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viscosity did not significantly increase during these temperature holds, instead staying almost level within 
each temperature hold and decreasing slightly at each temperature ramp increase (fig. 16). This indicates 
the FMW seems to level off, even though the temperature holds were kept above the Tg to insure some 
mobility for any possible molecular weight advancement during the extended heating times. As in figures 
14 and 15, there is a slight trend within the narrow viscosity range shown toward monomer combinations 
with 6F having lower remelt viscosity than those with 3F. A different study done by others will discuss in 
a later section (3.2.4) similar results of the initial melt (not remelt) viscosity of various 3F versus 6F 
polymer thermosets. 
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3. An approach to introduce increased polymer solubility using 3F pendant groups, such as was 
demonstrated using 3FDA with TFMB.40–41 

4. A new method to produce high Tg polyimide dielectrics and nanofoams, such as was discussed in 
sections 3.3.6 and 3.3.8, respectively. 

5. An improvement over the existing 6F technology due to the wide synthetic versatility that uses the 
3F phenyl ring as the site to introduce functional groups1–7, 10–11, 42–47 which later are used to chemically 
modify polymer properties.1,7,42–47 

 

The last of these uses and modifications, incorporation of a functional group unto the 3F pendant 
phenyl ring, is the most versatile method to modify 3F polymers for specialty applications. This is 
partially due to the potentially low cost of TFA as a monomer building block. TFA has been prepared 
inexpensively12–13 by conversion of low cost trifluoroacetic acid to its acid chloride, followed by reaction 
with benzene to produce TFA. Unfortunately, only general nondocumented examples of introduction of a 
synthetic site into the 3F pendant phenyl can be found in the patent10 literature. Of these specific patent 
examples, none of the substituted pendant phenyl 3F monomers in reference 10 have been reported 
elsewhere, thus probably not existing other than within the patent discussion section and subsequent 
claims of reference 10. Even without these patent claims, actual other examples of synthetic pathways 
illustrating 3F synthetic versatility are shown in figure 22, which outlines the scope of how the 3F 
monomer and polyimide modifications can be done. Pendant 3F modifications for nonpolyimide 
monomers/polymers are discussed later in sections 3.4.1, 3.4.2, and 3.4.5. The 3F polyimide 
monomer/polymer modifications are reported to be done in four different ways: 

 

1. -Can Introduce a variety of Xs into TFA initially by using 3F Pendant Phenyl1–7, 11, 42–48 or 3F Pendant 
Naphthyl45–47 reacted with Aniline,1–7, 11, 38 Substituted Anilines,9, 49–52 Phenols12, 37, 53–56 and Substituted 
Phenols37, 54 

2. -Can Introduce X during2–7, 11 or after3–4, 42–44 Monomer Synthesis, such as by Nitration2–7 or 
Halogenation42–44 

3. -Can Convert X to Y after X is introduced in Monomer Synthesis, such as by Oxidation11 or 
Hydrolysis11 

4. -Can Change X to a Different Group by a Displacement Reaction during2–7 or after  
Monomer2–7, 42–44 or Polymer Synthesis6 or during Crosslinking42–44 
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3.4   Advanced 3F Polymers Other Than 3F Polyimides 

The wide range of 3F compounds already synthesized (section 3.3) clearly demonstrates that the 
synthetic versatility already exists for introducing 3F into many other types of new monomers/polymers 
analogous to the existing wide spectrum of 6F monomers/polymers. The synthetic 3F building blocks 
starting from TFA12–13 are represented by the 3F dicarboxylic acid (3FDCA),11 3FDAM,1–7, 11, 38 3FDA,1–10 
and 3F bisphenol (3FBP)12, 37, 53–56 starting monomers already known. Their existence only awaits the 
expanded use for 3F monomers and modified 3F monomers into advanced 3F polymers (other than 
polyimides). The following sections detail the incorporation of 3F into advanced 3F monomers/polymers 
other than for 3F polyimides. 

3.4.1   Scope of 3F Monomers Known for Other 3F Polymer Types 
Similar to the synthesis of pendant substituted polyimide monomers, 3F synthesis technology can be 

further expanded so the 3F building block (TFA) can start from substituted benzenes to produce 
substituted TFA’s.1, 7, 11, 38, 42–48 Starting from the substituted TFAs, the synthesis of symmetrically 
substituted trifunctional 3F compounds and monomers of 3F trimethyls, triacids, trinitriles, and triamines 
has already been reported11 while the synthesis and uses of pendant 3F triphenols and subsequent 
derivatives are discussed in section 3.4.5. Also starting from substituted TFAs, the synthesis and uses of 
unsymmetrically trisubstituted pendant ethynyl 3FBPs are discussed next in section 3.4.2. Similarly, 
starting from the unsubstituted TFAs, many additional difunctional 3F monomers have also been 
synthesized by condensations with a variety of aromatics, such as ortho xylene for the 3FDA route1–7  
(fig. 2), toluene for the 3FDCA route,11, 37 phenols for the 3FBP route,37, 53–56 aniline for the 3FDAM 
route1, 9, 11–12 (fig. 3) and diphenyl ethers for the 3F xanthene diacid route61–64 (similar to fig. 23). From 
these 3F basic building blocks, additional 3F compounds/monomers have already been prepared, 3F 
dicyanates, 3F bis (aminophenols), 3F diacetyls, 3F bis (aminoketones), 3F diacrylates, 3F diacid 
chlorides, 3F bis (arylchlorides), and 3F tri (perfluorovinyl ethers), for use in advanced 3F polymers 
(other than in 3F polyimides) as discussed in sections 3.4.2 to 3.4.10 to follow. Also, the 3F xanthene 
diacid has been successively converted to the diacid chloride, diazide, diisocyanate, and, last, to the 
diamine (all in reference 62), but none of these have been used in any polymerizations except the two 3F 
xanthene dianhydrides to prepare polyimides as discussed in section 3.3.6. The overall result is that the 
wide range of 3F compounds/monomers synthesized clearly reflects very highly on the ease of 3F 
synthesis capability. Furthermore, use of substituted anilines led to the substituted 3FDAM route9,49-52,54,60 

(section 3.3.2). Thus, the versatility of TFA chemistry clearly is not limited to only the polyimides 
discussed so far, but instead, 3F technology also provides the synthetic route which apples 3F technology 
into a wide variety of new 3F monomers. The variety of 3F monomers represents essential building 
blocks for synthesis of an even wider variety of new advanced 3F polymers, as has started happening in 
the 1990’s. Figure 26 summarizes the synthetic route to the basic 3F building blocks that have been 
modified to prepare more advanced 3F monomers/polymers, all starting from ordinary TFA’s. Of these 
3F building blocks, the 3FBP has been used the most often, as follows: unsubstituted (sections 3.4.2 and 
3.4.3), pendant substituted (sections 3.4.2 and 3.4.5), derivatized (sections 3.4.4 to 3.4.7), and groups next 
to the hydroxyl (section 3.4.8). The 3FDAM building block has been used the next most often both as 
unsubstituted (section 3.4.9) and substituted with groups next to the amine (sections 3.4.7 and 3.4.8). The 
unsubstituted 3FDCA building block has been used the least often (section 3.4.8). A 3F dihalide has also 
been synthesized without going through these basic 3F building blocks, and was used only once (section 
3.4.10). 
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3.4.10   3F Polyphenylenes 

At the American Chemical Society Polycondensation ’98 meeting September 27–30, 1998, in 
Annapolis, Maryland, a talk was presented that reported the polymerization of aromatic dihalides to form 
6F based polyphenylenes by the use of nickel catalyzed couplings of the aromatic dihalides. Data was 
also presented about the extensive characterization of the linear 6F polyphenylenes, however during the 
presentation a slide showed that the same chemistry had also been done with the analogous 3F dihalide 
monomer, with the final paper to be published later. However, when the paper101 was published, it did not 
also present the limited analogous 3F polyphenylene data, so this review can only say that 3F 
polyphenylenes have been studied similar to the 6F polyphenylenes in reference 101. It is not known if 
there has been any work planned or on-going towards preparing a 3F aromatic trihalide for use as a 
branching point in the linear 3F or 6F polyphenylenes. However, this is an obvious feasible application of 
3F as a synthesis technology, as discussed in this review, by using the 3F pendant phenyl to introduce the 
third halide for use as the branching site. From all the discussion within this review, it should be an easy, 
high yield, one step reaction for 3 or 4 chloro trifluoroacetophenone to react with chlorobenzene to 
prepare the 3F triaryl chloride in one high yield step for use in small amounts to branch 3F or 6F 
polyphenylenes by polymerization techniques in reference 101. A number of trifunctional 3F compounds 
have been previously prepared as discussed in section 3.3, but the trihalide has not been previously 
prepared. The pendant phenyl has already been demonstrated in section 3.3.3 as a site to introduce 
ethynyl groups for crosslinking polyimides in order to control and modify subsequent polymer properties. 
Thus, this could easily be another demonstration of the capability of superior 3F synthesis technology and 
the use of a tris monomer to control and modify subsequent polymer properties. 

3.4.11   3F Polybenzimidazoles and 3F Pyrones 

Although polybenzimidazoles (PBI) and pyrones seem to be obvious uses for the 3F building blocks, 
3F DCA, and 3FDA, reports of their reaction with any number of aromatic tetraamines to produce PBIs 
and pyrones was not found in the literature. If they do exist somewhere, our apologies for our failure to 
locate them in order to incorporate them into this review. 

4. Concluding Remarks 
In spite of 3F polyimides clearly being thermo-oxidatively inferior as replacements for 6F polyimides 

for jet engine applications, all the activity generated after our initial 3F polyimide publication1 could 
easily have lead to development of 3F technology as the next generation of low cost, intermediate use 
temperature fluorinated resins. This includes a wide variety of specialty 3F polymer applications for 
aerospace and microelectronics because of the lower cost than commercial 6F technology and their 
expanded synthetic versatility over 6F resins. Thus, it appears that everything 6F does for polymers, 
except improved TOS and lower dielectric, 3F technology can also achieve. Unfortunately, other than the 
ability to functionalize the pendant 3F phenyl group to control or modify polymer properties, a clear 
technical advantage of 3F versus 6F polymers remains elusive, leaving 3F as the “poor mans” 6F polymer 
technology due to potential lower 3F starting material and synthesis costs. Today, 3F technology still 
awaits the identification and the subsequent development of additional polymer applications that can not 
be done using existing 6F polymer technology, instead of being just another “me too” technology. 
Hopefully, this article will cause that progress to happen. As a result of work to date, nine U.S. patents2–7, 

9, 37, 43 have been issued to the U.S. Government with one licensed9 to industry. Also, technical 
interactions with associates have independently resulted in the issue of nine US patents8, 10, 21, 33–34, 51, 57, 70, 

94 to industry. However, without specialized 3F applications being identified, the current state of 3F 
technology will not be likely to compete or displace the 6F technology that is firmly in place in the 
marketplace. The market being so small, yet mature, no room seems to exist for the competing 3F 
polymers technologies. The lower cost and superior expanded synthetic capability of 3F technology has 
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been clearly demonstrated. Further use of 3F technology clearly depends on creative identification of new 
opportunities where 3F technology can succeed. 
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