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SYNOPSIS 

Fluorocarbon compounds based on vinylidene fluoride copolymers and dihydroxy nucleo- 
philes were prepared to determine the network forming structures of the cured materials. 
Previous attempts to achieve this goal consisted of model compound reactions, of prevul- 
canization events, and of materials cured under conditions only approaching industrial 
vulcanization conditions. The proposed structures derived from these studies could be dif- 
ferent from the entities that will come in contact with alternate fuels such as methanol/ 
gasoline blends when used in automotive applications. The evolution of the solid-state 
chemistry during cure and the final network structure needed to be defined. Thus, infrared 
vibrational spectra for 25-pm thick sections from key stages of processing were recorded. 
These spectra established directly, for the first time, that bisphenol-AF (BPAF) serves as 
the crosslinker during cure. Additionally, persistent unsaturation is formed on the elastomer 
backbone after crosslinking. Curing for extended periods of time produces no observable 
effect on the network. Furthermore, postcuring reduces residual hydrofluoric acid in the 
compound and results in two new absorptions at  2851 and 2920 cm-’, indicative of amor- 
phous regions of polyvinylidene fluoride ( PVF2). Although these findings help define the 
final network structure, there remain uncertainties about the pathway leading to the final 
structure. The data serve as input to understanding the fracture behavior and long term 
performance of this class of materials. It also could serve as a starting point for studies 
dealing with the enhancement of certain fluorocarbon properties such as low temperature 
behavior. 0 1993 John Wiley & Sons, Inc. 

INTRODUCTION 

Fluoroelastomers, a very stable class of commercial 
materials, show remarkable resistance to chemical 
attack and fluid penetration. They are appropriate 
for use at  elevated temperature and in harsh envi- 
ronments such as automotive underhood applica- 
tions and with oil well “sour gas” mixtures. The 
copolymers of vinylidene fluoride ( VF2) and hexa- 
fluoropropylene ( HFP ) have received much atten- 
tion because of availability compared with other 
commercial monomers. In addition, upon crosslink- 
ing the resulting elastomer possesses desirable 
properties. To improve the final properties of these 
materials, a variety of bis-nucleophilic agents have 
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been studied as crosslinkers. However, phase-trans- 
fer catalysis ( PTC ) , involving aromatic dihydroxy 
compounds and “onium” salts, eventually evolved 
as the crosslinking chemistry of choice. The result- 
ing vulcanizates possess superior properties such as 
high temperature compression sets. 

This material was first generated over 20 years 
ago; however, the chemical details of the process are 
not well understood because of the complexity of 
the product. Early attempts to elucidate the resulting 
steps occurring during the bis-nucleophilic cross- 
linking of VF2/HFP polymer with bisphenol AF 
(BPAF) were the experiments of Schmiegel.’ Al- 
though the primary reaction system for these studies 
was the VF2/HFP dipolymer and the BPAF-onium 
salt crosslinker, much of pertinent data generated 
related to model system reactions. 

The 19-F NMR data of the reactions of VF,/HFP 
with tetrabutylammoniumhydroxide in dimethyl- 
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formamide indicated that the VF2 units isolated be- 
tween HFP units are the most susceptible to de- 
hydrofluorination. A reaction scheme, proposed on 
the basis of these studies, consisted of dehydrofluo- 
rination of the dipolymer, shifting of double bond 
and reaction of the resulting unsaturated moiety 
with the nucleophile to produce structure I in Figure 
1. However, the above structure was based on the 
fact that there was very minor crosslinking without 
incorporation of diphenol. Although the proposed 
reaction intermediates appear reasonable, they were 
based on data obtained from model reactions and at 
the very early stages of the crosslinking process.2 
The data actually offers very little information as 
to what takes place after gelation and there is no 
confirmation of the specific structure of the polymer 
network. 

performed 19-F NMR solution experiments with 
Subsequently, Velkateswarlu and coworkers 

VFJHFP copolymer and verified most of the find- 
ings of Schmiegel. In addition, they studied the re- 
lease of fluoride ion from the elastomer in the solid 
state attributable to each of the components of the 
cure system consisting of calcium hydroxide, mag- 
nesium oxide, benzyltriphenylphosphonium chloride 
( BTPPCl) and BPAF, as well as certain combina- 
tions of these ingredients. The key contribution of 
this work was the development of certain method- 
ologies in determining chemical events in the solid 
state. As a result, they proposed BTPP' BPAF- 
salt as a critical intermediate in the crosslinking re- 
action originating from the reaction of Ca (OH),/ 
BTPPCl or Maglite D ( MgO) /BTPPCl with BPAF. 
Furthermore, they suggested a reaction mechanism 
where nucleophilic addition occurs on the C- 
( CF3) = CH group and not on the CF= C ( CF3) 
moiety of the diene structure as suggested previ- 
ously.' It was also proposed that nucleophilic attack 
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Network structures I, 11, and I11 proposed to represent fluorocarbon A cured 
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occurs with allylic displacement of fluoride. This at- 
tack would lead to a new double bond, as shown in 
structure I1 of Figure 1. The implications of the 
above network formation were in agreement with 
the model reaction data of Apsey et a12 

Recently, Arcella et al.5 presented a modified re- 
action mechanism for the crosslinking of VFz/HFP 
copolymer with BPAF using relatively standard 
amounts of BTPPCl as a PTC and Ca(OH)2 and 
MgO as acid acceptors and cure activators. It was 
based on previously described solution investigation 
using NMR and FTIR data coupled with solid-state 
vulcanization consisting of oscillating disk rheome- 
try (ODR) and fluoride release measurements. The 
proposed reaction scheme is consistent with the data 
generated by these workers with an FTIR experi- 
mental set up devised to follow structure evolution 
during the solid-state crosslinking under conditions 
close to those employed in commercial vulca- 
nization. It consists of formation of double bond 
- C ( CF3) = CF - by elimination of “tertiary flu- 
orine,” double bond shift catalyzed by the fluoride 
ion, and nucleophilic addition to the - CH = CF - 
double bond with allylic displacement of fluoride 
and/or addition /fluoride elimination from the same 
double bond. 

Although the vibrational results obtained with 
the heated cell are in agreement with previously re- 
ported data obtained by infrared analysis performed 
on solutions,6 the prevailing conditions in the heated 
cell only approximate the conditions of curing in 
commercial vulcanization operations with respect 
to pressure. As a result, the final network structure 
resulting under production conditions could be dif- 
ferent from that propo~ed.~ 

The progress described up to this point sheds light 
on many of the chemical events that take place dur- 
ing the formation of the network. However, it pro- 
vides limited understanding of the reaction mech- 
anism attributed to the complexity of the solid-state 
chemistry of the crosslinking process. A more precise 
knowledge of the structure of the crosslinked elas- 
tomer network is required for the purpose of pre- 
dicting the performance of these materials in very 
demanding, harsh environments. Such a knowledge 
would also be desirable in designing improved net- 
work structures by modifying currently available 
systems. 

In this paper, we focus our attention on spectro- 
scopically determining the structure of VF2 / HFP 
and VFz/HFP/tetrafluroethylene (TFE ) com- 
pounds as they go through the various key steps of 
the curing process including the postcuring. In con- 
trast to the Iatest studies that concentrated at best 

on approximating the cure process, our approach 
constitutes a study of the spectra of specimens sub- 
jected to real industrial vulcanization conditions. 
Since the fluoroelastomer network structure result- 
ing from the curing process is far from fully under- 
stood, we are attempting to add to the previously 
reported, pioneering work and to make it more com- 
plete. In some experiments data was generated from 
model compounds in order to support certain points 
of view. 

EXPERIMENTAL 

Materials 

Fluorocarbon elastomer A is a dipolymer VF,/HFP 
obtained from DuPont Co.; Mooney viscosity ML 1 
+ 10 at 121°C = 22; specific gravity = 1.82; fluorine 
% = 66; VF,/HFP mole ratio = 3.5. Fluoroelastomer 
B is a tripolomer of vinylidene fluoride, hexafluo- 
ropropylene, and tetrafluoroethylene ( Mooney vis- 
cosity ML 1 + 10 at 121°C = 65; specific gravity 
= 1.85; fluorine % = 68). The gum elastomers were 
compounded with the other ingredients as received. 
Curative 20 consists of benzyltriphenylphosphonium 
chloride (BTPPC) (33% in fluoroelastomer, DuPont 
Co.) and acts as an accelerator in the curing process. 
Curative 30 (50% BPAF in fluoroelstomer, DuPont 
Co.) is the crosslinking moiety in the compound. 
MgO and Ca ( OH)2 were obtained from C. P. Hall 
Co. and had purity of 94% minimum. They serve as 
acid acceptors and cure activators. 

Mixing and Molding 

Mixing of fluorocarbons A and B with the curatives 
20 and 30 and the acid acceptors was performed on 
a 80 X 180 mm two-roll mill. The mill speed was 3.2 
m/min and the gap between the rolls was 0.50 mm. 
The elastomer was banded on the roll mill and the 
mixture of ingredients was added slowly over the 
period of 1 min. Then the mixture was cut contin- 
uously at  the edges of the roll and placed in the 
center for 360 s to provide a homogeneous mixture. 
A typical compound, employed in this study, is 
shown in Table I (compound A-144). Specimens for 
these experiments were prepared by compression 
molding. Previously mixed materials were freshened 
on a roll mill three or four times and cut to make 
preforms for molding. Typically the materials were 
molded at  177°C under 14,000 kg pressure for a fixed 
time. Sample sheets (150 X 150 X ‘2 mm) were 
molded according to ASTM D 3182 and compression 
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Table I Typical Compound Composition 

Fluorocarbon Compound A-144 
Fluoroelastomer A 
Maglite D (MgO) 
Calcium hydroxide [Ca(OH)2] 
Curative 20 (BTPPCL) 
Curative 30 (BPAF) 

Fluoroelastomer 
Maglite D (MgO) 
Calcium hydroxide [Ca(OH)2] 
Curative 20 (BTPPCL) 
Curative 30 (BPAF) 

Fluoroelastomer B 
Maglite D (MgO) 
Calcium hydroxide [Ca(OH)2J 
Curative 20 (BTPPCI) 
Curative 30 (BPAF) 

Fluorocarbon Compound A-91-15 

Fluorocarbon Compound B-146 

100.00 
3.00 
6.00 
3.00 
4.00 

100.00 
4.50 
9.00 
4.50 

12.00 

100.00 
3.00 
6.00 
3.00 
4.00 

set buttons (28-mm diameter X 13-mm thick) ac- 
cording to ASTM D 395. Postcuring was carried 
out in an air circulating oven (Blue M )  at 200°C 
for 24 h. 

Microtoming of Cylindrical Specimens 

Cylindrical specimens were cut from compression 
set buttons with a 1-cm hole punch. They were 
placed in a chilled microtome to cut thin film sec- 
tions 25-pm thick. The films were thoroughly 
washed with water and dried before spectral ex- 
amination. 

Spectroscopic Measurements 

FTIR spectra were recorded with a Mattson Instru- 
ments Galaxy 5020 spectrometer a t  8 cm-' resolu- 
tion using a sample shuttle. The spectrometer and 
sample compartment were purged with liquid nitro- 
gen boil off. Cured sections were mounted on masks 
and scanned 64 times. Similar masks were used on 
the reference side. Soluble components were scanned 
as thin films on KBr and powders as KBr pellets. 
Sixteen scans were used for cast films and pellets. 

RESULTS AND DISCUSSION 

Prior studies of network structure of cured VFJ 
HFP compounds have been based on experimental 
circumstances that do not completely mimic indus- 
trial vulcanization conditions. For example, sample 

porosity and the effects of cure under pressure have 
not been addressed and there is also the issue of the 
high surface to volume ratios in thin film reactions. 
Thus, it is necessary to take these reactions to real 
world conditions to be assured that the reactions 
occurring in commercial materials are well under- 
stood. Hence, the processing of two compounds, A- 
144 and B-146 prepared using VF,/HFP and VF2/ 
HFP/TFE, is reported. The compositions of these 
two compounds are detailed in Table I. In Figure 2, 
the cure profiles as measured by ODR are repro- 
duced. Although both materials are compounded 
identically for nucleophilic crosslinking, the cure 
profiles indicate that there are some differences in 
the latency period before rapid changes in the rheo- 
metic behavior of the samples. This data was used 
as a guide in preparing compression molded speci- 
mens for infrared analysis. Experiments were de- 
signed to monitor the reaction progress before in- 
duction of crosslinking, a t  an early stage of cross- 
linking and at the later stage of the vulcanization. 
Also included were samples exposed to curing con- 
ditions for extended periods of time and a post-vul- 
canizing stage (Table 11). By elucidating the process 
at these several stages it is hoped that a more com- 
plete and reliable picture of the final material can 
be established. 

By processing the fluoropolymers under realistic 
conditions and sampling the results by removing a 
thin section of the product for spectroscopic ex- 
amination, a picture of the chemistry generated in 
a commercially processed product is obtained. By 
and large, the earlier results have been confirmed 
but some new findings have also presented them- 
selves in the process. 

In Figure 3, the infrared spectra of the evolution 
of crosslinking with time of processing is illustrated 
for the VF,/HFP compound. Starting with the cured 
material, compression molded for 60.0 min [Fig. 
3 ( A )  1,  and proceeding in alphabetical order, spectra 
representing the samples that were quenched after 
15,4,2.5, and 1.5 min are illustrated, along with the 
neat polymer [Fig. 3 (F)  1. This figure includes the 
spectral data for the C - H stretching region from 
3300 to 2700 cm-'; the C=C stretching region for 
the unsaturation formed in crosslinking, 1800 to 
1650 cm-'; and for the aromatic rings from the 
crosslinker, 1650 to 1550 cm-' . In the infrared study 
using a heated cell, the formation of two features 
track the accumulation of unsaturation in the poly- 
mer at 1718 and 1680 cm-'. As earlier, no significant 
accumulation of unsaturation was observed until the 
spectrum at 4 min into the vulcanization. However, 
the spectral intensity at 1680 cm-' reported herein 
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appears to be greater than that previously reported, 
when compared to the 1720 cm-' intensity. 

The higher frequency of the two apparent ring 
C=C stretching modes attributed to the cross- 

Table I1 
Taken through the Various Stages 
of the Cure Process 

Standard Fluorocarbon A at 177°C 

Press Cured Post-cured 

Temp. Time Cure Temp. Time 
Compound (C) (min) (%) (C) (h) 

- - a' 177 1.50 0 
b 177 2.50 40 - - 

177 4.00 70 
d 177 15.00 100 - - 

C - - 

Variation in Cure Conditions and Curative Level of 
Fluorocarbon Compounds 

d" 177 15.00 100 - - 

e 177 60.00 100 - - 

f 177 60.00 100 200 24 
A-91-15 177 60.00 100 - - 

a Compounds A-144 (a-f) have the same composition as com- 
pound A-144 (Table I). 

linker, BPAF, is found initially a t  1615 cm-' in the 
neat material. The feature shifts to a frequency of 
1608 cm-' by the time the spectral intensity asso- 
ciated with unsaturation accumulation starts at 4 
min into the process. The relative intensity of the 
neighboring peak at 1595 cm-' appears to decrease 
with reaction time. These changes may result from 
the incorporation of the BPAF into the network. If 
in fact this is the case, then crosslinking with BPAF 
does not require the accumulation of unsaturation 
but proceeds prior to such an accumulation as in- 
dicated by this data obtained from the solid-state 
process. 

In Figure 4, the absence of crosslinker on the time 
evolution of the unsaturation is documented. In the 
first minute and a half the only evidence of unsat- 
uration is seen as a broad feature centered at 1650 
cm-' , and trace of evidence for a band at 1718 and 
1680 cm-' [Fig. 4 (D ) 1. By approximately 3 rnin into 
the reaction the feature associated with unsaturation 
has become even broader and more intense with a 
distinct band at  1718 cm-' [Fig. 4 (C)  1. At 6 rnin 
[Fig. 4 ( B  ) 3 ,  in the absence of BPAF, the 1718 cm-' 
band is clearly evident but even at 15 rnin [Fig. 
4 (A) 1, there is only weak indication of a 1680 cm-' 
feature. The product of the BPAF-free experiment 
was vulcanized as has been recorded previously,' and 
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Figure 3 Infrared spectra from 25-pm thick sections in the C-H stretching region, 
3300 to 2700 cm-': and C=C stretching region, 1800 1550 cm-'; for the A-144 compound 
cured for 60 min cure, A; 15 min, B; 4 min, C; 2.5 min, D; 1.5 min, E, and neat polymer, F. 

the color of the product is the same dark brown as 
observed in the presence of the BPAF. Thus, there 
is a different type of crosslinking taking place 
(Table 111). 

In the presence of three times the BPAF and 1% 
times the BTPPC the 1718 cm-' intensity is ap- 
proximately constant but the 1680 cm-' band grows 
with increased crosslinker [Fig. 5 (B)  vs. (C)] .  
When the intensity of Figure 5 ( B  ) is scaled for the 
increase in BTPPC, the overall intensity in the 1750 
to 1550 cm-' region overlaps with Figure 5 ( C )  with 
the exception that the 1680 and 1610 cm-' bands 
are increased and there is a decrease in the 1600 
cm-' region. In the absence of crosslinker [Fig. 
5 (A), repeated from 4 (A) on the same scale as 5 (B)  
and 5 ( C ) 3, the unsaturation intensity is increased, 
especially in the 1600 cm-I domain, but very little 

1680 cm-' intensity. In addition to the unsaturated 
organic group contribution in the 1800-1550 cm-' 
region, the MgO filler, used as a buffer to HF, also 
contributes a band at 1640 cm-' because of the pres- 
ence of water in the crystal lattice that is also ob- 
served in the 0 - H stretching region at  3698 cm-' 
(spectra not shown). This component would be ex- 
pected to contribute equally to all three spectra pre- 
sented in Figure 5 .  

Supporting these observations concerning the 
evolution of unsaturation is the C - H stretching 
region. In the 3300-2700 cm-' region of Figure 3, 
the presence of unsaturated C - H is present at 31 19 
cm-' on the high frequency side of the principle 
C - H stretching band for the cured polymer [Fig. 
3 ( A ) ,  cured vs. 3 (F) , neat polymer]. This feature 
appears only as the C = C stretches, 1720 and 1680 
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Figure 4 Infrared spectra from 25-pm thick sections in the C=C stretching region, 
1800 to 1550 cm-': for the A-144 compound less the BPAF crosslinker cured at 177°C for 
60 min, A; 6 min, 3; 1.5 min, C; and the MgO filler with adsorbed water. 

cm-', appear in spectra [Fig. 3 ( A-C) 1. Thus, un- 
saturated groups do not appear until after 4 min 
into the reaction and yet a t  that point the spectral 
shift of the BPAF is complete. The appearance of 
the unsaturated C-H stretch appears in spectra 
in the presence and the absence of the BPAF, cross- 
linker, and its associated chemistry [ Fig. 4(  A-D)] . 

In addition to the studies of the dipolymer, fully 
formulated and cured compression set samples were 
also generated for the tripolymer, which included 
TFE as well as VF2 and HFP. In Figure 6, the curing 
of the B-146 compound is tracked via the C-H 
stretching and the - C = C - stretching regions 

Table 111 Standard Fluorocarbon Compound 
without the BPAF Crosslinker 

Press Cured 

Temp. Time 
Compound Solubility (C) (rnin) 

A-148E Soluble 177 1.50 
A-148E Partial 177 6.00 
A-148E Partial 177 60.00 
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50 

Figure 6 Infrared spectra from 25-pm thick sections in 
the C=C stretching region, 1800 to 1550 cm-': for com- 
pound A-144 without crosslinker, A; polymer A com- 
pounded with three times the normal amount of BPAF 
crosslinker; compound A-91-15, B, and compound A-144, C. 
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Figure 6 Infrared spectra from 25-pm thick sections in the C-H stretching region, 
3300 to 2700 cm-'; and C=C stretching region, 1800 1550 cm-I; for the B-146 compound 
cured for 12 rnin cure, A; 6 min, B; 3 min, C; 1.5 min, D; and neat polymer, E. 

for 12 rnin of cure, Figure 6 (A) ,  to 6 rnin of cure, 
Figure 6 (B)  , to 3 min of cure, Figure 6 (C),  to 1.5 
min cure, Figure 6 ( D ) . Included for comparison is 
the spectrum of the neat polymer, Figure 6 ( E ) .  
Again we observe the same crosslinker absorption 
frequency shift as above. The shift, which was at- 
tributed to the chemical inclusion into the matrix, 
is completed before there was any evidence for the 
presence of unsaturated functionality in either 
spectral region. As before, the ODR trace indicates 
most of the crosslinking occurs before there is a sig- 
nificant accumulation of vinyl groups. 

A comparison of the results for the two polymers 
in the spectral region from 4000 to 1550 cm-' is pre- 
sented in Figure 7 ( B  ) , dipolymer, and 7 (D ) , tri- 
polymer. Although the spectra are very similar, there 
are two apparent differences in the spectra of these 
two materials. The C=C stretching intensity at 
1718 cm-' is much stronger in the spectrum of the 
tripolymer and the =C-H stretch at 3115 cm-' 
is somewhat stronger as well. This is probably caused 
by the change in monomer ratio in the terpolomer. 
Other than these two differences, the changes upon 

curing were similar with respect to the FTIR anal- 
ysis. 

One of the advantages obtained from an ex situ 
experiment is that the effects of posttreatment can 
be evaluated. The spectra for both formulations A- 
144 and B-146 after posttreatment at 200°C for 24 
h is presented in Figure 7 (A) and (C) . Again, there 
is very little change in the spectra upon posttreat- 
ment with two exceptions. The band at 3641 cm-' 
is diminished in the spectra of both materials after 
posttreatment. This is probably because of the re- 
action of hydrofluoric acid with calcium hydroxide. 
The other change, which is also common to the 
spectra of both materials upon posttreatment, is the 
appearance of two bands in the C-H stretching 
region at  2920 and 2851 cm-' . 

The assignment of the features that arise or are 
modified as a result of processing can be understood 
on the basis of previously developed spectral inter- 
pretations of neat materials and small molecules. 
The two sharp features above 3500 cm-' can easily 
be identified as Ca(OH)2 at 3641 cm-' and 
MgO - HzO at  3700 cm-' -7 The C - H stretches in 
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Figure 7 Infrared spectra from 4000 to 1550 cm-' for 
25-pm thick sections of compound A-144 post-treated, A; 
and cured 60 min only, B; and of compound B-146 post- 
treated, C; and cured 60 min only, D. 

the original polymer and all the C - H stretches in 
the processed materials, with one exception, must 
be understood in terms of PVF2 structures. The ex- 
ception is the 3119 cm-' band that arises after double 
bonds are formed in the matrix and is attributed to 
the vinyl carbon stretch, =C-H.8 The major 
bands at about 3000 cm-' in all of the spectra pre- 
sented here can be attributed to the crystalline forms 
of PVFp as have been identified by Cortili and Zerbi' 
and Enomoto et a1." The two new features a t  lower 
frequency, found only upon heating to 200°C, are 
attributed to amorphous PVFp .' 

The - C = C ~ region from 1720 to 1600 cm-' 
consists of several types of structures and is thus 
made up of overlapping bands with a few distinct 
features. The band at  1718 cm-' has been assigned 
by several authors to "double bonds carrying a flu- 
orine substituent." 11,12 This band has also been at- 
tributed to the double-bond stretch of the structure 
- CF = CH - by 0thers.57'~ However, this feature 
is perhaps better attributed to the structure 
-CF=CF- or =CF2 consistent with a wider 

set of fluorinated  specie^.^^'^*'^ In support of this is 
the relative increase in this feature when TFE is 
included in the polymer, compound B-146. 

The band at 1680 cm-I lies in the characteristic 
frequency ranges for the structures such as 
R,R& = CHR,, 1680-1670 cm-' , and R,R& = 
CR,Rd, 1690-1680 cm-' .' The substitution of one 
fluorine for a proton is expected to raise the C=C 
stretch only slightly, that is, -25 cm-'. Even if such 
a shift is smaller when only one hydrogen is available 
for substitution, it does not seem likely that the 1680 
cm-' feature is associated with the structure, 
R,R& = CFR,. However, this band does seem to 
be present only when crosslinker is included in the 
compound and seems to vary directly in intensity 
with the amount of crosslinker present. 

The presence of infrared absorption at 1600 cm-I 
in the crosslinker free compound [Fig. 5 ( A )  ] relative 
to the lack thereof in the presence of crosslinker 
suggests that there is a different distribution of un- 
saturated structures especially with respect to con- 
jugated structures. In an earlier study of y-irradiated 
PVF2 and VF/ VF2 distinct features were observed 
at -1600 cm-' that was attributed to conjugated 
double bonds." Thus, the presence of crosslinker 
seems to inhibit the formation of structures of this 
nature. 

CONCLUSIONS 

Fluoroelastomer compounds based on vinylidene 
fluoride copolymers ( VF2/HFP and VFp/HFP/ 
TFE ) and the BPAF nucleophile were prepared and 
molded using industrial vulcanization conditions to 
determine the network structure. As a result, chem- 
ical entities, which are expected to be in contact 
with alternate automotive fuels such as methanol 
blends, were produced. Although the simplest fluo- 
rocarbon elastomers were chosen for this study, 
crosslinking through phase-transfer catalysis might 
not be the least complicated processing procedure. 
To follow chemical events taking place during 
the solid-state cure, specimens were successfully 
quenched at the key stages of processing. Cylindrical 
specimens cut from the molded parts were micro- 
tomed into 5-25 micron circular sections for spec- 
troscopic examination. 

To identify the main curing events, the complete 
spectrum of samples representing the key stages of 
processing were obtained. The findings are outlined 
below: 

1. In the early stage no double bonds are de- 
tected by FTIR. However, a small frequency 
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shift in the ring absorptions of the BPAF is 
observed. 

2. The shift in the ring absorptions of BPAF is 
associated with crosslinking. This was ob- 
served for the first time and correlates well 
with the ODR data. Further, it appears that 
crosslinking occurs prior to accumulation of 
unsaturation. The double-bond absorption at  
1680 cm-' also provides a measure of cross- 
linking. Contrary to previously reported data, 
the intensity of absorption at  1680 cm-' is 
higher than that a t  1718 cm-'. 

3. A t  100% cure the intensity of absorption at  
1680 cm-' is still higher than that a t  1718 
cm-' . This trend is not consistent with earlier 
results but may arise from differences in 
sample preparation. 

4. Maintaining the specimens at  the cure con- 
ditions for 60 min has no noticable effect on 
their spectra. 

5. The post-curing treatment results in the de- 
crease of the hydrofluoric acid in the com- 
pound and in the formation of amorphous re- 
gions of PVFz. 

6. The spectra of dipolymer and terpolymer 
compounds is similar with the exception of 
the stronger terpolymer absorptions at  1718 
and 3115 cm-l. This is probably caused by 
the addition of TFE in the terpolymer. 

The solid-state data can serve as input in deter- 
mining the fracture and environmental behavior of 
these materials. It can also be used as a baseline for 
those concerned with enhancing certain properties 
of fluorocarbon materials. Although the network 
structure has been determined by this approach, 
there are still uncertainties about the pathway that 
leads to the final network structure. 

The authors would like to thank C. Thomas of the Ford 
Central Laboratory and his associates for their assistance 
in this effort. 
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