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RADIATION POLYMERIZATION OF ACETYLENE DERIVATIVES

I. SUMNARY

Exploratory research on the radiation-induced polymerization of
acetylene derivatives to produce polyene polymers with useful
properties included synthesis of acetylene derivatives, screening
monomers for radiation sensitivity, correlation of chemical
structure with sensitivity, attempts to establish optimum polymeri-
zation conditions, and characterization of the products.

Fifteen acetylene derivatives representing seven compound classes
were prepared, and five others were supplied by the Research and
Engineering Division of Monsanto Chemical Company. Eight other
syntheses were attempted unsuccessfully. A total of 48 acetylene
derivatives were screened for radiation sensitivity during the
year. Radiation yields with G values* greater than 100 were
observed with propiolic acid, G = 322; 2-butyn-l,4-dipropiolate,
G = 103; neopentylene dipropiolate, G = 177; and pentaerythritol
tetrapropiolate, G = 113. Other moderately radiation sensitive
systems include: phenylpropiolic acid, G = 73; phenylbromo-
acetylene, G = 94; 2-butyn-l,4-diacetate, G = 96 and bis-l,4-
(hydroxyethyloxy)-butyne-2, G = 57. In general, the acetylenic
monomers exhibit good radiation sensitivity, but the products
obtained appear to be of low molecular weight.

Based on the screening data, radiation sensitivity was correlated
with chemical structure. Among the functional groups affecting
radiation sensitivity, the carboxyl group appeared especially
sensitive. Presence of the hydroxyl group appeared unrelated to
radiation sensitivity. Whereas monopropiolates were only fairly
radiation-sensitive, all p2lypropiolate esters studied a ere very
radiation sensitive.

In attempts to define optimum conditions for radiation-induced
polymerization by use of radiation-sensitive acetylene derivative
models, the following variables were studied: state; dose rate;
temperature; and use of complexing agents and sensitizers. All
affected the radiation yields, but no consistent pattern emerged.

The products obtained from the above studies were mostly highly
colored fluids, indicating low molecular weights. The few solids
obtained were evaluated for electrical properties and resistivity
values ranging from 1.6xi0 5 to 10'- ohm-cm were obtained. how-
ever, the polymers differed little in electrical properties from
the corresponding monomers.

*G value = number of monomer molecules that polymeri-e

per 100 ev of radiation.

I
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II. PURPOSE

This investigation concerns the radiation-induced polymerization
of acetylene derivatives as a means of preparing high polymers
that are thermally stable and potentially useful as semiconductors.
Fulfilling this major objective includes establishing optimum
radiation conditions for polymerization or copolymerization to
high molecular weight materials, and evaluation of the products
for their mechanical, physical, thermal, hydrolytic, and semi-
conductor properties. The ultimate objective was to develop
polymeric materials that are useful in low-level nuclear radiation
detectors, infrared detectors, and solar photovoltaic converters
at temperatures'higher than the limiting temperature for present
silicon devices.

Secondary objectives included correlation of chemical structure
with radiation sensitivity and an increased understanding of
the mechanism of radiation-induced chemical reactions.

III. DISCUSSION

A. BACKGROUND The radiation-induced polymerization of acetylene
derivatives was undertaken as a means of producing polyene
polymers that might have unique and useful properties. In
general, long chain polymers with uninterrupted conjugation are
expected to be thermally stable and to have semiconducting proper-
ties which could lead to practical applications.

The development of radiation produced polymers suitable for semi-
conductor devices such as nuclear radiation detectors, IR
detectors and solar photovoltaic converters, requires the follow-
ing steps: (1) radiolytic preparation of suitable polymers;
M physical and electrical testing; and (3) selection of those
materials potentially applicable in specific devices.

In the first phase polyenes were selected as a class that could
have semiconductor properties and that could be obtained via the
radiation-induced polymerization of acetylene derivatives. Such
polyenes should have a relatively high molecular weight and high
melting point. In addition, they should be obtainable in quanti-
ties adequate for electrical tests. These criteria are quite
formidable and have consequently required most of the effort in
this study.

2
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It must be emphasized that the preparation of suitable polyenes
must be solved before the more practical testing and evaluation
phases can be undertaken. Their preparation included: (1)
screening studies to find acetylene derivatives sensitive to
radiation induced polymerization; (2) synthesis of specific
acetylene derivatives; (3) correlation of radiolytic sensitivity
with chemical structure; and (4) definition of optimum polymeri-
zation conditions to produoe polyenes suitable for semiconductor
tests. Work accomplished during this year included each of these
areas in addition to limited chemical, physical and electrical
tests on specific polymers.

B. ACETYLENIC DERIVATIVE PREPARATION Fifteen acetylenic materials
representing seven compound classes were synthesized for radiolytic
testing. Included were seven propiolate esters, prepared by
p-toluenesulfonic acid catalyzed esterification: methyl propiol-
ate, (36%); n-butyl propiolate, (73%); isobutyl propiolate, (56%);
sec-butyl propiolate, (30%); propargyl propiolate, (28%); neo-
pentylene dipropiolate, (89%); and 2-butyn-l,4-dipropiolate.

Methyl propiolate was screened as the simplest propiolate ester
and used for study of the effect of acetylene bond complexes
such as the known methyl propiolate/pyridine complex on radiation-
induced polymerization. Irradiation of complexed triple bonds
may facilitate polymerization to long chain polyenes, especially
if the resulting polyene is complexed.or is protected from further
interaction.

Isomeric butyl propiolates were prepared to correlate chemical
structure with radiation sensitivity. Propargyl propiolate was
screened as a model having an acetylenic group in both the acyl
and alkyl portions of the ester.

Neopentylene dipropiolate was prepared on a 2/3 mole scale to
allow sufficient material for study of the effect of temperature
and state on radiation polymerization.

The butyne dipropiolate was selected as an analog of neopentylene
dipropiolate which readily forms solid polymers with radiation.
Neopentylene dipropiolate polymers are highly crosslinked via the
fully saturated neopentylene group which inhibit charge transfer
between the chains. Thus replacement of the neopentylene group
with the electron-rich linear butynylene group could lead to
easier charge transfer and higher conductivity.

Phenylbromoacetylene was prepared in 11% yield by the interaction
of sodium hypobromite with phenylacetylene and phenyliodoacetylene
was prepared in 65% yield by the direct iodination of phenyl-
acetylene in liquid ammonia. These models of a disubstituted
acetylene contain a radiation-sensitive carbon-halogen bond and
should polymerize to a polyene containing no hydrogens on the
carbon chain.

3
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A third disubstituted acetylene model was diiodoacetylene, made
in a 68% yield by the direct iodination of acetylene in liquid
ammonia. This hazardous monomer, which explodes with friction
or shock, should yield a polyene containing only carbon and
iodine.

Two other acid derivatives were prepared for radiolytic screen-
ing. Acetylene dicarboxamide was prepared in 78% yield, by
conventional ammonolysis of the corresponding methyl ester.
Propiolyl chloride was synthesized in 18% yield by reaction of
propiolic acid with benzoyl chloride.

Phenylpropiolic acid and phenylpropargyl aldehyde were made to
extend the phenylacetylene series for study of the effect of
substituents on radiolytic polymerization. Phenylpropiolic acid
was made in a 2-step reaction starting with ethyl cinnamate.
Bromination to ethyl a, -dibromo- -phenylpropionate (82% yield)
and subsequent dehydrobromination and hydrolysis in ethanolic
potassium hydroxide gave phenylpropiolic acid (47% yield).
Propiolic acid polymerizes under irradiation in good yield to
low molecular weight materials. The phenylpropiolic acid was
screened to see if substitution of the acetylenic hydrogen
increases the degree of polymerization (by reduction of the
chain transfer process).

Phenylpropargyl aldehyde was made in a 4 -step synthesis begin-
ning with cinnamaldehyde. Bromination of the aldehyde (66%
yield), protection of the aldehyde group of the bromo compound
by conversion to the acetal (83% yield), and dehydrobromination
of the acetal (90% yield) gave phenylpropargyl aldehyde acetal.
Decomposition of the acetal to phenylpropargyl aldehyde gave
poor yields (6%) due to thermal polymerization of the desired
product during distillation.

C. SCREENING STUDIES Screening studies were conducted to define
the radiation sensitivity of the acetylenic bond and the scope
of such sensitivity. Results are encouraging.

Forty-eight acetylene derivatives were radiolyzed with Co-60
gamma-rays at dosages of 14 to 64 megareps (dose rate of 0.7
megarep/hr) to measure their radiation sensitivity. Monomers
used are summarized in Tables I and II and the radiation condi-
tions and results in Table III.

Most radiolyses were conducted with purified materials in pyrex
break-seal tubes under vacuum. The tubes were loaded via a
specially built vacuum line (Figure 1) and placed in a five-tube
sample holder (Figure 5) for radiolysis with a 590 curie Co-60
source (Figures 6, 7, 8, 9, and 10). These radiolyses were

4
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performed by placing the sealed Co-60 rod into the sample holder
center tube (Figure 5) which was surrounded by the five tubes
containing the glass sampll tubes. Dosimetry measurements
showed a dose rate of 7xlO rep/hr and demonstrated that equal
intensities were delivered to each tube.

The acetylenic compounds used were synthesized or selected from
those available either commercially or as research samples in
Monsanto. The sources of specific compounds are listed in
Table II along with the purification method. Most of the solid
compounds were irradiated at ambient temperatures. Liquid
samples were screened at dry ice temperatures.

After irradiation, the break-seal sample tubes were opened into
the vacuum line. No significant gaseous products were observed.
Where possible, the starting material was distilled from the
sample tube, and the residue was weighed. This residue, called
"polymer" in this report, included all materials boiling higher
than the starting compound. The polymer yield is expressed in
Table III as weight percent and as G value, the radiation yield.
This latter value is the number of monomer molecules that react
to form polymer per 100 ev of radiation.

G (polymer) = N x moles of monomer going to polymer/gm
• . Ix C

where N = Avogadro's number
I = dose in rep
C conversion factor for rep to 100 ev/gm

Table III summarizes the polymer yields and visual and physical
property changes effected by radiation. The polymer yields of
1 to 84% and radiation yields of 4 to 322 are encouraging. The
relationship between chemical and radiolytic yield is not linear
since the latter depends on molecular weight and radiation dose.
In general, radiation yields above 3 are assumed to indicate
chain reactions since an average of --33 ev is required for the
formation of a radical or an ion pair. Thus, the radiation
yields obtained indicate chain processes.

In most cases, however, the polymers obtained were heavy syrups,
indicating relatively low molecular weight.

The most radiation-sensitive system uncovered was propiolic acid
(G200). However, the product was of low molecular weight since
less than 10% was non-distillable under high vacuum. Other highly
sensitive systems observed were as follows: among the alcohols
and diols, 1-ethynylcyclohexanol (G = 32) and butyndiol (G = 40)
were the most sensitive. Among the acids, in addition to propiolic
acid, phenylpropiolic acid (G = 73) was also very sensitive and
gave a solid polymer.

5
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TABLE I

STRUCTURAL FORMVUL4AS OF ACETYLENIC

DERIVATIVES STUDIED

Name Formula

Alcohols
1-Butyn-3-ol HC!=C-CH(oH) OH3
3,5-Dimethyl-l-hexyn-3-ol HCmC-C(OH) (CH3 )CH2 CH(CH3 )2
1-Ethynylcyclohexanol HC=0C,-OH?H2  H2

CH2 PH2
C 2

3-Methyl--l-butyn-3-01 HCEC-C (OH)H 3) f2
3-Methyl-l-pentyn-3-01 HC=C-C OH (OH3) CH2CH3
Propargy. alcohol ('-propyn-3-ol) HCEC-CH2OH

Diols
2-Butyn-1,4-dio. CH2OH-CEC-CH2OH
2, 5-Dimethyl-3-hexyn-2, 5-dio. CH32 -sC(OH) (CH3, 6-Dimethyl--I-octyn-3, 6-diol C H C5O-E-( C3(C2H5:
2, 5-Dipheriyl-3-hexyn-2, 5-diol 6 CH 3 )OH-C=C6 H) (OH3)

Acids
Acetylenedicarboxylic acid HOOC-C-=C-COOH
Phenylpropiolic acid Q-C -CCOOH

Propiolic acid HC-=C-COOH

Esters
n-Butyl propiolate HC-=C-COO (CH2 )3OH3
sec-Butyl propiolate HC-=C-COOCH(CH3 ) CflCH3
iso-Butyl propiolate HCzC-COOCH2 CHT H3) 2
t-Butyl propiolate HC=C-COOC (OH3) 3
2-Butyn-1,4-dipropiolate HC-=C-COOCHAC-C-CH2 0CO-C=CH
p-Carboethoxypheiy propioJlate HC_=C-COO u(~j- COOC2H5

Dimethyl acetyl~nedicarboxylate CH3 -OCO-C=C-OOH 3
Ethyl propiolate HC=C-COOCH2OH3
Methyl propiolate HC=-C-COOCH
P-Naphthyl propiolate 

HONG-COOi

6
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TABLE I (Cont'd.-)

Name Formula

Neopentylene dipropiolate (I-C-COOCH2&CH3 )2
Fentaerythritol tetrapropiolate (HCBC-COOCH2 4C
Propargyl propiolate HC-C-COOCH2 -C=-CH

Acid Derivatives

Acetylenedicarboxamide NH2 CO-C!=C-CONH2
Acetylenedicarboxylic acid, mono-

potassium salt HOCO-CaC-COOK

N- (p-Carboethoxyphenyl)propiolamide HCEC-CONHO.- COOC2 H 5

Propiolyl chloride HCEC-COCI

Halides

5-Chloro-l--pentyne HC=C (cH2)3C1
1,4-Dichloro-2-butyne ClCH2-C-=C-CH 2 Cl
Diiodoac etylene ICECI

Phenylbromoac etylene =CB

Phenyliodoac etylene C =C1

Propargyl bromide (3-bromo-l-propyne) HC-=C-CH 2Br
Propargyl chloride (3-chloro-l-propyne) HC-=C-CH2 Cl

Hydrocarbons

Diphenylac etyl ene C 6H C C-C H
1-Dod ecyne HC=;-(CH2)q;H3
3-Methyl-3--buten-1-yne HC-=C-C (CH3?=CA2
Phenylacetylene (ethynylbenzene) HC-=C-C 6H5

Miscellaneous

Bis-1,4-(hydroxyethyloxy)butyne-2 HO(CH2 )2 -O-CH2 -C-=C-CH 2 -O-(CH2 )2 0H
2-Butyn-1,14-diacetate CH3000CH2 -CmC-CH2 -OCO-CH3
DiethylpropargyJlamine HCEC-CH2 -N(C2H5)
Ethoxyac etyl ene HC=C-O-C2H~
Phenyipropargyl aldehyde C6H5 C=C- CH
Phenylpropargyl aldehyde acetal C6H5 C=-C-CH(OC2H5 )2

7
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TABLE II

ACETYLENE DERIVATIVES USED IN
RADIATION POLYMERIZATION

System Source Purification

Alcohols

l-Butyn-3-ol Farchan Distill

3,5-Dimethyl-l-hexyn-3-ol Air Reduction Chem. Distill

1-Ethynylcyclohexanol Air Reduction Chem. Distill

3-Methyl-l-butyn-3-ol Air Reduction Chem. Distill

3-Methyl-l-pentyn-3-ol Air Reduction Chem. Distill

Propargyl alcohol Matheson Coleman & Bell Distill

Diols

2-Butyn-l,4-diol General Aniline & Film Distill

2,5-Dimethyl-3-hexyn-2,5-diol Air Reduction Chem. None

3,6 -Dimethyl-4-octyn-3,6-diol Air Reduction Chem. None

2,5-Diphenyl-3-hexyn-2,5-diol Air Reduction Chem. Distill

Acids

Acetylenedicarboxylic acid Aldrich Chem. None
Acetylene dicarboxylic acid, Aldrich Chem. Dried over H2S04

anhyd.

Phenylpropiolic acid Synthesized Distill

Propiolic acid Aldrich Chem. Distill

Esters

n-Butyl propiolate Synthesized Distill

sec-Butyl propiolate Synthesized Distill

iso-Butyl propiolate Synthesized Distill

2-Butyn-l,4-dipropiolate Synthesized Distill

p-Carboethoxyphenyl propiolate Monsanto, R&E None

Dimethyl acetylenedicarboxylate Matheson Coleman & Bell Distill

8
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TABLE II (Cont'd.)

System Source Purification

Ethyl propiolate Farchan Distill

Methyl propiolate Synthesized Distill

P-Naphthyl propiolate Monsanto, R&E None

Neopentylene dipropiolate Monsanto, R&E Distill
synthesized recrystallized

Pentaerythritol tetrapropiolate Monsanto, R&E None

Propargyl propiolate Synthesized Distill

Acid Derivatives

Acetylenedicarboxamide Synthesized Dried over H2 SO4

Acetylenedicarboxylic acid, Aldrich Chem. None
monopotassium salt

Acetylenedicarboxylic acid, Aldrich Chem. Dried over H2 S04
monopotassium salt, anhyd.

N-(p-Carboethoxyphenyl)propiol- Monsanto, R&E None
amide

Propiolyl chloride Synthesized Distill

Halides

5-Chloro-l-pentyne Farchan Distill

1,4-Dichloro-2-butyne General Aniline & Film Distill

Diiodoacetylene Synthesized Distill

Phenylbromoacetylene Synthesized Distill

Phenyliodoacetylene Synthesized Distill

Propargyl bromide Matheson Coleman & Bell Distill

Propargyl chloride Aldrich Chem. Distill

Hydrocarbons

Diphenylacetylene Matheson Coleman & Bell None

1-Dodecyne Farchan Distill

3-Methyl-3-buten-l-yne Matheson Coleman & Bell Distill

Phenylacetylene Matheson Coleman & Bell Distill

9
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TABLE II (Cont'd.)

System Source Purification

Misc ellaneous

Bis-1,4-hydroxyethyloxy)butyne-2 General Aniline & Film Distill
2-Butyn-1,4-diacetate General Aniline & Film Distill

Diethylpropargylamide Peninsular Chem. Distill

Ethoxyacetylene Pfister Chem. Distill

Phenyipropargyl aldehyde Synthesized Distill
Fhenylpropargyl aldehyde acetal Synthesized Distill

10
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Radiation yields were not determined for acetylenedicarboxylic
acid, a heat-sensitive solid monomer, since the monomer could
not be distilled from the reaction mixture to determine the
polymer formed. Other separation methods tried were also unsuccessful

Among esters there was generally fair radiation sensitivity
with the monofunctional monomers and very high sensitivity among
the polyfunctional monomers. Both neopentylene dipropiolate and
pentaerythritol tetrapropiolate polymerized completely to
infusible solids. A third polypropiolate, butyne dipropiolate,
gave a 50% yield with G = 100. A similar monomer but containing
only one double bond, butyne diacetate, gave similar results,
G = 100. While the dipropiolate gave solid products, the
diacetate yielded an oil. Among the halides, phenylbromoacetylene
was the most sensitive (G = 94); propargyl chloride was second
(a = 34).

In addition to the acetylenic derivatives borazole was radiolyzed
in an attempt to form a dihydroborazole polymer which could be
dehydrogenated to a polyborazole, a completely conjugated system.
A radiation yield of G = 10 for polymer formation at ambient
temperature indicated poor radiation sensitivity under the con-
ditions used. A similar radiolysis with borazole containing
11.8% polymer indicated that radiation depolymerized the
initial polymer.

D. CHEMICAL STRUCTURE CORRELATIONS The screening program pro-
vided data which were used in studies designed to relate radiation
sensitivity to chemical structure.

Six commercial acetylenic alcohols and four diols were radiolyzed
to study the effect of structure modifications on polymerization.
So far, changes in the hydrocarbon structure of these materials
has not provided any strong leads. As summarized in Table IV,
radiation yields were low. The polymers formed were of low
molecular weight.

Structure/sensitivity studies on the propiolates are summarized
in Table V. The monopropiolates gave only fair yields, while
all of the polyfunctional propiolates appeared very sensitive.
Propiolic acid is included for comparison.

The two acetylenic acids, shown below in Table VI whose polymer
analyses were determined, were very sensitive, indicating that
the carboxylic acid group is a sensitizing group.
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TABLE IV

STRUCTURE/SENSITIVITY STUDIES FOR ACETYLENIC ALCOHOLS

HC- C-OHPo 
y e

Formula Dose*,
Run System R p megarep Yield Value

218 Propargyl alcohol -H -H 29 2 14

1905 1-Butyn-3-ol -H -OH3  30 2 9

241 3-Methyl-1-butyn-3-J. -CH3  -OH3  28 5 20

4902 3-Methyl-1-pentyn-3-ol -CH3  -C2H5  30 5 20

240 3,5-Dimethyl-l-hexyn-3-o1 -CH 3  -iso-C4H9  28 6 18

3448 1-Ethynylcyclohexanol -Pentamethylene- 27 9 32

HO- -2 C--2OH

Formula

219 2-Butyn-1,4-diol -H -H 29 9 40

3440 2,5-Dimethyl-3-hexyn-2,5-diol -OH3  -OH3  46 3 6

3441 3,6-Dimethyl-4-octyn-3,6-diol -OH 3  -C2 H 5  46 3 4

243 2,5-Diphenyl-3-hexyn-2,5-diol -OH 3  -06H5  48 11 10

*Radiolyzed with y-rays in the solid state.
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TABLE VI

STRUCTURE/SENSITIVITY STUDIES FOR
ACETYLENIC ACIDS

Polymer
% G

Run System Formula Yield Value

232 Propiolic acid H-C-C-COOH 35 204
3444 Phenylpropiolic acid O-C_=C-COOH 43 73

A comparison of the substituted phenylacetylenes shown below in
Table VII offers the most striking differences. Between the two
halogen substituted phenylacetylenes, phenylbromoacetylene gave
a G of 94 while phenyliodoacetylene irradiated under similar
conditions gave a G of only 4.

TABLE VII

STRUCTURE/SENSITIVITY STUDIES FOR

SUBSTITUTED PHENYLACETYLENES

0C-C-R Polymer

Formula G

Run System *R Yield Value

1933 Phenylbromoacetylene -Br 45 94
3444 Phenylpropiolic acid -COOH 43 73
4921 Phenylpropargyl aldehyde -CHO 12 33
224 Phenylacetylene -H 3 11

4923 Phenylpropargylaldehyde acetal -CH(OC2 H5 )2  3 5
4934 Phenyliodoacetylene -I 3 4
214 Diphenylacetylene - 1 4

All of the substituted phenylacetylenes in Table VII were
irradiated in the solid state for comparison purposes and with
the thesis that ionic reactions would be predominate. As
mentioned later, phenylacetylene may be easily polymerized to
a solid by heat at 1400C even though it exhibits little tendency
to polymerize at room temperature or below.

A more detailed investigation, which would include product
identification, would be desirable and should throw light on
the mechanism of radiation-induced acetylenic polymerizations.
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E. IRRADIATION CONDITIONS Radiolytic polymerization processes
have been shown to be dependent on such variables as temperature,
state, dose, dose rate, purity, solvents, complexes, sensitizers,
etc. It is possible that conditions can be found which favor
acetylene derivative radiolytic polymerization to form long chain
polyenes in reasonable yields. The problem is somewhat complexed
by the fact that radiation yield and high molecular weight
polymer formation are not synonomous. The latter is considered
necessary in polyenes suitable for semiconductor use.

Neopentylene dipropiolate and propiolic acid, both sensitive to
radiolytic polymerization, were studied as models to define
optimum conditions for radiolytic polymerization to high molecular
weight materials. With them, appreciable and measurable changes
could be observed when controlling parameters were varied.

Our studies showed that polymerization of neopentylene dipropio-
late is sensitive to temperature and state. A post-irradiation
effect was also observed. These results and additional data are
summarized below in Table VIII.

These data show the following trends.

1. Higher radiation yields are obtained by irradiating neo-
pentylene dipropiolate solidified from the melt rather than
material recrystallized from hexane.

2. A strong post-irradiation effect was observed in Run 1930:
the product was fluid immediately after irradiation but
further polymerized to a hard glass on standing at ambient
temperatures for 24 hours. Run 3404 defines the yield
under similar conditions, but the product was evaluated
before post-irradiation effects could take place.

3. Dose rate had no appreciable effect on the radiolysis over
the range of 0.7 to 3,700 megarep/hr.

4. Both temperature and state of the material during radiolysis
seemed to affect the products and the yields. Runs made in
the solid state yielded orange crystalline-like solids while
those run in the melt yielded dark-brown glasses. The G
values of the latter were undoubtedly conservative since
the polymer yield was 95% or better. This follows since
incremental radiation yields decrease with increasing con-
version due to dilution of the reactants.

5. The monomer is thermally stable up to 900C. It could not
be polymerized with heat at 500 C (Just below its melting
point), in the liquid state at 70'C, or by peroxide-
initiation at 900 C.
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Propiolic acid, the most radiation sensitive material found in
this study was examined under a number of conditions in an
effort to increase the polymer'molecular weight to form solid
materials. The data are summarized in Table IX.

The wide range of radiation yields observed at low temperature
indicates the sensitivity of the radiation-induced polymeri-
zation of propiolic acid to the irradiation conditions. Among
the variables we consider important but have not yet completely
defined are: purity; temperature profile during the irradiation;
post-irradiation effects; and solid structure. The latter may
be influenced by monomer purity and the method of freezing.

Some of the variables important in propiolic acid radiolysis
were defined quite well, however.

Thus, irradiation at a high dose rate (3.7x109 rep/hr) with
2 Mev Van de Graaff electrons greatly reduced the polymer
radiation yield to 25 from over 300 for the Co-60 gamma irradi-
ated runs (7xl05 rep/hr). This reduction was anticipated since
radiation yields for chain reactions are dose-rate dependent.
The product formed at this high dose rate was predominantly a
black solid in contrast to the low molecular weight polymer
obtained from gamma-radiolysis at low dose rate.

Irradiation to low doses with gamma-rays also greatly reduced
the radiation yields and suggests an induction period. This is
shown in the comparison (Table IX) of -780C radiolytic polymeri-
zations at 15 and 28 megarep doses. At the lower dose the G
value was 31 vs. G values of 136 to 322 at the higher doses.
Irradiations in the liquid phase were significantly lower than
those observed in the solid phase,and these liquid phase
radiolyses seem to be temperature independent from 20 to 1000C.

Significant thermal polymerization begins at 1000C and is not
greatly enhanced by benzoyl peroxide. The thermally produced
polymer is similar in appearance to that produced by radiolyses.

Also summarized in Table IX are a series of studies in which
other materials were radiolyzed with propiolic acid. In these
runs the radiation yields were based on.acid-base titration
values of the isolated polymer and of the recovered starting
materials. In most runs a fair material balance was observed.
Since some decarboxylation or carboxy group interactions may
take place, these values should be considered tentative. The
chemical yields obtained in these systems may be conservative
since during the distillation of the higher boiling monomer
some adducts of the lower boiling monomer may distill.

20

0 MONSANTO RESEARCH CORPORATION 0



0 4, 4
r-, 4-) 4-) H d ( 0 _C-r

-2 Hd 4- 11 C6IQ

10) 0) 4,) cy)H C41 I ZV $ ) )
z 0o 0 - Z H(P( a)0c 34 o 4 rl
0o - p p1 I0) ".H 10H 0 0)0 45

02 cl A, 4 94 0 04 1 LI-( (c,0 wov -4 4)
('2 qHN.H'. kD 02 P2( 4 0V' gP-co P0 m

p) H0orm m MHHN 0) (P-1 '4II '-<IDF40 10n0
0)- ) r ) ri C OH jI ,H bQ 4 -4 ) H I q

"i bDi co H m H r-Ci r4- 0 ) )0 4 4 R0)11 1
-E) - ;401 I J~ EcQc~ ) H 4~ F a0

HdC d C)aC -*,10d OVO- 0 1 . U ) 4-) C 0,0p H

0 .) - 0 E5 U0 * - - ( . 0 0- 4

H Ho 0 aE P4 E-i OCd3 C C04 V' M Z)00H00H

0 0

W~ N4Y Hn H H H- H- -

PL4 nn LCuL CU-Tcy)D cMj -,r n --:r0 - q 0HHH HH'04co t'- '10 00K ;; ) ;CMi (- i ~H r- -~ ~ nH JCM;H n(Y-l

0 .( -q~ ~ ~ ~ ~ ~ ~~~~~a a)p00 0ML) -tnmo oo0000m~m0 '
H 4, 02C~ CM '0 l CjNri()ri0 Qc~ f nc)C QNnN N :

o4 00OYLC C

PC () m cn_.r cy) cY)NCM 0 0 C ~mCMn n my~ co GD CM

0 94 Lfl 0 r nn -3 LC\ LC\ --t M M 0 0 --4- -tODC -4-LC) f',C \D kG VC 0
Pa t- t- L- -L-- '- t"- HHO'-i 0 0 - , l L- -- i CM C M N C\JZ4 HEi I I I II I I H- H- I1 11 IH -

0
H -q 0

- -- '-kD cOH r-1 -

H M a~j~) CMO'm -: 'N.. 'N.m - -)P4 () H- -r-4

0) H LOn N0V .) H
* V LC) 0)a) %-qC7\G~N .- 0) 0oN V ) 0 a
E5 V4 z H-'4.-H 4 z-
0) XD O ' 0 "-P - 4,) 0 0H
4,0 t0 Q) r-I4.) F-4W 0 ) -r-4 H- H- 0

0H 4.-)4,Q 0 0,r ) 0 4, 4,
H H0 P4) CtjHiZ c: H- H 0 0)

H L - u H ;4 , 4) C )U U
> Cd Z: 0- V C)4,- 0 0 H-

0 4-- P0 3 ) Q0 rH ra) Cd v >
0) 4- Z a > 0 z

S ,4,) ) )Q4C)Z ( -Hr Hq .-H 0
0) I Cd U 4 -H (D W43Cd0 0 -r4 P4

CMH H 'Dcj nm n D un n --T I 0~ Ot'CC CoT )r 0 o H.. C\' m 4 zt CM
;5 C\j m G)om 0)-- m c)a m~ m~ mCO' ON~ 0)-: m CC)) n

21

0 MONSANTO RESEARCH CORPORATION 0



The most striking differences are noted in the low temperature
runs. Diphenylacetylene, itself a comparatively radiation-stable
monomer, effectively stabilizes the sensitive propiolic acid.
The polymer produced had only 3% titratable propiolic acid. On
the other hand, water and sec-butyl propiolate both form sensi-
tive systems with propiolic acid. Finally, acetonitrile,
phenylacetylene, t-butanol, ethyl ether, and maleic anhydride
form only moderately sensitive systems with propiolic acid.
Among these later systems 1:1 interactions of propiolic acid
with the second component was observed. With water, acetonitrile
and t-butanol this 1:1 interaction appears to be the only reaction
taking place. These 1:1 interactions could result from addition
of a reactive hydrogen to the acetylene bond. In these cases
the specific products were not defined. Theycould exist as 1:1
adducts or polymers thereof.

Since the polymerization was believed to be ionic, a high di-
electric solvent, such as water, could improve the process. This
should occur by solvation of electrons formed during ionization
which would impede neutralization. Thus the positively ionized
acetylene would have a longer life and enhance the polymerization.
On the other hand, use of a solvent dilutes the energy absorbed
by the acetylene thus lowering radiation yields. As mentioned
above the results indicate a water-propiolic acid interaction,
but still involving a chain process rather than homopolymeri-
zation of the propiolic acid.

Acetonitrile, a molecule which may react by dissociative capture
with an electron, could trap electrons formed from the ionization
of propiolic acid, thus increase the lifetime and probability of
polymerization initiation by the positively ionized acetylene.
In the acetonitrile/propiolic acid system, G values for the dis-
appearance of both components were similar and indicated an equal
molar interaction.

Benzoquinone, a free radical inhibitor, should lower the radiation
yield of free radical reactions. This was not observed. Maleic
anhydride is a well-known comonomer in free radical reactions and
also is very reactive with diene systems. It was hoped that the
maleic anhydride would react with the growing conjugated chain
via a Diels-Alder addition. This could promote chain growth via
reduction of termination via cyclization. Then a thermally
induced reverse Diels-Alder would cleave maleic anhydride from
the polymer molecule and produce the desired long chain polyene.
Unlike all other propiolic acid runs, the maleic anhydride
propiolic acid system gave all solid polymer with a 62% maleic
anhydride content. The propiolic acid-maleic anhydride reaction
product was evaluated but sufficient time was not available for
the planned reverse Diels-Alder experiment.
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Grafting of propiolic acid to high density polyethylene (ZPE)
and polyacrylonitrile (PAN) was attempted, to see if this
technique would favor formation of a long chain polyene. In
this case removal of the growing polymer from the reaction
mixture could reduce chain termination. In both cases low
molecular weight polymer predominated.

With polyethylene, despite the fact that the latter was not
well-wetted by the propiolic acid, 8% of the propiolic acid
was converted to polymer, of which 25% (2% of original acid)
was bonded to the polyethylene. In contrast with polyacrylo-
nitrile, which was swollen by the propiolic acid, 16% of the
propiolic acid was converted to polymer of which only 2%
(0.3% of original acid) was bonded to the polyacrylonitrile.

At 1200C, the propiolic acid/phenylacetylene system was
radiation-sensitive. Part of this sensitization was due to a
thermal reaction, since phenylacetylene, as was found later in
this study, is quite thermally sensitive, completely polymeriz-
ing in 48 hrs at 140 0 C.

With the exception of the maleic anhydride/propiolic acid
system, all other propiolic acid systems attempted (Table IX)
failed to show large increases in polymer molecular weight,
compared to homopolymerization of the acid.

Unlike propiolic acid, the radiation-induced polymerization of
diphenylacetylene (Table III) does not appear to be sensitive
to changes in state or in dose rate. In each case the radiation
yields are quite low..

Phenylacetylene (Table III), also generally insensitive to dose
rate and phase changes, is quite thermally sensitive above 1000C.
The products from this system are solids, and from solubility
data appear to be of low molecular weight. The thermally pro-
duced polymer is similar to that formed under radiolysis.

The effect of acetylene complexing agents on the radiolytic
polymerization of acetylene derivatives was investigated using
the methyl propiolate/pyridine system. Such complexes could*
favorably direct the polymerization by affecting the initiation
and propagation steps. In addition, the type of polymer formed
could be altered by changes in side reactions. Specifically,
retention of the complex at the unsaturated bonds of the polyene
could prevent their further reaction, and favor retention of
conjugation in the chain.

Radiolysis of methyl propiolate and methyl propiolate/pyridine
complexes (J. Chem. Soc. 1961, 3497) in 1:1 and 2:1 ratios were
conducted for comparison, as summarized in Table X.
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TABLE X

LOW TEMPERATURE RADIOLYSIS OF METHYL
PROPIOLATE/PYRIDINE COMPLEXES

Dose, Polymer
Run System* megarep 0 G Value

4901 MP 29.7 3.7 20
3442 MP/Py (1:1) 27.2 5.2** 14
3443 MP/Py (2:1) 27.2 lO.3*** 10

*MP = methyl propiolate; MP/Py = methyl propiolate/

pyridine
**Corrected for 17.3% solids formed in absence of

radiation
***Corrected for 19.2% solids formed in absence of

radiation

In general, irradiation conditions seem important but no con-
sistent pattern has emerged. The dose rate, important with
propiolic acid, has no effect with neopentylene dipropiolate.
Temperature and state affect neopentylene dipropiolate, but
similar large differences with P-naphthyl propiolate are not
evident. Solvent effects with propiolic acid were inconclusive.
Complexes may be very important for specificity and radiation
sensitivity.

F. CHEMICAL AND PHYSICAL PROPERTIES Very little work has been
undertaken in this area since most of the products obtained have
been oils. The thermal stability of neopentylene dipropiolate
polymer, a high molecular weight, infusible, and insoluble
material, was briefly studied. The glass-like material obtained
by irradiating at 150 0 C was heated at 4000 C for 5 hr under high
vacuum. Over the interval, a considerable amount of volatile
material distilled and the continued poor vacuum indicated
extensive decomposition. Heating at 300 to 350 0 C for short
intervals caused little decomposition.

Some attempts were made to distill the irradiated products under
high vacuum and at moderate temperatures, so as to measure the
higher boilers (residue). The data are summarized in Table XI.

As shown, only small amounts of materials were obtained as high
boilers in most systems where monofunctional acetylenic derivatives
were studied. Phenylpropiolic acid polymer was an exception, giving
85% high polymer. In all polypropiolate monomers, i.e. where the
monomer had 2 or more acetylene groups, infusible solids were
obtained, indicating high molecular weight materials.
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TABLE XI

DISTILLATION OF CERTAIN ACETYLENIC DERIVATIVES

Polymer % Non-volatiles
%1 G in the Polymer

Run System Yield Value 1000C 150 0 C 2000C

218 Propargyl alcohol 2 14 15

1912 Propargyl chloride 3 18 77

1911 Propiolic acid 55 322 10

7364 Propiolic acid/benzoquinone 16 91 35

1921 Propiolic acid/t-butanol 11 32 31

3444 Phenylpropiolic acid 43 73 85 11

219 2-Butyn-1,4-diol 9 40 2

1933 Phenylbromoacetylene 45 94

4947 Diphenyl acetylene 18 10 1

4905 2-Butyn-1,4-dipropiolate 51 103 97

4912 2-Butyn-1,4-diacetate 78 96 21 18

4914 Bis-l,4-(hydroxyethyloxy)- 21 57 50
butyne-2
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G. ELECTRICAL PROPERTIES Data on the electrical properties of
the acetylenic monomers and their radiation-produced polymers,
are summarized in Table XII. Properties measured included
resistivity at ambient temperatures, resistivity as a function
of temperature, and thermoelectric power.

For resistivity at room temperature, resistance was measured
using rectangular pellets or powders. The values, dependent on
the sample size, were normalized by use of the following
relationship:

RAeT =

where eQ is resistivity of the material at temperature T, R is
measures sample resistance (ohms), A is sample cross-sectional
area (in sq cm) measured perpendicular to the flow of current
and L is sample length (in cm) or the distance between the
electrical Junctions. The resistivities of known organic
semiconductors lie between 10 and 1019 ohm-cm.

Almost without exception in semiconductors, it is found that
the resistivity, e, has a negative temperature coefficient and
a linear relationship between lne and l/T which can be expressed
as follows:

6 = eo exp (E/2kT).

is the measured resistivity at a given temperature (ohm-cm),
0 is obtained by extrapolating the resistivity when l/T = 0

which is characteristic of a given material, E is the energy
gap in electron volts, k is Boltzmann constant and T the
temperature in OK. The factor of two, used in this expression,
is commonly employed in organic semiconductor studies. The
resulting energy term E, obtained from the band theory, is the
energy gap. This is usually related to the energy of production
of charge carriers and is 1/2 the activation energy, E. The
slope of log e vs. l/T is proportional to E, and values of 0.1
to 3 are common in organic materials.

It was recommended that electrical properties for evaluating
polyenes be the same as those used for evaluating semiconductors
such as silicon. Examination of the measurements normally made
on semiconductors suggests that best comparisons should be done
initially with resistivity and associated temperature coefficients.
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As shown in Table XII electrical resistivity was the chief
property determined. Other properties, such as resistivity as
a function of temperature, Seebeck effect, photoconductivity,
etc. were not measured on all samples, since the resistivity
values found were too large to warrant these additional measure-
ments. Resistivity vs. temperature measurements on monomeric
and polymeric neopentylene dipropiolate showed a negative
temperature coefficient with an energy gap of 0.634 ev for the
monomer. No temperature coefficient was observed with the
polymer. Attempts to measure a thermoelectric emf, or Seebeck
effect, on neopentylene dipropiolate before and after irradi-
ation at high temperature have failed with no thermal emf
detected.

In this study a tentative goal of 103 ohm-cm was set for resis-
tivity ylues. Actual values obtained ranged from l.6x10 5 to
1.18x10 ±- ohm-cm. Sufficient solid samples were not obtained
to permit detailed definition of those structures which would
lead to resistivities equal or lower than the desired goal.
However the following important patterns are evident from the
results in Table XII:

I. The resistivity is highly dependent on the state of the
material. Neopentylene dipropiolate monomer pellet pre-
pared from fused material had resistivity values l0 fold
lower than pellets prepared from small crystals. Similarly,
poly iiodoacetylene in a large mass gave resistivity values
3xlO fold smaller than those of a powdered sample.

2. Resistivity values of certain monomeric acetylene deriva-
tives are strikingly low for organic materials, e.g.,
phenylpropiolic acid and acetylenedicarboxylic acid.

3. Polymerization of the acetylene derivatives does not lead
to appreciable changes in resistivity values; e.g.,
acetylenedicarboxylic acid, acetylenedicarboxylic acid
monopotassium salt, neopentylene dipropiolate, and phenyl-
propiolic acid.

4. Resistivity values of polymers of acetylenedicarboxylic
acid, diiodoacetylene, phenylpropiolic acid and methyl
propiolate/pyridine complexes ranged from lO5 to 10o
ohm-cm and are considerably lower than polymers from
polypropiolates, phenylacetylene, diphenylacetylene and
acetylenedicarboxamide.

These results suggest the following potentially fruitful areas
for obtaining polymers of low electrical resistivity: phenyl-
acetylene polymers with carboxyl substituents on the phenyl
group and polymers from diethynyl aromatics. Modifications of
the former type by operation on the carboxyl group of the formed
polymer could lead to selection rules for improving resistivity.
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Various polyvalent metals appear to be good possibilities. With
diethynyl aromatics, the polyfunctional monomers could lead to
cross-linked high melting solid materials with large uninterrupted
conjugation. These would contrast with the polypropiolate
polymers which also cross-link to high melting solids but whose
conjugation is interrupted by the non-conjugatgd alkyl portion
of the molecule. The resistivity values of 10 to 1010 for these
polypropiolates suggests that substantial resistivity reductions
may be possible by use of completely conjugated groups connecting
the acetylene functions.

IV. EXPERIMENTAL

A. CHEMICAL SYNTHESIS

1. Butyl Propiolate To a 500-ml flask was charged 100 ml
benzene, 14.0 g (0.2 mole) of previously distilled propiolic
acid, 16.6 g (0.22 mole) of n-butanol and 0.1 g p-toluenesulfonic
acid. The flask, equipped with a stirrer, Dean-Stark trap, and
condenser, permitted water removal azeotropically. Refluxing
15 hr gave 2.8 ml water, indicating a 74% yield. After washing
the reaction mixture with water and distilling the solvent
benzene, further distillation yielded 18.3 g (73%) n-butyl
propiolate, n = 1.4211.

Isomeric butyl and other propiolates were also made by this
procedure and are listed below:

Compound Yield B.P. °C mmHg

sec-Butyl propiolate 30 1.4220 25 0.05
iso-Butyl propiolate 56 1.4170 25 0.05
Propargyl propiolate 28 1.4445 55-56 7.60
Methyl propiolate 36 1.4742 31 0.65
2-Butyne-l,4-dipropiolate 14 110-120 0.05

2. Neopentylene Dipropiolate This material was prepared on
a large scale (0.75 mole) by a procedure similar to that des-
cribed above. To l10-ml benzene was added 78 g (0.75 mole) of
2,2-dimethyl-l,3-propanediol, 100 g (1.43 mole) of propiolic
acid and 1 g of p-toluenesulfonic acid. The 25 ml water obtained
indicated a 97% yield. After the benzene solution was water-
washed, distillation gave 134 g (89%) neopentylene dipropiolate.
(Previous Monsanto experience has shown that extreme caution is
required in the large-scale distillation of pure propiolate esters,
since violent explosions may occur.) The product was further
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purified by two recrystallizations from n-hexane to produce white
needles, m.p. 61-62°C. Numerous distillations of pure material
on a 1-2 g scale under high vacuum have been conducted with no
explosions.

3. Phenylbromoacetylene Using the procedure of Truce, et al.,
J. Am. Chem. Soc. 78, 2760 (1956), phenylacetylene (10 g, 0.098
mole) was slowly added to a sodium hypobromite solution formed
by the slow addition of 160 g (1 mole) bromine to 120 g (3 mole)
sodium hydroxide in 250 ml water. After stirring for two hours,
the mixture was extracted with ether, the ether layer was dried
with MgS04, and distilled to yield ' g (11%) of phenylbromo-
acetylene, b.p. 49-52OC/4 mm, and n;5 1.6045.

4. Phenyliodoacetylene To a 1000-ml 3-neck flask equipped
with a mechanical stirrer and a dry ice condenser was added 25 g
(0.1 mole) of iodine. After cooling the flask in a liquid
ammonia bath, 500 ml of liquid ammonia was quickly added to the
flask with vigorous stirring. To this stirred solution was added
dropwise 21 g (0.2 mole) of phenylacetylene in 25 ml of ethyl
ether. The ammonia solution, dark green and containing solids,
after 2 1/2 hr became clear-yellow. The cooling bath was removed
and the solution was allowed to evaporate to about 50 ml. This
solution was poured into a mixture of 200 ml water and 200 g of
ice. The product separated as a red oil. This red oil was
washed with 100 ml of 15% sodium thiosulfate solution and then
w;h water. The crude yield of oil was 30.4 g (0.13 mole), 65%,
nju = 1.5992. A small quantity was purified via distillation
and gage a yellow liquid, b.p. 80-90°C/0.1 mm, nE5.5 1.6324
(lit n 5 = 1.6591).

5. Phenylpropiolic Acid Using the procedure of Abbott and
Althansen, Org. Synthesis, Coll. Vol. II, page 270, and Abbott,
Org. Synthesis, Coll. Vol. II, page 515, phenylpropiolic acid
was prepared starting with ethyl cinnamate. One mole, 159.8 g,
of bromine was added in small portions with stirring to a cooled
solution of 176.2 g (I mole) of ethyl cinnamate in 100 ml carbon
tetrachloride. After standing one hour, part of the carbon
tetrachloride was evaporated to precipitate ethyl a,p-dibromo-
P-phenylpropionate, which after air-drying, weighed 276.6 g
(82% yield). The dibromo ester, 252 g (0.75 mole) was dehydro-
brominated and hydrolyzed with hot alcoholic potassium hydroxide
(189 g KOH in 900 ml of 95% ethanol) for 5 hr. After neutraliz-
ing the solution with concentrated hydrochloric acid and filter-
ing the precipitated salts, the ethanol was removed by distil-
lation. The distillation residue and accompanying precipitated
salts were dissolved in 800 ml water, cooled with ice, and
acidified with excess 20% sulfuric acid. The precipitated
phenylpropiolic acid was filtered with suction. Purification was
effected by treating an alkaline solution with decolorizing
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carbon, precipitating the acid with sulfuric acid, and recrys-
tallizing the phenylpropiolic acid from carbon tetrachloride.
The yield of white needles was 27 g (25%). An additional 24 g
(22%) was obtained from the mother liquor.

6. .Propiolyl Chloride Propiolic acid, 70 g (1.0 mole), and
281 g (2.0 mole) benzoyl chloride was charged to a 500-ml flask
containing a thermowell. The flask was quickly attached to an
8-inch Vigreux column and distillation head fitted with a calcium
chloride drying tube. The flask was heated rapidly until dis-
tillation began (-30'C head temperature), and then the heat was
reduced to a minimum consistent with steady distillation. Flask
temperature was not allowed to exceed 2000 C. The distillate
collected was immediately redistilled through the same column
yielding 16.7 g (18.4%) of propiolyl chloride, a colorless
liquid, b.p. 55-560 C; nB5 1.4191. Propiolyl chloride is highly
volatile, lachrymatory and potentially explosive. It is stable
up to several weeks when stored at -l0OC.

7. Acetylenedicarboxamide Using the procedure of Blomquist
and Wilson, J.. Org. Chem. 10, 149 (1945), acetylenedicarboxamide
was prepared by the careful addition of 20 g dimethyl acetylenedi-
carboxylate (0.14 mole) to a vigorously stirred 80 cc of concen-
trated ammonia solution cooled at -10C. Stirring was continued
for one hour longer. The precipitated amide was filtered,
washed with 20 ml ethanol and dried 7 days in a vacuum desiccator.
A 12.5 g (78%) yield of the dry amide, m.p. 196-2050 C, was
obtained.

8. Diiodoacetylene An attempt to prepare diiodoacetylene by
the method of Dehn, J. Am. Chem. Soc. 33, 1598 (1911), failed.
The method consists of adding a sodium hypochlorite solution and
acetylene to a potassium iodide solution. (Air must be rigidly
excluded since even traces will ignite the dichloroacetylene
by-product which forms on the dropping funnel containing the
hypochlorite solution.)

The method of Vaughn and Nieuwland, J. Am. Chem. Soc. 54, 787
(1932), was successful. Liquid ammonia 750 ml, was added as
rapidly as possible to 100 g (0.79 moles iodine in a cooled
2-liter flask equipped with a stirrer and a dry ice reflux
condenser. The reaction was quite violent and some iodine
vapor was lost. Acetylene was then bubbled rapidly into the
solution. A 4-8 mm glass tube was used for the acetylene inlet
to prevent clogging at the inlet. After 2-1/2 hr the solution
cleared, indicating the end of the reaction. The flask was
heated on a steam bath to evaporate the ammonia to a volume of
150 ml.
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The addition of 500 ml of water precipitated diiodoacetylene,
which was filtered with suction and pressed dry with a sheet of
rubber. The moist diiodoacetylene was dissolved in 300 ml
n-hexane, the solution was dried over calcium chloride, decanted,
cooled with dry ice and the crystallized diiodoacetylene was
filtered through a cold funnel. A 30 g (54%) yield of dried
white crystals, m.p. 77-79.50 C, was obtained. An additional
8 g (14%) of product was obtained by crystallization from the
mother liquor. Diiodoacetylene sublimes under vacuum and will
explode on impact or friction. In a sealed tube the diiodo-
acetylene exploded at 1100C, yielding what appeared to be
iodine and carbon.

9. Phenylpropargyl Aldehyde Using the procedure of Allen
and Edens, Org. Synthesis, Coll. Vol. III, page 731, phenyl-
propargyl aldehyde was prepared starting with cinnamaldehyde.
A solution of 44 g (0.33 mole) of cinnamaldehyde in 167 ml of
acetic acid was charged to a 500-ml flask equipped with a reflux
condenser, stirrer and dropping funnel. After cooling to OC,
53.5 g (0.33 mole) of bromine was added with vigorous stirring,
followed by 23 g (0.17 mole) of anhydrous potassium carbonate.
After evolution of CO2 had ceased, the mixture was refluxed for
30 minutes, cooled and poured into 435 ml of water. The crude
precipitated a-bromocinnamaldehyde was filtered and recrystal-
lized from aqueous ethanol. The yield was 46 g (66%), m.p.
70.5-740C.

A mixture of 45 g (0.21 mole) of a-bromocinnamaldehyde, 50 ml
(0.3 mole) of ethyl orthoformate, 40 ml of absolute ethanol
and 0.5 g of ammonium chloride was refluxed 30 minutes and
distilled giving 50.5 g (83% yield) a-bromocinnamaldehyde
acetal, n;5 1.5360.

Dehydrobromination was effected by refluxing 50 g (0.18 mole)
of the a-bromocinnamaldehyde acetal with ethanolic potassium
hydroxide (21 g potassium hydroxide in 200 ml absolute ethanol)
for 1.5 hr. After adding 1.5 liters of water, an oil separated
and the mixture was extracted with three 170-ml portions of
chloroform. The chloroform solution was washed with three
75-ml portions of water and dried over sodium sulfate. Dis-
tillation (after removing the chloroform) gave 31.3 g (90% yield)
of phenylpropargyl aldehyde acetal.

Phenylpropargyl aldehyde acetal, 29 g (0.14 mole), was converted
to the aldehyde with 150 ml 2.4N sulfuric acid, by heating on a
steam bath for 30 minutes with occasional shaking. The aldehyde
was steam-distilled, extracted from the distillate with ether,
and the ether solution was dried over sodium sulfate. During
distillation, the major part of the aldehyde polymerized to a
solid resin, the yield being 1.1 g (6%).
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10. Attempted Syntheses The following syntheses were

attempted unsuccessfully:

I. Dicyanoacetylene by dehydration of the diamide with P205.

2. o-Cyanophenylacetylene from o-cyanocinnamic acid.

3. 3-Chloro-l-butyne from the corresponding alcohol using
thionyl chloride or a zinc chloride-hydrochloric acid
mixture.

4. Neopentylene diphenylpropiolate, phenylpropiolate, t-butyl
propiolate, 1,5-naphthylene dipropiolate, and 1,4-phenylene
dipropiolate by acid-catalyzed esterifications from the
corresponding acids and dihydroxy compounds.

B. SAMPLE PREPARATION Most of the irradiations were conducted
in glass break-seal tubes. These tubes, 14 mm diameter/bO inch
over-all length, were fitted at each end with standard taper
Joints to enable filling and breaking while attached to the
vacuum manifold. This allowed strict control of the atmosphere
over the sample during the irradiation and while opening the
break-seal after irradiation.

The normal operation involved attaching the open end of the
break-seal tube to the vacuum line and evacuating the system.
Distillable samples were distilled from another part of the
vacuum line into the break-seal tube. Nondistillable solids
were loaded into the break-seal tubes before attachment to the
vacuum line. While under high vacuum, the tube was sealed off
with an oxygen-gas torch. After irradiation the break-seal end
of the tube was loaded with a small iron bar and then attached
to the vacuum line. After the system was evacuated, the break-
seal was opened using a magnet to operate the iron bar for
rupturing the seal. The gas volumes were measured by noting
the pressure rise in the closed system.

.4

C. EVALUATION OF IRRADIATED SAMPLES When possible the initial
monomer was distilled from the residue and the weight of residue
was reported as polymer. In other cases, the residue remaining
after the irradiated sample had been extracted with an appropri-
ate solvent in a Soxhlet apparatus was considered as polymer.
In a few. cases an aliquot of the irradiated sample or some of the
residue obtained from an ordinary distillation was distilled at
several temperatures under high vacuum with a microstill. In
this way a crude separation of low molecular weight polymer,
dimer trimer, etc., was made from high molecular weight polymer.

33

* MONSANTO RESEARCH CORPORATION 0



Visual, chemical and physical observations were made on the

irradiated samples and on the resulting polymers.

Electrical resistivity measurements were made on all solid
polymers, either as powder or pressed pellets. Before pressing

into pellets, the products were tested for shock and pressure-

sensitivity with the impact tester described below. Pellets,
lx0.2x0.2", were formed in a pellet press at 10 to 50,000 psi.
Silver paste contacts were made on the pellets and spring loaded

platinum contacts were used for all the powders. Resistance was

measured with a General Radio Megohm Bridge (Model 544B). As
described in D-8 below (Figure 12), pellet samples were mounted

in a special holder which permitted measurements at varying
temperatures under atmospheric or vacuum conditions. Thermo-
electric power measurements were conducted in the apparatus
described in section D-7 below (Figure 11).

D. EQUIPMENT

1. Vacuum-Line A vacuum-line (Figure 1) was constructed
for sample preparation and purification, loading irradiation
vessels, and work-up of radiolyzed materials. The system was
set up in a hood. It consisted of a Welsh vacuum pump coupled
to an oil diffusion pump and a 24 -mm manifold. Connected to
the manifold was a sample loading, purification and work-up
system designed to handle the synthesis and work-up problems
visualized.

2. Impact Tester A device for safely determining the impact
and pressure sensitivity of solids (Figures 2 and 3) was designed
and built. This device is essentially a small pellet press made
to allow for escaping gases. The rubber "0" ring at top helps
to direct the force of even a glancing blow into a vertical
direction to the dowel pin. If an explosion occurs, the gases
are vented between the body and the lower cap. The cap inserts
at each end and the 1/8" dowel pin are of hardened steel. By
placing a small amount (<0.01 g) of sample in the assembly
behind a shield and striking, a small explosion can be safely
detected. Forces of about 100,000 psi can be used, which is
10-fold the pressure used to make pellets for electrical
measurements.

3. Pellet Press The pellet press is shown in Figure 4.
A l-g sample yields a pellet lxO.2xO.2". Generally, pellets
are formed under 10,000 psi by use of a 50,000 psi hydraulic
press.
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Figure 1. Vacuum System for Manipulation of Samples

Under Controlled Atmospheres

35

S MONSANTO RESEARCH CORPORATION 0



PfiJ

F'igure 2. Impact Tester, Schematic

Figure 3. Impact Tester
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4. Irradiation Chamber A special irradiation chamber
(Figure 5) was designed and built to permit y-radiolysis of
1- to 5-g samples at varying temperatures. As shown, the unit
consists of a center stainless steel tube, 15 mm ID and 15 in.
high, open at the bottom and closed at the top. When in opera-
tion, the Co-60 source, described later, may be driven up into
this center tube for irradiations. The cuplike device at the
bottom of this tube centers the tube in the reactor "pig" and
together with the outer 5-inch diameter sleeve acts as a con-
tainer for dry ice or insulation. Also shown in Figure 5 is a
turret of five copper tubular sample holders, 1 in. OD, 10 in.
high, and closed at the bottom, which have been soft-soldered
together. This turret fits snugly over the center source tube
so that when in place each tube is identical in geometry with
respect to the Co-60 source. Temperature is measured with
thermocouples placed either inside one of the copper tubes or
between the turret and the center source tube.

5. Co-60 Source Radiation was emitted from a 590-curie
Co-60 source (Figures 6-10). This source was made up of a
2-inch stack of 1-cm dia. metal discs sealed in a stainless
steel capsule (Figure 8). Similar discs, 2.5 in. high, made
from Mallory metal, are also sealed inside the capsule so when
the capsule is in a vertical position the Mallory metal discs
lie on top of the cobalt. The capsule is stored in a 24 -in..
dia./26-in. high lead storage pig which rests on a 5-ft metal
stand. A 30-in. dia./26-in. high lead-filled cylinder with a
9-in. diameter center hole rests 3n top of the cobalt storage
pig. This 9-in. cylindrical void is partially filled with a
heater assembly, leaving a 5-in. cylindrical void for a reaction
vessel, namely the irradiation chamber previously described.

The over-all unit is pictured in Figure 6, while Figure 8
details the storage cylinder and capsule and Figure 9 the top
radiation shield and heater. The irradiator is operated in a
vertical position as shown in Figure 6. The cobalt capsule is
attached to a rod which in turn is attached to a rack. This
rack is contacted with a pinion attached to a rod extending
through the wall to the control panel (Figure 7) in the galley.
Thus, by operation of a turning wheel attached to this rod,
the source can be remotely elevated or lowered with the rack
and pinion mechanism.

Also shown in Figure 8 is a specially designed top shield for
the storage pig. This shield reduces the upward component of
the source's y-radiation. This shield consists of a rotating
3.5-it. dia./7-in. lead cylinder controlled by a rod attached
to a wheel at the base of the storage cylinder. When the lead
shield is rotated over the Co-60 source, the y-ray intensity at
the reaction chamber top is reduced to <1 mr/hr. At this level,
the chamber can be loaded manually.
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Figure 5. Irradiation Chamber Showing Center Source
Tube, Turret of Sample Tubes, and Outer
Sleeve
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The entire unit (Figure 6) is housed in a specially designed
room having 1-ft thick concrete walls. Controls for this unit
(Figure 7) are located in an adjacent galley. The panel board
provides temperature and source control as well as pressure
control for closed systems.

6. Dosimetry The dosimetry of the sample positions in the
irradiation chamber was determined using the ferrous-ferric
dosimeter. A glass vessel containing an oxygen-saturated 0.8N
sulfuric acid solution of 10-3 M ferrous ammonium sulfate was
placed in the copper sample tubes of the irradiation chamber
and irradiated. The amount of ferric ion formed was determined
by comparing UV absorption at 305 mp with standard curves made
with known ferric ion concentrations. The dosimetry was based
on a ferric ion yield of 15.4 pmole/liter/1000 rep.

The dose rate was found to be 7x10 5 rep/hr.

7. Hot Probe for Thermoelectric Power Measurements The
device for measuring thermoelectric power is schematically
illustrated in Figure 11. Temperature differentials of up to
3000 C can be obtained, limited by the melting or decomposition
point of the sample. Normally a pellet on the copper plate at
room temperature is contacted by the hot probe of known.temper-
ature by means of a screw drive. The temperature difference,
AT, between the ends of the specimen effects an emf which is
measured.

8. Pellet Holder for Resistivity Measurements The pellet
holder for mounting samples for resistivity measurements is
illustrated in Figure 12. The glass sleeve permits measurements
in vacuum or inert atmospheres and at low and high temperatures,
by use of suitable baths or furnaces. Depending on the resis-
tivity of the material, a megohm bridge, useful at resistances
up to 10l ohm and a vibrating reed electrometer, useful above
1011 ohm, are used. Electrical contacts are made with a silver
base paint.

V. CONCLUSIONS

I. Acetylene derivatives are sensitive to radiolysis.

2. Radiation-induced polymerization of acetylene derivatives
is a chain process.

53. The most radiation sensitive acetylenic monomers are:
propiolic acid, G = 322; neopentylene dipropiolate, G = 177;
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pentaerythritol tetrapropiolate, G = 113; and 2-butyn-l,4-
dipropiolate, G = 103. Moderately sensitive systems
include: phenylbromoacetylene, G = 94; 2-butyn-l,4-
diacetate, G = 96; phenylpropiolic acid, G = 73; and bis-
(2-hydroxyethoxyethyl)-butyne-2, G = 57.

4. Monomers containing one triple bond give low molecular
weight materials and monomers containing more than one
triple bond give high molecular weight materials.

5. Among the functional groups, the carboxyl group appears
especially sensitive.

6. Temperature, state, dose rate, purity, crystallinity and
the use of complexing agents and sensitizers affect the
radiation yields but no consistent patterns were observed.

7. Little or no improvement in the electrical properties of
the radiation induced polymers over their corresponding
monomers was observed.

8. The resistivities of acetylenic monomers are low with
respect to organic compounds and similar to values of their
respective polymers.

9. Resistivities of acetylene derivative polymers are highly
dependent on the physical structure of the solid polymer.

VI. RECOMMENDATIONS

1. Study the radiolysis products from a radiation-sensitive
model such as propiolic acid to devise methods for producing
high molecular weight polymer. Propiolic acid readily
undergoes radiation induced polymerization to low molecular
weight materials. Premature chain termination, the chief
cause for this low molecular weight formation, may be
controlled with a better understanding of the radiolytic
by-products and polymerization mechanism.

2. Investigate oadiolytic polymers and copolymers of diethynyl
aromatics. Monomers containing multiple acetylene groups
readily polymerize with radiation to high melting solids.
With aromatic groups linking the acetylene functions, highly
cross-linked polymers with long uninterrupted conjugation
are expected, and would be expected to possess attractive
resistivity properties. This area should include diethynyl
heterocyclics whose heterocyclic moiety is completely conju-
g'ed; e.g., diethynylferrocene. Such diethynyl aromatics
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could be used as comonomers to increase the molecular
weight of monoacetylenes which normally form low molecular
weight polymers.

3. Prepare and test polyene polymers from phenylacetylene and
phenylpropiolic acid derivatives which have electron accept-
ing and donating substituents on the phenyl rings. Based
on the work reported above, such molecules are expected to
polymerize readily under radiation to solid polymers. By
chemical operation on the substituents on the phenyl rings,
resistivity and other semiconductor properties can be varied.

4. Select appropriate polymers from (2) and (3) above and
investigate the effect of physical structure on polymer
resistivity.

5. Prepare, polymerize and define the electrical properties
of simple acetylene derivatives containing the following
substituents or combinations thereof: -CN;-I;-Br;-BR2 ;
-CF3 ; and -MgBr.

bw
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