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ABSTRACT: A series of highly fluorinated poly(arylene alkylene ether)s, & X = Non, S, K, SO, Ox)

have been prepared by polycondensation reactionsidftH,6H,6H,-perfluorohexane-1,6-diol (iol) with a

series of decafluorodiphenyl compounds (DFPXs) including decafluorobiphenyl (DFP), decafluorodiphenyl sulfide
(DFPS), decafluorobenzophenone (DFPK), decafluorodiphenyl sulfone (DFPSO), and decafluorodiphenyl
oxadiazole (DFPOXx). This aromatic nucleophilic substitution polycondensation can be effectively activated by
cesium fluoride (CsF) and was completed in a few houfs,M-dimethylacetamide (DMACc) at room temperature.

High molecular weight polymers\, = 28 200-64 200 Da) have been prepared from DFP, DFPS, DFPSO, and
DFPOX, while the reaction from DFPK only yields low-molecular weight materidls € 8 000 Da). A model
reaction using excess gdiol (2.5 equiv of DFPK) reveals that the ketone linkage of the DFPK unit is cleaved

by the attack of the activated hydroxyl group in the diol during the polycondensation. This cleavage is suppressed
when potassium fluoride (KF) was used as a base, and a high molecular weigit M8C= 33 200 Da) has

been prepared. DSC analysis shows that all the resultant polymers are semicrystalline materials, and the melted
samples display different crystallization rates in the order ofdR&@ > P6G-Ox > P6GK > P6GSO~ P6GS.

This sequence is correlated with the bond angles of the X linkages, suggesting a significant influence of the
bending of the X linkages on the crystallization capability of the polymers. The&Cfilm has a hydrophobic
surface with a water contact angle of 21@hile the other polymers showed reduced values with the increase of
the polarities of the X linkages in the order of R&N > P6GS > P6GK > P6GOx > P6GSO.

Introduction these polymers will have a better processability, in addition to

Highly fluorinated polymers such as polytetrafiuoroethylene " i'ncreased.f.lexibility in chemical structure modification to
(Teflon) are very attractive in many applications, because of achieve specific properties.
their excellent electronic and optical properties, high thermal ~ Only limited work related to these polymers has been reported
and chemical stabilities, and special surface properties associate@ue to difficulties in the polymer preparatiéri As mentioned
with their very low surface tensiohHowever, fully fluorinated ~ above, the nucleophilic polycondensation of a DFPX with a
polymers such as Teflon usually have a very poor processability fluorinated alkylene diol is considered the most promising
and thus their applications are restricted. Therefore many technique for the polymer preparation. In this reaction, the
partially fluorinated polymers with improved processability have alkoxide anion formed from the diol by interacting with a base
been studied®d Among them, fluorinated poly(arylene ether)s is a stronger nucleophile than the phenoxide anion in the reaction
exhibited a great potential of achieving high fluorine content for the preparation of the poly(arylene ether)s, consequently it
and attracted much attention for optical and electronic applica- iS more reactive to attack the para positions for the formation
tions such as optical waveguide devices, low surface energyOf the desired linear polymer structure as well as the ortho
coatings, and so oh? positions of DFPX for the formation of branched and crosslinked

However, the fluorine content in the fluorinated poly(arylene Structures. Moreover, this branching side reaction will break
ether)s are still limited to a moderate level due to the low the stoichiometric balance between para fluorines and OH
fluorine content of the bisphenol monomers used for the 9roups and prevent the formation of high-molecular weight
preparation of the polymefs® Bisphenols with fluorine atoms ~ Polymers. As a result, from a series of DFPXs, only DFP has
attached to the phenyl ring are not stable; consequently thePeen reported for successfully polymerizing with a fluorinated
fluorine contents of these monomers are limited. Alternatively, diol to give high-molecular weight polymefdn this case, the
replacing the bisphenols with highly fluorinated diols in this Polymerization is probably benefited from the specific structure
reaction could be a promising approach to obtain polyethers of DFP, in which the four ortho fluorine atoms overlap due to
with high fluorine content&” The produced polymers consist the short distance between the adjacent phenyl rings to create
of asymmetrical ether bonds with an aromatic and an aliphatic significant steric hindrance for the side reaction at these four
segment at both sides. Because of the high fluorine content,0rtho positions. When other DFPXs Wit X linkage inserted
like Teflon, these fluorinated poly(arylene alkylene ether)s are between the phenyl rings such as DFPK were used, the ortho
expected to have low surface tensions, low refractive indices, fluorine atoms on the adjacent phenyl rings of the monomers
low glass transition temperatures, and low optical losses in the d0 not overlap anymore and the side reaction at these ortho
optical communication wavelength region. Furthermore, becauseP0sitions becomes more likely; consequently, only low-molec-
of the existence of the ether and the other functional groups, ular weight polymersNi, = 5 200 Da for the ketone polymer)

could be produced.

*To whom correspondence should be addressed. E-mai; Recently we found that cesium fluoride (CsF) or potassium
jianfu.ding@nrc-cnre.ge.ca. fluoride (KF) is a sufficiently strong base to activate the

10.1021/ma071669u CCC: $40.75 Published 2008 by the American Chemical Society
Published on Web 12/29/2007



752 Ding and Qi Macromolecules, Vol. 41, No. 3, 2008

Scheme 1. Reaction Route for the Preparation of P6&Xs Table 1. The Preparation and Characterization of the Polymers
NS ORF time? Mgt T Tme AHY T W
:QXQF S E F F F polymer (h) (kDa) PDI (°C) (°C) (@Jg) (°C) (degy
sk or
F F F F —_— ‘<O-CH2(CF2)4CH2-O—QXAQ} P6GNon 10 494 27 26 219 183 384 110
+ DMAc, 22°C F F F F P6GS 70 64.2 4.2 25 121 125 402 109
HO—CH,(CF,),CHs—OH P6GK 21b 332 36 22 165 186 396 102
2 2/4 2
P6GSO 40 440 6.5 87 174 10.6 415 82
5 P6GOx 25 282 3.7 45 202 213 396 95
G O
X rne | —=§— | —¢— | T§T _<N_Z_ aThe polycondensation was conducted in DMAc in the presence of CsF
Q at 22 °C.bThe preparation of P6&K was conducted in DMAc in the
Polymer| P6CiNon| P6C:S P6CK | P6CFSO P6COx presence of KF at 22C. ¢ M, and PDI values were obtained from SEC

measurement! Ty value was measured from the second heating scan; the
sample was quenched from 28C by immersing the samples into liquid
fluorinated alkylene diol to react with DFPSO in DMAc at room  hitrogen to make the glass transition detectabl&, andAH were derived
temperature to produce high-molecular weight polymers. Fur- gom thg first h_?gt'i:g Sdca” hcurve of the ?S.C megsuremg'ai%l Waﬁ

. . . etected usin under the protection of nitro ontact angle, the
thermore, they appeareq_sufflmently mild to suppress t_he side experimental %rmr is5 P ge 9
reaction at the ortho positions of DFP8@ the present article,
we ext'end this reaqtlon to other DFPXs W|.th dn‘feren.tx Ilnkage.s (pheny! ring), 1210, 1176, 1116 (ether), 996, 843, 725, F43.
including Non, sulfide, ketone, and oxadiazole as illustrated in g5°c T,: 202°C. M,: 28 200 DaM,/M,: 3.7.

Scheme 1. Synthesis of P6GSO, P6GS, and P6G:Non. These polymers
) ) were prepared from the corresponding decafluorodiphenyl mono-
Experimental Section mers and 6&diol with a feed ratio of [DFPX]/[6CF-dioll 2.01/
Materials. 1H,1H,6H,6H-perfluoro-1,6-hexanediol (6&iol) 2.00 using the same procedure as described above with the reaction

was purchased from Oakwood Products Inc. and used as receivedtime listed in Table 1 and the characterization as the following.
Decafluorobiphenyl (DFP), decafluorobenzophenone (DFPK), an- P6C-SO. (90% vyield). '*H NMR (400 MHz, acetonek), o
hydrous DMAc, and all other chemicals were obtained from Sigma- (Ppm): 5.201 (tJ = 13.2 Hz).2F NMR (376 MHz, acetonek),
Aldrich, DFP and DFPK were purified by recrystallization from 0 (ppm): —121.87 (4F, m),~124.33 (4F, m)~139.88 (4F, m),
2-propanol prior to use. Decafluorodiphenyl oxadiazole (DFPOx), —155.81 (4F, m). IR (cm'): 2982 (CH stretching), 1638, 1500
decafluorodiphenyl sulfide (DFPS), and decafluorodiphenyl sulfone (phenyl ring), 1391, 1177, 1128 (ether), 1013, 990, 659, 583, 559.
(DPSO0) were prepared according to reported metfdels. Tg: 87°C. Tyt 174°C. My: 44 000 DaMy/My: 6.5.
Characterizations. Nuclear magnetic resonance (NMR) spectra ~ P6C:Non. (88% yield). *H NMR (400 MHz, acetonek), o
were recorded using a Varian Unity Inova spectrometer at a (Ppm): 5.167 (tJ = 13.6 Hz).2%F NMR (376 MHz, acetonek):
resonance frequency of 400 MHz féi NMR and 376 MHz for 0 —121.88 (4F, m);~124.35 (4F, m);-141.28 (4F, m)-157.16
197 NMR in acetonads. Aliquots of 0.05 mL were taken from the ~ (4F, m). IR (cnT?): 2966 (CH stretching), 1651, 1596, 1499 (phenyl
reaction solution at different reaction times and were directly added ring), 1401, 1285, 1180, 1115 (ether), 987, 872, 727, 533.
into acetoneds for kinetics study, while purified polymers were 26 °C. Ty: 219°C. M2 49 400.My/Mp: 2.7.
used for structural analysis. The chemical shifts relative to  P6C:S.(86% yield).*H NMR (400 MHz, acetonel), 6 (ppm):
tetramethylsilane fotH NMR and CFC} for 1F NMR are reported 5.052 (t,J = 13.6 Hz).1%F NMR (376 MHz, acetonek): o
on the ppm scale. The molecular weights of the polymers were —121.93 (4F, m),—124.39 (4F, m),—135.75 (4F, m),—156.87
determined by size exclusion chromatography (SEC) using a (4F, m). IR (cnTl): 2980 (CH stretching), 1634, 1499 (phenyl ring),
Viscotek SEC system, which consists of a Viscotek VE1122 HPLC 1491, 1292, 1155, 1120 (ether), 988, 872, 765, 732, 661, 596, 559.
pump coupled with a Viscotek TDA triple detector and a Viscotek Tg: 25°C. Ty: 121°C. My 64 200.M,/My: 4.2.
2501 UV detector operated at 260 nm. A set of ViscoGEL columns  Synthesis of P6EK from DFBP and 6Cg-Diol. To a solution
(G4000H and G5000H) was used and calibrated by a set of of DFBP (0.7314 g, 2.02 mmol) and gdiol (0.5243 g, 2.00 mmol)
polystyrene standards in THF. The flow rate is 1 mL/min, and the in anhydrous DMAc (8 mL) was added potassium fluoride (0.35
columns and the detectors were operated &39R spectra were g, 6.0 mmol). The mixture was stirred at 2€ for 21 h. The
recorded with a Midac M1200SP3 spectrophotometer using a reaction mixture was centrifuged, and the supernatant was added
diamond cell. Differential scanning calorimetric (DSC) measure- dropwise into methanol (200 mL) with agitation. The resulting
ments and thermogravimetric analyses (TGA) were performed on fibrous white polymer was collected by filtration, washed thor-
a TA Instruments DSC 2920 and on a TA Instruments TGA 2950, oughly with methanol, and dried at room temperature under vacuum
respectively, using a heating rate of 1G/min under nitrogen. for 12 h. (1.01 g, 86% yield}!H NMR (400 MHz, acetonek): 6
Contact angles of the polymer films on glass slides were measured5.196 (t,J = 13.4 Hz).'%F NMR (376 MHz, acetonek): o
with a FTA200 dynamic contact angle analyzer from Folio —121.86 (4F, m),—124.35 (4F, m),—144.82 (4F, m),—156.92
Instruments Inc. The samples were prepared by spin coating a 5%(4F, m). IR (cntl): 2974 (CH stretching), 1752, 1696, 1649, 1490
THF solution on glass slides at 2000 rpm. The films were baked (phenyl ring), 1408, 1329, 1174, 1123 (ether), 991, 777, 736, 674,
in a 100 °C oven fa 2 h prior to the water contact angle 535.Tyg 22°C. Ty 165°C. My 33 200 DaM/M,: 3.6.
measurement. The reported data is the average value of five Model Reaction of DFBP (1.00 Equivalents) and 6&Diol
measurements at different spots of a sample. ((2.5 Equivalents).To a solution of DFPK (0.3618 g, 1.00 mmol)
Synthesis of P6GOx from DFPOx and 6Cg-Diol. To a solution and 6G-diol (0.6553 g, 2.50 mmol) in anhydrous DMAc (8 mL)
of DFPOXx (0.8084 g, 2.01 mmol) and gdiol (0.5242 g, 2.00 was added CsF (0.61 g, 4.0 mmol). Aliquots of 0.05 mL of the
mmol) in anhydrous DMAc (8 mL) was added CsF (0.91 g, 6.0 reaction solution were taken at selected reaction times and were
mmol). The mixture was stirred at room temperature for 2.5 h. After filtered to remove solids and then dropped into 0.5 mL of actone-
filtration to remove inorganic solids, the polymer solution was added de for 'H and'®F NMR analysis. The final reaction solution at 400
dropwise into methanol (200 mL) with agitation. The resulting min was centrifuged and part of the supernatant was dropped into
fibrous white polymer was collected by filtration, washed thor- methanol/water (1/9, v/v) mixture. The resulting white powder was
oughly with methanol, and dried at room temperature under vacuum collected by centrifuge, washed with water twice, and dried at room
for 12 h. (1.04 g, 83% yield}:H NMR (400 MHz, acetonek): o temperature under vacuum for 12 h. The obtained powder represents
(ppm) 5.217 (tJ = 13.4 Hz).1°F NMR (376 MHz, acetonek): o the whole reaction product containing several compounds as listed
—121.80 (4F, m),—124.32 (4F, m),—139.24 (4F, m),—156.86 in Scheme 2 and was characterized by FT-IR, IR {§m 2974
(4F, m). IR (cmrY): 2974 (CH stretching), 1653, 1562, 1515, 1484 (CH stretching), 1751, 1686, 1633 1481 (phenyl ring), 1400, 1322,
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Scheme 2. Possible Reaction of DFBP (1.0 Equivalent) with b 2 a b
Excess 6G-diol (2.5 Equivalent) in DMAc in the Presence of R F R F
CsF at Room Temperature 1 2 03 4 5 ¢
13" Step: Substitution at para-positions: 0~ CH,CF,CF,CF,CF,CHy—0 X
n
F
ROFoR_F F F F
FQ&QF +HO-CH,(CF,),CH,~OH 9 53'4 a b
FEPF l CSF/DMAc P6CLOx l
a a b
PR F
—O-CH,(CF,),CH,—0 g O-CH,(CF,),CH,—0— 1 ) °
HCF))CHy 2(CFy), CHy @ P6C,SO
F F F F
pnd Step: Ketone cleave and/or substitution at ortho-positions: a b
R FoR_F P6CK l
—O-CHy(CF,),CH,~O C O-CHy(CF,),CH,~0—
F FK_ F F a b
~rO-CIL(CEYCl=0 OTCH(CF)CH=0 P6CNon
RO
d 1 2 34 56 c a b
HO—CHZCPZCFQCFZCFZCHz—O—% :>—H (1
. F F . PBC.S
Fb e Fb Fd F
c 123 4 5 6 c ! 1 ' 1 T T
H O—CH,CF,CF,CF,CF,CH,~0 H a 120 140 160
F F - F F Chemical Shift (ppm)
—_— < % Figure 1. °F NMR spectra of the purified samples of R&G in
—0O-ClL(CE,),CLL-0-C O-CLI(CL»),ClL,-0— acetoneds.
(Iv)
F F o
—O-CILCPCH, eventqally cross-_llnklng of the p(_)lymer an_d produce corre-
F F o F sponding peaks if°F NMR:“~f Figure 1 displays that the
_ , Q produced polymers have cled® NMR spectra. Besides the
—O-Cl1(Cliy),Cl 1,0 C O—ClIL,{(Cl5),Cl11,=0 f . - - .
our major peaks assigned to the fluorine atoms on the main
F Q F F W) chain as indicated in the figure, only three tiny peaks, which
L (H20 are almost immersed into the background, can be seen. They

correspond to the para, ortho, and meta fluorine atoms on the
1162, 1123 (ether), 1058, 956, 871, 779, 723, 561. Meanwhile, 1 end group. No other resonance with comparable intensity is
mL of the supernatant was also dropped into 10 mL of hexane and ghservable. This result indicates that the branching reaction is
agitated at room temperature for 5 min for extracting the soluble strongly suppressed under this reaction condition. This is

part of the product. The top layer was separated and evacuated i, ;00 o be due to the low reaction temperature. Actually
remove the solvent. This hexane extracted sample was characterize . . )
e reactions at a higher temperature (&) of the reactive

by 'H and°F NMR. 'H NMR (400 MHz, acetonek): 6 (ppm i .
73./23 (m), 4.95 (tJ = 6.2 Hz), 4(1.82 (tJ = 14.0 HZ?I,B)?,_%(ES =) monomers such as DFPSO could yield crosslinked gels. A

14.9 Hz).29F NMR (376 MHz, acetonek): & (ppm) —122.09, similar conclusion is also drawn from thil NMR studies that

—123.01,—-124.41,—124.61,—124.76,—141.70,—158.13. show only one triplet around 5.2 ppm, which is ascribed to the
1 and 6 protons of the @&iol units. The chemical shift of the
Results and Discussion peak slightly moves to downfield with the increasing polarity

of the X linkage in the DFPX units with the values (in ppm) of

The Polycondensation of DFPXs with 6@-Diol. The
. N . 5.052 for P6ES, 5.167 for P6ENon, 5.196 for P6€K, 5.201
decafluorodiphenyl monomers (DFPXs) studied in this work for PBG-SO, and 5.217 for PGOX.

have a general formula as illustrated in Scheme 1. The X .
linkages in these compounds are Non for decafluorobiphenyl SEC data in Table 1 reveals that all polymers have a large
(DFP), sulfide for decafluorodipheny! sulfide (DFPS), ketone Mw/Mn value, which is much higher than that from a typical
for decafluorobenzophenone (DFPK), sulfone for decafluo- Polycondensation reaction. As explained in our previous Work,
rodiphenyl sulfone (DFPSO), and oxadiazole for decafluo- the high-molecular weight distribution should be attributed to
rodiphenyl oxadiazole (DFPOXx). As reported in our previous the heterogeneous reaction condition. In this reaction, the base
work 8 the polycondensation between DFPSO ang-6i0l can existed in solution mostly as solid particles. The adsorption of
be easily completed in DMAc at room temperature with CsF the polymer on the particle surface will act as a barrier layer
as a base. With the exception of DFPK, the other DFPXs also @hd cause a higher base concentration and a higher propagation
have a reasonable reactivity under this reaction condition and'ate of the polymers near the solid surface than in the solution.
give high-molecular weight polymers. As usually found in a This effect broadens the molecular weight distribution, especially
conventional polycondensation of DFPX monomersa side ~ When molecular weight of the polymer is getting high.

reaction at the ortho position of DFPXs is possible in this  Side Reactions Occurring during the Polycondensation of
reaction. This side reaction will result in branching and DFPK with 6Cg-Diol. DFPK displays a different behavior with
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Chemical shift (ppm) . ! . .
) — - . Figure 3. °F NMR spectra of the solution taken at different times
Figure 2. *H (top) and'®F (bottom) NMR spectra of the final reaction  from the reaction of DFBP (1.0 equiv) with 6@iol (2.5 equiv) in
solution of the polycondensation between DFPK angéi0l in DMAc DMAc using CsF as a base. A 0.05 mL aliquot taken from the reaction
using CsF as a base. solution was directly added into 0.5 mL of acetador NMR analysis.
(See Scheme 2 for the peak assignment.)

the other monomers in the polycondensation with-6I in
the presence of CsF, which only produce polymers with both ends substituted. After this time, the further reaction
lower than 8 000 Da*H and!°F NMR analysis revealed some  reduces the intensity of these two aromatic peaks and finally
unexpected peaks in the spectra of the resulting polymer, whichleads to the formation of two new sharp peaks-a41.7 and
were marked with stars in Figure 2, indicating side reactions —158.1 ppm and three broad peaks-at45.1,—148.7, and
occurred during the polycondensation. Previous works show that—157.0 ppm for the final reaction solution at 400 min. These
the ketone group in benzophenone is sensitive to the nucleophilicthree broad peaks have similar integral intensities, and a
attack by HO or RO~ and can be cleaved to form benzoic prediction by ACD software indicates that they are related to
acid and benzene moietig&® This fact suggests that a similar  the product of the substitution of the first ortho fluorine of each
cleavage might also occur during the polycondensation to causephenyl ring in the DFPK unit with a structure represented by
the degradation of the produced polymer. The strong electron-compound V in Scheme 2. Because the molar ratio of-6C
withdrawing effect of the multiple fluorine on the phenyl ring  diol/DFPK is 2.5, a fraction of the second hydroxyl group of
adjacent to the ketone group will further promote this side the 6G-diol unit is involved in the reaction (also see above
reactiort® and makes this cleavage occur under a milder reaction discussion on the 4 min NMR spectrum of Figure 3), which
condition such as in the presence of potassium fludide. produced a densely branched structure in the product. It might
Therefore, we believe the small peaks found-dt41.6 and explain that the corresponding peaks are very wide. On the other
—158.0 ppm in the!®F NMR spectrum and at 7.43 and 5.01 hand, the two narrow peaks may indicate that they are associated
ppm in the'H NMR spectrum (see Figure 2) are related to the with small molecules which can move freely in the solution.
moieties resulting from the ketone cleavage with the possible To verify this assumption, the final solution of this reaction
structures listed in Scheme 2 (compoundsIW). was extracted with hexanes in order to separate the free

To further investigate this side reaction, a model reaction of molecules, and the extracted material was found to be a mixture
DFPK and 6G-diol under the same condition as the polymer- of compounds Il and Il by!H and 1%F NMR analysis. The
ization was studied using excessgdiol (2.5 equiv to DFPK). resonances assigned in Figure 4 use the structures shown in
19 NMR was used to monitor the reaction with the representa- Scheme 2. Therefore, we can conclude that the sharp peaks in
tive spectra displayed in Figure 3. They reveal that the reaction the spectrum of the 400 min sample in Figure 3 and the peaks
in the first few minutes is clean; only the reaction of the indicated with stars in Figure 2 are due to the formation of
hydroxyl group of the diol at the para positions of DFPK is tetrafluorobenzene moieties, resulting from the ketone cleavage.
observed. This reaction is fast and completed in 4 min to form It should be noted that the solution for collecting spectra in
the structure | as illustrated in Scheme 2. At this time, only Figure 2 contains small amounts of DMAc from the reaction
two resonances were found-at44.9 (la) and-156.9 (Ib) ppm solution, while the solution for Figure 4 does not. This causes
for the aromatic fluorine atoms, and four peaks were observed slight differences in the chemical shifts of certain peaks between
for the four fluorine atoms on the third and fourth carbons of Figures 2 and 4.
the diol unit at—121.82,—122.01,—122.83, and-123.03 ppm The above NMR study only reveals the phenyl product from
and also another four peaks for those on the second and fifththe benzophenone cleavage. The counterpart of the cleaving
carbons at—124.32,—124.56,—124.69, and—124.88 ppm. products, benzoate (compound IV), is not observed in the hexane
Among them, the peaks at123.03 and 124.88 ppm are ascribed extracted sample. Compared to compounds Il and Ill, compound
to the unreacted diol, the peaks-at22.01,—122.83,—124.56, IV contains one more 6&diol unit, in addition to a carbonyl
and—124.69 come from the diol unit with one substituted end, activated tetrafluorophenyl ring. Both the hydroxyl groups in
and those at-121.82 and-122.01 are from the diol unit with  the 6G-diol units and the ortho fluorines in the tetrafluorophenyl
both substituted ends. From the integration of these peaks, itring can participate further in the branching side reaction to
can be estimated that 37.4% of the diol remains untouched, form large molecules. Therefore, this part of the cleaved product
about 45.8% of them with one substituted end and 16.8% with is less likely to being isolated from the other materials by hexane
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. : - - - Figure 6. Time dependence of the conversions of the substitution of
-122 -124 -140 -150 -160 the para fluorines, the substitution of the first ortho fluorine on each
Chemical Shift (opm) phenyl ring in DFPK units, and the ketone cleavage in the reaction of

DFPK (1.00 equiv) with 6CF-diol (2.50 equiv) in the presence of CsF

Figure 4. 'H (top) andF (bottom) NMR spectra of the sample i, p\iac at room temperature as iliustrated in Scheme 2.

extracted using hexane from the final solution (400 min) of the reaction
between DFBP (1.0 equiv) with &&liol (2.5 equiv) in DMAc using . .
CsF as a base. for the ketone cleavage is only about 1%. This suggests that a

high-molecular weight polymer can be prepared in this reaction
provided the polycondensation can be controlled well. However,
due to the very high reaction rates of both polycondensation
and the side reactions, precise control this reaction is practically
almost impossible.

The Preparation of P6G:K Using KF as a Base Therefore,
some milder reaction conditions have been tested to achieve a
better control of the reaction. Among them, the reaction in the
presence of KF as a base in DMAc at room-temperature gave
the highest molecular weighti, = 33 200 Da) of the resulting
c polymers. The FT-IR spectrum of this polymer is compared with
1 the materials prepared under other conditions in Figure 5. It
) shows a much smaller carbonyl stretching peak at 1751'cm

D indicating a much lower tendency of the ketone cleavage. Figure
I — ; . ' . 5 also showed that the reaction in propylene carbonate by the
2000 1500 1000 50 use of CsF as a base at room temperature can further suppress

Wavenumber (cm™) this ketone cleavage. However, the polymer prepared under this
Figure 5. FT-IR spectra of the final samples from the reactions of condition is difficult to dissolve, probably associated with the
DFBP with 6G-diol with the molar ratio of 1.01/1.00 (A) in the  formation of a highly branched structure. Consequently,d/R6C

presence of CsF in PC, (B) in the presence of KF in DMAc, (C) inthe  h35 heen prepared using KF in DMAc at room temperature and
presence of CsF in DMAc, and (D) with the molar ratio of 1.00/2.50 the reaction is completed in 21 h.

in the presence of CsF in DMAc.

Thermal Properties of P6G-Xs. DSC study revealed that
extraction. The FT-IR spectrum of the purified whole product all polymers are semicrystalline materials. The first heating
of this reaction (Figure 5D) displayed a moderate peak at 1751 curves in Figure 7 show a narrow melting peak at 219, 202,
cm~1, which is assigned to the stretching of the ester carbonyl and 165°C for P6GNon, P6GOx, P6GK, while P6GSO and
C=0 bond, while the intensity of the ketone stretching at 1696 P6G:S display a broad melting peak at around 174 and°{21
cm ! is decreased relative to the other peaks. This result respectively. No apparent glass transition was observed for the
confirms part of the ketone group was cleaved to the carbonyl polymers in the first heating scan. To study the glass transition,
ester group during the reaction. the polymer samples were quenched into liquid nitrogen

In conclusion, there are two side reactions to compete with immediately after the first heating scan at 28D. The DSC

the polycondensation at the para positions for the formation of curves of these samples are displayed in Figure 8. It can be
the linear polymer. One is the ketone cleavage, and the other isseen that P6&Non still has a melting peak with a very weak
the substitution at the ortho positions of the DFPK unit. The glass transition at 28C, showing that the crystallization of this
former will reduce the molecular weight of the produced polymer was completed in the very short quenching period,
polymer, and the latter will lead to the formation of branched indicating an extremely high crystallization rate. This should
structures. From th&€F NMR analysis (Figure 3), the conversion be attributed to the highly symmetric chain structure of this
of these three reactions can be calculated based on the intensitiegsolymer. P6EOx showed a slightly lower crystallization rate
of the corresponding peaks and the results are displayed inthan that of P6@Non. This polymer displayed a small glass
Figure 6. It clearly indicates that the two side reactions have transition at 45C, immediately followed by a small exothermic
relatively low reaction rates and only occur after the polycon- peak. This phenomenon indicates that the amorphous domain
densation at the para positions is near completion. When thefrozen from the melted state by the rapid quenching can
conversion of the polycondensation reaches 99%, the conversiorcrystallize quickly once the chain segments are capable of

Q

Absorbance
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00 with the more polar groups of sulfone and oxadiazole. Table 1
also lists the degradation temperatures of the polymers. They
range from 380 to 415C, indicating a fairly high thermal
P6CENon stability of the polymers. However, these values are lower than
those of the corresponding fluorinated poly(arlyene etter)s,
P6COx indicating the polymers with asymmetric ether linkages have a
049 slightly poorer thermal stability than the polymers with a
P6CSO symmetric aromatic ether linkage. It is worthy to note that the
ketone polymer has a similar degradation temperature as the
other polymers, although this polymer is much less stable under
the polycondensation condition in the presence of a base in a
highly polar solvent as discussed above.

Water Contact Angles of P6G:Xs. The surface tension of
the polymer films has been characterized by water contact angle
measurements, and the results are listed in Table 1. The films

y — T T T T were coated on glass slides from tetrahydrofuran solutions.
-50 0 50 100 150 200 251 Among all the polymers, P&Blon exhibits the highest value
Temperature (°C) of the contact angle of 120This value is very close to that of
Figure 7. DSC curves of the first heating scan of the as-prepared T€flon type materials (1T2,'“the polymers with lowest surface
samples of P6£Xs. tension. With increasing polarity of the X linkages from sulfide,
ketone, oxadiazole, to sulfone, the water contact angle of the
corresponding polymer films decreased from 109, 102, 95, to
82°. As expected, the contact angles of these fluorinated
polymers are much higher than those of the corresponding non-
fluorinated poly(arylene ether)s and also about Higher than
the partially fluorinated poly(arylene ethet¥&dconfirming the
significance of a high fluorine content in the polymer for
reducing the surface tension of the polymer filtag\ similar
phenomenon was also reported for aromatic block copolyethers
with amphiphilic structure&! Further investigation of factors
including molecular weight, enrichment of fluorine atoms on
the surface to influence the contact angle, and the superhydro-
phobic phenomenon associated with the lotus-leaf-type surface
structures is under waly.

Feat Tow (VV/g)

P6CLK

-0.8 1
P6CLS

P6CgNon

ow

ea

-1.0 T T T T T T T T T T T .
-50 0 50 100 150 200 251 Conclusions
Temperature (°C)

b P T 4 heat o th les of When CsF was used as a base to activate the reaction, the
Igure o. CUTVES 0f the second heating scan after the Samples of no)ycondensations of 6&iol with DFP, DFPS, DFPSO, and
PEGXs were quenched into liquid nitrogen from 250. DFPOx can be easily completed under an extremely mild

moving. The quenched samples of the other three polymers withreaction condition, i.e., a few hours at room temperature in
ketone, sulfone, and sulfide linkages display well-resolved glass PMAC, to produce high-molecular weight polymers. This mild
transitions at 22, 87, and 2&, respectively. While the sulfone ~ reaction condition efficiently prevents the side reactions which
and sulfide polymers did not show any first-order transition in Were usually observed in conventional polycondensations such
the second heating scan, the ketone polymer displays twoas ether cleavage and branching. However, the reactiongf 6C
crystallization peaks at 78.5 and 126@ prior to the melting diol with DFPK under the same reaction condition only produces
peak with a similar amount of the exothermic and endothermic @ low-molecular weight materidiH and'%F NMR studies reveal
heats. This indicates that the ketone polymer is completely the formation of a #-perfluorophenyl group and a perfluo-
amorphous after quenching as are the sulfone and sulfiderobenzoate group during the reaction; these moieties are
polymers, but the ketone polymer has a higher crystallization Produced from a ketone cleavage side reaction, where the
rate and crystallizes during the second heating scan at a rate ohydroxyl group of 6G-diol which was highly activated by CsF

10 °C/min. Therefore, we conclude that the crystallization rate aftacks the ketone group in DFPK unit to break the polymer
is in the order: P6@Non > P6GOx > P6GK > P6GSO ~ chain. Fortunately, a kinetic analysis has revealed that the ketone
P6G-S. This sequence correlates with the bond angles of the X cleavage has a much lower reaction rate than the polyconden-
linkages, which are 180for Non, 1324 for oxadiazole, 122 sation, suggesting that a high-molecular weight polymer can
for ketone, 104 for sulfone, and 10%for sulfide!! This result ~ be prepared by careful control of the reaction. Therefore, a
evidences that the bending of the X linkages significantly affects Mmilder base, KF, instead of CsF has been used for this reaction

the crystallization capability of the polymers. to give an ideal result. In this case, the polycondensation is
Meanwhile, the DSC data showed that all the polymers have completed in 21 h to yield a polymer witkl, = 33 200 Da.
a very low glass transition temperaturky)at around 25°C. All the prepared polymers are semicrystalline materials with

This unusual lowTyg might indicate some extent of phase melting points in the range from 120 to 218. Owing to the
separation in the quenched samples, where aliphatic chaindifferent X linkages, different polymers exhibit different crystal-
enriched amorphous domains were formed. Thevalues of lization capabilities. P6Non crystallizes completely during a
the polymers with sulfone and oxadiazole linkages are slightly quenching from 250C into liquid nitrogen, while P6€S and
higher, reflecting high molecular interactions in the polymers P6GSO become completely amorphous after this quenching
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process and do not crystallize when heated at@®nin. The
crystallization rate of these polymers follows the sequence of
P6GNon > P6GOx > P6GK > P6GSO~ P6G:S. This order

is correlated with the bond angles of the X linkages in the
polymers. All these polymers have very high solubility in
common organic solvents such as acetone, tetrahydrofuran,

DMAc, and dimethylsulfoxide. Casting the tetrahydrofuran %ﬂ‘dfﬂgﬁ,“ﬁ ,i“%ﬁﬁ&r(ggog‘*ﬁssfl";ﬂlgg"°Grath )E;
solutions of these polymers on glass slides produces uniform (s) (a) Ding, J.; Liu, F.; Li, M.; Day, M.; Zhou, M i
films. They showed much higher water contact angles then that wZOOZ 40, 4205—’\W‘;| Li, M.;

of the non-fluorinated or partially fluorinated analogues. With 2D§yé2/|4i8Rf§e(rSOSi’nG'; JZhOD‘g N— R(V)Z(R/%er ]
the polarity of the X linkages decreased in the sequence of SO, ' ' g’§004 28’5 1070-1079. (d) Ding, J.; Q| v
Ox, K, S, and Non, the contact angle increases frorh t82 Day, M.; Jiang, J.; Callender, C. €005
95°, 102, 109, and 110. The last two values are close to that 206 2396-2400. (€) Qi, Y.; Ding, J.; Day, M. Jiang, J.; Callender,

of Teflon (112), indicating high hydrophobicities of the wg%&%oﬁ_%g—zegz' (f) Ding, J.; Day, M
polymers. (6) (a) Johncock, P.; Hewins, M. A. H.; Cunliffe, A.

1976 14. 365-378. (b) Feiring, A. E.; Wonchoba, E.
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