

poly(3KAU) .specimen under the applied voltage'of 23 v cm-l

the current rapidly decreased with time and then-after

100 hours. under the atmosphere :it-leveled off to -the -value

by a factor. of 11000 smaller than the original current. ; -~
On the other hand, when pdly(3KAU)_specimen was dried at

10—3 torr -the O .decreased more rapidly and become 1000

dc
times smaller than that measured .under the atmosphere.

Under the 23 Vrcmfl andjat 10f3%torr for 100 hours, the

odc-of~poly(3KAU)adecreasedgby_a factor . .of 106 times

smaller than the original: current.
These results :suggest that potassium ions K© mainly
contributed to the o ;'

dc
Ele E33 “The ionic :conduction may be activated by a-trace -

of. poly(3KAU) .as .the ionic carriers.

of moisture.in .the atmosphere.

5-4. Discussion

5-4-1. Basic Mechanisms of Electric Conductibh

fheddhehoiegicalithhe electriercdnddcfion of doped

poly(nACMU)s may 1nvolve two mechanlsms- one is ionic

conductlon due to the mlgratlon of iodine ions, while the

[ <

‘other is due to hole conductlon through the bands created
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in the main chains. A most conclusive evidence for the
ionic conduction is detection of electrolysis products
formed on discharge of the ions as they arrive at the
electrodes. However, the technique is not very practical,
because. the amount of electrolysis products under such a
conduction is usually too small to be analyzed.

In order to estimate the relative conduction of these
two mechanisms, the electric current was measﬁred as a -
funétion of time under a constant voltage. . If the ionic
conduction is dominant, the:cﬁrrent would decrease with
time, as the ionic cérriers aré eventually purgea from the
system, It is also kﬁown that for ionic conductions the
Ohm's law does ﬁot hold but the sine-hyperbolic iaw becomes .
valid. E10 o

'The behavior due to ionié conduction is seehifor
potassium salt of KOH hydrolyzed poly(ﬁBCMU), coééavas
poly(3KAU). B9 cor poly(3KAU) speciméﬁ under thé applied
vbltage of 1.5 Vjthe current répidly dgcreases, ésfis seen
in Figufe 5-16. The Voltagé versus cufrent relation was
not ohmic for thé poly(3KAU) specimen.. On the oéher:hand,
for iodine doped polY(3BCMU); as ié seen inwFiguréw5—1§;‘<
the current under the applied voltage of 1.5 V and that
under 132 V are almost constant up to -about 230 h. The
slight dfop of the current after a prolonged application

of the voltage to the doped poly(3BCMU) may be attributed

to the iodine desorption during the period as judged from
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the absorption and desorption features of iodine by
poly(3BCMU) iodine system mentioned previously. We’'also -
found that the current was proportional to the applied
voltage. That is, the conduction is approximately ohmic.. :
These results strongly suggest that the electronic
conduction is the main process in the-doped poly(3BCMU). .
Under the applied voltage of 132 v, the constant
current was about 5.0 x 10_6 A. The transported éharges
during 230 h, then, amount to 4.0 coulombs. The dimension
of this specimen was 3.15 x 1.70 x 0.13 mm3 and the dopant
concentration'Y was 0.52. If we assume that the polymer
density is one and the dopant exists only in the form of

I3 ion, all the ionic charges in this speéimgn is as
small as 4.2 x 10—2 coulombs. The observed value is
:iarger than that éf the estimated ionic charges by a

factor of 100. This observation alsb sugges£srthat the
electronic conduction may be the dominant factor in this;
speéimen.

The cohductivity 0 4c of doped foly(nACMU)s increases‘;
and the activation energy Ea decreases‘with increasing
number-average-molecular weight Mn' Ahisof;opicv
conductivities qo,and>ci_ﬁere measured for pély(4BCMU)
single crystals and also for partially oriented films ofj‘u

poly(3BCMU). The values of ¢ were roughly 6.5 for

4,/04_

the former and 4.2 for the latter. The direction of the
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maximum electronic conduction corresponds to that of the
conjugated main chains.

The fact that doped poly(nACMU)s possess the nature
of electronic conductor is an encouraging factor when-we
seek for applications of the polymer as semiconductor

devices such as rectifying behavior and photo-conduction.

5-4-2. Characteristics ,of Electric' Conductivity of . '

v . poly(nACMU)

The characterlstlc features of the conduct1v1ty of

the present systems are summerlzed as follows. (1) the

Al
ot

L

conduct1v1ty 1ncreases w1th 1ncrea51ng dopant concentratlon,
while (11) the actlvatlon energy of the conduct1v1ty is
1ndependent d%”%he dopant concentratlon. (111) nghly
crystalllne'spec1mens such as 51ngle crystalllne poly(4BCMU)
could not be doped to hlgh extent, and hence the hlghest
conductlylty attalned was low as compared to doped fllms.
(iv) Anlsotropy in the conduct1v1t1es 0” ( Ul;of the 51ngle
crystalllne poly(4BCMU) and partlally orlented poly(3BCMU)
are 6.5 and 4 2 respectlvely (v) The conduct1v1ty 1sv
dependent on " the number averaoe molecular welght M and")
(Vl) the actlvatlon energy is also dependent on M . |

St

(v11) Wlth decrea51ng temperature the actlvatlon energy
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changes abruptly at a certain temperature T* from a -
substantially large value to nearly zero.
- Comparing the results on poly(nACMU)s with those of

E34, E35

iodine-doped polyacetylene (PA) we see three

characteristics in their behavior: (1) An undoped and doped

PA have a semiconductive o4 of 1070 Q-lcm_l and a metallic

value of lOl Q—lcm_l, respectively, while undoped and doped

poly(nACMU)s have an insulative o, -of 10712 Q-lcm_lvand

a semiconductive value of 10 > g tem %, respectively.
(2) The Gdc of PA is saturated at the Y of-about 0.1,
while that of poly(nACMU) at the Y of about 0.9. Finally,
(3) the doping of PA and poly(nACMU)s results in an
increase in cdc by the same factor of about 107. The;e
characteristics may be attributed to the difference in the
molecular and/or crystal structure between PA and
poly(nACMU) films. 1In the latter only 10 % of the total
molecuiar volume are the conjugated main chains and the
rest 90 ¢ are insulative side chains. Furthermore, the
former has a fibrillar structure with high degree of .
crystallinity E36, E37, while the latter, especially a
cast-film is nearly amorphous with very low degree of
crystallinity. E16
Two different type of behavior were found in the
conduction of poly(nACMU)s; the one is semiconductivity

observed in high temperature region and the other is

insulative property in low temperature region. The former
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is a thermally activated process, i.  e., the 0 4o increases
with temperature, while the latter’Uac is ‘almost -
independent of-‘temperature. . We will examine the detailed

mechanisms involved in the electric conduction in high and

low temperature‘regions. -7 Vol

5-4-3. Empirical Formula of Conductivity

The conductivity o of iodine doped poly(nACMU)s was

dc
1ndependent of tlme and electrlc f1eld strength but found

to dependent on dopant concentratlon Y, numberfaverage

molecular welght M and temperature T

a

SR Y SRR L R S

- dc{ﬁw_dé S I Lo oo (5-11)

IR RN
P

The experlmental results glven so far suggest that the
RSSO o S -

effects of Y M and T on the Odc may be 1ndependent of.’

,,,,, RIS -~

one another under the experlmental condltlons employed 1nv

T C P T R

our study )
From the results, we may cast the odc into L

1 1 1

i =1z : "lQ 3¢ o1 P
odc(Y, Mn, T) =171 x~10 ~-2 ¥~ M exp[( Tl )

i'H(Q‘44ﬁtlo’Og§;X }Q?!Mn)]u S ”(Srlz)
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for Tl = 291 K>T>T*, which is the break point of the ©
versus 1/T plot and for Mn between 0.02 x lO6

dc
ahd 0.23 b4 106.
The empirical formula of Odc describeé reasdnably Qell

the experimental data within an error of about 5 times.

In order to clarify the mechanisms of the electric
conduction in more detail, it is desirable to estimate the
charge carrier density and the mobility of the charge
carrier separately. We attempted to carry out the ‘
measurements of Hall effect E38 of iodine doped pdly(3BCMU)
specimens. However, it is in general very difficult to
apply such a measurement on 1ow—dimensional,kaniso£ropié
semiconductofs such as fhe present systems. Unfortunately,
we could not obtain satisféctory results on the Hall
effect,  Another possibility might be the measureménts of

photoconductivity by the time—of—flight method. E39

5-4-4, Conduction in Low Temperature Regioﬁ

In the high. temperature region the current I Qersus
voltage V relation was ohmic in the voltage range of 1 V
to 150 V. On the other hénd,fih the low temperature region
the I-V relation was not ohmic, as shoﬁn in Figure 5-19.
However, the differece in the I-V plots would give &
further significant information on the conduction mechanism’

The characteristics of varieties of conduction®
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Figure 5-19. The I-V characteristics of poly[3BCMU(I3)0 52]

at 290 K and at 200 K. The dashed line indicates an ohmic

characteristics having a slope of one..
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processes involved in insulators may be summarized as shown
in Table 5—4. E22 The Schottky emission proCesé is
thermionié emission across the metal—ins;latbr interface
or the insulator-semiconductor interface. ~The Frenkel-
Poole emiésion is due to field-enhanced thermal‘excitation
of trappea electrons into the conduction'band. ‘Since this
process ihvolves electrons in the trépped stafeé with
coulomb pbtentials, the process is virtuélly:identical to
that of tﬁe Schottky emission. The tunnel emission is due
to field ionization of trapped electrons: into the conduction
band or dhe to electron tunneling from the Ferﬁi level of
the metal:into the insulator conduction band. The tﬁnnel
emission process has the strongest depenaence on the
applied voltage but is essentially independent of
temperature. The space—charge—limited current results
from carriers injected info an insulator;which has no
compensating charges. At low voltage and high temperature,
current is carried by thermally excited electrons hopping
from one isolated state to the next. This mechanism yields
an ohmic i—Vwrelation which exhibits characteristic
exponential dependence on temperature. The ionic
conduction is similar to a diffusion process. The dc
ionic conéudtivity decreases with time during the electric
field is applied.

For é given insulator, each of thesé conduction

processes may dominate in the particular ranges of
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temperature and voltage. Also the process is not exactly
independent of one another.)_qu”example, thg,large space-.
charge effect and the tunneling phenomenon were found to '
be very similar to the Schottky type emission.

" The current I of poly(nACMU)s in the low temperature
region is almost independent of temperature or shows 7
Arrhenius type dependence with a small activation energy-.
Figure 5-20 shows I versus V plots for iodine doped
poly(3BCMU) based on the different mechanisms of condﬁction.
The experimental data do not satisfy the relation based
on the tunneling mechanism and fieid emission meéhanism,
while they satisfy those based on the Schottky or Frenkel-

Poole emission mechanisms.

5-4-5. Molecular Schemes of Mechanism of Conduction

On the basis of the experimental evidences on the .
conduction described so far together with the knowlegdég
on the structure-property relationships of iodine-poly-
(nACMU)s systems, we discuss in detail how the extra holes
may be produced in poly(nACMU) chains to exhibit elecfronic
conduction. - . e .

The fact that the Tg of poly(nACMU)s is increased by
iodine doping suggests that iodine molecules, at least

some of them, coordinate with the conjugated chain back-
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3 and/or I5 ions.

First way of production of thevextra holes is that unpaired

bones and withdraw electrons to become I

spins appear on isomerization from poly(ene) type to poly-

(ene-yne) type or vice versa as the result of mobile bond-

alternation domain wall, as shown in Figure 5-21-a. Such

a localized unpaired electron called neutral solitonE‘ll"E43

may be a topological kink in the electron lattice system.

Theoretical calculations also indicate fhat E4l, E44, E45

the electron state of the neutral soliton is located at

the center of band gap. That is to say, since the unpaired

electrons exist in the antibonding orbital which is located

at the center of the band gap of the magnitude 2A, the

ionization potential is the A smaller than the potential

of high-occupied-molecular-orbital in the valence band

and the potentials of their electron affinities are the

A larger than the potential band, as shown in Figure 5-21-b.

Therefore the iodine as dopant is thought to preferentially

attack the neutral solitons located at higher electronic

energy state. As shown in Figure 5-21-c, a localized hole

is produced by the attack of iodine to an unpaired elec-

tron, and the hole is called a charged soliton. E43, E4?,
The second way producing an extra hole is that

the dopant accepts the electron from the regular bond-

alternation structure as poly(ene) and/or poly(ene-yne)

and the radical cation is produced on the conjugated

chain, as shown in Figure 5-21-d. Since the phase of
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-’'Scheématic diagrams ‘of I

V(r)

" -ion near a‘'poly-"

3

diacetylene ‘chain;

polydiacetylenes

neutral 'soliton state;
(d) a polaron after ‘iodine-doping;

Coulomb poténtial V(r') to the region 'of a chain near the “:-

iodine ion.

“(a) “Neutral soliton defect 'in undoped

'(b) ‘Schematic-energy diagram of a~‘- -

(e) hole is bound by
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bond-alternation to both sidesuqf such a radical cation
is identical to each other, it can not be regarded as
soliton. Such a radical cation may be considered as the
metastable excited-state produced on the conjugated chain.

E45, E4§ A

This radical cation is called as polaron.
polaron as well as a charged soliton has a charge.

Although a charged soliton may be produced with a
lower energy than a polaron, the number of soliton mayfbe'
smaller than that of polaron.  Therefore we can not con--
clude which ones of charged solitons or polarons are
dominant charge carriers in doped poly(nACMU) systems.\"

A dopant iodine molecule écCepts an electron from &
the poly(nACMU) chain and the extra hole produced on the
chain will be ‘an empty space in valence band. A weak
Coulomb binding between the hole and charged acceptor
ion isvproduced. Such'a bound state is the localized hole
“on the polymer chain in the vicinity of the charged
acceptor ion. The binding energy may be dependent on tem-
perature and hence this scheme is qualitative agreement:: .-
with the experimental results.

Extra holes play the main role of conduction phen9mena.
The most dominant proq¢SS'in the semiconductivity of doped .
poly(nACMU)s appears to be the activation of charge car- -
riers, i. e., the production of free holes from conjugated:.
backbones by ‘dopant iodine and the transfer of the carriers

from one chain to another, presumably by hopping at high
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temperature in the cryétalline (ordered) regions and/or

in‘the amorphous regions through dopant iodine ions.

5-5. Conclusion

The direct-current conductivities % of undoped

poly(nACMU)s are of the order of 10—11 Q_l cm—l, while the

doping with iodine enhanced thq.cdcqby about 107 fold.

This result is the first demonstratign of semiconductive
poly(nACMU)s. The ratio of the surface to volume conduc-
tivities for doped poly(nACMU)s is less than about 10 %,

and hence the enhanced conductivity is almost due to the

volume conduction. The activation energy E is virtually
unchanged by doping. The_Ea in the high temperature region

is in the range of 1.07-0.98 eV mol™ ! and the E, in the low tem-
perature region is in the range of 0.033-0.008 eV mol_l. The
alternating-current conduétivity Oac varies with the fre-

quency as f ? with the value of s decreasing from 0.88 to

0.46 as the temperature is raised from 100 K to 285 K.

The O4c of iodine doped poly(3BCMU) increases with increas-

ing number-average molecular weight Mn’ while the Ea

decreases with increasing Mn' We suggested an empirical
formula of the. O

dc
anisotropy in the conductivities Oll/ci. of poly(4BCMU)

.as a function.of Y, Mn and T. The
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single crystals and that of oriented poly(3BCMU) films are
about 6.4 and 4.2, respectively.. At low dopant concen-

tration, the Odc of poly(3BCMU) specimens doped by the

solution method is 10° times. larger than that by the vapor.

vapor method. TCNQ or TTF alone were not effective

dopants for poly(nACMU)s. The 0O, of poly[3BCMU(TTF/

4 -1 -1

TCNQ)y pegl @t 18°C is 5.3 x 100~ 2~ cm ~. The conduc-
tion of poly(3KAU), whose conductivity is almost 5 x 1074
o1 cm_l, is of ionic mechanism.

All evidences suggested that the conduction is mainly

electronic. The main processes are the activation of charge
carriers frbm dopant iodine to the coﬂjugated backbones of
poly(nACMU)s and the transfer of carriers from one chain to
another. Dopant iodine withdfawé electrons from‘fhe
conjugated main chains to become ions,’andihence extra

holes sﬁchbés éhafged solitons and polarons can bé.producEd
in the conjugated main chains. Such extfa hbies may play

the essential role in the enhanced electronic conduction.
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Chapter 6

SEMICONDUCTOR PROPERTIES OF POLY(nACMU)S

6-1. Introduction

The emergence of conductlve polymers Fl as a new class
of semiconducting materials is of con51derable 1nterest
from the points of view of developing'potentiallysloW—cost
and easily processible materials for solar energy
conversion and‘other'applications'suChias new types of
sensors and rechargeahle organicmbatteries. F2, ¥3 -

We have demonstrated that doped poly(nACMU)s acqu1re
a substantial increase in conduct1v1ty due not to ionic
but to electronlc mechanlsm.h In partlcular‘ semlconductiVe
poly(nACMU)s are promlslng for the appllcablllty for solar
cell materlals and other dev1ces ‘because of the follow1ng
characterlstlcs F5: (l) thelr llght welghts and easy
process1b111ty due to solublllty in organlc ‘solvent; (2)
their absorptlon spectrum close to the spectrum of sunlight,
as 1nd1cated in chapter 4; (3) their absorption coeff1c1ent
(104 - 165 ém”l) larger;than.that of single crystalline
silicon; (4) the band gap, the tmice;of the<apparent

activation energy of conductivity, of around 1.5 eV which
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coincides with the wavelength of the maximum of the solar

spectrum. (5) The band gap is unchanged by iodine-doping,
while the conductivity is enhanced by lO6 fold.

Solar cell devices of polyacetylene have been reported

by Shirakawa et al., F6, F7 Ozaki et al., F8, FI

F>, F10 and MacDiarmid et al. F11, Fl2

Tsukamoto
et al., In order
to make use of polydiacetylenes as‘solaf cell de?ices; we
must investigate the photoconductivity of doped
poly(nACMU)s and the poséibility of forming Schottky
barriers.

Furthermore we attempted to apply poly(nACMU)s to new

type of physical sensors.

6-2. Theoretical Aspects of Semiconductor Devices

Before discussing polymeric semiconductor devices,

we shall explain briefly a Schottky barrier device F13

Fl14, F15 of

and some primitive concepts of solar cells
inorganic compounds. When a semiconductor is in contact
with a metal, the electron diffusion proceSs depends on
the work functions for the metals ¢m and the semiconductor
¢, s (n-type) or ¢ps(p-type).

When ¢m > ¢ns' electrons diffuse into the metal,

lowing the Fermi level of the semiconductor and creating

a depletion region near the interface. If electrons from
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the semiconductor are to aifoSe further into the metal,
théy must overcome ﬁhévdiffusion potential, determinédyﬁy
¢m - ¢ns > 0. The result ié a rectifying or blockihé
cohtact. 'When ¢ﬁ < ¢hs,béléctropé oflﬁhe metal diffﬁse
into the semiconductor,‘faisihg the Fermirlevelé.‘ Théfé
appears an Ohmic contact. o | “

By similar;énainié 6f p—tyﬁé Schéttky devices,
when %n é st; an Sch?ttk§4ba#r¥gr,ré§u}%s. ATﬁué(,wg‘hévé

the following rules.

Schottky barriers

b
e}

7]

Vv
-
g .
<
=)

7

A
<
3

]

(6-1)
Ohmic barriers
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7
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<
3
<
o)
w
v
<
3
I

The dark current I

by Eq. 6-2, '13

a from a Schottky device is given

I,’= I, lexp(ev/nkT) - 1] | (6-2)

where Io'and'V_are the: constant current.and the applied
voltage, respectively, e is the -electron charge,. n is. the
quality factor of the diode, and kT has the usual meaqing.
This equation explains the rectifying.behavior observed

.in a Schottky diode. 1If.one applied an appreciable reverse

bias (v.< o) to the cell, -the term exp(eV/nkT) becomes

approaches to

negligible compared to 1 and the current Id
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the value -I_ . If an appreciable forward bias(v>0) is

0
applied, then Id'becomes to Ioexp(eV/nkT) s> 1. Figure 6-1
shows a typical dark current Id vs. applied voltage V curve

for an ideal Schottky diode.

Exposure of a semiconductor to light may produce a
temporary increase in the number of free charge carriers,
and the resulting extra current under the influence of
applied potential is called photoconduction current. The
photovoltaic cell generates photocurrent and this photo-
current is offset by a Schottky diode forward dark current,
as shown in figure 6—1. B - |

As shown in Figure 6-1, the Maximum output power Prax
of a solar cell device is simply the pfoduct of the 5hort~
circuit current ISC and the open-circuit voltage Voc:

Pmax = ISc Voc' The output power V is the shaded area in

the lower right gquadrant of the photo-I-V curve in Figure

6-1. The fill factor FF is defined as

FF = IV / Isc VOC (6-3)
For an ideal generator FF = 1, whereas for typical photo-
volatic devices the FF ranges from 0.2 to 0.95.

For most of organic materials, high-bulk large trap
densities, recombination, etc., result in field-dependent
and space-charge-~limited effects that cause the photo-

voltage and photocurrent output to be load-dependent.
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Figure 6-1. Schematic diagram for I-V characteristics

of a Schottky device in the dark-and under. illumination.
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6-3. Experimental Procedures

6-3-1. Materijials

Poly(3BCMU) and poly(3KAU) samples were used in thisv
experiment. Films of 6.2—0.3 mm thickness and 2.5 um ‘
thicknesé were prepared from CHCl3 solution of
poly(3BCMU)/0.09Mrad and poly(3BCMU)/1l5Mrad by evaporating
the solvent. Two doping procedures were used: iodine
doping was carried out by exposing poly(3BCMU) as-cast
films to the vapor, while doping with TCNQ, TTF, and their
complex TCNQ/TTF was made by co-casting CHCl3 solution of
the polymer mixed with the dopant.

Poly(3KAU) films were cast from the aqueous solution.

6-3-2. Methods

For measuring time dependent phothonduction, we used
iodine-doped poly(3BCMU)/0.09Mrad film attached to 2-
terminal electrodes placed in a home-made glass cell. The
film was irradiated with a 0.5 mW cm_2 white light through
a glass plate, as shown in Figure 6-2-a.

The I-V characteristics of the devices were measured
by a circuit, as shown in Figure 6-2-b. Dry batteries
were used as the sources. The current I;through‘the

circuit was measured by a Keithley 640 Electrometer and the
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Figure 6-2. (a) The"eiperimeﬁtal-setup for the -photo-:
conductivity measuremént of -doped poly(3BCMU) specimens
and (b) ‘Schematic circuit diagrams for the I-V charac--

teristics measurements. -
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potential difference V between the devices was recorded by

a Kejthley 610 Electrometer.

6-4. Results and Discussion

6-4-1. A simple demonstration of Photoconduction ;

Figure 6-3 shows time dependence of photocurrent

observed for iodine-doped poly[3BCMU(I3) J. When the

0.52
light is off for the specimen under the potential of 1.5 v,
the current is-about 0.086 yA. The dark conductivity %4c -
is determined to 8.3 x lO_6 Q_l cm~l. When the speéimen |
is ekposed to white 1light having from a 0.5 mW cm_2 lamp,
the current increases rapidly to the level of 0.11 pA
within a minute, as shown in Figure 6-3. When the light
is off, the current decreases within a minite to the
initial dark current. This photoconduction phenomenon was
reversible and repréducible against the on-and-off of the -
white light. | o .
Because the specimen was placed in the special glaSS*.
cell and illuminated through a:glass plate, the irradiatioﬁ
with white light gave littie thermal energy to the" T
specimen. This fact was confirmed by monitoring the
constancy of the temperature of the specimen by a copper-

constantan thermocouple during the experiment. Further,

the reversibility in the photoconduction suggests that
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the photocurrent is not due to any kinds of chemical
reactions.

‘The photons can interact with the Semidonductdr'in a
variety of ways to generaté éarriérs. F12 The‘Simpieétzu
procesé is the activation of an.éiécfrons diredtly from B
the valence band to the coﬁduéfion.bahd to givé electrdnih
hole pairs, therby enhanciﬁg'the concentfation of the
intrinsic carriers. For this to be possible4the photon
energy mustvexceed the band gap and/orﬁfhé threshold '
wavelength. The threshold also appears’in>the absdrption
spectrum where an absorption edge occurs at the fredﬁehé&ﬁ
correSponding to the onset of electronic transition aéross
the band gap. Generation of carriefsvby phétonlabsorpfibh,
however, often proceeds in a more cémplex manner. 7

Rise and decay times of photoconducﬁion was‘fdund foX‘
be slow in iodine-doped poly(3BCMU) because of fheirrgéther
high resistivity and rather numerous trapping levels
compared with ihorgaﬁic éemicdnductors;t“ItJis/wofthwﬂiié:;
to note that this timé‘depéndence can be used to géiﬁ"

; o

information about the conduction mechanism, kinetics and

)

trap distribution in dopedvpoly(3BCMU).
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6-4-2. Rectifying Behavior of Schottky Diodes

‘To make axsohottky diode from doped poly(3BCMU), we
employed‘alnminum Al as the metal electrode. There are
three;waysrtortorm a Sohottky contaot between aluminum Al
and doped pol§(3BCMU): (1) Casting the polymer on Al
sheet and then doping the speCimen in vapor phase- (2)
Compre551on molding of doped poly(3BCMU) films to Al sheet-
and (3) depositing thon_doped poly§3BCMU) films. The
last method was employed only in the case of nonvolatile
dopants.. ) _

A Schottky deVice w1th Al and Dotite electrodes is

'indicated by Dt/poly[BBCMU(I ]/Al here. The Electrode

at the right hand Side of the symbol lS the cathode and

FRONY

JORE R . Pt

that ofvthe left side is theranode'in the forward direction

for these deVices.

gt e

Casting of poly(3BCMU) on Al sheet: ,Al ﬁilm‘was deposited

[\

on a slide glass by vacuum evaporation at the pressure of

about lOT? torr. On the Al film a thin poly(3BCMU) film

of 12 uym thickness was formed by casting from CHCl3_solution
and then doped with iodine vapor. Two copper wires were
attached with Dotite XC-12 to the Al electrode and to
Dotite, as shown in Figure 6-4-a.

Devices of Dt/poly(3BCMU)/Dt, Dt/poly[3BCMU(I3)0 3]/Dt

obeyed Ohmic rule on I-V characteristics in the voltage of
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e—Dt —
« polymer —
: Al — —
glass .
(a) C ~(b)

'Figure 6-4. Schematic diagrams of Schottky parrier
devices: (a) forming as-cast film on Al sheef;
(b) compressing doped poly(3BCMU) £ilm to Al sheet;

(c) Depositing Al on doped poly(3BCMU).
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0.05 Vv and 7 vV, listed in Table 6-1. Dotite electrodes
were fodhﬁ to form an ohmic contact. Such a fact coincides
with the result ih chapter 5. A device of Dt/poly(3BCMU)/Al
also obeyed ohﬁic rule on I-V characteristics in the range
of 0.05 Vv and~7 V; This fact is reasonable because pure
poly(3BCMU). is not,a Sémi¢ondu¢tor:but,an insulator, and
the contact surface bétween-insulator and metal does not
produce a Scho£tky barrier.

Figure 6-5 shows a rectification effect exhibited by

a device of Dt/poly[3BCMU(I3) J/Al. The forward bias

0.38
direction of the device is in the case of Al electrode

being cethode. Theories on semiconductors show that p-type
and n-type Schottky bérriéfs;hold the relation of ¢ps> ¢m
and ¢ns< ¢m' respec?ively. Fl3 The work function of Al
metal is smal;Jcompéred'td”éhﬁéékgfiother metals. Therefore,
we have a relation 6f‘¢5;43;¢;~;f6fiour Schottky device.

This result suggests that poiy[3BCMU(I3)0.38] is a p-type
semiconductor, and coincidesuwith the conduction mechanism
of free-extra holes mentioged in chapter 5. The
rectification effect was significantly influenced by
repet}t}opAof_;ry\measuremep;sf_as shoyn in Figure_6—5.

The féééonkﬁéy.ﬁévéh;t théif;egpwaiu@igum—sﬁ;facerforming

the rectification barrier is oxidized by iodine.
I S [P B S S T
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—0— first measurement

-_/_.___‘_i measurement after 4 days

»;Figufe 6-5. The I-V. characteristics of a Schottky -

" barrier of Dt /poly[3BCMU(I 8 /Al] device. The"

370.3
dashed line indicates the I-V characteristics of a

Schottky device after 4 days.
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Ccmpression Molding of Doped poly(3BCMU) to Al sheet:

In order to avoid the oxidation_of aluminum byiiodine,vwe
adopt a new procedure in.making a Schottky barrier._Namely,
instead of doping of poly(3BCMU) after attaching to Al
film, doped poly(3BCMU) was pressed to Al film.
Experimental procedures were as féllows: A poly(3BCMU)
£film of 0.15 mm thickness'doped with iodine was compressed
at a pressure of 20 kg/cm2 onto an Al film which was
deposited in advance on a slide glass. K Figure 6-4-b shows
a schematic diagram of this device.

The device of Dt/poly[3BCMU(I 1/A1 made by

3)0.25
compression molding showed non-ohmic I-V characteristics
and did not show rectifying behavior. The contact between
doped poly(3BCMU) and Al film made by compression was
insufficient. The I-V curve did not pass the origin.

This device may. produce some kinds of electromotive erCes,

which can not respond to light. The Voc and Isc were 0.8 V

and 1 MHA, respectively.

Depositing Al on Doped Poly(3BCMU): Iodine as dopant was

undesirable for Al electrode, and compressing of doped .
specimen to Al film was not satisfactory to achieve a
complete surface contact. As a next step, we attempted
to form a Schottky barrier by using poly(3BCMU) doped
with charge transfer complexes.

.The last device shown in Figure 6-4-c was the Al
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electrode depdsited~on‘dné side of a doped poly(:3BCMU)
£ilm by vacuum evaporation at about 107° torr. Dotite was
"pésted on the bﬁhef;surfacevand Cu wires are connected to
form a ciféﬁit;”:

Poly[3BCMU(TCNQ)0 43 ] film showed the conductivity of
only 3 x 1072 @ lcn™t. This value was too low to obtain
a satisfactory Schottky device.’ Poiy[jBCMU(TTF/TCNQ)O'068]

5

film had the conductivity of 3 x 10~ o lem L. "Hence, -

0.068

As listed in Table 6-1, this device exhibited non-ohmic

" we prepared a device ofiDt/pbiy[BBCMU(TTF/TCNQ) 1/a1.
I-v éharacteristics butidia not give ‘a satisfactory
rectifying behavior. On the other hand, a device of
Dt/poly[BBCMU(TTF)O’68]/Al exhibited a rectification
characteristics, as shown in Figure 6-6. The device was
rather stablé for repetition of I-V measurements, cémpared
370.251/AL-

with the device of Dt/poly[3BCMU(I
| Fbr'ddpéd polY(3BCMU) devices the*quality factors n

in Eq. 6-2 was determined from semilogarithmic I-V

plots. F15 For the devices mentioned above, the wvalue
‘of n was fbhnd‘iéfger:thén 5. *Theiqualityrfactorsrof an
ideal Schottk&‘diode and those of doped pblyacetylene are

F7-rl0 respectively. -

one ‘and in the range of 3 ‘and 4,
Therefore, the rectification effiéiency for the devices’
of pbly(BBCMU)”spéciméhs are not as good as

polyacetylene/Al devices.

" A successful formation of rectification devices,
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I I T — I ! I I

Dt/ poly[BBCMU(TTF)O 68] /Al

—O0— $=0.018 cm?
—e— S=0.008cm? 2L ]

Fifure 6-6. The I-V characteristics of a Schottky

barrier of Dt/poly[3BCMU(TTF)o 78]/Al two devices

whose contact surface areas are different each other.
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although the quality factor was very poor,‘revealed a
superiority. of an,electronic,conduction than an ionic
conduction in doped poly(3BCMU), because any ionic
conductors hav1ng hlgh conduct1v1ty do not display
electronic semiconductor properties such as the rectlfi—
cation effect. The results obtained suggest that there
ls a possibility of applying soluble polydiacetylenes to
semiconductor -devices such‘as rectification diodes, '

transistors and-solar cells.

6-4-3. Application to Sensors

The employment of inorganic semiconductors for specific
sensors have been attempted in recent. years. P16 In some
cases, a sensor takes advantage'of;an abrupt change in
electric conductivity due to an change in an enviromental
condition. . SUch,sensorslneed_not be _limited to inoréanic
semiconductors but should be extended to polymeric
semiconductors.

We attempted to apply poly(3KAU) fllm as a thermo-
sensor. A poly(3KAU) fllm was placed in a room under
controlled temperature where a commerc1al air—conditioner
wes in motion. By applylng a potentlal of ZS‘Q’continuously

to the specimen, the current through the specimen was

recorded on a recorder. Figure 6-7 shows the change in
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the current versus time. It is seen that the current

runs zigzag across the graph paper.- The time-period of
zigzdg process coincides with that of the automatic on and
off of the air-conditioner. ' The temperature fluctuation
in thé room'mqnitored by a recording thermometer was less:
than one degree. Figure 6-7 also shows that when a
poly(3KAU) film was placed in a home-made special glass
cell, the variation of the current became negligibly small.
The result suggests that poly(3KAU) film may be ﬁsed aS'a’
témperature sensor. The width of the current'of the
current-change decreased slightly with time, presumably
because K+ ions were gradually purged as mentioned in
chapter 57

lThe conductivity of poiY(3KAQ)'Specimen was
significantly affected by slight'ﬁéistﬁ¥e, as already
mentioned in chapter 5. This result éléo suggests that
poly(3KAU) can be employed as‘é-hﬁﬁidity'sensor. If we
conductivity of poly(3KAU), we can utiliZéiit as a
simulteneous sensor for temperature and humidity.

AIt is worthwhile to,npterthagqpolymer sensors'do not
require an electronic conduction. Certain ions sometimes
play a significant role in detecting the enviromental
éhangés, and hence polymer sensors of an ionic conduction
mechanism might be useful in detecting physical, chemical

and biological changes in the environment. Ions migrate
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with difficulty in inorganic semiconductors, while they
migrate with ease in polymers because inorganic compounds
consist of ionic crystals and polymer compounds of molecular
aggregates. Therefore polymer sensors might have an

advantage over inorganic sensors in certain situations.

6~-5. Conclusion

A certain degree of photoconduction was observed in
doped poly(3BCMU). This result suggests that photons
interact with semiconductive poly(3BCMU) to generate
carriers.

A device "of Dt/poly[3BCMU(I 1/A1 exhibited a

3)0.38
rectification effect which was significantly influenced by
repetition of I-V measurements. Furthermore, iodine-doped

poly(3BCMU) was found to be a p-type semiconductor.
Dt/poly[3BCMU(TTF)O.68]/Al showed a stable rectification
characteristics. The quality factor of doped poly(3BCMU)
was larger than 5.

Doped poly(nACMU)s have following advantages: (1) the
absorption spectrum is close to the solar spectrum,
(2) photoconduction is observed and (3) Schottky barriers
can be made. Thus, doped poly(nACMU)s might be appliable

as solar cell devices.
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Poly(3KAU) films exhibited conductivity changes -
sensitive to moisture as well as temperature. Although
the conduction mechanism appear--to be ionic, poly(3KAU) .
films might be used as a multifunctional sensor to monitor .

temperature and humidity simultaneously..

......
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Summary

Four different diacetylenes (R-C=C-C=C-R) having 4,6-
decadiyne-1,10-diol-bis(n-butoxy carbonyl methyl urethane)
(3BCMU), 4,6-decadiyne-1,10-diol-bis(ethoxy carbonyl methyl
urethane) (3ECMU), 3,5-octadiyne-1,8-diol-bis{(n-butoxy
carbonyl methyl urethane) (2BCMU), and 5,7-dodecadiyne-1,
10-diol-bis(n-butoxy carbonyl methyl urethane) (4BCMU) as.
substituents R were synthesized. Their‘crystailites were- .
exposed to 60Co-—y ray at various doses to obtain the poly-
(E—methyl—glkoxy—garbonyl—methyl urethane)s [poly(nACMU)s ],
respectively, coded as poly(3BCMU), poly(3ECMU), poly(2BCMU),
and poly(4BCMU).

PS-reduced molecul ights, -
uce ecular weights Mn and Mw’ of the poly

(nACMU)s from GPC measurements were about the order of
6 . . . . cL . )
0.1 x 10 — 1 x 106. Non-Newtonian intrinsic viscosities-

of CHC1l, and CHCl3/n—hexane solutions of poly(3BCMU) were

3
compared. The result suggested that poly(3BCMU) assumes
a more extended, planar conformation in a poor solvent:
CHCl,/n-hexane than in a good solvent CHCl, in contrast to
ordinary flexible polymers in poor and good solvents.

The process of polymerization was observed as the
development of blue color. Changes in color of poly(3BCMU)
in CHCl3 and n-hexane were compared. ' The critical solvent

compositions X_ and Xc' at which yellow-to-blue or blue-to-
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yellow changes occurred, respectively, were independent of
polymer concentration but varied with molecular weight and
temperature. Visible absorption spectra and Raman spectra

were compared for yellow CHC1l, and blue CHC13/n—hexane

3
solution of poly(3BCMU). Intramolecular hydrogen-bonds
between adjacent urethane moieties were found to be unstable
in the solution between Xcrand XCF.

The effects of dopant iodine on the mechanical and
electrical properties ‘were: examined in detail. The DSC,
X-ray diffraction and mechanical studies indicated that
poly(nACMU) films\were-semicrystalline, although the degree
of .crystallinity are usually low.- Raman spectra indicated
the presence of iodine in the forms of I3_ and,IS_.in poly-
(nACMU)s. The doping increased the glass transition tem-

perature Tg as much as 27 K.. An X-ray diffraction study

suggested that the doping mostly occurs in the amorphous

region. .
The direct—current'conductivity\odc of undoped poly-
(nACMU)s was of the order.of 10—11,9_1cm71,‘while the .

doping with iodine enhanced the ¢ by about 107 fold. .

dc

The o, of doped poly(nACMU)s was found to obey Ohm's law.

dc
The activation energy Ea was virtually unchanged by doping
but decreased abruptly at a certain temperature as T was
decreased: The Ealin the high and low temperature. regions

were in the range of 1.07-0.98 eV mol_}bandxo.033—0.008

eVJmol_l, respectively.- The substituent side groups affect-
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ed the conductivity very little.

For seven poly(3BCMU) samples, the dependence of %3¢
on molecular weight was investigated in detail.. The %4c
was pfoportional to Mn at each dopant concentration Y.

The Ea was proportional to Mn-l, and extrapolated to 0.44 .
eV mol"1 at infinitely large Mn'

For single crystalline poly(4BCMU) specimens, the
conductivities along the main chain (c'-axis) g, and along
the chain stacking direction (b'-axis) o were measured. .
Also for stretched poly(3BCMU) specimens those in the
directions parallel (0” ) and parpendicular (o) ) to the
stretch direction were measured. Anisotropy in the con-
ductivities 0”,/0J_ of the single crystalline poly(4BCMU)
and partially oriented poly(3BCMU) are 6.5 and 4.2, respec-
tively.

All these evidences suggested that the conduction is
mainly electronic, involving such processes as activation
of charge carriers from dopant to the conjugated backbones
of poly(nACMU)s and the transfer of the carriers from one
chain to another. Dopant iodine withdraws electrons from
the conjugated main chains to become ions. Extra holes
produced are charged solitons and polarons. Extra holes
may play the dominant role in enhanced conduction. We
suggested an empirical formula for the O4c @S a function
of Y, Mn and T.

Besides iodine, 7,7,8,8-tetracyanoquinodimethane
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- (TCNQ), tetrathiafulvalene (TTF) and TCNQ/TTF complex were
also tested as dopants. . TCNQO and TTF were not effective,
but TCNQ/TTF- complex:was found to be an effective dopant.:

The conductivity at-18°C of poly(3KAU), a KOH-hydrolyzed

4 1ém_1 and ‘its mechanism was

poly(3BCMU), was 5 x 10 = @
ionic.

A - certain degree of photoconduction was observed. in

0.38
and Dt/poly[BBCMU(TTF)O‘68]/Allshowed‘a rectification

doped poly(3BCMU). Devices of Dt/poly[3BCMU(I3) 1/A1 .

effect.  Poly(3KAU) films might be used as a multifunctional

sensor to monitor temperature and humidity simultaneously.
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