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Thermal Characterization of Polybutadiyne* 

ARTHUR W. SNOW 

Naval Research Laboratory 
Washington, D.C. 20375 

A B S T R A C T  

Butadiyne was thermally polymerized from the vapor phase onto 
substrate polyethylene, poly( vinylidene fluoride), polytetrafluoro- 
ethylene, and fluorinated ethylene propylene films at 20°C. The 
reaction is characterized as an initial absorption of monomer in- 
to the film followed by polymerization in the condensed state. A 
postpolymerization thermal reaction of the polybutadiyne pen- 
dant ethynyl groups was conducted over a 120 to 470°C tempera- 
ture  range with a subsequent surface electrical resistivity de- 
crease to 7 X 10" ohm/square. The reaction of the pendant 
acetylenic groups was monitored by DSC and IR spectroscopy 
and found to be more complex than an intramolecular conversion 
of an acetylenic polyene to a polyacene structure. 

I N T R O D U C T I O N  

Butadiyne, C4H2, the simplest diacetylene, undergoes a facile 
thermal polymerization in the melt o r  from the vapor phase by selec- 
tive deposition onto an organic substrate polymer film. This mode 

*Presented at the IUPAC 28th Macromolecular Symposium, Am- 
herst ,  Massachusetts, 1982. 
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1430 SNOW 

of diacetylene polymerization is structurally distinct from the solid- 
state polymerization of diacetylenes which has been intensively inves- 
tigated and characterized a s  yielding a polymer with a 1,4-repeat unit 
structure [ 11. In the melt o r  solution, the polymerizations and poly- 
mer  structures are less extensively characterized, with a combination 
of substituted polyene ( I )  and polyacene (11) structures having been 
proposed [2-41. 

R I I1 

Examples where R is a phenyl [2], methyl [3], o r  pentafluorosulfur 
[41 substituent have been studied. The butadiyne polymer ( R  = H )  
presents a unique opportunity for characterizing the chain structure 
without interference from a pendant group. 

Previous work from this laboratory [ 51 has demonstrated that 
polybutadiyne may be conveniently prepared and handled as a vapor- 
deposited film onto an organic substrate polymer such a s  polyethylene 
o r  Teflon. Bulk unsupported polybutadiyne is an insoluble, intractable 
substance. This polymer has been structurally characterized by IR, 
UV, and ESR spectroscopies as,a polyconjugated chain with pendant, 
terminal acetylenic functional groups. 

In the present study the postpolymerization thermal treatment of 
vapor-deposited polybutadiyne is investigated with the objective of 
developing a material possessing the viscoelastic properties of the 
substrate polymer film and an electrical conductivity comparable 
with that of current research polymers (i.e., to lo-' S/cm) [6]. 
The expectation of a significant electrical conductivity associated with 
the thermal treatment of the polybutadiyne is based on the hypothesis 
that the pendant acetylenic groups of structure I and would be converted 
to the ladder structure 11. Such a structural speculation has accom- 
panied a reported electrical conductivity increase of 12 orders  of mag- 
nitude to a maximum of S/cm when the poly (diphenylbutadiyne) 
system was subjected to a 700°C heat treatment [2a, 2b]. The attrac- 
tive features of the simpler parent polybutadiyne system are:  (1) the 
reaction of the terminal acetylenic group is easily monitored; ( 2 )  the 
higher reactivity on an unsubstituted acetylenic group suggests the 
reaction would occur a t  a lower temperature; ( 3 )  if the polybutadiyne 
could be converted to a moderately conducting material a t  reasonably 
low temperatures, a combination with its ease of application to sub- 
strate organic polymers could have important practical consequences; 
and ( 4 )  the polyacene structure is theoretically predicted to be capable 
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THERMAL CHARACTERIZATION OF POLYBUTADIYNE 1431 

of very high electrical conductivities [7]. The approach is to deposit 
polybutadiyne on a variety of substrate polymer films which include 
polyethylene (PE),  poly(viny1idene fluoride) (PVFS) ,  poly( tetra- 
fluoroethylene) ( PTFE ), and poly( tetrafluoroethylene-co-hexafluoro- 
propylene) ( FEP), and study the postpolymerization thermal reaction 
of polybutadiyne by DSC, TGA, IR, ESR, and electrical conductivity 
measurements. 

E X P E R I M E N T A L  

B u t a d i v n e  S v n t h e s i s  

Butadiyne was prepared by the dehydrochlorination of 1,4-dichloro- 
2-butyne in aqueous potassium hydroxide-dioxane solution [8]. The 
crude product was vacuum distilled to IR purity [9]. This distillation 
is conducted from a -80°C trap to a -195°C trap at-lO-* torr  to re- 
move an impurity identified as 2-chloro-1-butene-3-yne [lo]. This 
less volatile impurit is detectable in the infrared by strong bands 
at 850 and 1590 cm-'where butadiyne is transparent. Other bands 
assigned to 2-chloro-1-butene-3-yne are observed a t  620, 920, 1015, 
1230, 1260, 1703, 2118, 3142, 3182, 3197, and 3328 ern-'. By periodi- 
cally monitoring infrared spectra (100 torr ,  10 cm gas cell) of the 
distillate, we find 50 to 60% of the butadiyne has distilled before im- 
purity bands begin to appear. The infrared spectrum of the purified 
butadiyne is identical to that of Ref. 9, and PMR ( 10% CDCl:, solution) 
did not detect proton impurities. Care and precautions should be 
exercised in handing the butadiyne o r  detonation may occur on mixing 
with oxygen and warming [ 111. 

B u t a d i y n e  P o l y m e r i z a t i o n  

Butadiyne thermopolymer samples were prepared by placing films 
of substrate organic polymers (low density polyethylene (PE)  3.7 
mil, polyvinylidene fluoride ( P V F 2 )  1.7 mil, polytetrafluoroethylene 
(PTFE) 2-8 mil, and poly (tetrafluoroethylene-co-hexafluoropropylene) 
(FEP))  in an atmosphere of 700 to r r  butadiyne at 20°C for 5 weeks. 
The substrate films (4.0 X 1.5 cm) were previously cleaned by washing 
in 30% hydrofluoric acid for 1 min, rinsed with distilled water, and 
dried under vacuum in a 1-L Pyrex reactor before introduction of the 
butadiyne. The order of polymerization reactivity was P V F 2  > PE > 
PTFE > FEP as  determined by visual observation of a yellow-brown 
color development and the corresponding gravimetric weight percent 
increase (PVF2, 81%; PE, 61%; PTFE, 23%; FEP, 0.3%). 

Postpolymerization heat treatment of the polybutadiyne-PTFE 
sample was conducted by sealing it in an evacuated Pyrex tube and 
placing the tube in a Lindberg tube furnace for 60-min periods at tem- 
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1432 SNOW 

peratures that ranged from 120 to 470°C in increment intervals of 
about 40°C. At the end of each period the tube was opened, the IR 
spectrum obtained, and the sample then returned to the tube which 
was reevacuated and sealed for thermal treatment at the next higher 
temperature. No flow o r  physical shape deformation of the sample 
was observed a t  temperatures above the PTFE melting point. A simi- 
l a r  observation was made for the polybutadiyne-PE sample although 
in this case a control PE film melted and strongly adhered to the tube 
wall. 

C h a r a c t e r i z a t i o n  

DSC and TGA data were obtained from 10 mg samples in a nitrogen 
atmosphere at a 10"C/min heating rate using a Dupont 990 Thermal 
Analyzer, 910 Differential Scanning Calorimeter, and 951 Thermo- 
gravimetric Analyzer. X-ray diffraction data were obtained with a 
Phillips XRG-2600 (Ni filtered CuKa radiation) x-ray diffraction 
unit. Postpolymerization heat treatments were conducted for 1 h 
periods a t  selected temperatures between 120 and 470°C in an evacu- 
ated, sealed Pyrex tube. Transmission IR spectra were recorded on a 
Perkin-Elmer 267 grating spectrophotometer. ESR spectra were re- 
corded on a Bruker ER2OOD spectrometer. Surface resistivity mea- 
surements were made using an interdigital electrode a r ray  consisting 
of 50 "finger pairs" 25 pm in width and separated by 25 p,m [12]. The 
upper measurement limit of this apparatus is 10" ohm/square using 
a f 2.5-V bias. 

R E S U L T S  

P o l y b u t a d i y n e  P r e p a r a t i o n  

From the vapor phase, butadiyne selectively polymerizes onto 
organic polymer films in preference to the Pyrex walls of its vessel 
[5]. Samples of polybutadiyne deposited onto PE, PVF2, PTFE, and 
FEP were prepared by thermal polymerization of butadiyne vapor 
onto thin films of these polymers a t  20°C. To the eye the polybuta- 
diyne appeared as a coating on the substrate film, ranging in color 
from brownish-yellow to shiny black depending on the quantity of 
polybutadiyne deposited. The coating conformed and flexed well with 
the substrate at low degrees of polybutadiyne deposition (< 10% by 
weight of sample), although the sample gradually developed a stiff 
and brittle character as the pol butadiyne content approached a signi- 

The following observations and results are pertinent to describing 
the polymerization process and the characterization of the samples. 

ficantly large fraction (i.e., 50 J 0). 
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Examination of a cut cross-section of a PTFE sample showed a 
color concentration gradient ranging from a dark brown at the surface 
to a dark yellow at the center of the film. This indicates a significant 
penetration of the polybutadiyne beyond the surface of the substrate 
film. 

films as determined b gravimetric weight percent increase was 
The order of butadiyne polymerization selectivity for the substrate 

PVF2(81%)>PE (61 d o)>PTFE (230/0)> FEP (0.3%). 
X-ray diffraction patterns of the PTFE, PE, and PVF2 substrate 

films before and after polybutadiyne deposition are presented in Fig. 
1. The crystallite diffraction maxima are reduced in intensity o r  dis- 
appear and the d-spacing has changed. No crystallite reflections have 
been observed from unsupported polybutadiyne bulk polymer samples 
m i .  

$he melting points of the substrate polymers were altered by the 
polybutadiyne deposition as measured by DSC (Fig. 2). 

Samples prepared by this technique have properties that were par- 
ticularly useful for subsequent experiments. In addition to a physical 
form for convenient handling, the dispersal of polybutadiyne was such 
that good quality infrared spectra may be obtained. The complementary 
infrared transmissions of the PE and PTFE films allowed for a com- 
plete spectrum of polybutadiyne to be represented (Fig. 4) which was 
much sharper than that obtained from a KBr pellet preparation of a 
bulk polybutadiyne sample. For DSC measurements the high thermal 
stability and relatively few thermal transitions of the PTFE substrate 
film left a significantly large temperature range available for observ- 
ing the polybutadiyne thermal reaction. 

DSC a n d  TGA 

To determine the temperature range that a postpolymerization 
thermal reaction may encompass, DSC thermograms of the substrate 
films before and after deposition of the polybutadiyne were obtained in 
a nitrogen atmosphere (Fig. 2). The blank films displayed their char- 
acteristic endothermic transitions and melting points: PE 110°C; 
PVF2 67, 163°C; PTFE 19, 30, 327°C; FEP 267°C. After deposition of 
the polybutadiyne, two significant changes were observed. First ,  a very 
broad exotherm ranging from 80 to approximately 400°C with a maxima 
between 200 and 250°C appeared in the thermogram of each sample. In 
the PTFE and FEP thermograms, a partially resolved secondary maxi- 
ma at 110°C was also observed. The exotherm is associated with re- 
action of the pendant acetylenic groups. The second observation was 
significant changes in the substrate polymer transitions. In PTFE the 
melting point was elevated from 327 to 357°C while the 19 and 30°C 
transitions remained unchanged. The FEP melting point was slightly 
elevated from 267 to 273°C. In each case, two subsequent thermal 
cycles returned the melting point to the original value. The PVF2 
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and PVF2 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
1
9
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



THERMAL CHARACTERIZATION OF POLYBUTADIYNE 1435 

1 " " " " ' 1 1 ' " " " " 1  

0 too zoo 300 400 0 100 200 300 400 

T E M P E R A T U R E  ( ' C )  T E M P E R A T U R E  I ' C )  

FIG. 2. DSC thermograms of PE, PVF2, PTFE, and FEP control 
and polybutadiyne deposited samples. 

melting point was depressed from 163 to 113°C and did not recover on 
thermal cycling but approached a constant value a t  105°C. The PE 
thermogram was radically changed, and the melting point was difficult 
to recognize. Thermal cycling did restore an endotherm maxima a t  
90 and 85°C on the second and third scans, respectively. 

The TGA of the polybutadiyne-deposited samples and blank films 
were nearly identical except for a polybutadiyne residual weight. 
Thermograms of the PE and PTFE samples and blanks in a nitrogen 
atmosphere a re  presented in Fig. 3. For an unsupported bulk poly- 
butadiyne sample, the weight loss is less than 6% [ 5c] . 

S p e c t r o s c o p i c  A n a l y s i s  

The polybutadiyne thermal reaction was monitored by IR spec- 
troscopy as a function of heat treatment temperature. An IR spec- 
trum of the initial polybutadiyne is presented in Fig. 4 without inter- 
ference from the substrate film absorptions. The terminal acetylenic 
functional groups a re  indicated by the bands at 3315, 2090, and 640 
cm-l. The bands representative of a polyconjugated structure are 
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I I 

T E M P E R A T U R E  ('C) 

FIG. 3. TGA thermograms of PE and PTFE control and poly- 
butadiyne deposited samples. 

those a t  1600, 1210, and 885 cm-'. The 3020 cm" band is attributed 
to an aromatic carbon-hydrogen stretching while an apparent aliphatic 
carbon-hydrogen stretching band is not understood a t  present. A 
more detailed IR spectrum analysis of this polymer is presented in 
Ref. 5c. 

reaction since it has a thermal stability ranging up to 500°C and a 
large infrared window. Heat treatments of the sample were conducted 
in an evacuated sealed Pyrex tube a t  temperatures ranging from 120 
to 470°C in increment intervals of about 40°C. The acetylenic bands 
gradually diminished in intensity and were reduced by a factor of 10 
a t  310°C. The intensities of the 3315, 2090, 3020, 2935, and 1600 cm-' 
bands, obtained as the difference between absorptions of the PTFE 
sample and a Teflon control film, are plotted against heat treatment 
temperature in Fig. 5. A s  the acetylenic absorptions decrease in in- 
tensity, the 302.0, 2935, and 1600 cm-' bands became more intense. 
The 885 cm-' absorption was nearly unchanged. Heat treatments 
above the PTFE melting point resulted in a marked increase in the 

The PTFE sample was used to monitor the polybutadiyne thermal 
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FIG. 5. Polybutadiyne infrared band intensity variation as a func- 
tion of heat treatment temperature of a PTFE sample. 

infrared scattering background and a much poorer resolution of the 
polybutadiyne bands. However, no gravimetrically detectable weight 
loss o r  physical shape deformation due to liquid flow of the PTFE 
substrate was observed. 

The ESR spectrum of polybutadiyne has been characterized as an 
intense narrow Lorentzian shaped singlet at a free electron g-value 
[5b]. Thermal treatment of the PTFE sample up to 470°C resulted 
in a spin density increase from 8 X 10’’ to 2 X 10‘’ spin/g and a 
Lorentzian linewidth narrowing from 12 to 1.5 G in vacuum. The sig- 
nal was no longer insensitive to oxygen but displayed a pressure-de- 
pendent oxygen broadening where the linewidth increased from 1.5 to 
6 G on admission of air. 

E l e c t r i c a l  M e a s u r e m e n t s  

Surface resistivity measurements were made by mechanically 
pressing the polybutadiyne-PTFE sample against a surface inter- 
digital electrode. The surface resistivity is obtained as the product 
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of the measured resistance and the number of squares in the electrode 
array. (The size of the square is defined by the electrode separation 
distance. For the interdigital electrode of this experiment, there are 
50 ”finger pairs” with a 25-pn separation and a 7,250-pn overlap 
length giving (7,250 X 99)/25 = 28,700 squares.) The PTFE-polybuta- 
diyne surface resistivity remained above the lo‘’ ohm/square mea- 
surement limit of the apparatus until the sample was subjected to heat 
treatment temperatures above 400°C. A surface resistivity of 7 X lo1’ 
ohm/square was measured after a 12-h 470°C heat treatment. 

DISCUSSION 

The preceeding results indicate that both the butadiyne thermal 
polymerization and subsequent thermal reaction of the acetylenic 
pendant groups are more complex than depicted by the reaction and 
structures in Eq. (1). 

The deposition polymerization process appears to involve an initial 
absorption of the butadiyne in the substrate film followed by its thermal 
polymerization in the condensed phase. This is consistent with the ob- 
servation that the polybutadiyne permeates the surface of the substrate 
film. The thermodynamic compatibility between the butadiyne mono- 
mer  and substrate film appears to determine the order  of polymeriza- 
tion selectivity, PVF2 > PE > PTFE > FEP. This order  correlates 
with the solubility parameter match between butadiyne 10.3 (cal/ 
~ m ’ ) ~ ’ ~ ,  and the substrate films: PVF2, 8.4 ( ~ a l / c m ” ) ” ~  ; P,Et&O 
(~a l / cm’ )~ / ’ ;  PTFE, 6.2 ( c a l / ~ r n ’ ) ~ ’ ~ ;  FEP, < 6.2 (cal/cm ) 
[15]. The effect of butadiyne deposition polymerization on the x-ray 
diffraction patterns and DSC melting points indicates that an altera- 
tion of the crystalline regions of the substrate films is occurring in 
addition to penetration through the surface. 

samples was to induce useful electrical conductivity in a flexible 
plastic material by way of a chemical reaction analogous to that re- 
ported for a diphenyl-substituted butadiyne thermopolymer [2]. Al- 
though thermal reaction of the pendant acetylenic groups was observed, 
appreciable electrical conductivity was not measured within the 120 
to 470°C heat treatment range. The postpolymerization thermal con- 
version of polyene structure (I) to polyacene structure (11) appears to 
be an oversimplification of the structure and reaction involved. Repre- 
sentation of the vapor-deposited polybutadiyne by the polyene structure 
is based on IR spectra interpretation [5c] and an analogy with previous 
diphenyldiacetylene thermal polymerization work [2]. Formation of 
the polyacene structure by intramolecular reaction of adjacent ethynyl 
groups would require a trans-polyene precursor of high repetitive 
regularity. In addition to the polyene repeat unit, other possible poly- 
butadiyne linking structures consistent with the characterization data 

The objective of heat treating the vapor-deposited polybutadiyne 
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would include a minor amount of preformed polyacene o r  a trisubsti- 
tuted benzoid linkage [ 5a, 5c]. The endgroup contribution could also 
be significant i f ,  by analogy with the thermal polymerization of di- 
phenyldiacetylene [2c] , the polybutadiyne is oligomeric in molecular 
weight. The breath and unsymmetrical shape of the exotherm in the 
DSC thermogram (Fig. 2 )  may be indicative of side reactions con- 
suming the pendant ethynyl groups. Exotherms in DSC thermograms 
of the cure of acetylene-terminated oligomers are much narrower, 
and model compound studies have shown that a complex distribution 
of oligomeric polyene and symmetrical and unsymmetrical benzoid 
t r imer  structures a r e  possibly formed [ 181. The polybutadiyne IR 
data a re  useful for monitoring the reaction of the acetylenic groups 
but are inconclusive as to the products formed. The ESR data, while 
difficult to draw structurally specific information from, a r e  very 
similar to those obtained from pyrolytic carbon chars although the 
polybutadiyne heat treatment temperatures are much lower. Pyrro- 
lytic carbons display the oxygen-pressure-dependent broadening of 
the ESR signal a t  heat treatment temperatures approaching 500°C 
[1410 and do not develop appreciable electrical conductivities until a 
900 C temperature is attained [19]. In summary, the heat-treated 
polybutadiyne appears to be a complex of carbon-rich aromatic struc- 
tures more related to a pyrolytic carbon than to a structurally regu- 
lar polyacene. 
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