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Synthesis and Properties of 
Perfluorinated Polyimides 

SHINJI ANDO, TOHRU MATSUURA, 
and SHIGEKUNI SASAKI 

14.1. INTRODUCTION 

14.1.1. Near-IR Light Used in Optical Telecommunication Systems 

Silica-based smgle-mode optical fibers are used as the transm1ss10n medmm m 
current optical telecommumcat10n systems 1 The transm1ss1on light 1s near-IR 
Degradat10n of commumcation quality under transm1ss1on 1s mmrm1zed by usmg 
a 1 3 µm wavelength because the refractive mdex d1spers10n of these optical fibers 
1s zero at thIS wavelength, which 1s thus called the zero-d1spers10n wavelength On 
the other hand, this optical fiber has a mm1mum transm1ss10n loss at 1 55 µm 
Techmques have been developed to shift the zero-d1spers10n wavelength of silica­
based optical fibers to 1 55 µm Future telecommumcat1on subscnber systems will 
use both 1 3 and 1 55 µm as commumcation wavelengths2 (e g, 1 3 µm for 
commumcation service and 1 55 µm for one-d1rect10nal video service) 

The refractive mdex of the core of the optical fibers 1s made slightly higher 
than that of the claddmg m order to confine the transmitted optical signals A 
small amount of Ge02 1s doped mto the core of the commonly used s1hca-based 
optical fibers m order to mcrease the refractive mdex Smee dopmg mto the core 1s 
undesirable from the pomt of view of decreasmg the transm1ss10n loss, fluonne 1s 
doped mto the claddmg of optical fibers to achieve very low transm1ss10n loss The 
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use of fluonne decreases the refractive mdex of the medmm and considerably 
decreases water absorpt10n The mm1mum loss of O 154 dB/km at 1 55 µm 
obtamed from a fluonne-doped optical fiber 1s close to the theoretical limit 
given by Rayleigh scattenng and harmomc absorption of oxygen-hydrogen 
(O-H) and silicon-oxygen (S1-O) bond stretchmg 3 The sharp absorpt10n 
peak appeanng at 1 38 µm is due to the second harmomc of the O-H bond 
stretchmg vibrat10n of the residual S1-OH groups 4 The optical commumcat10n 
wavelengths, 1 3 and 1 55 µm, are located m the valley between the absorption 
peaks and are called windows This explams the very low transmiss10n loss at 
these wavelengths 

14.1.2. Integrated Optics and Optical Interconnect Technology 

With the advancement of optical telecommumcat10n systems, "mtegrated 
optics" technology5 and "optical mterconnect" technology6 are becommg more 
and more important The maJor components of these two technologies are 
photomc mtegrated c1rcmts (PICs), optoelectromc mtegrated c1rcmts (OEICs), 
and optoelectromc mult1chip modules (OE-MCMs) All the funct10nal devices, 
mcludmg optical and electromc components, are formed or attached to a smgle 
planar substrate Optical signals are transmitted through optical wavegmdes that 
mterconnect such components The prmc1ple of optical transm1ss1on m wave­
gmdes 1s the same as that m optical fibers To implement these technologies, both 
active optical devices (such as light sources, optical switches, and detectors) and 
passive optical components (such as beam splitters, beam combmers, star 
couplers, and optical multiplexers) are needed A wide vanety of optical matenals 
has been studied, e g, glasses, lithmm mobate, III-V semiconductors, and 
polymers In particular, passive optical components have been fabncated usmg 
glass optical wavegmdes by 10n-exchange, 7 or by flame hydrolysis depos1tlon and 
reactive 10n etchmg (FHD and RIE) 8 In the case of silica-based glass wavegmdes, 
all the wavegmdes and the passive optical components should be formed on the 
substrate before attachmg the active optical and electromc devices because very 
high temperatures (up to 1300°C) are needed to consolidate silica when usmg 
FHD and RIE In addition, the mflexib1lity of glass wavegmdes and the difficulty 
of processmg large (longer than 30 cm) wavegmdes make 1t difficult to achieve 
PICs and OEICs As a result, there has been a strong demand for matenals for 
mterconnectmg wavegmdes and passive optical components that have high 
processab1lity, flex1b1lity, and the poss1b1lity of fabncatmg wavegmdes on the 
PICs, OEICs, or OE-MCMs after attachmg or formmg of optical and electromc 
components 
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14.1.3. Polymeric Waveguide Materials for Integrated Optics 

For the above reasons, polymers are expected to be used as wavegmde 
matenals for optical mterconnects and passive optical components on PICs, 
OEICs, and OE-MCMs 9 The current manufactunng process for ICs and 
MCMs mcludes soldenng at 270°C and bnef processes at temperatures up to 
400°C. Wavegmde polymenc matenals should therefore have high thermal 
stability, i e, a high glass transition temperature (Tg) and a high polymer 
decomposit10n temperature as well as high transparency at the wavelengths of 
optical commumcat10ns (1 3 and l 55 µm) 

Conventional polymenc matenals used m plastic optical fibers and wave­
gmdes for short-distance optical datahnks, such as poly(methyl methacrylate) 
(PMMA), polystyrene (PS), or polycarbonates, do not have such thermal stability 
In addit10n, their optical loss at the wavelengths for optical commumcations are 
much higher than at visible wavelengths (0 4 ~ 0 8 µm), because carbon­
hydrogen (C-H) bonds harmomcally absorb near-IR radiation (0 8 ~ 1 7 µm) 
Figure 14 1 shows the vISible-near-IR absorption spectrum of PMMA dissolved 
m chloroform with a concentrat10n of 10wt% The mfluence of C-H bonds of 
chloroform was neutralized by usmg the same amount of chloroform as a 
reference Two types ofC-H bonds m PMMA. those m the methyl and methylene 
groups, give broad and strong absorption peaks m the near-IR region Although 
1 3 and 1 55 µm are located m the wmdows, absorpt10n owmg to C-H bonds 
mcreases the optical losses at these wavelengths 
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Figure 14.1. V1s1ble-near-IR absorplion spectrum ofpoly(methylmethacrylate) (PMMA) dissolved m 
chloroform The same amount of chloroform was used as a reference (reproduced by perm1ss10n of the 
Amencan Chemical Society, from Ando et al 28) 
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Polyimides and epoxy resms have been mvestigated as optical wavegmde 
matenals because they have excellent thermal, chemical, and mechamcal stabi­
hty 10- 14 The first attempt to use polyimide for optical wavegmdes was made by 
Furuya et al 10 They fabncated a laser-wavegmde mtegration by usmg a spm­
coated poly1m1de for the core layer of the wavegmde Franke and Crow11 

discussed the mfluence of the cunng process of soluble poly1mides and obtamed 
an optical loss of less than O 3 dB/cm at O 633 µm This loss 1s a measure of the 
change m the mtensity of the hght signal accordmg to the followmg expression 
dB = -10 log(// /0) In this case, the loss per centimeter 1s approximately 7% 
Sullivan12 descnbed polyimide wavegmdes fabncated by reactive etchmg High­
density router, splitter, and combmer bmldmg-block components have been 
developed m polyimide channel multimode wavegmdes On the other hand, 
Hagerhorst-Trewhella et al 13 reported solvent or wet-etchmg resist processes 
usmg UV-curable epoxies and poly1m1des with O 3 dB/ cm loss at 1 3 µm Ablated 
mirrors usmg exc1mer lasers have been demonstrated for out-of-plane 
mput/output mterconnections Reuter et al 14 have reported that optimally cured 
partially fluormated poly1m1des can be used to achieve optical losses below 
0 l dB/cm at v1S1ble wavelengths (at O 63 µm), and that these losses are stable 
at temperamres up to 200°C and below O 5 dB/cm up to 300°C 

14.1.4. Optical Transparency of Fluorinated Polyimides at Near-IR 
Wavelengths 

The authors15- 17 demonstrated that smgle-mode embedded wavegmdes can 
be fabncated with fluonnated polyimides (see this volume, Chapter 15) To 
fabncate these smgle-mode wavegmdes, there must be precise control of the 
shape and size of the core and of the refractive mdexes of the core and the 
claddmg The polyim1des used are copolymers synthesized from pyromellitic 
dianhydnde (PMDA) and 2,2-bis(3,4-d1carboxyphenyl)hexafluoropropane dianhy­
dnde (6FDA) as dianhydndes and 2,2' -bis(tnfluoromethyl)-4,4'-diammobiphenyl 
(TFDB) as a d1amme 18 The synthesis, properties, and optical applications of these 
partially fluonnated polyimides are descnbed m Chapter 15 These wavegmdes 
have optical losses ofless than O 3 dB/cm at l 3 µm 16 The mcrease m optical loss 
was less than 5% after heatmg at 380°C for 1 hand at 85°C with relative humidity 
of 85% for over 200 h 17 These matenals also show high transparency at v1S1ble 
wavelengths as well as low d1electnc constants, low refractive mdexes, and low 
water absorption In these properties, the matenals are supenor to those of 
conventional nonfluonnated poly1mides and epoxies used for the wavegmdes 
descnbed above 19 N onfluonnated polyimides have high water absorption of about 
1 3-2 9 wt%,20 which causes s1gmficant optical loss at 1 3 and 1 55 µm Water 
molecules have strong absorption peaks m the near-IR region 21 
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However, fluonnated poly1m1des also have some absorpt10n peaks m the 
near-IR region owmg to C-H bonds m thetr phenyl groups Figure 14 2 shows a 
schematic representat10n of the fundamental stretchmg bands and thetr harmomc 
absorpt10n wavelengths for the carbon-hydrogen (C-H), carbon---deutenum 
(C-D), and carbon-fluonne (C-F) bonds The wavelengths were measured for 
benzene, hexadeuterobenzene, and hexafluorobenzene with a near-IR spectro­
photometer For s1mphc1ty, the absorpt10ns from the combmations of the 
harmomcs and the deformat10n v1brat10n are not shown, and the absorpt10ns 
that are due to the fourth and fifth harmomcs of the stretchmg vibration are 
neghg1bly small The harmomcs of C-D and C-F bonds are displaced to longer 
wavelengths than the C-H bond because the wavelengths for the fundamental 
stretchmg v1brat10ns of C-D and C-F bonds are about 1 4 and 2 8 times longer 
than that of the C-H bond 

Smee the absorpt10n band strength decreases about one order of magmtude 
with each mcrease m the order of harmomcs (1 e, the v1brat10nal quantum 
number),21 the losses at vts1ble and near-IR wavelengths can be appreciably 
reduced by substltutmg deutenum or fluonne for hydrogen atoms Kamo et al 22023 

have produced low-loss optical fibers at v1S1ble wavelengths from deuterated 

2 JICH 

1.0 2.0 
1.3 1.55 

1lCH 

3.0 
wavelength (µm) 

J/CD 

4.0 

"Q" H '- H 
H 

oJOc 
D D 

D 

)Oc· 
F 

F 

5.0 

Figure 14.2. Schematic representat10n of fundamental stretchmg bands and their hannomc absorption 
wavelengths for C-H, C-D, and C-F bonds observed for benzene, hexadeuterobenzene, and 
hexafluorobenzene, respectively (reproduced by penn1ss1on of the Amencan Chemical Society, from 
Ando et al 28) 
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PMMAs and fluorodeuterated PSs Imamura et al 24 fabncated low-loss wave­
gmdes of less than O 1 dB/ cm at 1 3 µm by usmg deuterated and fluorodeuterated 
PMMAs This substitut10n has a sigmficant effect m reducmg the optical loss at 
visible wavelengths and 1 3 µm However, the strength of the absorpt10n due to the 
harmomcs of C-D bond stretchmg appeanng between 1 4 and 1 6 µm is not 
negligible at 1 55 µm An automatic fiber lme-testmg system usmg a 1 65 µm 
wavelength as an identificat10n signal is also bemg developed 25 As can be seen m 
Figures 14 1 and 14 2, the transparency of conventional polymers havmg a C-H 
bond at 1 65 µm is extremely low because the second harmomcs of C-H bond 
stretchmg is located at the same wavelength Such polymers cannot be used m the 
optical components for the future telecommumcat10n systems even 1f they are 
partially deuterated or fluonnated 

14.1.5. The Effect of Perfluorination on Optical Transparency 

For the reduction of optical loss at near-IR wavelengths, perfluonnation is, m 
pnnciple, supenor to perdeuteration Table 14 1 shows the molecular structure and 
the properties of three kmds of existmg perfluoropolymers, Teflon-AF (DuPont), 
Cytop (Asahi Glass Co), and poly(tetrafluoroethylene) (PTFE) A semicrystalhne 
polymer, PTFE cannot be used for hght-transmittmg apphcat10ns As expected 
from the perfluormated molecular structure and the amorphous nature, Cytop has 
been reported to have no absorpt10n peaks between 1 0 and 2 5 µm 26 However, its 
low Tg may not be smtable for wavegmde apphcat10ns for mtegrated optics On 
the other hand, the Tg and the refractive mdex of Teflon-AF can be controlled by 
changmg the copolymer rat10 decreasmg the tetrafluoroethylene content mcreases 
the Tg over 300°C In addit10n, its low dielectric constant and high chemical 

Table 14 I Molecular Structure and Properties of Amorphous and Sem1crystallme 
Perfluoropolymers 

Perfluoropolymer Teflon AF Cytop PTFE 

o~o o~o c~o c,, 
0 0 

Morphology Amorphous Amorphous Senncrystallme 
Fluonne content (wt%) 67 I, 65 0 67 9 76 0 
Glass trans1tJon temperature (°C) 160,240a 108 
Meltmg pomt (°C) 327 
D1electnc constant I 89-1 93 2 1-2 2 21 
Refractive mdex I 29-1 31 I 35 I 38 
Optical transmittance (%) (visible reg10n) >95 95 Opaque 

" Glass trans11Ion temperature of no TFE content 1s higher than 300°C 
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stability is preferable because optical wavegmdes are also used as msulatmg layers 
for electromc circmts m OEICs and OE-MCMs 

14.2. CHARACTERIZATION AND SYNTHESIS OF MATERIALS 
FOR PERFLUORINATED POLYIMIDES27

•
28 

14.2.1. Reactivity Estimation of Perfluorinated Diamines 

By perfluormatron of polyimides, we expected to achieve not only low optical 
losses at 1 3 and 1 55 µm but also high thermal, chemical, and mechamcal 
stab1hty, low water absorptron, and low d1electnc constants Perfluonnated 
poly1m1des can be synthesized from perfluonnated dianhydndes and diammes 
Figure 14 3 hsts a d1anhydnde and d1ammes that can be used for the synthesis of 
perfluonnated poly1mides Tetrafluoro-p-phenylenediamme (4FPPD), tetrafluoro­
m-phenylenediamme ( 4FMPD), and 4,4' -d1ammooctafluorob1phenyl (8FBZ) are 
commercially available B1s(2,3 ,5 ,6-tetrafluoro-4-ammophenyl)ether (8FODA) 
and b1s(2,3,5,6-tetrafluoro-4-ammophenyl)sulfide (8FSDA) were prepared as 
descnbed m the literature 29 30 l,4-Bis(tnfluoromethyl)-2,3,5,6-benzenetetracar­
boxyhc dianhydnde (P6FDA) was the only previously known perfluormated 
dianhydnde that was synthesized m our laboratory 31 

Fluonne 1s highly electronegative, which means that substltutmg 1t for 
hydrogen considerably decreases the acylatron reactivity of the d1amme monomers 
and mcreases the react1v1ty of the dianhydnde monomers Dme-Hart and Wnght32 

synthesized a poly1m1de denved from PMDA and 8FBZ, but they could not obtam 
polymers with a high enough molecular weight for film formation 

To generate h1gh-molecular-we1ght perfluormated poly1m1des, 1t 1s first 
necessary to determme how fluonne affects the react1v1ty of the monomers In 
particular, the effect of substltutmg hydrogen with fluonne on d1amme reactivity 1s 
important because kmetlc studies of the acylatlon of convent10nal monomers have 
revealed that acylatlon rate constants can differ by a factor of 100 among different 
dianhydndes, and by a factor of 105 among different diammes 33 

To estimate the acylatlon react1v1ty of the perfluormated diammes, poly(am1c 
ac1d)s were prepared from the five d1ammes hsted m Figure 14 3 and 6FDA 
d1anhydnde at room temperature Eqmmolar amounts of d1anhydnde and diamme 
were added to N,N-dimethylacetam1de (DMAc) to a concentratron of 15 wt% and 
stmed at room temperature for 6 days under mtrogen Table 14 2 shows the end­
group content of the poly(amic ac1d)s determmed from 19F-NMR 4FMPD shows 
the- lowest end-group content, 1 e, the highest reactivity, and 4FPPD shows the 
next highest However, acylatlons were not complete for any of the diammes, and 
end-group contents were high even after 6 days of reactron at room temperature 
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When 8FBZ dtamme, the least reactive one, was reacted with 6FDA, no NMR 
signal of the correspondmg poly(amtc acid) was detected 

We reported the relationships between the NMR chemical shifts and the rate 
constants of acylat10n (k) as well as such electromc-property-related parameters as 
10mzatton potential (IP), electromc affimty (EA), and molecular orbital energy for 
a senes of aromatic diammes and aromatic dianhydndes 34 The usefulness of 

Table 14 2 End-Group Contents of Poly(Armc Acid)s 
SynthesIZed from Perfluonnated D1ammes and 6FDA 

D1anhydnde 

Diamme End-group content (%) 

4FPPD 42 
4FMPD 15 
8FODA 75 
8FSDA 91 
8FBZ >99 
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NMR chemical shifts for estimatmg the react1v1ty of poly1m1de monomers was 
first reported by Okude et al 35 We revealed that the 15N chemical shifts of the 
ammo group of dmmmes (8N) depend monotomcally on the loganthrn of k (log k) 
and on IP For the synthesis ofperfluonnated poly1m1des, we attempted to estimate 
the reactivity of the five perfluonnated d1ammes from 15N- and 1H-NMR chemical 
shifts of the ammo groups (8N and ◊H) and calculated IPs (IP cal) Figure 14 4 plots 
8N agamst 8H, with upfield displacement of chemical shifts (8N and 88 are 
decreased) md1catmg the higher reactivity for acylat1on The IP cal values 
calculated usmg MNDO-PM3 sem1empmcal molecular orbital theory36 are also 
mcorporated m the figure From the 8N, 88 , and IP caJ values of the d1ammes, 
4FPPD 1s suggested to have the highest reactivity among the five, and 4FMPD 1s 
the next However, this does not comc1de with the end-group contents of 
poly(am1c ac1d)s denved from the expenments descnbed above As shown m 
Figure 14 5, the acylat10n starts with a nucleoph1hc substitut10n m which dmmme 
donates an electron to the dmnhydnde 33 This reaction 1s called "first acylat1on" 
and 1t affords a monoacyl denvatlve (MAD) Poly(am1c ac1d)s are generated by the 
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Figure 14.5. Two-step acylation reactions that generate poly(am1c acid) from d1amme and tetra­
carboxyhc acid dianhydnde (reproduced by perm1ss10n of the Amencan Chemical Society, from Ando 
et al 28) 

succeedmg "second acylat10n," m which MAD reacts with dianhydnde, d1amme, 
or MAD Therefore, the react1v1ty ofMADs rather than that of diammes should be 
exammed for synthes1zmg h1gh-molecular-we1ght poly(am1c ac1d)s 

The five perfluormated diammes were reacted with eqmmolar amounts of 
phthahc anhydnde m tetrahydrofuran to estimate their MAD reactivity The 
molecular structures, 8N, and btt of the d1ammes and the MADs are shown m 
Figure 14 6 The diamme of 8FBZ 1s not shown because no MAD could be 
obtamed The 8N of 4FPPD was displaced downfield by 12 5 ppm m reactmg to 
MAD that corresponds to a more than 103 decrease of acylat1on rate constant On 
the other hand, the displacements of 8N and 8H for the other d1ammes are much 
smaller This means that the reactivity of the residual ammo group 1s httle affected 
by the first acylat10n, unless two ammo groups are located at the para-pos1t10n m 
the same benzene nng As a result, 4FMPD-MAD shows the highest reactivity 
comc1dmg with the result of the end-group content of poly(am1c ac1d)s Despite 
the fact that the 8N and btt of 4FPPD-MAD are close to those of 8FODA-MAD, 
the end-group content of the poly(amic acid) denved from 4FPPD and 6FDA was 
lower than m the case of 8FODA and 6FDA There may be some difference m the 
stenc effects dunng the generation of poly(am1c ac1d)s between one- and two­
benzene nng diammes 



Synthesis and Properties of Perfluonnated Polyimides 287 

F. F H,Nv~ _.. 
F F 

ON = 35 4 OH = 4.85 

Figure 14.6. 15N- and 1H-NMR chemical shifts of perfluonnated diammes and thelf chemical shift 
changes caused by the first acylation (reproduced by perm1ss10n of the Amencan Chemical Society, 
from Ando et al 28

) 

Despite the difficulty noted above, Hougham et al 37
•
38 succeeded m 

prepanng contmuous films from 4FPPD and 8FBZ as diammes and 6FDA as a 
dianhydnde usmg skillful methods They showed that two stages of polymenza­
tlon are necessary to obtam high-molecular-weight polyimides from the 
perfluonnated diammes a solut10n polycondensatlon at temperatures between 
130 and 150°C followed by a high-temperature sohd state cham extension ofup to 
350°C FTIR spectra were measured for sequentially cured and cooled films of 
6FDA/8FBZ, and they concluded that the cham extens10n begms at temperatures 
between 200 and 300°C, however, optimal mechamcal properties were not 
realized with cure temperatures below 350°C Usmg 13C-NMR, we have observed 
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a s1m1lar phenomenon for a partially fluonnated 6FDA/fFDB poly1m1de 
dissolved m d1methylsulfox1de-d6 (DMSO-d6) 39 Hougham et al 37 reported that 
mcreased fluonne m the poly1m1de backbone leads to a s1gmficant mcrease m the 
~-transition temperatures, and they suggested that a strong ~-trans1t10n helps m 
polymenzat10n m the sohd 

14.2.2. Reactivity and Structural Problems of an Existing Perfluorinated 
Dianhydride 

Because of the high electronegativ1ty of fluonne, the mtroduction of fluonne 
or fluormated groups mto d1anhydndes should mcrease the react1v1ty Figure 14 7 
shows structural formulas of convent10nal and fluonnated dianhydndes arranged 
m order of calculated electron affimty (EAcaD usmg the MNDO-PM3 method and 
13C-NMR chemical shift of carbonyl carbons (8c) 40 The fluonnated dianhydndes 
m which tr1fluoromethyl (-CF3) groups are d1rectly bonded to benzene nngs 
(P6FDA and P3FDA) are located nghtmost with the largest EAcaI values and the 
smallest Oc, suggestmg considerable mcrease m reactlVlty m the acylat10n 
react10n 34 The EAcaI of 6FDA, m contrast, 1s located between the unfluonnated 
PMDA and BPDA, and its 8c 1s larger than PMDA This fact md1cates that the 
reactlv1ty enhancement caused by the mtroduct10n of a hexafluoro1sopropyhdene 
[-C(CF3h-] group 1s not as high as that of a d1rectly bonded -CF3 group This 
1s because the electron-drawmg effect of fluonnes 1s blocked by the quaternary 
carbon P6FDA 1s therefore expected to compensate for the low reactivity of 
perfluormated d1ammes However, the end-group content of the poly(am1c acid) 
synthesized from 4FMPD and P6FDA was 36%, which 1s higher than that of 
poly(am1c acid) prepared from 4FMPD and 6FDA This reason 1s not clear, 
however a certam port10n of anhydride nngs might be open before the synthesis 
because this dianhydride 1s very sensitive to atmospheric m01sture and m01sture 
m the polymenzatlon medmm, although dianhydndes were sublimated under 
reduced pressure and all the synthesis procedures were earned out under mtrogen 

The resultant perfluormated poly1m1de [P6FDA/4FMPD (l)] was cracked 
and bnttle and did not form a contmuous film In the case of the other four 
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Figure 14.7. AromatJc d1anhydndes arranged m order of calculated electron affimty (EAcaI) and 13C­
NMR chermcal shift of carbonyl carbon (be) Larger EAcaI and smaller be correspond to the strong 
electron-acceptmg property of a d1anhydnde 

diammes, the poly1m1des prepared usmg P6FDA are coarse powder or films that 
have many cracks One reason for the noncontmuous film 1s probably that the high 
reactivity of the perfluonnated dianhydnde could not compensate for the very low 
reactivity of perfluonnated d1ammes However, the effect of the ng1d1ty of the 
poly1m1de cham cannot be neglected m the cases of P6FDA and one-benzene-nng 
d1ammes In this s1tuat10n, bond rotat10n 1s permitted only at the 1m1de lmkage 
(mtrogen-aromatlc carbon bonds) However, this rotation 1s restricted by stenc 
hmdrance between the fluorine atoms and carbonyl oxygens Despite the bent 
structure at the meta-hnkage of 4FMPD, the mam cham of this poly1m1de should 
be very ng1d As Hougham et al 37 38 have pomted out, a high-temperature sohd 
state cham extens10n should take place for the formation ofh1gh-molecular-we1ght 
poly1m1des However, this process accompames conformational changes and 
molecular reonentat10n of poly1m1des The cham extens10n reaction should be 
seriously impeded by the ng1d molecular structure of P6FDA/ 4FMPD 

14.2.3. Synthesis of a Novel Perfluorinated Dianhydride 

The lack of flex1b1hty of the polymer cham has to be improved by 
mtroducmg lmkage groups mto the dianhydnde component Accordmgly, contm­
uous and flexible films of perfluonnated poly1m1des are expected to be obtamed by 
combmmg d1ammes, which have high reactlv1t1es, with dianhydndes, which have 
flexible molecular structures 

A novel perfluonnated d1anhydnde, l ,4-bis(3 ,4-d1carboxytrifluorophenoxy )­
tetrafluorobenzene d1anhydnde (l0FEDA), was synthesized accordmg to Scheme 
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1 It should be noted that this molecule has two ether lmkages that give flexibility 
to the molecular structure In addit10n, the bulky -CF3 groups m P6FDA are 
replaced by fluonne atoms The 8c of lOFEDA (157 5 ppm from TMS) was 
almost the same as that of P6FDA (157 6 ppm), so this dianhydnde should have 
higher reactivity than unfluonnated and partially fluonnated dianhydndes 

14.3. SYNTHESIS AND CHARACTERIZATION OF 
PERFLUORINATED POLYIMIDES 

14.3.1. Synthesis of Perfluorinated Polyimide (10FEDA/4FMPD) 

To prepare the poly(amic acid), eqmmolar amounts of lOFEDA and 4FMPD 
were added to DMAc to a concentrat10n of 15 wt% and stmed at room 

Scheme I. Synthesis of I OFEDA d1anhydnde 
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temperature for 7 days under mtrogen The end-group content of the poly(amic 
acid) estimated from 19F-NMR was 6%, which is much less than that of 
P6FDA/4FMPD poly(amic acid) (36%) This is possibly due to the considerable 
mcrease m the flexibility of the dianhydride structure and the substltut10n of -CF 3 

groups for fluorines The poly(amic acid) derived from P6FDA is thought to have 
more structural distort10n than that from lOFEDA because the molecular 
conformation around the amide group m the former is more restricted than m 
the latter by the steric hmdrance between the bulky -CF3 group and carbonyl 
oxygens 

The solut10n of poly(amic acid) was spm-coated onto a silicon wafer and 
heated first at 70°C for 2h, at 160°C for 1 h, at 250°C for 30mms, and finally at 
350°C for 1 h (Scheme 2) The resultant perfluorinated polyimide 
[10FEDA/4FMPD (2)] was a 9 5-µm-thick, strong, flexible film, pale yellow m 
color hke conventional unfluormated polyimides The chemical formula of the 
10FEDA/4FMPD polyimide was confirmed by elemental analysis The fully 
cured film was not soluble m polar orgamc solvents, such as acetone, DMAc 
(DMF), and N,N-dimethylformamide Thermal mechamcal analysis (TMA) 
showed that the glass transit10n temperature was 309°C (Figure 14 8), which is 
about 30°C higher than the soldering temperature Thermal gravimetnc analysis 
(TGA) showed the imtial polymer decomposition temperature to be 407°C The 
dielectric constant was 2 8 at l kHz 
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Figure 14.8. Thermal mechamcal analysis (TMA) curve of 10FEDA/4FMPD film cured at 350cc 
(reproduced by perm1ss1on of the Amencan Chemical Society, from Ando et al 28

) 
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(2) 

10FEDA/4FMPD 

Scheme 2. Synthesis of I0FEDA/4FMPD polymude 

14.3.2. Imidization Process Estimated from NMR and IR Spectra 

Despite the msolubihty of fully cured perfluormated polyimide, the 
10FEDA/4FMPD films cured below 200°C are soluble m polar orgamc solvents 
The same phenomena have been observed for partially fluonnated polyimides 40 

Figure 14 9 shows the 19F-NMR spectra of 10FEDA/4FMPD prepared at the final 
cunng temperatures of 70, 120, 150, and 200°C They were dissolved to a 
concentration of 5 wt% m DMSO-d6 The signals m the spectra were assigned by 
usmg substJtuent effects determined from model compounds 41 It is noteworthy 
that the signals assigned to the end groups of poly(amic acid) and/or polyimide 
are observed m all the NMR spectra The terminal structures with ammo groups of 
poly(amic acid) and poly1m1de are shown m Figure 14 10 The symbols of the 
peaks m Figure 14 9 correspond to the fluonnes m Scheme 1 and Figure 14 10 
The end-group contents determined from the mtensity ratios of signal c (assigned 
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Figure 14.9. 19F-NMR spectra of I0FEDA/4FMPD cured m mtrogen to 70, 120, 150, and 200°C 
dissolved m d1methylsulfox1de-(¼ (the numbenng of peaks corresponds to tbe fluonnes m Scheme 2 
and Figure 14 10 
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to the end-group) to signal 3 (assigned to the mner part of the polymer cham) are 
8%, 15%, 9%, and 6% for 10FEDA/4FMPD cured at 70, 120, 150, and 200°C, 
respectively This md1cates that the degree ofpolymenzat10n of the 120°C sample 
1s smaller than that of PAA, suggestmg that a depolymenzatlon react10n occurs at 
amide groups of PAA at around 120°C. However, this low-molecular-we1ght 
polymer 1s gradually converted mto a h1gher-molecular-we1ght poly1m1de by 
subsequent cunng at higher temperatures (150 ~ 200°C) because the end-group 
content decreases with mcreasmg cunng temperature As Hougham et al 37

'
38 and 

the authors39 have confirmed for partially fluorinated poly1m1des, condensat10n of 
the umeacted end groups of perfluonnated poly1m1des took place m the 
subsequent high-temperature cunng between 200 and 350°C The difference m 
solub1hty between the poly1m1des cured at 200 and 350°C can be explamed by this 
cham extension react10n and by mcreased aggregat10n of the poly1m1de molecules 
with cunng above Tg 

The NMR spectra m Figure 14 9 md1cate that the 1m1d1zat10n react10n began 
at 70°C and was completed at 150°C for 10FEDA/4FMPD A 13C-NMR 
exammat10n of 6FDA/TFDB poly1m1de (3), m contrast, showed that the 1m1d1za­
tlon became s1gmficant at 120°C and was complete at 200°C 39 The 1m1d1zat1on 
react10n of 10FEDA/4FMPD occurred at lower temperatures than 6FDA/TFDB 
This can be explamed by the higher electron-acceptmg properties and more 
flexible structure of 1 0FEDA compared to 6FDA 

The IR spectra of 6FDA/TFDB and 10FEDA/4FMPD cured at three final 
cunng temperatures are shown m Figure 14 11 These spectra also confirm the 
NMR results The absorpt10n peaks specific to 1m1de groups (1800 and 
1750 cm - i) are clearly seen m the 120°C sample of 10FEDA/4FMPD, and the 
spectrum 1s very similar to that of the fully cured poly1m1de at 350°C On the other 
hand, the absorpt10n peaks specific to the 1m1de groups (1790 and 17 40 cm - 1

) can 
be observed for the 120°C sample of 6FDA/TFDB, however, the spectrum 1s 
much more s1m1lar to that of the 70°C sample m which most of the polymers have 
not been converted to poly1m1des 

0 H @' 
F II I F 

-o~C-N~NH2 

FVCOOHF:_VF 
F (J)' F @' 

0' 
Figure 14.10. Amme-tenmnal structure of I0FEDA/4FMPD poly1m1de 
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(3) 

6FDA/TFDB 

14.4. OPTICAL, PHYSICAL, AND ELECTRICAL PROPERTIES 
OF PERFLUORINATED POLYIMIDES 

14.4.1. Optical Transparency at Near-IR and Visible Wavelengths 

The near-IR absorpt10n spectrum of 10FEDA/4FMPD film cured at 350°C is 
shown m Figure 14 12 together with that of partially fluonnated polyimide 
(6FDA/TFDB) The film thicknesses were about 25 µm The perfluormated 
polyimide has no substantial absorpt10n peak over the wavelengths for optical 
commumcation except for a very small absorpt10n peak at 1 5 µm that may be due 
to the fourth harmomc of the C=O stretchmg vibrat10n of imide groups Partially 
fluonnated polyimide, on the other hand, has an absorpt10n peak due to the third 
harmomc of the stretchmg vibration of the C-H bond (11 µm), a peak due to the 
combmation of the second harmomc of stretchmg vibration and deformat10n 
vibrat10n of the C-H bond (l 4 µm), and a peak due to the second harmomc of the 
stretchmg vibration of the C-H bond (1 65 µm) Absorption peaks were assigned 
accordmg to the peaks observed m PMMA 21 -23 

Figure 14 13 shows the UV-visible absorption spectra of perfluormated 
(10FEDA/4FMPD), partially fluonnated (6FDA/TFDB), and unfluonnated 
[PMDA/ODA (4)] polyimides The cut-off wavelengths (absorpt10n edge, Ao) of 
the absorpt10n caused by electromc transit10n for 10FEDA/4FMPD (around 
400 nm) is located between those of 6FDAjTFDB and PMDA/ODA This 
causes the yellowish color of 10FEDA/4FMPD The colorat10n of polyimides is 
closely related to the extent of the charge transfer (CT) between altematmg 
electron-donor (diamme) and electron-acceptor (dianhydnde) moieties 42 Kotov 
et al 43 discussed the quantitative color changes m the polyimides denved from 
pyromelhtic dianhydnde from their Aos values m the optical absorpt10n spectra 
They found that the Ao is mversely correlated with the 10mzat10n potential of 
diammes and they attnbuted this mamly to the CT mteractton Reuter and Feger 
et al 44--46 clanfied that the optical losses m poly1m1des are caused by absorpt10n 
that is due to the CT complexes and by scattenng owmg to ordenng of the 
polyimide chams The behavior of the optical losses at 830 nm could not be 
predicted from that at 633 nm because the CT complexes absorption does not 
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Figure 14.11. IR spectra of 6FDA/fFDB and I0FEDA/4FMPD cured m mtrogen to 70, 120, and 
350'C 

affect the losses at 830 nm They suggested that the cham ordenng, which 1s the 
mam cause of the optical losses at 830 nm, can be hmdered stencally by the 
mtroduct10n of bulky side groups such as -CF3 or -C(CF3h- The authors40 

have recently discussed the relat10nsh1ps between the color mtens1t1es of poly-
1m1de films and the electromc properties of aromatic d1ammes and aromatic 
d1anhydndes The arrangement of the diamme m01eties m the order of color 
mtens1ty of the poly1m1des shows fairly good agreement with the order of the 
electron-donatmg properties of the d1ammes estimated from 15N-NMR chemical 
shifts (ON) On the other hand, the arrangement of the dianhydnde m01et1es m 
order of the color mtens1ty of the poly1m1des agrees with the order of the electron-
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Figure 14.12. V1s1ble-near-IR absorption spectra of 10FEDA/4FMPD and 6FDA/TFDB poly1m1de 
films 

acceptmg properties of the dianhydndes estimated from the expenmental and 
calculated electron affimties From this pomt of view, the coloration of perfluon­
nated polyimides is mterestmg because the polyimides are synthesized from the 
combmation of the dianhydndes, havmg high-electron-acceptmg properties, and 
the diammes, havmg low-electron-donatmg properties Although 1t 1s difficult to 
predict the color mtens1ty of perfluonnated poly1m1des from the combmat10ns of 
d1anhydndes and d1ammes, the Ao and yellowish color of 10FEDA/4FMPD 
md1cate that the extent of the CT mteract10n of perfluonnated poly1m1de 1s 
stronger than that of partially fluonnated 6FDA/TFDB (no color) but slightly 
weaker than that of unfluonnated PMDA/ODA (pale yellow) 

(4) 

PMDA/ODA 
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Figure 14.13. UV-v1s1ble transm1ss10n spectra of partially fluonnated (6FDA/fFDB). perfluonnated 
(I0FEDA/4FMPD), and unfluonnated poly1m1de (PMDA/ODA) films 

14.4.2. Mechanical Properties 

Table 14 3 lists the strength and flexibility ofperfluonnated polyimide films 
synthesized from the two dianhydndes and five diammes Polymenzmg 1 0FEDA 
with 8FODA or 8FSDA produced contmuous, flexible films, but the films are 
slightly bnttle compared with IOFEDA/4FMPD As descnbed above, P6FDA did 
not give any contmuous films Table 14 4 lists the mechamcal properties of 
IOFEDA/4FMPD, 6FDA/TFDB, and PMDA/ODA 47 All the films were prepared 
m our laboratory by spm-coatmg of poly(amic acid) on silicon substrates and 
cured at the highest temperature of 350°C under mtrogen 10FEDA/4FMPD films 
have sufficient toughness for optical wavegmde applicat10ns, and their mechamcal 
properties are similar to those of 6FDA/TFDB, relatively higher tensile stress, 
higher elastic modulus, and lower elongat10n at break compared to PMDA/ODA 

14.4.3. Thermal, Electrical, and Optical Properties 

Table 14 5 lists the thermal, electncal, and optical properties of perfluormated 
polyimides, along with those of partially fluonnated and unfluonnated polyimides 
Because of the flexible structure of the 1 0FEDA component, the polymer 
decomposition temperatures and Tg values of perfluonnated polyimides are 
slightly lower than those of conventional polyimides This comcides with the 
results of Hougham et al ,37 who reported that an mcrease m fluonne content m 
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Table 14 3 Strength and Flex1b1hty of Perfluonnated Poly1m1de Films 

Diamme Dianhydnde 

I0FEDA P6FDA 

4FPPD No film 
4FMPD Strong and flexible Bnttle and cracked 
8FODA Flexible No film 
8FSDA Flexible No film 
8FBZ No film No film 

Table 14 4 Mechamcal Properties of Perfluonnated (I0FEDA/4FMPD), Partially 
Fluonnated (6FDA/fFDB), and Unfiuonnated (PMDA/ODA) Poly1m1de F1lmsa 

Poly1m1de Fmal cure Tensile 5% Tensile Elongation Elastic 
temperature ("C) strength stress at break modulus 

(kgf/mm2) (kgf/mm2) (%) (kgf/mm2) 

I0FEDA/4FMPD 350 13 2 10 3 9 248 
6FDA/TFDB 350 12 5 11 4 9 303 
PMDA/ODA 350 10 5 65 40 232 

" All samples were prepared under the same cond1t10ns 

the polyimide backbone led to only slight overall decrease m Tg but had little 
effect on dynamic thermal or thermoox1dative stability The thermal stability of 
these films is nonetheless high enough to withstand the manufactunng process for 
IC's and multichip modules In addition, the d1rect mtroduct10n of fluonnes mto 
the aromatic nngs does not cause a sigmficant mcrease m fluonne content 

The adhesiveness of the perfluormated polyimides 1s thus eqmvalent to that 
of partially fluonnated poly1m1des used for smgle-mode wavegmde fabncat10ns 
The1r d1electnc constants (c) at 1 kHz and average refractive mdexes are as low as 
those of the partially fluonnated poly1m1des This 1s pnmanly because the fluonne 
content of perfluonnated polyimides 1s comparable to that of partially fluonnated 
polyimides Hougham et al 38•48.49 mvestlgated the fluonnat10n effect on dielectnc 
constants and refractive mdexes for a senes of polyim1des They assigned the 
observed decrease m relative perm1ttiv1ty and refractive mdex caused by fluonne 
substitut10n to effects of local electromc polanzat10n and fractional free volume 
The free-volume contnbution was found to range from 25% for the poly1m1des 
with planer diammes to 94% for the poly1m1des with -CH3 and very bulky -CF3 

groups 49 Takmg mto account the1r elucidat10n, one finds that the similanty of 
d1electnc constants and refractive mdexes of perfluormated poly1m1des to partially 
fluonnated polyimides with TFDB diamme 1s not straightforward because the 
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Table 14 5 Thermal, Electncal, and Optical Properties of Perfluonnated, Partially 
Fluonnated, and Unfluonnated Poly1m1des 

Fluonne Decomp Glass D1electnc Average In-plane/out-of-
content temperature trans1!1on constant refractive plane 

(%) (UC) temperature (E) mdex b1refungence 
( C) (n) (~nj_) 

10FEDA/4FMPD 36 6 501 309 28 1 562 0 004 
1 0FEDA/8FODA 38 4 485 300 26 l 552 0004 
1 0FEDA/SFSDA 377 488 278 26 I 560 0 006 

l0FEDA/fFDB 35 1 543 312 28 I 569 0 009 
6FDAjTFDB 31 3 553 327 28 I 548 0 006 
PMDAjTFDB 22 7 613 >400 32 I 608 0 136 

PMDA/ODA 0 608 >400 3 5 l 714 0 088 

former has a planer diamme structure and no -CF3 group while the latter has at 
least two -CF 3 groups 

It is worth notmg that the m-plane/out-of-plane b1refrmgence (L1n 1_)* of 
perfluonnated polyimides is lower than the partially fluonnated poly1mides with 
TFDB diamme The low b1refrmgence is convement for designmg wavegmde 
structures m OEICs and m OE-MCM mterconnect10ns and for reducmg polanza­
tlon dependence of the optical wavegmde c1rcmts Reuter et al 14 reported that a 
very low L1n1_ of0 0034 at 633nm was obtamed by mtroducmg two -C(CF3h­
groups and a meta-phenylene lmkage mto the polyimide mam cham The 
authors50 reported that the conformational energy map calculated for decafluoro­
diphenylether (C6F5-O-C6F5) usmg the MMP2 method is more similar to the 
energy d1stnbut1on of 2,2-diphenylhexafluoropropane (C6H5-C(CF3h-C6H5) 

than that of d1phenylether (C6H5-O-C6H5) Although the perfluonnated 
phenyl nngs can rotate around the ether lmkage, decafluorod1phenylether shows 
a much smaller low-energy reg10n than d1phenylether, and its optimum geometry, 
1 e , a twist conformation, 1s the same as that of 2,2-diphenylhexafluoropropane 
Hence the low b1refnngence of perfluonnated polyimides synthesized m this study 
ongmates from the stenc effect between perfluonnated aromatic nngs and from a 
number of bent structures such as ether, th10ether, and meta-phenylene lmkages 

These charactenstlcs show that perfluonnated polyim1des are promismg 
matenals for wavegmdes m integrated optics and optical mterconnect technology 
The thermal, mechamcal, and optical properties of perfluonnated polyim1des can 
be controlled by copolymenzat10n m the same manner as partially fluonnated 
polyimides 19 

*In-plane/out-of-plane b1refungence (~nj_) 1s defined m this volume Ch 15 
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14.5. CONCLUDING REMARKS 

Novel polymenc matenals, 10FEDA/4FMPD, 10FEDA/8FODA, and 
10FEDA/8FSDA perfluormated polyimides, were synthesized These matenals 
can withstand soldenng (270°C) and are highly transparent at the wavelengths of 
optical commumcations (1 0-1 7 µm) To generate high-molecular-weight 
perfluonnated poly(amic acid)s, the reactivities of five diammes and their 
monoacyl denvatives were estimated from the end-group contents of the 
correspondmg poly(amic acid), 15N- and 1H-NMR chemical shifts, and calculated 
10mzation potentials A new perfluonnated dianhydnde, 1 0FEDA, that has two 
ether lmkages was synthesized m order to provide flexibility to the polymer cham 
The perfluormated polyimides prepared from l0FEDA dianhydnde gave flexible 
films with Tg values over 270°C and high optical transparency over the entire 
optical commumcation wavelength range with sufficient mechamcal strength In 
addition, their dielectnc constants and refractive mdexes are as low as those of 
conventional fluonnated polyimides, and their m-plane/out-of-plane birefringence 
is low These charactenstics mdicate that perfluonnated polyimides are promismg 
matenals for optical commumcation applications 
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