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1.0 INTRODUCTION

From the vast amount of research that has been performed on conducting polymers since
the discovery of highly conducting polyacetylene [1-5], several factors necessary for high
conductivity (i.e., > 1 S/cm) have emerged. For example, it is now well established that for high
conductivity in polymers containing redox dopants the polymer must have extended conjugation.
Moreover, the data suggest that the conductivity is limited by the charge transport and not by the

charge carrier concentration.

Almost all conducting polymers are thermoplastics with a heterogeneous crystalline
morphology consisting of conducting islands [5] (sometimes referred to as "particles" or
"domain;"). The conductivity is then determined by three types of charge-transport, viz., (a) the
intrachain charge transport along the conjugated chain, (b) the interchain charge transport for
hopping between chains in the same conducting island, and (¢) the inter-island charge transport
for hopping from a chain in one island to a neighboring chain in a contiguous island. The
intrachain transport usually involves polaron or bipolaron transport which is governed by the
effective mass of the combined charge carrier and the associated lattice distortion, along with
scattering by impurities or chain defects and structural disorder. The interchain transport depends
on the coupling strength between the quasi-one dimensional polymer chains and can often be
identified with some form of hopping process. The inter-island transport usually involves larger
hopping barriers because of chain misalignment and the relatively larger inter-island distances.

All three charge transport terms determine the macroscopic conductivity to some degree
but usually the interchain and inter-island terms are the limiting factors. Therefore, to increase the

macroscopic conductivity in a polymer system, it is necessary to increase the interchain and inter-

island jump rates by lowering the hopping barriers. One possible way is in the use of conducting
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thermoset polymers, which have a conjugated network extending throughout the sample. For this
conjugated network to be “one giant molecule” the n-conjugation has to extend along the |
backbone and through the crosslinks formed after polymerization. We investigated this idea by
studying several types of conjugated monomers which have acetylene—terminated end-groups,
since it has been established that conjugated crosslinks are formed when acetylene-terminated
(AT)-oligomers polymerize [6-12].

This report summarizes the results and conclusions of these investigations carried out from

1 October 1992 to 31 September 1995.

2.0 RESEARCH OBJECTIVE AND APPROACH
Our objective was a feasibility study of using acetylene-termination chemistry to provide
the processing, mechanical properties, and electrical conductivity necessary to realize a single-

component conductive thermosetting material.

Our approach has been to synthesize selected monomers, hot-melt these monomers into
thermosets and use different methods to get them conducting. Three classes of monomers (or
oligomers) were studied, viz., AT-Schiff bases, AT-polythiophenes, and AT-polyanilines. In the
case of the AT-Schiff bases and AT —polythiopﬁenes, the monomers were cured first then doped
with iodine. On the other hand, for the AT-polyanilines the oligomers were doped first with

protonic acids then cured. Ion implantation studies were also carried out on one of the AT-Schiff

bases.
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3.0 RESULTS

3.1 AT-Schiff Base and AT-Polythiophene Studies

3.1.1 Electrical Measurements

Surface resistivity measurements were made on the iodine-doped cured samples in the
form of discs having 16mm diameters. Over the range 10° to 10"! ohms/square measurements
were made with a two-point probe and a Hiresta model electrometer (Mitsubishi); whereas from
10*to 10’ ohms/square a four-point probe and a Loresta model electrometer (Mitsubishi) were
used. In the intermediate region (10° to 107 ohms/square) the two methods usually gave
consisteqt results.

We completed a comparative study of the conductivity values of AT-Schiff base
thermosets with those measured in Schiff base thermosets that have nonconjugated crosslinks.
The latter were chosen as the vinyl and epoxy-terminated counterparts. The structures of these
monomers are shown in Figure 1. The AT-Schiff bases include the para- and meta-substituted
Schiff bases shown in Figures 1(a) and 1(b) (i.e., Thermcon 1000 and Thermcon 2000) as well as
the cumyl-substituted Schiff base shown in Figure 1(e). Thermcon 1000 is the meta-substituted
AT-counterpart of the VT- and ET-structures shown in Figures 1(c) and 1(d).

The surface resistivity data for the five thermosets prepared from the five Schiff bases are
shown as a function of iodine content in Figure 2. As can be seen from Figure 2, the surface
resistivities of cured Thermcon 1000 are approximately the same as those for Thermcon 2000 at
all iodine concentrations. Secondly, at the same iodine contents the surface resistivities of the
thermosets from CD-EB, ET- and VT- Schiff bases are all approximately ten times greater than
the values measured in either Thermcon 1000 or Thermcon 2000. However, to draw any

conclusions about the influence of the structure on the charge transport, it is the values of the bulk -
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a) HC=C - C=CH
0= Q=0
AT-SB
b) HC==C C==CH
@—N-:HC .CH=N—©§
N HZC=HC—'<(:)>——N=HC—@>—CH———N—@)>—CH=CH2
YT-SB
d) CHz—CH——CHz——O——@—N:HC—@—CH:N—@—O——-CHZ—-—CH—CHZ
N/ N/
0 0
ET-SB
C=CH

¢) HC=C N=CH-@
OO

I\

CHj3

CD:EB

Figure 1. Monomers studied: (a) acetylene-terminated Schiff base Thermcon 1000,
(b) acetylene-terminated Schiff base Thermcon 2000, (c) vinyl-terminated Schiff base,
(d) epoxy-terminated Schiff base, (¢) cumyl-substituted acetylene-terminated Schiff
base.
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Figure 2. Surface resistivities for several thermosets as a function of iodine content.
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conductivity that have to be compared. For a thin conducting layer the bulk conductivity (o) is

given by 6 = 1/p, with p = pg d, where pg is the surface resistivity, p is the bulk resistivity and d is

the thickness of the conducting layer (= the iodine penetration depth). Hence, to obtain values of
the bulk conductivity one has to know the penetration depth of iodine into the thermoset.

Scanning electron micrographs (SEM) of sample cross sections clearly show the depth of
penetration of the iodine. Figure 3(a) illustrates how distinct the contrast is between the iodine
containing layer and the non-penetrated regions of the thermoset. Furthermore, SEM
micrographs also show the presence of two types of microcracks in the sample cross sections.
Thus, these microcracks occur either in nonconducting regions not penetrated by the iodine, as
showﬁ in Figure 3(a), or in the conducting layers, as shown in Figure 3(b). The former were
usually observed in samples cured only at 160°C, whereas the latter were detected in samples
which had an additional 40 h post-cure at 200°. Both types are the result of swelling stresses
induced by the sorbed iodine. As the iodine uptake is increased these micérocracks eventually lead
to a mechanical failure of the sample. As is shown in Figure 4(a) , this swelling is also directly
observable by SEM of fhin films. Cracking was also observed on the surface of the disc samples
when the samples were not post-cured. An example of this type of cracking is shown in Figure 4
(b).

We have also used Energy Dispersive X-Ray Spectroscopy (EDX) along with Scanning
Electron Microscopy to probe the iodine concentration at different depths into the thermoset. In
this technique, one monitors the characteristic x-rays emitted from the iodine following
bombardment of a small area (approximately a few microns in diameter) of the sample cross

section with the electron beam. The resulting linescan profile, such as the example shown in
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Scanning Electron Micrographs of the cross sections of iodine-doped cured samples of
Thermcon 1000: (a) illustrating the contrast shown between the iodine-doped layer
and the undoped thermoset, and also the presence of microcracks in the undoped
region, and (b) showing the microcracks in the conducting layer.
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Figure 4. Scanning Electron Micrographs of iodine-doped cured samples of Thermcon 1000:
(a) cross section of thin film (thickness = 400 microns) where only one surface was
exposed to iodine vapor, and (b) surface of thick sample (thickness = Smm).
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Figure 5 along with the scanning electron micrograph of the same region, indicates that the iodine
concentration is constant behind a steep front. This behavior is an example of non-Fickian, Case
I type diffusion [13]. This type of diffusion has not yet been reported for dopant behavior in
conducting polymers, but it is well known for penetrant behavior in thermosets [13]. It comes
about because the iodine at the front plasticizes the polymer and, in so doing, increases the

diffusion coefficient of the iodine coming behind so that it rapidly enters the polymer.

Sample Edge
.L ;

: . PR e T e T T L L T e L
y essessssasenusbene ey
weensarentssaIRItILE

Todine Concentration T

EDX Line Profile — R .;.... ............ st .
'. '.4 Jodine dOped region

d

Figure 5. Linescan profile of iodine concentration at different depths into a cured Thermcon
1000 sample using the EDX technique. An SEM of the same cross section with depth
of iodine penetration d is shown for comparison.

9
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Additional evidence for this diffusion mechanism comes from the rate of iodine uptake by
the thermoset. As is shown in Figure 6, the iodine uptake, as determined by the sample weight
gain, depends linearly on the exposure time of the samples to the iodine vapor. If the diffusion
had been Fickian, the iodine uptake would have been dependent on the square root of the

exposure time[13]. Moreover, the data in Figure 6 also indicate that the rate of iodine uptake

depends on the crosslink density of the sample.

140
\
120 Cured 20 hr at 160°C
ETSB No Post-Curing
=
100
=
2 80
g Thermcon 1000
- 60
.
E Cured 14 hr at 160°C
-g 40 Post-Curing 40 hr at 200°C
o
21
0 | ] | |
0 10 - 20 30 40 50

Exposure Time to Iodine Vapor (hours)

Figure 6. Plots of iodine uptake versus exposure time to iodine vapor for samples with different
crosslink densities.

10
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Knowing the iodine penetration depths allows us to calculate the iodine concentration as
well as obtain a measure of the conductivity at different depths into the polymer samples. Both
parameters are plotted in Figure 7 as a function of total iodine content for the three samples
shown. The data show that (a) the penetration depth is linearly dependent on the iodine uptake,
(b) the iodine concentration is constant at different depths into the polymer sample with an
average value of approximately 2.75 g/em® which is, in fact, a consequence of conclusion (a),

(c) the conductivity values for the AT-Schiff base thermosets are constant with increasing depth,
(d) the conductivity for the ET-Schiff base and the VT-Schiff base thermosets appears to increase
over the glepths measured, and (¢) the conductivity for the AT-Schiff bases is approximately a
factor of ten greater than the values in any of the CD-EB Schiff base, the ET-Schiff base or VT-
Schiff base thermosets.

The same constant iodine concentration profile for different penetration depths in all three
thermoset samples (viz., Thermcon 1000, ET-SB, and VT-SB) is a consequence of the non-
Fickian Type II diffusion that governs the penetrant transport properties. Since this type of
vpenetrant diffusion is characteristic of thermosets it can be expected to occur in all conducting
thermosets.

If the bulk conductivity depends only on the iodine concentration one would expect itto
be conétant with increasing depth, as indeed was observed in the Thermcon 1000 thermoset. On
the other hand, in the ET- and VT-Schiff base thermosets the increase in conductivity with
increasing iodine content (i.e., increasing depth ) is possibly the result of microcracking in or

adjacent to the conducting layer of the types illustrated in Figure 3. Furthermore, it is reasonable
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Figure 7. Plots of (a) iodine penetration depth, (b) iodine concentration, and (c) electrical
conductivity versus iodine content for the thermosets.
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to expect that such microcracking will play a more decisive role in increasing the resistance of the
thinner layers.

The higher conductivity values for the Thermcon Schiff base thermosets following iodine
doping suggests that the extended conjugation provided by the polyene crosslinks is responsible
for the enhanced conductivity. Introduction of the bulky cumyl group as a sidechain in thé CD-
EB Schiff base thermoset also produces a lowering of the conductivity value over that exhibited
by the Thermcon 1000 thermoset. Thus, we have been able to change the conductivity values of
the Schiff base thermosets by changing the nature of either the crosslink or the backbone.

We have also obtained measurable conductivity in amine-cured epoxy thermosets which
are non-conjugated. These included the diglycidyl ether of bisphenol A (DGEBA) cured with
stoichiometric amounts of either 1,3-diethylenetriamine (DETA). The structures of these
monomers are shown in Figure 8. Measured values of the surface resistivity versus iodine uptake

ﬁ:H;,
) CI—IZ\—-—/CI-I—-—CI-Iz—O—@?@—O——CM——CI—\I-;CL&
0) CH, o)

DGEBA

b)  Hy;N—(CHy);——NH——(CHy);—NH;

DETA
HaC,_ /CHs
) N—(CHp)s—N
H/ \H
bon

Figure 8. The epoxy resin and amine-curing agents studied: (a) diglycidyl ether of bisphenol A,
(DGEBA), (b) diethylenetriamine (DETA), and (c) N,N’-dimethyl-1,6-hexanediamine
(DDH).
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are shown in Figure 9 along with measurements for the ET-Schiff base and Thermcon 1000
thermosets for comparison. The data show that at the same iodine contents the values for the

DGEBA/DETA and the ET-Schiff base thermosets are, within experimental error, the same.

Surface Resistivity versus lodine Content

D 0 ] |
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Figure 9. Surface resistivities for selected thermosets as a function of iodine content.

14



MDC 95P0082
30 November 1995

We have also extended our investigations to AT-polythiophenes. The structures of the

three polythiophenes that were studied are shown in Figure 10.

CHa,
|
P g W O g W
|
CHs
T-Si-T-2Ac¢
- 7\ / \ / \ — oy
HC=C 5 s 5 C==
3T-2Ac

3T-2AcPh

Figure 10. The acetylene-terminated polythiophenes studied.
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T-Si-T-2Ac is a volatile liquid which could not be cured into the form of thick films or discs for
accurate electrical measurements. Thin films were cast between glass plates for the optical studies
described below.

The DSC for 3T-2Ac showed an exotherm at 100°C but no endotherm associated with a
melting. The TGA in air showed a weight increase up to 350°C (a maximum increase of 4%),
probably due to an air oxidation. Curing at temperatures much above 125°C in air resulted in
sample decomposition presumably because of thermal runaway. Pellets of the powder were
therefore cured in vacuum oven at 95°C. The mechanical properties of these thermoset samples
were poor and as a result only small amounts of iodine could be introduced into the pellet samples
before they fell apart because of the swelling caused by the iodine. The maximum benetration
depth was 30 microns, giving a maximum conductivity of only 3x10°° S/cm. A high crosslink
density, which is a consequence of the short length of the 3T-2Ac monomer, may be the reason
for the poor mechanical properties. These results illustrate the importance of the mechanical
properties in allowing the uptake of the dopant for low surface resistivity values in thermosets.

To investigate the consequences of high crosslink densities, we studied the electrical and
magnetic properties of thermosets made from a monomer which was terminated with
phenylacetylene group, i.e., 3T-2AcPh shown in Figure 10. These types of monomers have been
reported to have excellent high temperature stability and good mechanical properties [14-16]. It
is believed that the presence of the bulky phenyl group near the crosslink results in a lowering of

the crosslink density, an increase in the free volume content of the cured thermoset, and hence a

lowering of its brittle nature.
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Our DSC measurements of 3T-2AcPh samples showed a wide window for cure. The
DSC and TGA results shown in Figure 11 indicate a melting point at 199°C, a maximum in the
exotherm at 255°C and good thermal stability up to 550°C (a 10% weight loss point at 560°C).
Our initial samples were cured at 250°C for 6 hours then postcured at 295°C for 12 hours. These
disc samples remained intact up to an iodine content of 150 mg and were as good as Thermcon
1000 samples whereupon they would usually fracture due to the swelling stresses arising from the
iodine dopant. However, on reducing the cure temperature to 220°C (for 6 hours) and post-cure
temperature to 245°C (for 12 hours), the samples sorbed a factor of three times more iodine (i.e.,
500 mg) 2without ever undergoing fracture due to the swelling stresses. As is shown in Figure 12,
the iodine uptake by the 3T-2AcPh thermoset was linearly dependent on the exposure time to the
jodine vapor. The iodine transport can therefore be described iﬁ terms of a non-Fickian, Case 11
type diffusion, just as was observed in the Thermcon 1000 thermoset samples. Moreover, the
data in Figure 12 showing the different rates of iodine uptake verify that the crosslink densities
have been changed with the different cure procedures.

The results of measurements of the surface resistivity of the 3T-2AcPh samples as a
function of iodine content are shown in Figure 13 along with the corresponding values for the
Thermcon 1000 samples for comparison. As can be seen from Figure 13, within experimental
error, the surface resistivities for the two samples are the same. Moreover, with our limited data,
for a given iodine content the iodine penetration depths for both samples are the same. Hence,

the bulk conductivity’s for iodine-doped cured samples of Thermcon 1000 and 3T-2AcPh are the

same, i.e., 6 =2.75 S/cm.
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Figure 11. DSC and TGA plots for 3T-2AcPh.
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Figure 12. Plots of iodine uptake versus exposure time to iodine vapor for samples of 3T -2AcPh
with different crosslink densities, i.e., with different postcure treatments.
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Samples of a phenylacetylene-terminated Schiff base were synthesized using the
procedures already described [14]. However, DSC measurements showed no melting or
exotherm below 350°C, in marked contradiction to the reported properties [14]. We suspect that,
just as in the case of 3T-2Ac, polymerization had taken place before the compound was isolated.
Further measurements on this material were not pursued.

We measured the conductivity in four samples of the Thermcon 1000 thermoset following
jon implantation with 180 KeV argon ions. Thin films of Thermcon 1000 were formed on
circular, stainless steel, sample holders by melting and curing (72 hours at 180°C). These sample
holders were 10 cm in diameter and were compatible with the Eaton Model 3206 ion iinplanter
used. Ton beam fluences were varied from 5x10" to 1.5x10" ions/cm”. The values of the
conductivity shown in Figure 14 were estimated from measurements of the surface resistivities
assuming the thickness of the conducting layer was 0.75 microns (= argon ion penetration depth).
As is shown in Figure 14 the maximum conductivity measured was 1.5x10 S/cm. The
conductivity exhibited by ion implanted polymers has been attributed to charge carriers generated
as a result of the radiation damaged caused by the energetic ion beam, rather than chemical
doping [17-19]. In general, this radiation damage also involves chain scission, the formation of
free radicals and vacancies, carbonization, crosslinking, as well as gas evolution. Although the
maximum conductivity value of the ion implanted Thermcon 1000 thermoset is two orders of
magnitude higher than that measured in the iodine-doped Thermcon 1000 thermoset, no

meaningful comparison can be made between the two systems because the structure of the ion

implanted layer differs greatly from that of the parent material as a result of this radiation damage.
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Figure 14. Conductivity of cured samples of Thermcon 1000 as a function of ion fluence after ion
implantation with 180 keV argon ions.
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However, the relatively high conductivity exhibited by the ion implanted thermosets warrants
future studies of the use of this technique to other thermosets.

3.1.2 Monomer Synthesis and Sample Preparation

Monomer Synthesis: Thermcon 1000 and Thermcon 2000 (obtained as comr;xercial resins
from National Starch and Chemical Corporation, Bridgewater, New Jersey) were washed with
methanol and then crystallized from a mixture of methylene chloride and hexane.

Acetylene-Terminated Schiff Bases: The AT-Schiff bases were synthesized by the
reaction of two moles of 3-ethynylbenzaldehyde and one mole of the corresponding diamine as

shown in Scheme I in Figure 15. The diamines were chosen so as to preserve the extensive

Scheme I

HC=C

2 CHO + HN—R—NH,

HC==C C=CH

HC=—N—TR—N—CH O

Figure 15. Scheme I which was used to synthesize acetylene-terminated Schiff bases.
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conjugation in the final cured thermoset. For all the reactions methanol was used as the reaction
medium. Sometimes it was necessary to add co-solvent such as ethylacetate to increase the
solubility of the reactants. All reactions were carried out at room temperature for 20-24 hours.
In a few cases heat was necessary to induce the reaction. |

The starting material, 3-ethynylbenzaldehyde, was prepared using a method already
reported in the literature [20]. The steps are shown in Scheme II in Figure 16. This method is

expensive due to the high cost of ethynyltrimethylsilane but is justifiable because of the

Scheme 11

H,C
N
Br H3C""jIC:CH
CHO H,C >
(Ph3p), Pd(OAC)2
H:C
N _
H3C-—-—/S iC—C HC==C
K,CO

H,C | CHO (et S CHO

CH,OH, 25°C

Figure 16. Scheme II which was used to synthesize the 3-ethynylbenzaldehyde used in Scheme I
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commercial availability of the materials, the high yields and the fact that the base sensitive
aldehyde group is not affected by the reaction conditions. Ethynyltrimethylsilane was reacted
with 3-bromobenzaldehyde in triethylamine solvent containing a small amount of palladium
catalyst. In this procedure, triethylamine is useci as the solvent and also as a scavengér for the
hydrogen halide generated during the ethynylation reaction. The isolation of the insoluble amine
salt provides a quantitative measure of the extent of the reaction.
3-(Trimethylsilyl)ethynylbenzaldehyde was purified by vacuum distillation and characterized by
NMR, IR, and elemental analysis. The trimethylsilyl protecting group was removed under mild
condiﬁops by treatment with potassium carbonate. Extensive purification was needed at this
stage. The final compound was purified by steam distillation, recrystallization, and column
chromatography.

Vinyl-Terminated Schiff Base: The VT-Schiff base was prepared [21,22] by the reaction
of two moles of p-aminostyrene with one mole of terephthalaldehyde in absolute ethanol under a
nitrogen atmosphere at room temperature.

Epoxy-Terminated Schiff Base: The ET-Schiff base was synthesized [23] by first reacting
terephthaldehyde with 4-aminophenol in a 1:2 mole ratio to obtain a dihydroxy Schiff base. A
subsequent reaction with excess epichlorohydrin in the presence of a quaternary ammonium
bromide as a catalyst yielded the ET-Schiff base. Epichlorohydrin was used as a reagent, the
reaction medium and the recrystallization solvent.

Acetylene-Terminated Terthiophenes: The AT-Terthiophenes were synthesized using the
procedures outlined in Schemes III, IV, and V, shown in Figures 17, 18, and 19 respectively.

These were multistep preparations, and purification at each stage was necessary. All monomers
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Figure 17. Scheme I which was used to synthesize the AT-polythiophene T-Si-T-2Ac.
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Scheme IV
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S S S
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HC —Si—C=C [\ / !\ C = C— Si—CHs
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CHs CHa
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3T-2Ac

HC=C

Figure 18. Scheme IV which was used to synthesize 3T-2Ac.
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Scheme V
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Br !\ J \ /[ \ B

HC == C—@ \L (PhsP), Pd(Bz-CN)., Cu(ll) Acetate

@ C==C /(SMSB——@/\ C=C O

3T-2AcPh

Figure 19. Scheme V which was used to synthesize 3T-2AcPh.
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were obtained in good yields from a sequence of lithiation, bromination, ethynylation and
deprotection. The lithiation was achieved in hexane, and the condensation was carried out by
slow addition of the required chlorosilane. A mild bromination agent such as N-
bromosuccinimide was used for the bromination. Treatment of dibromo-compounds with
trimethylsilyl (TMS) acetylene in the presence of palladium in amine solvents yielded TMS-
ethynyl-substituted thiophenes. The TMS protecting groups were removed by hydrolysis with a

mild base. All the compounds were characterized by IR and NMR spectroscopy as well as

elemental analysis.

Ppenylacetylene—Terminated Terthiophene: The terthiophene was brominated with N-
bromosuccinimide in a chloroform/acetic (1:1 by volume) acid solution to yield the 5,5”-dibromo-
2,2’:5" 2""-terthiophene. As is shown in Scheme V, treatment of this dibromo-compound with
phenylacetylene in an diisopropylamine/pyridine (1:1 by volume) solvent containing a palladium
catalysis yielded phenylacetylene-terminated terthiophene.

Phenylacetylene-Terminated Schiff Base: As shown in Scheme VI in Figure 20, the
phenylacetylene-terminated Schiff base was synthesized by the reaction of two moles of 3-
phenylethynylaniline with one mole of terphalaldehyde in an ethanol solution under an argon
atmosphere[14]. The product, a yellow solid, was isolated by filtration washed with ethanol and
methylene chloride and dried at 50°C under vacuum. Formation of the azomethine linkage was
confirmed by IR (1624 cm™).

The 3-phenylethynylaniline was synthesized by way of the palladium-catalyzed coupling

reaction of m-aminophenylacetylene with bromobenzene as shown in Scheme VII in Figure 21. In
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Scheme VI

: @-o=°
NH,  *+ OHC——@—CHO

O= =0
-rmre-Or-er=-S

Figure 20. Scheme VI which was used to synthesize the phenylacetylene-terminated Schiff base.
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‘Scheme VII

HC==C

O O

i NEt,, (PPhs):PdCl,, PPhs, Cul

Qo=

Figure 21. Scheme VII which was used to synthesize 3-phenylethynylaniline used in Scheme VI.
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this procedure triethylamine was used as the solvent and also as the scavenger for the hydrogen
halide generated during the reaction.

Preparation of Thermoset Samples: Hot-melt processing techniques of the corresponding
monomers were used to form the thermosets. Initially, the two processing criteria used to select
the monomers were: (1) an adequate processing window between the melting endotherm and the
cure exotherm, and (2) the decomposition temperature of the thermosets (i.e., defined at a 10%
weight loss and indicative of the thermal stability) had to be higher than the processing cure
temperature. Differential Scanning Calorimetry (DSC) and Thermal Gravimetric Analysis (TGA)
data were used to evaluate these criteria for each monomer. However, in some cases these
criteria wére not realizable. For example, in the case of the VT-Schiff base, the melting
endbtherm could not be distinguished from the cure exotherm, presumably because
polymerization occurred instantly on melting. The cumyl-substituted AT-Schiff base monomer
CD-EB, also showed no melting endotherm, but this was a consequence of the monomer being a
glassy solid rather than a crystalline solid below 55°C. Thermo Mechanical Analysis (TMA) of
this sample showed a softening temperature at 55°C. The instrumentation used for the DSC,
TGA, and TMA measurements were TA Instruments Models TA 910, TA 951 and a TA 943,
respectively.

The fabrication procedure used to obtain thermoset samples with the best mechanical
properties was the following: The powdered monomer samples were mechanically squeezed into
16 mm diameter discs with a thickness of approximately 3 mm. These discs were then fitted into
silicone molds which contained 16 mm diameter holes. All the AT-Schiff base monomers were

cured at 160°C for times up to 24 hours; some were post-cured at 200°C for times up to 40
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hours. The ET- and VT-Schiff bases were cured at 225°C for up to 24 hours, some samples were

post-cured at 235°C for up to 12 hours.

Doping of AT-Schiff Base and AT-Polythiophene Thermoset Samples: The thermosets

were made conducting by p-type doping with iodine. The iodine was introduced into the polymers
in the vapor phase at a vapor pressure determined by the oven temperature. Most samples were
doped at 90°C. The amount of iodine uptake by the polymer was measured from the increase in
sample weight. The iodine was removed from the polymer using a vacuum oven.

3.1.3 ESR Measurements

The ESR spectra were obtained as first derivatives of the absorption by use of an X-band
spectrometer (Bruker Model 380 and a Varian E-12) interfaced to a computer (Bruker 1600 and
an IBM type 486). The software in both computer systems allowed signal averaging, spectral
subtraction and spectral integration. The integrated ESR absorption intensities that were used as
a measure of the spin susceptibilities were obtained from a double integration of the first-
derivative spectra by use of the available software. The microwave frequency was measured with
a microwave frequency counter (EIP Model 575) and the magnetic field values were determined
either with an NMR gaussmeter (Bruker ER-035M) or a dual mode cavity along with a standard
sample.

Detailed ESR studies were made on cured samples of Thermcon 1000 and
phenylacetylene-terminated terthiophene (3T-2AcPh). Separate studies were made both as a
function of cure and as a function of iodine content in both thermosets. Additional studies of 3T-

2Ac and ETSB were made as a function of cure.
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The spin susceptibility and the peak-to-peak linewidths measured in Thermcon 1000 as a
function of cure time at 160°C, are shown in Figures 22 and 23. The behavior of the former is
qualitatively similar to that reported in a previous cure study of non-conjugated AT resins [24].
In particular, the following three different regions can be distinguished in Figure 22:'(1) at the
early cure stages (< 90 min cure) an induction period where the spin concentration is low, (2) at
intermediate cure times (90 to 900 min) where the spin concentration increases approximately
linearly with log(cure time), and (3) at times longer than where the maximum occurs (900 min),

the spin concentration decreases with increasing cure time. The linewidth data shown in Figure

23 indicgte that there are motional narrowing processes present up till cure times of ~200 min.
These motional effects, which are probably associated with the loose polymer network that exists
up to the gel-point, account for the lack of radical stability and low radical concentrations at times
less than 200 min. The increase in spin susceptibility up to 900 min is therefore a consequence of
the increase in the polymer network rigidity. The decrease in spin susceptibility for cure times
longer than 900 min is due to an unknown radical reaction. The presence of this reaction
indicates that the cured polymer can still undergo slow reactions at times long after gel formation.
It is not clear, however, why such slow reactions influence the linewidths and cause them to
decrease with iﬁcreasing cure time, as is depicted in Figure 23.

The spin susceptibility for 3T-2AcPh as a function of cure time at 220°C is shown in
Figure 24. The behavior is qualitatively the same as that shown in Figure 22 for Thermcon 1000.
The spin concentrations in both these cured resins are primarily due to radicals that are trapped in

the rigid polymer network but would otherwise be involved in the free radical crosslinking

processes. On the other hand, the behavior of the spin susceptibility versus cure time at 220°C for
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Figure 22. Normalized Spin Susceptibility versus cure time at 160°C for Thermcon 1000.
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Figure 23. ESR Linewidth versus cure time at 160°C for Thermcon 1000.
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Spin Susceptibility versus Cure Time
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Figure 24. Normalized Spin Susceptibility versus cure time at 220°C for epoxy-terminated Schiff
base.
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ETSB shown in Figure 25 was similar in that it also showed the same three distinct regions. This
result is surprising considering that crosslinking in epoxies is by an anionic ring-opening
polymerization, a non-radical reaction [25]. As is shown in Table 1, the spin concentrations are
significantly lower in the cured samples of ETSB (a factor of 5 lower than Thermcox; 1000) and
the maximum in Figure 25 occurs at a significantly later cure time. Both effects indicate that the
radical-forming reactions are slower in ETSB and lead us to conclude that the radicals detected in

this cured resin are probably formed as a result of thermo-oxidative degradation.

Table 1. The Maximum Spin Concentrations Measured in Thermosets
With Different Doping Conditions.

Thermoset Number of Repeat Units
Monomer Containing One Electron Spin Doping Conditions
Thermcon 1000 400 Cure only
Thermcon 1000™ 44 After iodine doping
3T-2AcPh® 105 Cure only
3T-2AcPh¥ 4 After iodine doping
ETSB® 1800 Cure only
3T-2Ac® 60 Cure only

() After 16 hour cure at 160°C; (b) cured 6 hours at 160°C, postcured 12 hours at 200°C;
(c) after 6 hour cure at 220°C; (d) cured 6 hours at 220°C, postcured 12 hours at 245°C;
(e) after 165 hour cure at 220°C; and (f) before cure, i.e., as-received monomer.

The spin susceptibility of the resin 3T-2Ac as a function of cure time at 90°C is shown in
Figure 26. This behavior is anomolous in that it does not exhibit the three distinct regions
described above. The highest spin concentrations were measured in the uncured material with

values which were comparable with cured Thermcon 1000 (see Table 1). This result has led us to

believe that the 3T-2AC “monomer” was partially polymerized, which could also account for the
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Figure 25. Normalized Spin Susceptibility versus cure time at 220°C for 3T-2AcPh.
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Figure 26. Normalized Spin Susceptibility versus cure time at 90°C for 3T-2Ac.
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poor mechanical properties and the low conductivity in iodine-doped samples of this thermoset

reported in Section 3.1.1.

In the iodine-doping ESR studies, the Thermcon 1000 monomer was cured at 160°C in air
for 24 hours then post-cured at 200°C for 12 hours, whereas the 3T-2AcPh monome; was cured
at 230 for 6 hours then post-cured at 245°C for 12 hours. The samples were ground into a fine
powder prior to doping. The iodine was added to the powdered polymer in the following manner:
the sample was placed in a 4-mm inside a capped vial along with a few crystals of iodine. The vial
was then heated in a temperature-controlled oven for times as short as 30 min and as long as 72 h
at temperatures varying from 80°C to 115°C. The iodine was removed from the sample by
heating the sample in an empty uncapped vial in a vacuum oven at 45°C. The iodine content was
determined from the weight increase of the sample.

In the iodine-doping ESR studies no hyperfine splittings were observed in any of the
spectra. The spin susceptibility, the effective g-value and the lineshape parameters, (viz., the
peak-to-peak linewidth and the asymmetry parameter, A/B), were measured as a function of
iodine content in the samples. The definitions of the lineshape parameters and the effective g-
value are illustrated in Figure 27(a). The latter is defined as <g> = hv/BH, where v is the
microwave frequency, B is the Bohr magneton, h is Planck’s constant, and H, is the magnetic field
value at which the first derivative crosses the base line. The spin susceptibility, the effective g-
value and the lineshape parameters all show both reversible and irreversible changes as iodine is
both added and removed from the sample. Since the spin susceptibility as determined from the
integrated ESR intensity (i.e., the actual number is obtained from a double integration of the first

derivative spectra), it can also be considered a measure of the radical concentrations present.
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Figure 27. (a) Definitions for ESR lineshape parameters and effective g-value, (b) ESR lineshape
expected from a value of (g1- g1) = 0.015, and (c) lineshape expected from a value of

(g11- gu) = 0.005.
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The results obtained from the Thermcon 1000 samples will be described first. As is shown

in Figure 28, on the first addition of iodine the radical concentration increases with increasing

Spin Susceptibilty versus lodine Content
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Figure 28. The normalized Spin Susceptibility versus iodine content for cured samples of
Thermcon 1000.
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jodine content up to at least 150 wt%. On the other hand, when the iodine is removed, the radical
concentration remains high and increases slightly with decreasing iodine content. The data also
show that after the initial doping, i.e., on the first removal, the second addition and second

removal, the measured values of the spin susceptibility are reversible. We explain this behavior in

terms of the equilibrium scheme shown in Figure 29, where we have assumed two types of radical

Equilibrium Scheme
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Figure 29. The equilibrium scheme used to explain the reversible changes in the ESR lineshape
parameters measured on jodine-doping of the thermosets. o "
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cations are formed in the polymer: the singly charged cation which is paramagnetic (S=1/2) and
the doubly charged cation which is diamagnetic (S=0). In solid-state parlance these species
correspond to a polaron and bipolaron [26] respectively. In the equilibrium scheme we have also
included cationic species with different stoichiometric forms. The examples shown in_clude the
charge compensating anions I;” and Is. These species were used here for illustrative pzrposes to
account for the changes in <g> and the lineshape parameters. In an actual polymer sample there
may be additional stoichiometric forms for the compensating species, €.g., Iy where n 21.

According to the equilibrium scheme, at high iodine concentrations (> 150 wt%) both
polarons gnd bipolarons are present in both stoichiometric forms. As the iodine concentration is
reduced below 100 wt%, the equilibrium will move to the left, the bipolaron concentration will
decrease, the polaron concentration will increase and the spin susceptibility will increase. Thus
the equilibrium scheme can explain the observed behavior of the spin susceptibility shown in
Figure 28, including its reversibility.

At all iodine concentrations only one ESR line was ever resolved. Therefore, to account
for the observed changes in <g> shown in Figure 30 and the lineshape parameters shown in
Figures 31 and 32, we consider the spectrum observed at any given iodine concentration to be a
superposition of spectra from all stoichiometric forms of the polaron. This superposition may
involve a dynamical averaging of some or all of the constituent spectra because of the limited
lifetimes of the different stoichiometric species arising from iodine exchange.

Todine is diamagnetic in the form 1" but paramagnetic in the form I However, the large

anisotropy to be expected will broaden the I,” ESR line beyond detection [27]. Hence, although
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Figure 30. The <g> value versus iodine content for cured samples of Thermcon 1000.
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Figure 31. The A/B value versus iodine content for cured samples of Thermcon 1000.
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Figure 32. The Linewidth versus iodine content for cured samples of Thermcon 1000.
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no ESR spectra other than the single line was observed, it is still possible that some I’ is present
in the polymer.
The value of <g> depends on the principal values of the g-tensor, and also on the exact

nature of the lineshape which, in the case of a rigid polymer host matrix is a superposition of
lineshapes from the different types of polaron, each of which is an average over all ori;ntations.
The typical lineshapes that can be expected by assuming an axial g-tensor with the g-anisotropy
(gi-g.) = 0.015 and (g -g .) = 0.005 are shown in Figure 27(b). We therefore attribute the
asymmetry in the lineshape (i.e., A/B # 1) to g-anisotropy with (gu-g. ) = 0.005, where, to a good
approxirgation <g>=(gu+2g.)/3.

As the iodine concentration is increased, the equilibrium shown in Figure 29 move
vertically downward and the relative concentration of radical species with the higher iodine
contents (e.g., P*I5") increase. These radical species should show higher <g> values because of
the increased spin-orbit interaction with a greater number of iodine atoms. The reversible
monotonic changes in <g> with changing iodine content, shown in Figure 30, can therefore be
explained in terms of the equilibrium scheme.

The actual values of both lineshape parameters, A/B and AH, are determined by the g
anisotropy, (g -g.), the homogeneous packet width and possibly also unresolved proton hyperfine
interactions. If we assume that the g-anisotropy increases with increasing g-value, then the
reversible monotonic increases (decreases) in A/B and AH with increasing (decreasing) iodine
content, shown in Figures 31 and 32, respectivély, can also be explained in terms of an increase in

the relative number of radicals with the higher iodine stoichiometries and consequently higher
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spin-orbit coupling values. Thus, the main features of the A/B and AH behavior can also be
explained in terms of the equilibrium scheme shown in Figure 29.
In Figure 31 there is a broad maximum in the A/B values appearing at an iodine content of

100 wt%. This maximum, which is much more distinct in the 3T-2AcPh A/B data, since the spin
concentrations in the latter samples are five times larger, will be described and explain;d below.

In the case of the data for the iodine-doped thermosets formed from 3T-2AcPh there are
also reversible and irreversible changes observed in the ESR lines upon doping and undoping but
they differ in some respects from the Thermcon 1000 data. For example, in the spin susceptibility
data shO\ivn in Figure 33, all the data including that measured during the first doping are
reversible. This is different from thev Thermcon 1000 data shown in Figure 28. The implication of
the differenceé in these behaviors is that the polaron in the Thermcon 1000 thermoset, i.e., the
oxidized form, was more stable than the polaron in the 3T-2AcPh. Our optical studies reported in
Section 3.1.4 of doped 3T-2AcPh and Thermcon 1000 also support this observed difference in
polaron stability.

The values of <g>, AH and A/B for the 3T-2AcPh samples as a function of iodine content
are shown in Figures 34, 35, and 36. The values of AH and <g> were reversible in that they
always increased with increasing iodine content after several doping and undoping procedures.
The irreversible effects are evident by a displacement of these AH and <g> values with each
doping and undoping procedure. Comparing the AH and <g> data for 3T-2AcPh with the

corresponding data for Thermcon 1000 it was concluded that the irreversible reaction(s) in the

former was slower than that in the latter.
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Figure 33. The normalized Spin Susceptibilty versus iodine content for cured samples of 3T-
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Figure 34. The <g> value versus iodine content for cured samples of 3T-2AcPh.

52



Linewidth (mT)

1.05

MDC 95P0082
30 November 1995

Linewidth versus lodine Content

1.00 -

0.95 —

0.90 -

0.85

0.80 -

0.75

0.70

0.65

0.60

O First addition of iodine
® First removal of iodine
A Second addition of iodine

A Second removal of iodine m
O Third addition of iodine n

OO

| ! ! 1 l 1 I ! 1 |
O 20 40 60 80 100 120 140 160 180 200

lodine Content (Wt. %)

Figure 35. The Linewidth versus iodine content for cured samples of 3T-2AcPh.
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Figure 36. The A/B value versus iodine content for cured samples of 3T-2AcPh.
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The distinct maximum in the A/B values that appears in Figure 36 at an iodine
concentration of 40 wt% is the result of a dynamical averaging of the (g;-g.) values by spin
exchange interactions. It is interesting that A/B is the only lineshape parameter for iodine-doped

samples of Thermcon 1000 or 3T-2AcPh that is sensitive to spin exchange brought about at high

radical concentrations.

Spin exchange is of the form Hex = J Si.S; where J is the intermolecular exchange integral
that depends on the overlap between the spatial parts of the wavefunction for the ith and jth
unpaired electron. These exchange interactions between adjacent spins first lead to a broadening
and a shifting of the spin packets towards the isotropic values of the interactions in the spin
Hamiltonian [28]. Although the broadening effects are more dramatic in the presence of hyperfine
interactions, where they can lead to a removal of the observed hyperfine splittings, they can also
affect splittings from other anisotropic interactions such as g-anisotropy. At even higher spin
concentrations and consequently larger J values these exchange interactions can eventually lead to
exchange narrowing, i.e., a reduction in the linewidths [28]. However, as can be seen from Figure
35, exchange narrowing was never observed, presumably because the spin concentrations were
not high enough to narrow up the broadening caused by the spin-orbit effects associated with the
iodine. Instead, the spin exchange arising from the intermediate spin concentrations is large
enough to average out the unresolved splitting shown in Figure 27, due to the g-anisotropy, ie.,
(gi-g.). On increasing the radical concentration, the spin packets associated with this splitting will

move together to some average intermediate value, then the A/B value will decrease, whereas the

corresponding AH value will be little changed.
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In summarizing our room temperature ESR results, we have attributed the increase in spin
susceptibility observed in a conducting thermoset polymer following the addition of iodine to the
formation of polarons. The reversible behavior of the spin susceptibility on addition and removal

of the iodine also indicates the formation of a small concentration of bipolarons. We have
interpreted the monotonic, reversible behavior of the effective g-value and the lineshape
parameters, such as the line asymmetry and the linewidth, in terms of an equilibrium scheme

involving different stoichiometric forms of the polaron, e.g., P'T; and P'Is.

Temperature Dependence of the Lineshape Parameters: Measurements of the values of

the lineshape parameters <g>, A/B and AH were also made at 77 K. The results summarized in
Table 2 indicate a decrease in the <g> value (= (g, +2g1)/3) as well as an increase in the A/B and
AH values with decreasing temperature for all samples. The latter implies that the g-anisotropy

increases with decreasing temperature. As is shown in Table 2, samples with low iodine

Table 2. Temperature Dependence of ESR Lineshape Parameters.

Temperature | Linewidth Iodine Content
Matrix (K) (mT) A/B <g> (Wt%)

Thermcon 1000 300 1.59 1.32 2.0052 235
77 1.65 1.43 2.0045 235

300 1.35 1.2 2.0044 141

77 1.43 1.27 2.0043 141

DGEBA/DETA 300 1.20 1.45 2.0053 264
77 1.30 1.58 2.0046 264

300 0.83 1.28 2.0040 159

77 0.83 1.29 2.0037 159

DGEBA/DDH 300 1.13 1.45 2.0051 395
77 1.35 1.68 | 2.0046 395

3T-2AcPh 300 8.05 1.14 2.0053 147
77 9.0 1.12 2.0048 147

Error +0.05 +0.01 | +0.00005
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contents exhibit smaller changes in the lineshape parameters on lowering the temperature than
samples with high iodine content but both show the same temperature dependent trends.
The temperature dependence of <g> can also be explained qualitatively in terms of the

equilibrium model depicted in Figure 29. The decrease in <g> with decreasing temperature
implies that the complex with lowest spin-orbit interactions, and hence lowest iodine -
stoichiometry, viz., P*I5", lies lower in energy than the P'Is” complex.

The observed increase in the g-anisotropy with decreasing temperature is more difficult to
explain. As was concluded from the room temperature data, the P*Is” has more g-anisotropy than
the P'Ty" f:omplex. Moreover, since the temperature dependence of <g> suggests an increase of
the P*I,” concentration with decreasing temperature, one would expect to observe a decrease of
the g-anisotropy with decreasing temperature. One possible explanation involves a motional
averaging of the g-anisotropy (but not the <g> value) at room temperature. If this motion is
“frozen out at 77 K , it would account for the increase in g-anisotropy with decreasing
temperature. Two types of motion are possible: fast translational motion of the spins down
polymer chains in the network or localized motions close to the spins. This fast translational
motion down polymer chains seems unlikely in the amine-cured epoxy polymers, DGEBA/DETA
and DGEBA/DDH, because of the lack of extended conjugation.

3.1.4 Optical and Infrared Measurements

Optical and infrared techniques were employed to study changes in the properties of the

AT-Schiff base and AT-polythiophene monomers during curing and in the thermosets after iodine-

doping.
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C

ure Studies: Some of the acetylene-terminated monomers selected for our electrical
studies were monitored durin g the cure process by infrared absorption spectroscopy. The
disappearance of the acetylenic carbon infrared absorption peaks resultin g from crosslinkin g
reactions allowed us to determine the degree of cure in the thermoset polymers. Some-common
absorption peak assignments associated with acetylene groups are the C-H stretching mode at
3295cm™, a triple bonded carbon stretch mode at 2108 cm™, a weak C-H bending mode at 622
cm™, and a 941 cm’ bending mode of the entire acetylene group [29-32]. All acetylene-

terminated monomers examined by infrared Speciroscopy measurements exhibited changes in

these absorption peaks during the cure. A surve

é

presented below.

y of the results for a number of monomers is

The samples used for infrared measurements were either fabricated into thin films on

transparent substrates using a melt process or were pressed as powders into KBr pellets. For

crosslinking has occurred. However, the spectra in Figures 38 and 39 show that as the material

cures further at 160°C, for periods of 5.5 and 22.5 hours respectively, these infrared absorption

peaks become much weaker, verifying that the acetylene end-groups did undergo crosslinking
reactions. Figures 40 and 4] contain more detailed infrared Spectra that have been expanded over
two regions of interest for a thin film sample of the AT-polythiophene monomer, 3T-2Ac. The

absorbance peaks at 3295 cm™ shown in Figure 40 and those at 2108 o shown in Figure 41
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Figure 37. Infrared transmittance spectrum measured in a Thermcon 1000 film after curing at

160°C for 2 hours.
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Figure 38. Infrared transmittance spectrum measured in a Thermcon 1000 film after curing at

160°C for 5.5 hours.
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Figure 39. Infrared transmittance spectrum measured in a Thermcon 1000 after curing at 160°C
for 22.5 hours.
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Figure 40. Infrared absorbance spectra measured near the region of the 3295 cm™ acetylenic end-
group absorption band in the polythiophene monomer, 3T-2Ac, showing the difference
in peak height for the uncured state and after a cure at 95°C for 19 hours.
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Figure 41. Infrared absorbance spectra measured near the region of the 2108 cm™ acetylene end-
group absorption band in a polythiophene monomer, 3T-2Ac, showing the difference
in peak height for the uncured state and after a cure at 95°C for 19 hours.
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have weakened considerably after curing the material at 95°C for 19 hours. In Figure 42, where
the sample is the AT-polythiophene monomer, T-Si-T-2Ac, substantial reductions in the intensity
of the 2108 cm™ infrared peak were observed after curing the film at 95°C for 2.5, 6.5, and 22.3

hours respectively. The information obtained from infrared spectra, such as those shown in
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Figure 42. Infrared absorbance spectra measured near the region of the 2108 cm” acetylene end
group absorption band showing the changes in peak height for different lengths of cure

time in the polythiophene monomer T-Si-T-2Ac.
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Figures 37 to 42, was used to verify that crosslinking had taken place in thin films of the various
monomérs, and also was used to indicate the relative degree of crosslinking in the resulting
thermoset. Such verification was sometimes necessary since it was not always possible to clearly
identify an exotherm from the DSC scan, e.g., in the cases of 3T—2Ac, and T-Si-T—2Ac._
Moreover, the completeness of these acetylene end-group reactions along with the associated
crosslink densities were an important factor to consider in performing doping studies in these
thermosets.

We have found that the visible absorption spectra measured in thin thermoset polymer
films changed with cure state. In the AT-Schift base and AT-polythiophene monomers the band-
edge was red-shifted after curing. An example of the observed absorption-edge red-shift in
Thermcon 1000 is shown in Figure 43. Visually the film was observed to darken as the longer
wavelength optical absorbance increased. We attribute this observed red-shift to the extensive
crosslinking occurring in these materials, reflecting band-structure changes associated with the
transition from a quasi-one-dimensional structure with weak inter-polymer-chain coupling to a
three-dimensional heavily crosslinked structure.

We have also found that acetylene-terminated monomers exhibited photoluminescence
quantum yields that depended weakly on the degree of cure. An Argon ion laser operating at 514
nm was used to excite the photoluminescence in our thin film samples. We found that the
photoluminescence emission measured just below the band edge energy exhibited a small
reduction in intensity with increasing cure. For example, in Thermcon 1000 the optical emission
from an uncured film was found to be nearly a factor of six greater than that measured after the

sample had been cured at 160°C for 19 hours. We attribute the reduced emission to increased
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Figure 43. Optical absorption edge measured in a thin film of Thermcon 1000 after curing for
different times.
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non-radiative recombination, which could be caused by the trdnsition to a more delocalized three-
dimensional conjugated structure. In the highly crosslinked structure photo-excited electrons and
holes can more easily escape each other and drift apart by diffusion to defects or impgrities, where
they then have a greater probability of recombining non-radiatively [33]. Itis alsopossi»ble that
the reduced emission is caused by an increased defect density in cured films. It is worth noting
that no significant difference was found in the photoluminescenée emission measured in Thermcon
1000 material that had been purified by recrystallization. This implies that chain defects are
probably the major source of non-radiative recombination in these materials. The optical and
infrared techniques described above were used to monitor changes in the physical and chemical
properties of acetylene-terminated thermosets during the curing process prior to performing the
doping studies.

Doping Studies: Optical spectroscopy techniques were also employed to study the

electronic properties of iodine-doped, conducting, thermoset films. These absorption studies
contribute toward our understanding of conducting polymers through band structural changes that
are inferred from changes in the measured spectral features. For example, questions arise as to
the nature of charge transport through the extensively conjugated crosslinked network in the
thermoset polymers. An examination of absorption features at energies below the band gap
energy can indicate whether polaron and/or bipolaron charge carriers form [33-35]. We have
measured absorption through thin conducting doped films in the visible and infrared regions of the
spectrum to determine where oscillator strength changes occur, and also, to provide supporting

evidence, along with the ESR data, for the formation of polarons and/or bipolarons. In addition

67



MDC 95P0082
30 November 1995

we have examined photoluminescence in undoped and iodine-doped thermosets, to verify if
recombination occurs primarily through polaron states.

In these polymers polaron recombination should show up as an emission peak below the
band edge energy. In addition, any photoconductive response obserired in thermoset materials
should provide a qualitative measure of charge carrier mobility through the three-dimensional
amorphous network. If trapping states exist below the band edges or a large degree of disorder is
present, the photoresponse will be small, indicating that charge carriers are highly localized and
relatively immobile.

Thin films of Thermcon 1000 and 2000 were prepared for optical studies by melting and
curing prior to doping with iodine vapor. We found it difficult to diffuse iodine into the fully
cured thin films formed on substrates. After repeated exposures to iodine vapor at 70°C the
optical properties were unchanged, suggesting that little iodine was being incorporated into the
films. Considering our success in doping bulk samples of fully cured Thermcon 1000 for
electrical measurements and powders for ESR measurements we conclude that iodine diffuses
more slowly into fully cured thin films on substrates. As was described in Section 3.1.1 we found
evidence for microcracking in iodine-doped bulk thermosets which may play a role in enhancing
iodine diffusion into the sample. Stress-induced microcracking found in bulk materials may be
less likely to occur in thin films since adhesion to the substrate (glass) may prevent crack
propagation and also may limit possible physical expansion which would occur if iodine diffuses
into the thermoset. Thus the influx of iodine that would normally follow stress-relieving
microcracking is not readily observed in the thin films that were fabricated on substrates for our

optical studies. To circumvent these limitations of incorporating iodine into our thin films we
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performed our optical studies of the effects of iodine-doping only on partially cured thermosets
with correspondingly lower crosslink densities.

Figure 44 shows optical absorption spectra measured in a Thermcon 1000 thermoset
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Figure 44. Optical absorption edge measured in a Thermcon 1000 film after doping with iodine
vapor. The edge shifted toward lower energy and a peak at 1.7 eV appeared with
increased exposure to iodine vapor (i.e., increased iodine uptake).

sample after repeated exposures to iodine vapor at 70°C for different periods of time, and Figure

45 shows similar spectra measured in a Thermcon 2000 film exposed to iodine vapor at 60°C for

longer periods of time. The films used for these doping measurements were first partially cured at

160°C. In both cases the optical absorption edge near 2 eV is observed to shift toward lower

energy as iodine is incorporated into the film, and, after further exposures, a peak begins to

69



MDC 95P0082
30 November 1995

5 ( 1 1 I 1 l T r : -
Film cured 8 hrs - 160 °C i
Doped in iodine vapor - 60 °C
4 i
doped 6 hrs »
o 3T i
O
=
« -
E -
$t
o
2 2F _
<
B «undoped |
1r i
O ] ] - ! { ! I ! | !

1.0 1.2 14 1.6 1.8 20 22 24 2.6 2.8 3.0
Energy (eV)

Figure 45. Optical absorption edge measured in a Thermcon 2000 film after doping with iodine
vapor. The edge shifted to lower energy and a peak near 1.7 eV appeared with
increased iodine uptake.

70



MDC 95P0082
30 November 1995

emerge at 1.7 eV. We associate this observed absorption peak at 1.7 eV, which occurs below the
ban_d edge optical transitions, with the formation of polarons in these thermosets [33-35]. This
conclusion is also supported by our ESR measurements, which show a marked increase in the spin
susceptibilty following iodine doping indicating the formation of S - 1/2 particles residing on the
polymer chains. Similar doping-induced optical changes observed in thin films of 3T-2AcPh

thermosets are shown in Figure 46. Once again, the absorption edge is found to shift toward
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Figure 46. Optical absorption edge measured in a 3T-2AcPh film after doping with iodine vapor.
The edge shifted to lower energy and a peak at 1.7 eV appeared with increased iodine

content.
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lower energy and an absorption peak at 1.7 eV eventually appears below the band edge after
progressive sequential hourly exposures to iodine vapor at 60°C.
Further evidence for polaron formation in Thermcon 1000 thermosets is provided by a low

energy shoulder near 1.7 eV in the photoluminescence spectra, as shown in Figure 47. The main

Photoluminescence Intensity

O L | I ! | | I | ]
1.0 1.2 14 1.6 1.8 2.0 22 24 26 2.8 3.0

Energy (eV)
Figure 47. Photoluminescence spectrum measured in a partially cured Thermcon 1000 film.

72



MDC 95P0082
30 November 1995

peak near 2 eV is attributed to emission through band-edge tail states as photoexcited electrons
and holes recombine radiatively. The 1.7 eV luminescence shoulder corresponds to the absorptive
transition observed in iodine-doped material which, along with the ESR results, suggests the
formation of polarons. Thus, instead of recombining radiatively imrhediately following creation, a
fraction of the photoexcited charges first form polaron states. These photo-induced polaron
charges then relax to the ground state through a lower energy radiative transition at 1.7 eV, which
is where the additional absorption peak was observed in iodine-doped Thermcon 1000 thermoset.

We have also found that the photoluminescence intensity decays with time during

exposure,to laser ligh't,‘ as illustrated in Figure 48. A likely explanation for this involves photo-
5 ' J 1 T

laser excitation - 514 nm

Photoluminescence Intensity
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Figure 48. Time dependent decay of the photoluminescence intensity measured in a Thermcon
1000 film.
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excited charges trapped at defects or impurities on the polymer chains. As some fraction of the
photo-excited charges generated near defects become trapped, additional non-radiative
recombination pathways open up for any newly-created photo-induced charges, resul‘ting in an
observed decay of the photoluminescence intensity with time [33]. Thus the non-radiative decay
path changes with time due to the increasing density of trapped charge. The observed
photoluminescence emission decay is found to occur only during the time the sample is exposed

to laser light. For example, Figure 49 shows the time dependent photoluminescence signal in
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Figure 49. Time dependent decay and partial dark recovery of the photoluminescence intensity
measured in a Thermcon 1000 film.
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Thermcon 1000 with the laser light on, and after brief periods in the dark. A reduction of the
photoluminescence intensity occurs only during the time the sample is exposed to light. In fact, a
partial recovery of the luminescence intensity is observed just after the dark periods. ‘The decay is
found to be reversible if the sample remains in the dark for long peribds of time.- This result
implies that any excess charges trapped at defects eventually decay back to the ground state, and
render thé additional competing non-radiative recombination pathways less effective.

Support for the trapped-charge-induced quenching of luminescence is provided by the
measured photoluminescence emission which became much weaker after doping with iodine.
However, we have also found that after a long waiting time the photoluminescence response in
doped samples partially recovers. Figure 50 shows photoluminescence spectra measured in a
Thermcon 1000 thermoset sample before doping with iodine, and long times after doping. After 3
days the luminescence intensity is roughly 4% of the initial signal height and after 13 days it has
recovered to nearly 8%. These data suggest that iodine slowly diffuses out of the thermoset after
long periods of time at room temperature.

We have also found that some of the other observed optical changes induced by doping
are reversible, which provides additional evidence that a fraction of the iodine is able to diffuse
out of the sample. After shifting to lower energy upon doping, the absorption edge was found to
return to higher energy when measured in samples that had remained at room temperature for
several days. This absorption-edge reversibility effect demonstrated by Thermcon 1000 samples
is shown in Figure 51. However, the optical absorption edge in doped films never completely
recovers to that measured in the undoped material, indicating the effect is not completely

reversible. Apart from these reversible changes in the optical absorption edge, the doping induced
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Figure 50. Photoluminescence spectra measured in a Thermcon 1000 film before and after doping
with iodine vapor and waiting for the periods of time indicated.
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Figure 51. Optical absorption edge measured in a Thermcon 1000 film before and after doping
with iodine vapor and waiting for the periods of time indicated.

77




MDC 95P0082
30 November 1995

absorption peak associated with polarons observed near 1.7 eV in Thermcon 1000 thermosets
exhibited no further measurable change when the material remained at room temperature for many
days. This implies that the iodine counter-ion species involved in transferring chargfi on to the
polymer chain in the form of polarons remained in the material for véry long periods of time at
room temperature. However, this was not the case in 3T-2AcPh, where the 1.7 eV peak
diminished with time after doping. Our ESR spin susceptibility results, shown in Figures 28 and
33, also support this difference in the behavior of polarons in the iodine-doped Thermcon 1000
and 3T-2AcPh thermosets.

To provide a better understanding of the possible limitations on the electrical conductivity
we have attempted to measure photoconductivity in acetylene terminated thermoset polymers.
Closely-spaced, coplanar électrical contacts were evaporated on top of cured thermoset films and
the electrical resistivity was measured during illumination with above-band-gap 514 nm blue laser
light. A photoconductive response was measured, but it was found to be small. For example, the
measured film resistivity in Thermcon 1000 (~3 x 10* ohm cm) decreased by only 30% when the
sample was exposed to 100 mW of 514 nm laser light. This qualitative result suggests that charge
carrier mobilities aré low in the acetylene terminated thermosets and implies that photogenerated
charges are trapped in localized states below the band edges. A likely cause for this low charge
mobility is some form of disorder arising from the amorphous structure flssociated with the
thermoset polymer. The conjugated band structure is expected to be significantly perturbed by
misalignment of the neighboring p orbitals constituting the 7t-electrons, due to disorder along the
polymer chains. Thus, the electrical transport is most likely limited by polaron charges hopping

between disorder-induced localized states within the band gap. This has important implications

78



MDC 95P0082
30 November 1995

regarding the possible reasons for the limited maximum conductivity’s measured in these systems.
We conclude that iodine doping efficiently transfers charges to the polymer chains to create
polarons, but that the mobility of these polarons is low basically due to the intrinsic amorphous

structure of these thermoset polymers. Several consequences of this amorphous structure,
including explicit examples of the molecular structures that result in a misalignment of ;he Pz
orbitals will be discussed in more detail in Section 4.4.3.

3.2 AT-Polyaniline Studbies

The objective of this task was the investigation of the polyaniline-based and polyaniline
derivativp—based oligomers terminated with reactive acetylene groups that would undergo
crosslinking to form a conducting thermoset resin. The structures of these oligomers are shown
in Figure 52. This task involved the following five major efforts: (i) synthesis, (11)
characterization, (iii) modification of the oxidation state, (iv) doping and measurement of
electrical conductivity, as well as (v) processing and curing.

3.2.1 Oligomer Synthesis

_ Oligomers of polyaniline and polyaniline derivatives were synthesized using two different

approaches. The first was the modified-Honzl-Wudl (MHW) approach [36,37], and the second

was the Manassen-Khalif (MK) approach [38]. Both are described below.

Svynthesis of ATPAs Using the Modified-Honzl-Wudl (MHW) Approach: The initial

approach involved the preparation of acetylene-terminated oligomers of polyaniline (ATPA) by an
adaptation of the two-step procedure described by Wudl et al., for the synthesis of polyaniline
(PA) [37] and phenyl-terminated aniline oligomers [39]. This synthesis involved the condensation

of 1,4-phenylenediamine (PDA) and 3-ethynylaniline (EA) with
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Figure 52. Structures (leuco forms) of polyaniline-type oligomers and polymers investigated in

this work.
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2,5-dioxo-1,4-cyclohexanedicarboxylic acid (DCCA) in m-cresol at 65°C under an inert
atmosphere. The preparation of DCCA and ATPA are shown in Figure 53 as Scheme VIII, and

in Figure 54 as Scheme IX, respectively. The initial partially unsaturated condensation product

was subsequently converted to a conjugated, more emeraldine base-like oligomer by air oxidation

at 65°C.

Scheme VIII
CO,Et CO,Et
1) EtOH, NaOH, L,
> OH
OH OH  yHCl
CO,Et CO,Et
CO,H
)BS%NaOH o oH
2)HCl
COH
CO,H
1) 5% NaOH, Nz)r ol OH
2) 3% Na(Hg), 0 C
3)10% HCL 0C co,H
DCCA

Figure 53. Scheme VIIL: Procedure used to synthesize 2,5-dioxo-1,4- cyclohexanedicarboxylic
acid (DCCA).
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Scheme IX R
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Figure 54. Scheme IX: Procedure of Wudl et al., used to synthesize polyaniline oligomers.
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The MHW scheme was used to prepare several acetylene-terminated polyanilines. The
synthesis of ATPA-9 was extensively investigated to determine the optimum reaction conditions.
This oligomer had 9 internal benzene rings (including benzenoid and quinoid forms), 10 nitrogens

and 2 terminal ethynylbenzenes. The best results were obtained when the end-capping agent, EA,
was added after 48 h in about 70% excess to the reaction mixture consisting of 1,4-
phenylenediamine and DCCA (molar ratio = 4/5) in m-cresol (5% solution). Two shorter

acetylene-terminated oligomers, ATPA-3 (containing 4 nitrogens, i.e., the ‘tetramer') and ATPA-7

(containing 8 nitrogens, i.e., the ‘octamer’) were prepared in a similar fashion to ATPA-O.

Synthesis Using Manassen-Khalif (MK) Schiff-Base Approach: Because the MHW

synthesis involved the synthesis and use of highly unstable DCCA, a more convenient synthetic
approach was sought. The MK approach [38], which employed 1,4-cyclohexanedione (CHD) in
place of DCCA was found to be both convenient and reliable. Synthesis with CHD proceeded by
the classical Schiff-base chemistry, shown in Figure 55 as Scheme X, to afford essentially the
same quality ATPA-3 and ATPA-7 as prepared by the MHW procedure. The ability to substitute
CHD for DCCA in this procedure is of great importance for the following two reasons: (1) it
precludes the laborious and expensive preparation of DCCA outlined in Figure 53,and (2) it
makes it very easy to combine reactants in the correct stoichiometry. In the MHW approach, the

tendency of DCCA to decompose and liberate CO- makes it very difficult to guarantee correct

stoichiometry and thus optimize the oligomer length.
A typical synthesis used to prepare ATPA involved the reaction of 1,4-phenylenediamine
with 1,4-cyclohexanedione (CHD) in m-cresol at 65-70°C for 72 hours in an argon atmosphere

followed by the addition of an excess amount of m-ethynylaniline (EA). The reaction was then
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Scheme X

_______N:Q:N-@— e = enamine
o

Figure 55. Scheme X: Our adaptation of the procedure of Manassen and Khalif used to synthesize
polyaniline oligomers.

HC=C =CH

continued for an additional 72 to 96 hours before exposure to the atmosphere for periods of 20 to
22 hours. The product was obtained as a gray powder. Yields ranged from 43 to 53%.

A comparison of Figures 54 and 55 shows that both the MHW and the MK approach
produce polyaniline oligomers through the same partially saturated intermediate. In Figure 54,

this intermediate is drawn as an enamine, whereas in Figure 55 it is drawn as its imine tautomer.
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In both cases this intermediate becomes both aromatized and oxidized upon heating in the
presence of atmospheric oxygen. However, samples prepared using either the MHW or MK

method were typically not completely oxidized to the emeraldine base form shown in Figure 56.

In certain cases, further air oxidation led to improved conductivity.

~O O+ O+ O

Leucoemeralding

OO0 Orr-

tmeraldin >

OO

Pernigraniling

Figure 56. Schematic of a typical polyaniline-type material in various oxidation states:
(a) leucoemeraldine, (b) emeraldine, and (c) pernigraniline.
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The following related compounds were synthesized using the MK approach:

Phenyl-Capped Octaaniline (COA): The octamer COA having non-crosslinkable phenyl
endcaps was synthesized for comparison with the crosslinkable acetylene-terminated Bolyaniline
oligomers. The initial reaction of CHD and PDA to form the olig‘orher, was followed bzl end-
capping with aniline, instead of EA, to make a phenyl-terminated product. The crude product

consisted of only a slightly oxidized oligomer as determined from its electronic spectrum shown in

Figure 57 which indicates a weak absorption at 592 nm.

Absorbance

Wavelength (nm)

Figure 57. UV-VIS spectrum from phenyl-capped aniline oligomers (COA) prepared using MK
approach. Very weak peak at ~600 nm indicates this sample was only slightly

oxidized.
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Polyphenyleneamineimine (PPAI; polyaniline): PPAI, which is essentially polyaniline, was
prepared in order to evaluate the effectiveness of the MK synthesis for producing conductive
materials having a polyaniline structure. Unlike the MHW synthesis, a tan precipitat? did not
form during the MK synthesis until the reaction mixture had been eiposed to the atmosphere for
about two hours. The PPAI(MK) product was obtained in highest yield (88%) when molecular

oxygen was bubbled into the m-cresol reaction mixture at 68°C for 22 h after the tan precipitate
had formed.

Modified Polymers and Oligomers for Improved Processability: In order to increase the

processability (i.e., low melting point and low temperature cure) of ATPA-type oligomers,
alkoxy-substituted and meta-substituted aromatic diamines were incorporated into the oligomers
as shown in Figure 52. The syntheses of these compounds are described briefly below:
m.p-Polyaniline (m.p-PPAD): This polymer was prepared in addition to its structurally
similar octamer (see below) because it was suspected that the polymeric form would be more
conducting than the octamer. The outcome of this comparison would therefore allow a
quantitative evaluation of the effect of meta substitution on polyaniline. The product was
obtained as a dark solid which consisted of two fractions, one that was very soluble in N-
methylpyrrolidone (NMP) and another that was only slightly soluble. Both were oxidatively

treated with a solution of ammonium persulfate, (NH4)2S2Og, in 1 M HCL The UV-vis spectra

of the fraction slightly soluble in NMP lacked absorption in the 600 nm region, indicating the

absence of the quinoid rings required for conductivity.
m,p-ATPA-7: The product was obtained as a dark brown solid in 51% yield. The IR

spectrum was similar to that of normal p-ATPA-7. The 600 nm absorption was absent from the
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UV-VIS spectrum, indicating the absence of the quinoid rings required for conductivity. The

UV-VIS spectrum of a sample treated with oxygen for 20 hours was unchanged. Unlike ATPA-

7, m,p-ATPA-7 apparently resists further oxidation.

Methoxy-Substituted ATPA-7 (MeO-ATPA-7): This oligorher was obtained in 62% yield

as a black powder. It was more soluble in acetone and methanol than other ATPA-Ts, which may
provide better solvent processability. The IR spectrum supported the proposed structure and

indicated the presence of N-H, C=C-H, CH30 (2923 cm™), quinoid (1606 and 1599 cm™), and

benzenoid (1502 cm) ™ groups. A dilute, light purple solution in DMF produced a UV-VIS
spectrum; having absorption peaks at 284 nm and 513 nm. Doping with concentrated HCI caused
a small shift to 581 nm. This is in contrast to the larger shift and color change from blue to green
that occurred when a DMF solution of ATPA-7 was acidified with HCL

Dianisidine ATPA-7 (DA-ATPA-7): This material was obtained in rather low yield (34%)
as a light gray solid. The reaction was carried out at 110°C for one week before addition of EA,
further reaction for 4 days at 65, and exposure to air. The IR and 1H NMR spectra support the
- proposed structure shown in Figure 52, but also indicate the presence of some unreacted carbonyl
groups. The product was partly soluble in chloroform and acetone and very soluble in DMF and
DMSO. A dilute solution in DMF was almost colorless and gave a maximum UV-VIS absorption
at 353 nm.

3.2.2 Characterization of Oligomers

Several techniques were used to characterize the oligomers synthesized. The most

commonly used techniques were IR and UV-VIS spectroscopies. NMR was used to a lesser
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extent, and mass spectrometry (MS), TGA, ESR were only used in selected samples. The results
are described below:

IR and UV-VIS Characterization of ATPAs Prepared Using MHW ADDroaCI): The FTIR

spectrum from ATPA-7 in KBr is shown in Figure 58 and is very similar to that-of polyaniline

[37]. A more detailed examination of the FTIR of ATPA-7 and UV-VIS spectra of ATPA-9 in
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Figure 58. IR spectra recorded from acetylene-terminated polyamhne oligomers: (a) ATPA-7
synthesized using the MHW approach. Peak at 2900 cm 1nd1cates some residual CH,

present (i.e., this particular sample was not fully aromatized) and (b) ATPA-7
synthesized using the MK approach.
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DME shown in Figure 59 indicated that ATPA synthesized by the MHW method contained mostly
benzenoid units (1502 cm—la Amax = 300 nm) and some quinoid units (1600 cm_l, Amax =610

-1 ) 1
nm). The presence of N-H (~3380 cm ) and the absence of C=0 (1717 cm™ ) in the-IR spectrum
was additional evidence that the reaction product had a polyaniline-type structure. Absorption at

3290 cm-1 confirmed the presence of the terminal ethynylbenzene groups. The IR and UV-VIS

spectra of the ATPA-3, ATPA-7, and ATPA-9 were all essentially the same.
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Figure 59. UV-VIS spectra recorded from acetylene-terminated polyaniline oligomers:
(a) ATPA-9 synthesized using the MHW approach and (b) ATPA-7 synthesized using
the MK approach. In both cases the relatively weak absorption at ~600 nm indicates

the samples were only slightly oxidized.
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The relative intensities of the quinoid and benzenoid peaks in the IR and UV-VIS spectra
indicated that, in general, the fraction of quinoid units was lower than that required for the sample
to be totally in the emeraldine oxidation state necessary for conductivity. This fraction could be
significantly increased by subjecting samples to further air oxidation.

The relatively low fraction of quinoid rings in the ATPAs was consistent with the results
of Wudl et al. [37], who obtained similar UV-VIS spectra from polyaniline synthesized using the

MHW approach. As is shown in Figure 60, polyaniline synthesized using the conventional

ammonium persulfate oxidation of aniline had a higher fraction of quinoid units.

I I I
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Figure 60. UV-VIS spectra of polyaniline: (a) prepared by chemical oxidation of aniline using
ammonium persulfate and (b) prepared using MHW approach.
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IR and UV-VIS Characterization of ATPAs Prepared Using MK Approach: The FTIR

spectra in KBr and UV-VIS spectra in DMF of ATPA prepared by the MK synthesis are shown in
Figures 58 and 59 respectively. These spectra indicate that these oligomers have the same
structures as those synthesized using the MHW approach. The ATPA existed mostly in the leuco
form. For cxample, the FTIR spectrum of ATPA-7 showed a ratio of 1:4 for the
quinoid:benzenoid absorptions, and the UV-VIS spectrum shown in Figure 61(a) has absorptions

at 328 and 600 nm with an intensity ratio of 15:1. Again this indicates a low quinoid content.

Characterization of ATPAs Using MS and TGA: The MS total-ion-current data from

- MHW A:I'PA, shown in Figures 62 and 63, indicated that MHW ATPA produced polyaniline-type
fragments upon pyrolysis.

The TGA derivative plots of ATPA synthesized by both the MHW and the MK
techniques, shown in Figures 62 and 64, looked similar to the above MS data. These results
indicated that not only MHW ATPAs, but also MK ATPAs had polyaniline-type structures.

IR and UV-VIS Characterization of COA: The COA had FTIR and UV-VIS spectra

-1
similar to the ATPAs, except that no C-H peak appeared at 3290 cm  in the IR spectrum of the
COA shown in Figure 65. The UV-VIS spectrum of Figure 57, which has only weak quinoid
absorption at 592 nm, indicates that the as-synthesized material consisted of only slightly oxidized

oligomer. The FTIR spectrum shown in Figure 65 confirmed this low oxidation state. There is

only a weak quinoid peak at 1599 cm-l compared with the stronger benzenoid peak at 1501 cm-1
(1:4 ratio). Figure 66 shows a literature IR spectrum [40] of fully oxidized pernigraniline for

comparison. In this case the quinoid to benzenoid peak ratio was approximately 1:1.
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Figure 61. UV-VIS spectra of ATPA-7(MK): (a) as-synthesized, (b) following oxidation with
0,, and (c) following reduction with phenylhydrazine.
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Figure 62. TGA (derivative) and mass-spectrum total ion current from ATPA prepared using
MHW approach.
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Figure 63. Fragments contributing to mass-spectrum total ion current from ATPA prepared using

MHW approach.
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Figure 65. IR spectrum from phenyl-capped amlme oligomers (COA) prepared using MK

approach. Weak peak at ~1600 cm 1nd1cates a low concentration of quinoid rings

(i.e., low oxidation) in the sample.
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Figure 66. IR spectrum from fully oxidized polyaniline (i.e., pernigraniline state), with equal
numbers of quinoid (Q) and benzenoid (B) rings in the sample.

ESR Measurements of uncured ATPA and COA: Samples examined by ESR were in the

form of doped and undoped powders. Typical spectra are shown in Figures 67 and 68, with
linewidth and intensity data reported in Table 3. The integrated intensities did not depend
significantly on whether the MHW or MH approach was used for sample synthesis. In each case

the intensities increased by a factor of ~25 upon doping with HCl. Conductivity of the doped
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Figure 67. ESR spectra from undoped and HCI-doped ATPA prepared using MHW approach.

«— Doped with IM'HCI

Undoped

10 x

Figure 68. ESR spectra from undoped and HCl-doped ATPA prepared using MK approach.
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Table 3. ESR Parameters for Uncured Aniline Oligomers.
Doped
Doped Relative | Doped Intensity Linewidth Conductivity
Sample* Intensity Undoped Intensity (mT) (S/cm)
ATPA-7(MK) 14.6 28 - 10>
ATPA-7(MK) - - 0.15 _4x10°
ATPA-3(MK) 23.4 20 0.26 2x10° -
COAMK) - - 0.70 4x10™
ATPA-7(MHW) 17.6 48 0.80 <10?

*MK and MHW refer to Manassen Khalifand Modified Honzl-Wudls yntheses procedures.

samples correlated with ESR linewidth, but not with signal intensity. The most conductive

samples had the narrowest ESR lines. This is consistent with highly delocalised electrons having

narrow ESR lines.

Electrochemical Determination of Oxidation State of ATPA-7: Following the procedure

of MacDiarmid et al. [41], a sample of ATPA-7 was mixed with powdered carbon (3:2 ratio),
pressed between platinum and zinc electrodes, and immersed in 1 M zinc chloride electrolyte.

The sample was then reduced over a period of 8 h using a constant current of 100 microamps. As
is shown in Figure 69, during reduction the potential at first decreased only gradually, but when
reduction was nearly complete, the potential changed more rapidly. The total charge required to
reduce the sample was determined from the point where the potential began to change-rapidly.
From the total coulombs passed and the initial mass of the sample, it was determined that the
sample was in an oxidation state intermediate between leucoemeraldine and emeraldine. Thus, if
pernigraniline, emeraldine, and leucoemeraldine correspond to 0%, 50%, and 100% reduction,
respectively, the ATPA-7 sample was 60% reduced. These data are consistent with UV-VIS data

which indicated that as-synthesized ATPA-7 is typically in a low oxidation state.
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Cell Potential versus Fraction of Repeat Units Reduced
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Figure 69. Electrochemical cell potential as a function of fraction of repeat units reduced for (a)
Conventional polyaniline, and (b) typical as-synthesized ATPA-7(MK). Note a value
of 1.0 refers to one electron deposited for every aniline repeat unit in the chain.
Emeraldine would be completely reduced upon reaching a value of 0.5.
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NMR Characterization of ATPA and COA: NMR experiments focused on answering two

questions: (1) What was the degree of polymerization of a typical ATPA-7 sample, and (2) was
the sample completely aromatized? Prior to NMR analysis, samples were reduced with
phenylhydrazine both to assure good solubility in DMF and to simplify the spectra. A typical
result is shown in Figure 70, which includes spectra of reduced COA and reduced ATP~A-7.

Comparison of the two spectra suggests that the acetylenic hydrogen peak occurs at 4.0 ppm.

The ratio of the area of this peak (8 units) to the area of the aromatic region (125 units) indicates

a degree of polymerization (DP) of 28. The reason for this apparent high DP may be that partial

reduction of the acetylene groups had occurred.

PHEHYL
AREA~40S

ouF

()

ALKYL
AREA-2D

(b)

ALKTL
AREA~SS

ACETYLENE
PHENYL AREA=D. S

ARCA~485

- PPM
Figure 70. "H NMR spectra of ATPA-7(MK) and COA(MK), both following the reduction with
phenylhydrazine. (a) COA(MK) and (b)ATPA-7(MK).
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Both the COA and ATPA-7 NMR spectra have peaks in the aliphatic region, indicating
that these materials are not fully aromatized. Low aromatization should result in reduced
conductivity for these samples, which is consistent with their actual conductivity data (see below).

The literature suggests using o-chloranil to accomplish more complete aromatization [42].

GPC Analysis of ATPA-7 and COA: Two groups of GPC data were taken. The first

group was from ATPA or COA dissolved in pure THF. The second group was from ATPA or
COA dissolved in a 5% solution of di-n-butylamine (DNBA) in THF. The DNBA was used to
break up any clusters of oligomer that might form. The results of both groups of experiments
were the same. Figure 71(a) and Figure 72 show data from ATPA-7 in pure THF and in
DNBA/THEF, respectively. In both cases the molecular weights are uncorrected values,
referenced to polystyrene standards. (More nearly correct molecular weights can be calculated
using a GPC 'Q factor' appropriate for aniline-type oligomers. According to Wei et al. [43], a
typical Q factor for these materials would be 2.5.) Figure 72 indicates that ATPA-7 oligomers
have (uncorrected) molecular weights that range from 500 to 7500. This distribution yields a

number-average molecular weight (M) of ~1270, and weight-average molecular weight (My,) of

~5000. Average molecular weight values calculated from three separate ATPA-7 samples are:

M,, = ~1250 and My, = ~4550. The values of M, appear to be consistent with the stoichiometry

of the synthesis, which should yield ATPA having a nominal My, of ~900.

Three factors affect the quality of this data: (1) The highest molecular weight fractions of
the ATPA samples were at, or beyond the upper limits of resolution for the GPC column (the

column was calibrated for M, = 7600). This tends to underestimate the molecular weights of the

ATPA-7 samples. (2) Application of the literature Q value (= 2.5) suggests a M, of only 500,
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(b)

Molecular Weight

Figure 71. GPC chromatograms for ATPA-(MK) prior to and following reduction using
phenylhydrazine. (a) Before reduction and (b) after reduction.
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Molecular Weight

Figure 72. GPC chromatogram for ATPA-(MK) in 5% DNBA/THE.

indicating that our uncorrected My, value of 1250 is an overestimate of the true My, and (3) Any

fraction of ATPA-7 that is not soluble in THF is not part of the GPC chromatogram. This would

make our observed M, value an underestimate of the true M, value. GPC analysis employing a

better solvent, such as DMF, was not available.
Overall, it appears that as-synthesized ATPA-7s could have molecular weights higher than

the theoretical M, value of ~900. However, handling of the crude ATPA-7 can dramatically

affect the molecular weight of the final product. For example: (1) Low molecular weight
fractions could easily be lost during rinsing or during the dissolution-reprecipitation work-up and

doping steps. (2) A partial polymerization of some acetylene groups during synthesis could result
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in increased molecular weight. (3) Finally, as is shown in Figure 71, a significant increase in lower
molecular weight fractions between 1000 and 1200 occurred upon reduction with
phenylhydrazine. This could be due to chain degradation resulting from carbon-nitrogen bond
cleavage occurring during the reduction with phenylhydrazine (24 h at 115°C).‘ _W_all‘s‘and
Caballero [44] have reported the cleavage of N-benzylamines by hydrazine. )

3.2.3 Conductivity Studies

A conductivity apparatus having an in-line 4-probe configuration was used. The two

outer probes were connected to a floating (battery powered) current source, and the two inner

-11
probes were connected to a Keithley 610B electrometer. Conductivity values from ~1 to ~10
S/cm could be measured with this apparatus. Prior to conductivity measurement, samples
weighing 100 to 150 mg were pressed (570 MPa; 82 ksi) into pellets having a thickness of ~0.8

mm and a diameter of 1.0 cm.

Conductivity Studies of ATPA(MHW). ATPA(MK). and COA(MK) Doped With HCI:

Samples of ATPA and COA were subjected to the same doping procedures prior to the
measurement of their conductivity. The samples were first brought to initial undoped states by

grinding them into fine powders, followed by treating with a 10% ethanol/90% 0.1 M NH,OH or

NaOH solution for several hours and drying by suction filtration. These powders were then
doped using either of two different methods. In the first method, they were dissolved in NMP,
filtered, and reprecipitated by pouring into an equal volume of 0.1 to 1.0 HCI solution. The
resulting suspension was then centrifuged or filtered using a glass frit, and the polymer was

washed several times with HCI solution and allowed to dry. In the second doping method, an

undoped powdered sample was triturated in a mortar with 0.1 to 1.0 M HCl in 10% ethanol/90%
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water. It was then allowed to stand several hours, filtered, and dried. The powder, generally

emerald-green, obtained from either method was then pulverized and pressed into pellets for
conductivity measurements.

Table 4 summarizes the conductivity data obtained for sevefal HCl-doped samples of

ATPA and COA. The following points should be noted: (i) the highest conductivity observed

was 2)(10-2 S/cm, (ii) the COA and ATPA samples had similar conductivity values, (iii) treatment

of a typical sample (a COA sample in particular) with O, increased its conductivity by a factor of

50.
Table 4. Conductivity of Doped Uncured Oligomers.
Conductivity (S/cm) Conductivity (S/cm)
Sample# Treatment* (Doped with HCI) (Doped with Tosylate)
ATPA-3(MK) Unspecified 2x107 5x10™
ATPA-3(MK) m&p - 5x10°
ATPA-7(MK) m&p - 2x10™
ATPA-7(MK) ppLt. 4x10° 3x10™
ATPA-7(MK) 0.1 M HCl-ppt. 102 -
COA-7(MK) 0.1 M HCl-ppt. 4x10™ -
COA-7(MK) Bubbled with O, 2x10 -
0.1 M HCl-ppt.

*Samples were doped either by reprecipitation from NMP or DMF solution (ppt) or samples were
ground in a mortar while covered with the doping solution (m/p).
*MK refers to Manassen Khalif synthesis procedure. —

The above conductivity values are ~50 times lower than were anticipated. For example,
Wudl, et al. [37,39], obtained a conductivity as high as 1.0 S/cm from monodisperse octameric
COA in the emeraldine oxidation state. Possible reasons for the low conductivity values of the

present samples include the following: (1) Low molecular weight oligomers resulted from the
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‘one pot' synthesis used. Calculations show that over 20% by weight of the as-synthesized (not-
extracted) material is attributable to oligomers shorter than octamers. According to Javadi et al.
[45], tetramers are poorly conducting. (2) The samples were incompletely aromatized, as implied
by NMR characterization data. (3) The samples were incompletely onidized, as impliecﬁi by UV-
VIS and FTIR data. (4) Other impurities may have been present.

Conductivity of HCl-Doped Samples Having Modified Backbone Structures: Samples of

m,p-polyphenyleneamineimine (m,p-PPAIL; m,p-polyaniline), methoxy-substituted polyaniline
(MeO-PPAL poly(aniline-co-anisidine)), and m,p-ATPA-7 were doped with HCI using either of
the following two approaches used for ATPAs and COA: (1) reprecipitation from NMP or DMF
solution into aqueous HCI, or (2) trituration of powdered sample with 0.1to 1.0HClin

ethanol/water. The results are discussed below:

m.p-PPAI Doped With 0.1 M HCl in 5% Ethanol/95% Water: Conductivity values were

significantly less than those from PPAI (i.e., para-polyaniline) prepared using the same MK

approach. As is shown in Table 5 the highest conductivity obtained was 1()"8 S/cm.

m.-ATPA-7 Doped By Pouring DMF Solution Into 1 M HCI: A dark green solid

-8
precipitate resulted. As is shown in Table 3, its conductivity was 2x10 S/cm.

MeO-PPAI Doped With 0.1 M HCl in 5% Ethanol/95% Water: The conductivity of this

sample was 10-9 S/cm, much lower than observed for unsubstituted PPAI or ATPA-7. (See Table

5.) According to Pandy et al. [46], a random copolymer of aniline and anisidine has a

conductivity of ~1()4 S/cm.

In summary, all of the modified-backbone samples had lower conductivity than the

corresponding unmodified PPAI or ATPA-7. This lower conductivity may be intrinsic to these
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Table 5. Doping and Conductivity of Polyaniline Derivatives and Uncured Oligomers.

Sample* Doping# Conductivity (S/cm)
Polymers: . B
PPAI (MK) 1.0 M HCl-ppt ‘ 107
(m,p-PPAI) (MK) 0.1 M HCl-m/p 3x107
(MeO-PPAI) (MK) 0.1 M HCl-m/p 10°
Oligomers:
ATPA-7 (MK) 1.0 M HCl-ppt 1.3x10”
m,p-ATPA-7 (MK) 0.1 M HCl-m/p 2x10°*
MeO-ATPA-7 (MK) 0.1 M HCl-m/p <10

*MK refers to Manassen Khalif synthesis procedure.

*Samples were doped either by reprecipitation from NMP or DMF solution (ppt) or samples were
ground in a mortar while covered with the doping solution (m/p).

modified structures, or may be a result of the modified materials being in non-emeraldine-like

oxidation states under ambient conditions. Pandy et al., maintain that PPAIs having some

methoxy substitution remain conductive, but the conductivity is reduced [46].

Doping ATPAs With Alternative Dopants for Improved Processability and Thermal

Stability: Even though HCl is a good dopant for polyaniline, it was not a good dopant for the
acetylene-terminated polyaniline oligomers. Our attempts to dope cured ATPAs with HCl failed,
apparently because of its inability to penetrate the cured matrix. In addition, the high melting
point of ATPAs made it difficult for them to cure without first being plasticized with ;ppropriate
curing agents. Therefore an alternative doping approach was required. Oligomers had to be
doped prior to curing. Several dopants having a much lower volatility than HCl were
investigated. These included tosylic acid, camphorsulfonic acid (CSA), dodecylbenzenesulfonic
acid (DBSA), and benzenedisulfonic acid (BDSA). The results of these doping studies are

described below.
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Doping of ATPAs With Tosylic Acid: The conductivity of the samples doped with tosylic

acid are shown in Table 4. Two doping approaches were used: First, a tosylic acid solution was

used to precipitate ATPA out of NMP/H5O solution. Second, solid ATPA was covered with a

solution of dopant having pH = 2 to 3, then dried by suction filtration. The ATPAs had initial

conductivity’s as high as 4)(10.3 S/cm.

The thermal stability of an ATPA-3 sample having an initial conductivity of approximately
10-3 S/cm, is shown in Figure 73. Over a period of 17 h at 150°C the conductivity decreased 2
orders of magnitude. The sample showed evidence of being cured following this procedure in
that it became hard, and when ground up it was only slightly soluble in NMP, showing a fainter

blue solution than the uncured material.

Doping of ATPAs With CSA: Two ATPA-7 samples were doped with camphorsulfonic

acid (CSA). In one case, a powdered sample was exposed to a 0.2 M solution of CSA in 5%
ethanol/95% water solution, and in the second case an ATPA-7 sample was dissolved in NMP,
then precipitated by pouring this solution into 0.2 M CSA. The sample that was doped as a
powder was hard and had lower conductivity. The sample doped by precipitation was soft and
had higher conductivity. Following heating to 150°C and cooling to room temperature it became
soft enough for the spring loaded conductivity probes to penetrate the surface, particularly when
humidity was high. Conductivity as a function of exposure time at 150°C is shown in Table 6.
These curing studies of the CSA-doped sample indicate that the conductivity drops rapidly within
the first hours of cure.

Doping with DBSA: According to Wang and MacDiarmid [47], it is possible to dope

polyaniline with dodecylbenzenesulfonic acid (DBSA) and cast these samples from xylene to
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Conductivity versus Exposure Time at 150 C
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Figure 73. Conductivity (4-point probe) of tosylic acid-doped ATPA-3(MK) measured as a
function of time at 150°C.
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Table 6. Conductivity of ATPA-7 (MK)$ Doped with 0.2 M Camphorsulfonic Acid
versus Cure Time.

Type of Doping” Time at 150°C (min.) Conductivity (S/cm)
ppt. 0 na - sample too soft
25 1.2x10° -
54 4.5x10°°
129 9x107 t010”" -
1200 6x10™*
m/p 0 na - sample too soft
25 1.2x10°
54 6x107
129 -
1200 <10”

*Conductivity increased with room temperature humidity and probe penetration.

#*Sample became harder, possibly from reduced humidity.

*Samples were doped either by reprecipitation from NMP or DMF solution (ppt) or samples were
ground in a mortar while covered with doping solution (m/p).

Mk refers to Manassen Khalif synthesis procedure

obtain a conductivity as high as 20 S/cm. Therefore highly conductive samples were expected
using this approach. The doping procedure involved dissolving a sample in xylene containing
40% DBSA, followed by heating to 100°C for one day to drive off xylene. This left a gelatinous
material which was subsequently triturated with water to leave a filterable solid. The solid was

finally rinsed with 0.2 N DBSA and dried. A pellet of DBSA-doped PPALI that had been

previously oxidized with (NH,),S, O, (see below) had a conductivity of only 2 x 104 S/cm,

compared with 10~ S/cm from HCl-doped PPAL

Doping With Benzenedisulfonic Acid (BDSA): According to the patent literature,

polyaniline doped with this dopant remains stable at 150°C for over 48 h [48]. Therefore a 0.1 M
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solution of BDSA, acquired as its disodium salt (80%; the material also cbntained 20% sodium
sulfate) and converted to free acid using an ion exchange column, was used to dope a sample of
conventional polyaniline and a sample of ATPA-7. Following this procedure, the coqductivity
was monitored as a function of time at 150°C. The results are showh Figure 74: -The pi)lyaniline

sample had an initial conductivity of ~1 S/cm, which gradually decreased to 0.1 S/cm after 48 h at

Conductivity versus Cure Time
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Figure 74. Conductivity of BDSA-doped polyaniline and BDSA-doped ATPA-T(MK) as a
function of time at 150°C.
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e
150°C. On the other hand, the ATPA-7 sample had an initial conductivity of only 6x10 S/cm,

which gradually dropped to 10_6 S/cm after 20 h at 150°C. Thus, both BDSA-doped samples
gradually decreased in conductivity with exposure to 150°C, but to a much lesser exient than
conventional HCI-doped samples. | T

Despite its low conductivity, the BDSA-doped ATP-7 sample showed encouraging
behavior in that: (1) Its conductivity dropped only to half after 2 h at 150°C and (2) prior to
curing, the material was a highly processable gel, whereas following curing at 150°C for 2 h, the
sample became a very hard solid. Small pieces of the cured material were so hard that they were
extremely difficult to pulverize with a mortar and pestle. This behavior was in contrast to the
relative ease with which typical uncured powders could be pulverized.

In summary, the sulfonic acid dopants appeared to lower the melting point of ATPA-7
below 150°C, and in the case of benzenedisulfonic acid (BDSA) the resulting cured ATPA-7
became a hard solid. The good stability of BDSA-doped polyaniline and ATPA-7 after 2 hours at
150°C shown in Figure 74, suggest that if ATPA-7 had high enough initial conductivity (e.g., 0.1
to 1 S/cm) it could be thermally processed into a useable conducting thermoset. Thus conducting
thermosets from ATPA-7s should be feasible practical materials..

3.2.4 Additional Curing Studies _

In addition to the curing observed when monitoring the thermal stability of conductivity in
doped samples, other studies were performed focused on curing itself. Results are given below:

Curing of ATPA: ATPAs did not have visible melting points, nor did they show melting

endotherms in their DSC plots. However, the effects of curing was observed in these samples. In

a typical experiment, undoped powder was first pressed into a pellet and then the pellet was cured
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at temperatures between 150 and 180°C for several hours. Following this procedure, pellets
changed from soft powders to hard solids that were insoluble or slightly soluble in the case of
150°C cures, in NMP. Following curing of a pellet of ATPA-7, it was not possible to dope it
with 1 M HCl even after days of exposure. This led to the alterna’ti\}e dopant studies dtzscribed

above.

As is shown in Figure 75, IR spectra from KBr pellets containing a few percent ATPA-7
IR Peak Ratio versus Cure Time
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Figure 75. Curing of ATPA-7 (MK) at 150°C, as monitored by the ratio of the 3290 cm™
(acetylene peak) to the 830 cm™ IR peaks.
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-1
showed a decrease in the acetylene peak (3290 cm ) as a function of time at 150°C. The intensity
-1

of the C-H acetylene stretching peak at 3290 cm  was monitored relative to a peak with fairly

-1
constant intensity at 830 cm . The intensity ratio decreased 33% after 10 h at 150°C and 60%
after 100 h at 150°C. These results suggest that a significant number of the acetylene groups

react at 150°C.

Blends of ATPA With Low Melting AT-Schiff Base: 1:1 w/w blends of ATPA-7 with the

AT-Schiff base Thermcon 2000 (mp = 90°C) were prepared. The goal was to give ATPA a
depressed melting point so that it could be more easily cured. First, ATPA-7 and Thermcon 2000
were dissolved in NMP, then the solvent was evaporated for 4 h at 90°C to leave a (visually)
uniform thin film of polymer blend. The sample had a DSC endotherm at 175°C, followed by an
apparent curing exotherm at 225°C (lower than observed for ATPA). When doped with HCI, the
sample turned green and produced a narrow ESR line (0.24 mT), which is significant because a
narrow ESR line correlates with polyaniline being conductive. However, since polyaniline
generally loses its ESR spectrum in solution, the presence of an ESR spectrum in this sample may
also indicate an aggregation of the ATPA instead of dispersion at the molecular level.

3.2.5 Oxidation of Samples for Improved Conductivity

One reason for reduced conductivity in ATPA and COA Oligomers is incomplete
oxidation. Comparison of Figures 57 and 59 with Figure 60 indicates that samples were in lower
oxidation states than the highest-conducting emeraldine state. According to Manassen and Khalif
[38] oxidized forms of polyaniline are capable of dehydrogenating/aromatizing partially saturated

cycloalkanes. Therefore, it is possible to both aromatize and oxidize polyaniline oligomers at
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once using suitable oxidation procedures. Several samples were oxidized with O, gas. Details are

given below:

COA(MK): A solution of COA in NMP held at 50°C was oxidized by bubbling with O, for 2-3

days. As shown in Table 7, prior to oxidation the sample had a conductivity of 4)(104 S/cm,

whereas following this procedure its conductivity had increased to 2x10-2 S/em. UV-VIS

Table 7. Effect of Oxidation with O, on Conductivity of
Polyaniline Derivatives and Uncured Oligomers.

Sample* Doping* Conductivity (S/cm)
PPAI(MK)-no O, exposure 1.0 M HCI--ppt 10
PPAI(MK)-after O, exposure 1.0 M HCl--ppt 2x107
ATPA-7(MK) (sample #1) 0.1 M HCl--ppt 4x10°

--no O, exposure
ATPA-7(MK) (sample #1) 0.1 M HCl--ppt 2x10™
--after O, exposure
ATPA-7(MK) (sample #2) 0.1 M HCl--m/p 9x10”
--no O, exposure
ATPA-7(MK) (sample #2) 0.1 M HCl--m/p 10°
--after O, exposure
COAMK) --no O, exposure 0.1 M HCI--ppt 3.9x10%
COA(MK)--after O, exposure 0.1 M HCI--ppt 2.1x107

*Samples were doped either by reprecipitation fromNMP or DMF solution (ppt) or samples were
ground in a mortar while covered with the doping solution (m/p).
"MK refers to Manassen Khalif synthesis procedure.

spectra shown in Figure 76 were recorded from this sample as well as from an untreated sample.
The spectrum for the former sample showed a significant increase in the 600 nm band, which
indicated an increase in the fraction of quinoid groups. A third sample, untreated other than

having been handled in solution under ambient atmospheric conditions, produced a 600 nm peak
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Figure 76. UV-VIS spectra of COA (MK) exposed to different treatments.

that was even more intense that of the O,-bubbled sample. These results indicate thatexposure of

solutions of COA or ATPA oligomers to the atmosphere for long enough periods will result in

significant (but perhaps not optimized) oxidation.

ATPA-7 (MK): When molecular oxygen was bubbled into DMF solutions of samples of

ATPA-7 at room temperature for 6 to 22 hours, there was an increase in blue color and a

dramatic increase in the intensity of the absorption at about 600 nm. The dark blue solid obtained
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after work-up and drying gave an IR spectrum with an quinoid (1597 cm_l) to benzenoid (1505
cm-l) peak ratio of 1:2. As is shown in Figure 61(b), the UV-VIS spectrum had absorptions at
322 and 610 nm, with an intensity ratio of 3:1. As is shown in Tab1§: 7, after oxidation the
electrical conduétivity of the HC1 doped samples increased from 9)(10'5 to 1().3 Slem. -

For comparison, a dilute DMF solution of ATPA-7 reduced with phenylhydrazine is
colorless and gives the UV-VIS spectrum shown in Figure 61(c) with an absorption at 332 nm
only. After 17 hours treatment with O, the solution turns blue and the UV-VIS spectrum showed
absorptions at 325 nm and 615 nm with an intensity ratio of 3:1. There was no quinoid

absorption at 1597 cm_1 in the IR spectrum of the reduced material, only a benzene ring

absorption at 1601 cm-l.

GPC data from THF solutions of samples of ATPA-7 before and after treatment with
oxygen indicated that there was no change in molecular weight distribution as a result of
oxidation.

PPAI(MK): O, was bubbled into a stirred DMF solution of PPAI-MK for 22 h at room

temperature and the reaction mixture worked-up as above. The FIIR spectrum showed an

- -1
quinoid (1593 cm 1) to benzenoid (1497 cm ) absorption ratio of 1:2. The UV-VIS spectrum in
DMF had absorptions at 327 and 617 nm with a ratio of 2.6:1, indicating significant quinoid
content. As is shown in Table 7 the electrical conductivity of an HCI doped sample was 2 x 1().2

S/cm.

Methoxy-ATPA-7 (MeO-ATPA-7)(MK): A sample of this material was oxidized by

bubbling O, into a DMF solution maintained at 65-70°C for 19 hours. Precipitation from 1 M
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HCl solution afforded a black powder that was soluble in methanol. A dilute DMF solution was
light purple with maximum absorption at 283 and 496 nm. Acidification resulted in formation of a
pale green-black color and a bathochromic shift to 595 nm. The long-wavelength absorption at
513 nm before oxidation and at 496 nm after oxidation, suggests that the MeO-ATPA-7 has
significant pernigraniline structure. For MeO-ATPA-7 this is not surprising, since the 2-methoxy-
1,4-diaminobenzene is expected to be more easily oxidized than unsubstituted p-
phenylenediamine. The conductivity from the unoxidized sample was extremely low (< 107
S/cm).

Dianisidine ATPA-7 (DA-ATPA-7)(MK): An attempt was made to oxidize this material

by treating a DMF solution with O, at 70°C for 18 hours. It was isolated by precipitation from 1

M HCl solution. A dilute solution in DMF was colorless, and the UV-VIS spectrum was identical
to the original material. A stronger oxidizing agent such as ammonium persulfate may be able to
convert this to the emeraldine base form.

Oxidation Using Oxidants other than 02: Oxidation of PPAI(MK) with a solution of
ammonium persulfate in 1 M HCl resulted in a sample whose FTIR and UV-VIS spectra were
essentially identical to the spectra produced by PPAI(MK) oxidized with molecular oxygen.

Oxidation of ATPA-7(MK) with o-chloranil resulted in a sample whose UV-VIS spectrum
showed increased intensity in the 620 nm band, inciicating a higher oxidation state. However, the
sample may have been over-oxidized, because the conductivity actually decreased upon oxidation
from a value of 9x10”° S/cm to a value of 5x10°° S/cm.

Summary of Oxidation Studies: COA, ATPA-7, and PPAT prepared by the MK synthesis

can be effectively oxidized with O, under mild conditions. The HCl-doped samples have |

120



MDC 95P0082
30 November 1995

increased conductivity but do not reach the expected optimum of ~1 S/cm. Preliminary studies

using other oxidizing agents such as o-chloranil indicate no advantage over simple O, oxidation.

4.0 CONCLUSIONS AND ACCOMPLISHMENTS B

It is appropriate here to speculate on some of the reasons for the relatively low
conductivity exhibited by both the iodine-doped and the acid-doped thermoset polymers described
in this report.

In particular, we expected the conductivity for the aniline oligomers to be of the order of
0.1 to 1.Q S/cm, which has been reported for monodispersed COA [39]. However, the best
oligomeric samples synthesized in the present study had a conductivity of only 2x10?% S/cm. The
observed lower conductivity may be the result of (i) the presence of low molecular weight
oligomers resulting from the ‘one pot’ synthetic procedures, (ii) incomplete aromatization of the
samples, as suggested by NMR spectra that exhibit appreciable intensities in the aliphatic regions,
(iii) incomplete oxidation , as implied by UV-VIS, IR, and electrochemical data, or (iv) the
presence of other impurities, for example, Wudl [37] reportéd that premature exposure of the
reaction mixture to ambient oxygen resulted in poorly conducting samples.

More generally, we conclude that the limiting factor determining the conductiiity in doped
thermoset polymers made from acetylene-terminated monomers may be the nature of the crosslink
and that a conjugated crosslink may be a necessary but not sufficient condition for ‘easy’ charge
transport (i.e., high mobility and high conductivity). Although there is evidence to suggest that
the crosslink can have a polyene structure [6], there is also good reason to believe that several

types of intramolecular cyclization reactions can take place which lead to the crosslink structures
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shown in Figure 77 [7,8,11,12]. The substituted benzene structure is the result of a trimerization
of acetylenic end-groups [12]. The enyne structure forms as the result of a Straus coupling [9,10]
and can be the precursor to the formation of the substituted naphthalene structure [&].

Although all the structures shown as (a), (b), (c), and (d) in Figure 77 até conjugated, the

R!
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R _ (f %
R R
2
(b) ( ‘ J« \
(e) \ T T n
R R
R
© H \C_"‘-:’_——"'_ ~
R
where the monomer is either R—C==CH or C==CH

Rl
Figure 77. Possible structures of crosslinks in thermosets formed from acetylene-terminated

monomers and oligomers: (a) the polyene, (b) the substituted benzene, (c) the enyne,
(d) the substituted naphthalene, and (¢) the non-conjugated linkage.
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n-electron overlap in the polymer network may be reduced from the optimum values necessary for
extensive delocalization and high mobility, for the following three reasons: (i) Para substitution of
the acetylenic groups on the aromatic ring will provide the greatest overlap of the n-e‘lectrons on
the crosslink with those in the main chain, whereas in both Thermcdn 1000 and Thermcon 2000
the acetylenic end-groups are meta substituted. Yet, the measured conductivity values in 3T-2Ac
and 3T-2AcPh, where the end-groups were para substituted, showed no marked improvement
over those measured in Thermcon 1000 and Thermcon 2000. (ii) The overlap between the -
electrons on the main chain and those in the crosslink may be reduced if the aromatic ring
attached to the acetylene end-groups, is rotated out of the plane of either the polyene chain, or the
aromatic rings in the crosslink and (iii) The polyene chain may not lie in a plane but is twisted out
of the plane because of steric effects arising from substituents (e.g., the R and R” groups in Figure
7).

On the other hand, the presence of a sufficient number of non-conjugated crosslinks with
the structure shown in Figure 77(f ), could also explain the low conductivity. These would form
as a result of free radical branching reactions [7,10].

A summary of the accomplishments and conclusions drawn from all the results described

above follows:

e Two types of conducting AT thermosets have been developed,viz., AT-Schiff base and AT-
polythiophene thermosets, where the monomers were first cured then doped with iodine and
secondly, AT-polyanilines, where the oligomers were first doped with protonic acids then

cured.
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The mechanical properties of the thermoset are important since, to avoid fracture, it has to
accommodate the internal strains that arise from the swelling caused by the absorbed redox
dopant . N

AT-Schiff base and AT-polythiophene monomers were idemiﬁed which showed a wide
window for cure, i.e., a large temperature difference(> 30°C) between themelting temperature
for the monomer and the maximum in the exotherm, so as toensure uniform curing and the
required mechanical properties

The linescan profiles obtained using Energy Dispersive Spectroscopy (EDX) indicated that the
jodine dopant concentration was constant behind a steep front.

The iodine uptake was linearly dependent on the exposure time to the iodine vapor.

The presence of the steep fronts and the linear dependence of the iodine uptake indicated that
the iodine entered the thermoset in a non-Fickian manner, and exhibitedCase II type diffusion.
The rate of iodine uptake depended on the crosslink density in the thermoset.

The iodine penetration depths could be measured by using scanning electron microscopy of
the sample cross sections.

The iodine penetration depths were linearly dependent on the amount of iodine in the sample.
This was additional evidence that the iodine concentration behind the front was constant.
Thermosets made from phenylacetylene-terminated monomer (3T-2AcPh ) absorbed three
times more iodine than that formed from the AT-monomer, Thermcon 1000, without

fracturing.
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Bulk conductivity depended on the nature of the crosslink. Conductivity in jodine-doped
thermoset made from AT monomers which have conjugated crosslinks was ten times larger
than epoxy- or vinyl-terminated monomers having non-conjugated crosslinks.
Bulk conductivity in iodine-doped thermosets made from AT'mbnomers depended on the
nature of the backbone. Conductivity in iodine-doped CDEB was over ten times lower than
that in Thermcon 1000.

Bulk conductivity measurements in iodine-doped thermosets made from Thermcon 1000,

Thermcon 2000 and phenyleneacetylene-terminated terthiophene (3T-2AcPh) all showed the

same value at the same iodine content (¢ = 2.7x10™ S/cm).

" Microcracks in the thermosets reduced the bulk conductivity at low iodine contents.

The spin susceptibility measured by ESR provided evidence for the existence of polarons and
bipolarons in iodine-doped thermosets.

The effective g-value and the ESR hneshape parameters exhibited effects attributable to the
presence of iodine counter ions because of the large spin-orbit interactions associated with
iodine.

The spin susceptibility, the effective g-value and the lineshape parameters measured in
thermosets showed both reversible and irreversible effects as a function of iodine content.
These reversible effects could be explained in terms of a model involving equilibrium between
polymeric radical cation complexes (i.e., polarons) containing different stoichiometric amounts
of iodine.

The temperature dependence of the ESR lineshape parameters indicated localized motions

were associated with polarons in the iodine-doped thermosets
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Infrared spectra indicated that crosslinking takes place in acetylene-terminated oligomers.
Optical spectra measured in iodine doped acetylene terminated thermosets showed an
absorbance peak below the band edge which suggests polaron formation.
Photoluminescence measurements indicated that polarons beCorﬁe trapped-on the polymer
chains, resulting in increased nonradiative recombination.

Photoconductivity measurements suggested that the charge carrier mobility was low in
acetylene-terminated thermosets.

Two different methods were used to synthesize AT-polyaniline oligomers (identified as the
MHW method and the MK method).

" Demonstrated that MK method, a more convenient method for synthesis, was as effective as
the MHW for the synthesis of acetylene-terminated octamers.

Demonstrated that a one-pot synthesis using the MK approach produced aniline oligomers
having a conductivity 10 S/cm

Synthesized ATPA oligomers with methoxy-substituted aniline and meta-phenylenediamine
units and showed that these samples had low conductivity compared with non-substituteél

ATPA.

Measured the degree of oxidation of ATPAs using UV-VIS and IR spectroscopies.
Verified by IR spectroscopy that ATPAs contained acetylene, benzenoid and quinoid groups.
Used NMR to identify incomplete aromatization as a possible cause of low conductivity in

ATPAs.

Found that ATPAs have similar ESR properties to polyaniline in that both showed a large

increase (over two orders of magnitude) in spin concentrations on doping with protonic acids.
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Determined by mass spectrometry that ATPAs have a polyaniline type backbone structure.
Determined by coulometry that after synthesis ATPAs were in low oxidation states.

Inferred from gel-permeation chromatography that a broad distribution of molecular weights
was a possible cause for low conductivity. | _
Determined that elemental oxygen was the most effective oxidation reagent for increasing the
conductivity of ATPAs.

Demonstrated that the conductivity of as-synthesized ATPA could be increased a factor of 50
by mild oxidation.

Verified by IR spectroscopy that acetylene end-groups of ATPAs reacted at a cure

4 temperature of 150°C.

Demonstrated that blends of ATPAs with Thermcon 2000 could be cured to form hard solids.
Demonstrated that ATPAs could be made processible by doping with plasticizing dopants
such as camphorsulfonic acid.

The stability of BDSA-doped ATPA-7 after 2 h at 150°C, suggested that conducting
thermosets will be useable materials if the conductivities of the uncured monomers can be
increased to ~1 S/cm.

One of the possible reasons for the relatively low conductivity exhibited by the doped
thermosets was the presénce of nonconjugated crosslinks in the polymer network.

Another possible reason for the low conductivity was the reduced overlap between the 7-

electrons in the crosslink and the w-electrons in the backbone.
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