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Polymer compositions based on furyl alcohol and potyamic acid were investigated by using 
mass-spectrometric thermal analysis. It was established that polyamic acid catalyses both the 
potycondensation of furyl alcohol and the formation of a three-dimensional network of" furan 
polymer. 

Polymers based on furyl alcohol (PFA) are widely used as adhesives for polymer 
composition materials. It has been shown that the characteristics of these polymers 
can be improved considerably by the introduction of a small amount (10% by 
weight) of polyamic acid (PAA PM) [1]. Study of the structural features of such 
polymer-polymer compositions is of interest. M ass-spectrometric thermal analysis 
(MTA) can provide important information about the polymer structure. 

In the present work, MTA was used for analysis of the gas products evolved upon 
the heating of the composition in the temperature range 20-1200 ~ . It was 
established that PAA PM catalyses both the polycondensation of furyl alcohol and 
the formation of a three-dimentional network as a result of the opening of double 
bonds in the furan ring. On the other hand, the furan polymer slightly decreases the 
thermal characteristics of the polyamide component of the end-product as 
compared to pure polyimide. 

Experimental 

Sample preparation. The samples were based on the following compositions: 
(1) furyl alcohol + 0.5 % H 3 PO4, (2) furyl alcohol + a 12.5 % solution of PAA PM 
in N-methyl-2-pyrrolidone, the furyl alcohol content of the solunon being 5, 10, 25 
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or 75%, (3) a solution ofPAA PM with the same furyl alcohol content as in (2) + 
0.5% H3PO 4. Sample curing was carried out at 100, 250 and 300 for 2 h. 

Mass-spectrometric thermal analysis was carried out with an MKh-1320 mass 
spectrometer (USSR) by a published method [2]. The polymers were heated under 
non-isothermal conditions at a rate of 6.5 deg/min, with simultaneous recording of 
the gas products with the mass spectrometer. The relative quantities of unsaturated 
compounds and fragments were determined from the areas under the evolution 
curves of the corresponding products with m/e = 27, 81, 96, 161 and 178, using 
methane evolved during degradation (m/e 16) as the internal standard. The 
quantity of methane was taken to be approximately constant, regardless of the 
conditions of sample preparation. The degree of unsaturation was determined as 
the ratio of the quantity of units containing unsaturated bonds to the total quantity 
of furyl alcohol molecules undergoing polycondensation. 

Discussion 

Samples of furan polymers obtained via the curing of furyl alcohol without a 
catalyst were previously investigated with the aid of MTA [1]. However, the 
polycondensation of furyl alcohol is usually carried out in the presence of catalysts 
such as inorganic acids, organic acids and anhydrides, amines, amides, etc. [3]. The 
results obtained for pure furyl alcohol (in particular the amount of unsaturated 
compounds in the gas products and the degree of unsaturation determined by 
sample heating) are reference values in the investigation of the curing of 
compositions in the presence of catalytic agents~ 

The use of phosphoric acid in the polycondensations in an amount of 0.5% of the 
weight of furyl alcohol, greatly changes the quantitative composition of the gas 
products evolved during the MTA of furan polymer samples, whereas the 
qualitative composition of the volatile products remains approximately the same 
(Fig. 1) as in curing without a catalyst. Thus, when polycondensation was carried 
out at 150 ~ in the presence of H3PO4, only a small amount of the furyl alcohol 
dimer (m/e 178) was'formed; at a polycondensation temperature of 250% the gas 
products formed during MTA contained no substances with m/e 161 or 178, and the 
samples obtained at 300 ~ contained no volatile substances with m/e 96, 161 or 178. 
Table 1 gives the relative amounts of the unsaturated substances and fragments 
formed in the MTA of samples of furan polymers cured in the presence of 0.5% 
H3PO 4. The degree of unsaturation of samples cured at 150, 250 and 300 ~ was 40, 
12 and 3%, respectively. 

Phosphoric acid is usually considered to be a catalyst of polycondensation. 
However, a comparison of the above values with the results of the investigation of 
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Fig. 1 MTA curves for a furan polymer obtained m the presence of  0.5% of  H3PO 4 and cured at 250 ~ 
(I) m/e 2 (hydrogen, (2) m/e 16 (methane), (3) m/e 18 (H 20), (4) role 27 (CH 2 = CH), (5) m/e 28 
(CO, ethylene), (6) m/e 44 (CO2), (7) m/e 81, (8) m/e 96, (9) role 161 

substances obtained by the curing of furyl alcohol without the catalyst shows that 
the acceleration of polycondensation is accompanied by a decrease in sample 
unsaturation. This may be due to the acceleration ofcrosslinking. It cannot be ruled 
out, however, that the acceleration of the opening of the furan ring in the presence 
of H3PO 4 is also possible, although the general picture of MTA and the 
temperatures of peak maxima for the individual substances remain the same as for 
thermal polycondensation (Table 2). 

Since the PAA PM molecule contains both amide and acid groups, it might be 
expected that the polyamic acid will accelerate the polycondensation of furyl 
alcohol. In fact, the introduction of a 12.5% solution ofPAA PM in N-methyl-2- 
pyrrolidone into furyl alcohol (the furyl alcohol: PAA PM solution ratio is 75 : 25) 
catalyses polycondensation. Thus, at 150 ~ pure furyl alcohol in an open volume is 
volatilized before the formation of the furan polymer, whereas at the Same 
temperature the above composition is transformed into a solid polymer after 2 h. 
The qualitative composition of the gas products (Fig. 2) and the temperatures of the 
maxima in the evolution curves of the gas products remain approximately the same 
as in the case of pure furyl alcohol (Table 2). The relative amounts of unsaturated 
fragments evolved during MTA are intermediate between those for polymers of 
furyl alcohol and polymers obtained from furyl alcohol with the addition ofH3PO 4 
(Table 1). Calculation of the extents of unsaturation for the samples based on a 
composition consisting of 75% of furyl alcohol and 25% of PAA PM solution 
cured at 150, 250 and 300 ~ gave values of 73, 17 and 17%, respectively. The equal 
unsaturation values in the two latter cases may be due to defects in the technological 
treatment of the samples. 
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Fig. 2 MTA curves for a polymer based on a composition consisting of 75% of furyl alcohol and 25% of 
PAA PM and cured at 250 ~ Curve 4: m/e 27 (CH2=(~H, HCN). Other symbols see Fig. 1 
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Fig. 3 MTA curves for a polymer based on a composition consisting of 75% of furyl alcohol + 25% of 
PAA PM in the presence of 0.5% of HaPO4 (with respect to the mass of furyl alcohol) and cured 
at 250 ~ Symbols as in Fig. 2 

Inves t iga t ion  of.the cornposi t ion, furyl  a lcohol  + 25% P A A  P M  solut ion + 0 .5% 

H3PO 4 revealed overal l  the m a x i m u m  r a t e  o f  the processes  o f  po lycondensa t ion  

and  eross l inking  o f  the furan  componen t .  As a result  o f  hea t ing  at  150 ~ the a m o u n t  

o f  unsa tu ra ted  gas p roduc t s  on M T A  is sl ightly h igher  than  for  the furyl a lcohol  + 

H3PO 4 compos i t ion ,  F o r  samples  cured  a t  250 ~ the a m o u n t  o f  these p roduc ts  is 

cons ide rab ly  lower,  and  for  samples  ob ta ined  at  300 ~ the ions co r respond ing  to 
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unsaturated compounds are absent from the mass spectra. The extent of 
unsaturation calculated for these compounds was 51%, 5% and 0%, respectively. 
These data show that in this case the maximum temperature required for the 
preparation of a completely crosslinked polymer based on furyl alcohol can be 
decreased to approximately 250 ~ because the extent of unsaturation of the sample 
obtained by using only phosphoric acid as the catalyst at the curing temperature of 
300 ~ was 3%. 

Table 2 gives the temperatures of the peak maxima in the curves of evolution of 
gas products for the compositions considered above and for those containing furyl 
alcohol and 5, 10 and 75% of the PAA PM solution. The conclusion which can be 
drawn from these results reduces to the fact that the values of the temperature 
maxima remain reasonably constant for the samples based on pure furyl alcohol 
and the compositions containing 5, 10 and 25% ofPAA PM solution. Apart from 
the gas products characteristic of the MTA of furan polymers, peaks with role 93 
(phenol) and m/e 103 (benzonitrile) and the second maxima with m/e 28 (CO) and 
role 44 (CO2) also appear. All these peaks result from the degradation of the imide 
structure, and their temperature maxima are slightly lower than those for common 
polyimides. This is natural if it is taken into account that the degradation products 
of the furan polymer contain hydrogen, water and other reactive agents 
accelerating the thermal degradation ofpolyimides. Figure 4 shows a typical picture 
of the MTA of a composition containing a large (about 50% with respect to the 
final product) amount of polyimide. Unfortunately, the MTA data cannot give an 
unequivocal answer to the problem of whether two independent structures, the 
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Fig. 4 MTA curves for a polymer based on a composition consisting of  25% of  furyl alcohol + 75% of  
PAA PM and cured at 250 ~ Curve 10: m/e 94 (phenol). Other symbols as in Fig. 2 
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furan polymer and polyimide, exist, or whether a new unique structure containing 
the elements of both types is formed upon thermal treatment as a result of the 
polymer-polymer interaction. In order to establish the structure of the final 
polymer, additional investigations are necessary with the application of other 
methods of study of  polymer systems in the solid state. 

Hence, MTA was used for study of the qualitative composition of the gas 
products evolved upon the heating of polymers based on the furyl alcohol + PAA 
PM compositions in the temperature range 20-1200 ~ The kinetics of formation of a 
three-dimensional structure of furan polymers was followed as a function of the 
initial composition. It was established that polyamic acid accelerates both the 
polycondensation of furyl alcohol and the formation of a three-dimensional 
polymer structure. It has been shown, in particular, that for the composition 
containing furyl alcohol, 25% of PAA PM solution and 0.5% H3PO 4, the 
maximum crosslinking density is attained at a temperature 50 deg lower than that 
for the furyl alcohol + 0.5% H3PO 4 composition. The temperatures of the maxima 
in the curves of evolution of gas products remain constant for the following 
systems: furyl alcohol, furyl alcohol + 0.5% H3PO 4, furyl alcohol + 5, 10 and 25% 
of PAA PM solution, and furyl a lcohol+25% of PAA PM solut ion+0.5% 
H3PO 4. In the case of high PAA PM concentrations (50% polyimide in the cured 
product) in the initial compositions, the MTA curves exhibit peaks characteristic of 
the thermal degradation of polyimides, but displaced towards a lower temperature 
range. 
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Zusammenfassung - -  Mittels massenspektroskopischer Thermoanalyse wurden auf Furylalkohol und 
Polyamidsiiure basierende Polymergemische untersucht. Es wurde festgestellt, dab Polyamidsfiure 
sowohl die Polykondensation yon Furylalkohol als auch die Bildung eines dreidimensionalen 
Furanraumnetzes katalysiert. 

Pe3mme MeTOAOM Macc-cneKTpoMeTpnnecroro TepMn~eCKOFO anaan3a ncc~eaoBan~ no~HMepnble 
KoMno3nRnn na ocnoae ~ypnaoaoro cnnpTa n noanaMH~OKnC~OTbl. Hora3aao, qTO noanaMH~OrnC- 
noTa raTa~n3npyeT rat  no:mronnencaunro ~ypn~oaoro cnnpTa, Tar n o6pa3oaanne zpexMepuo~ 
cvpyKvyp~ ~ypanoBoro nonnMepa. 
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