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New spirobisindane-based ladder-type poly(arylene ether)
copolymer with perfluorinated biphenylene and trifluoromethyl

fragments
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A novel ladder-type fluorinated poly(arylene ether) copolymer containing perfluorinated biphenylene
and trifluoromethyl fragments as well as dibenzodioxin and spirobisindane units was synthesized by
the double-aromatic nucleophilic substitution reaction from 5,5',6,6'-tetrahydroxy-3,3,3",3"-
tetramethyl-1,1'-spirobisindane monomer and an equimolar amount of two fluorinated monomers.
The chemical structure of the prepared copolymer was determined using 'H, ’F NMR and FTIR
spectroscopy techniques. The obtained polymer was completely soluble in chloroform and
tetrahydrofuran, but insoluble in such solvents as dimethylsulfoxide and dimethylformamide. It is
shown that the synthesized polyether has average molecular weight (M) equal to 54600 and good
thermo-oxidative stability (up to 400 °C). No glass transition temperature or other thermal transitions
were found from the copolymer DSC curve up to 300 °C. The presence of both rigid ladder dibenzodioxin
units and spirobisindane fragments (site of contortion) in its structure leads to decreasing the packing
density of macromolecular chains that is promising for the regulation of transport properties of

polymeric systems.
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Fluorinated poly(arylene ether)s (FPAEs) show excel-
lent properties, first of all, high thermal stability, good
optical (low refractive index, optical losses and absorp-
tion in the near infrared) and low dielectric permeability.
These properties make FPAEs attractive for modern hi-
tech applications, especially, in microelectronics (for ex-
ample, an interlayer dielectric material for microelectronic
packaging devices) and in optical telecommunications (for
example, waveguides in optoelectronic integrated circuits)
[1-3].

Usage of CF,-containing monomers or core-fluorinat-
ed monomers is the main two methods for the introduc-
tion of fluorine into FPAEs [1, 2]. It is interesting that
core-fluorinated compounds (mainly individual decafluor-
obiphenyl (DFB) and bis(pentafluorophenyl)-derivatives)
can be used as monomers for the preparation of fluorinat-
ed ladder-type polyethers such as polymers of intrinsic
microporosity (PIMs) [4-6]. PIMs are prepared via the
dibenzodioxane forming reaction based on a double-aro-
matic nucleophilic substitution mechanism [4—7]. These
polymers have potential applications as materials for gas
permeation membranes because PIMs combine the adapt-
ability of polymers with nano-engineered free volume el-
ements for the high surface area that are larger than most
other polymers and even many zeolites [4—8]. The micro-

porosity of PIMs is due to their rigid and contorted mac-
romolecular structures, which cannot fill space efficient-
ly, leaving molecular-sized interconnected voids. Thus,
PIMs are composed of fused rings (as a rule, dibenzodi-
oxane units) that provide rigidity, and sites of contortion,
which are provided by spiro-centres. The most commonly
reported such material having high molecular weight,
termed PIM-1, is prepared from commercially available
5,5',6,6'-tetrahydroxy-3,3,3',3"-tetramethyl-1, 1'-spiro-
bisindane and 2,3,5,6-tetrafluoroterephthalonitrile. It
should be noted that the molecular scaffold used to syn-
thesize PIMs is generally derived from an activated
tetrafluorine-containing aromatic monomers (some syn-
theses utilize dichlorides) and aromatic tetrols to form a
linear ladder-type polyethers. But as a result of dibenzo-
dioxane-forming reaction the ladder polyethers are non-
fluorinated [4-10].

Generally, to improve gas transport properties, an ap-
proach of introducing fluorinated moieties into the poly-
mer chain can be used. Fluorinated amorphous polymers
have shown high free volume and low cohesion energy
which favors simultaneously the mobility and solubility
of permeates inside of the polymer matrix. In addition,
fluorinated polymers are not plasticized by organic va-
pors which usually results in a decreasing selectivity of
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gas separation [11-13]. Consequently, the synthesis of
new core-fluorinated as well as CF,-containing monomers
suitable for use in the dibenzodioxane-forming reaction
and ladder-type polyethers is crucial for further develop-
ment of the gas separation materials. Despite the large
number of studies that focuses on design of PIM poly-
mers, only a few PIM structures with fluorinated frag-
ments have been reported to date [4, 6, 13].

Therefore, the present work focuses on the synthesis
of new advanced ladder-type FPAE copolymer (coFPAE)
derived from bis(nonafluorophenyl)-containing monomer
having 1,1,1,3,3,3-hexafluoropropane fragments as cen-
tral units. Properties of the synthesized copolyether, such
as solubility, molecular-weight characteristics, tensile
strength, and thermal stability were thoroughly investi-
gated.

Experimental.

Materials. Bis(nonafluorobiphenyl)-containing mon-
omer 1 with bis(oxyphenyl)hexafluoropropane central unit
was synthesized according to the previously described
procedure [ 14]. Hydroxyl-containing monomer 5,5',6,6"-
tetrahydroxy-3,3,3" 3'-tetramethyl-1, 1 "-spirobisindane
(2) was synthesized according to the previously report-
ed protocol [15]. Tetrafluoroterephthalonitrile (3, 98 %)
purchased from Alfa Aesar was purified by crystallization
from methanol. All solvents were purified before the use.

Copolymer coFPAE-1. A dry, 25 mL three-necked flask
equipped a mechanical stirrer, a cold water condenser, an
argon inlet/outlet, and a thermometer was charged with
bis-catechol 2 (0,300 g, 0,881 mmol), compound 3 (0,088
g, 0,441 mmol), monomer 1 (0,425 g, 0,441 mmol), and 2,0
mL of dimethylacetamide (DMAc). After dissolving of the
monomers, anhydrous potassium carbonate (0,268 g,
1,938 mmol) was added into the flask. After stirring for
about 10 min, the flask was transferred into a 160 °C oil
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bath. The mixture was vigorously stirred for 2 min and
then 0,6 mL toluene was added into the reaction mixture.
The reaction was continued for 2 min and another 0,6 mL
toluene was added. After another six minutes the polymer
was isolated by precipitation in methanol and filtered. The
total time of reaction was 10 min at 160 °C. After reprecip-
itation in a chloroform/methanol mixture, the polymer was
boiled in hot water to remove the salt and solvent, and
then filtered off. The separated copolymer was dried in
vacuo at 80 °C overnight. Yield 88 %.'H NMR (CDCI,, 500
MHz, &, ppm): 1,30 (br.s, 6H, -CH,); 1,36 (br.s, 6H, -CH,);
2,17 (brs, 2H, -CH,-); 2,33 (br.s, 2H, -CH,-); 6,44 (br.s, 2H,
Ph); 6,80 (br.s, 2H, Ph); 7,02 (br.s, 2H, Ph); 7,38 (br.s, 2H,
Ph). ”FNMR (CDCl,, 376.32 MHz, § ppm): -162,59 (s, 2F,
Ph); -153,56 (s, 4F, Ph); -141,66 (s, 2F, Ph); -138,98 (s, 2F,
Ph); -138,01 (d, 2F, J=24.25 Hz Ph); -64,57 (s, 6F, -CF,).
FTIR (v,cm™): 989, 1012 (C-F); 1176 (C-0); 1228 (Ph—O—
Ph); 1481 (C=C_ ); 2241 (CN); 2850"3000 (CH).
Characterization and measurement.

Fourier transform infrared (FTIR) spectrum of synthe-
sized copolymer was recorded with a TENSOR 37 spec-
trometer in the range of 600-4000 cm™. 'H NMR and "°F
NMR spectra were recorded on a Bruker Avance DRX 500
MHz spectrometer at room temperature with CDCI,. Chem-
ical shifts are reported relative to chloroform (6= 7,25 ppm)
for 'HNMR. For F NMR fluorotrichloromethane was used
as the internal standard. Intrinsic viscosities [I] of poly-
mer solution was determined with an Ubbelohde viscom-
eter in chloroform at 25 °C. The molecular weight was de-
termined via gel permeation chromatography (GPC) on a
Shimadzu LC-10AD chromatograph equipped with Wa-
ters Styragel HT 6E columns (7,8 mm diameter X 300 mm)
and PL gel Mixed-D columns (7,5 mm diameter X 300 mm).
Tetrahydrofuran (THF) was used as the eluent, the flow
rate was 0,5 mL/min, the concentration of the investigated
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Scheme. Synthetic routes of monomer 1 and coFPAE-1
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polymer was 3 mg/mL in THF, and the test-solution vol-
ume was 100 mL. Differential scanning calorimetry (DSC)
was carried out using a TA Instruments Q-2000 apparatus
(United States) at the heating rate of 20 °C /min. The ther-
mooxidative destruction of coFPAE-1 were studied by
thermogravimetric analysis (TGA) on a TA Instruments
Q-50 apparatus (United States). A heating rate of 20 °C /
min with a temperature range from 25 to 700 °C was ap-
plied.

Results and discussion.

In order to prepare spirobisindane-based ladder coF-
PAE with perfluorinated biphenylene and trifluoromethyl
fragments, bis(nonafluorophenyl)-containing monomer 1
with 1,1,1,3,3,3-hexafluoropropane fragments as central
units was synthesized according to the published meth-
od [14]. The monomer 1 was prepared in good yield by the
interaction of DFB with 4,4'-(hexafluoroisopro-
pylidene)diphenol (bisphenol AF) in N,N-dimethylforma-
mide (DMF) in the presence of potassium carbonate as a
base (Scheme 1). In order to prevent formation of oligo-
meric products during the synthesis of monomer 1 we use
an excess DFB which can be easily removed by simple
vacuum distillation. Importantly, similar to bis-catechol 2,
which contains a site of contortion such as a spiro-center,
bis(nonafluorobiphenyl)-containing monomer 1 provides
a site of contortion due to covalent bond (between per-
fluorinated phenylene fragments) about which there is
restricted rotation [14].

The ladder-type polyether coFPAE-1 was synthesized
by the dibenzodioxane formation reaction from spiro bis-
catechol 2 and an equimolar amount of fluorinated mono-
mers 1 and 3 in the ratio of 1:1 in DMAc in the presence of
potassium carbonate (Scheme 1). The precipitation of the
polymer during the reaction is avoided by the addition of
toluene solvent to the DMAc.

All spectroscopic data from FTIR, 'H, and F NMR
spectroscopy support the suggested structure of the lad-
der-type coFPAE-1. Thus, the FTIR spectrum of copoly-
mer shows peaks which correspond to C—F, -C-O—-C—, —
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Fig. 1. FTIR spectrum of coFPAE-1

C=C,_,-and CN groups (Fig. 1). Additionally, the absence
of intense bands of OH groups of the initial monomer 2 in
the FTIR spectrum of the obtained polymer in the range
0f 36003100 cm™ indicates that these groups have been
consumed during the polycondensation reaction.

All peaks in the '"H NMR spectrum of representative
coFPAE-1 can be readily assigned to the protons in the
corresponding repeat units (Fig. 2).

In Figure 3 the F NMR spectrum of the obtained
ladder-type polyether is displayed. The F NMR spec-
trum contains one singlet at -64,57 ppm corresponding to
the fluorine atoms of the trifluoromethyl groups. The po-
sition and intensity of the fluorine peaks from perfluori-
nated aromatic units in the ’F NMR spectrum of the final
copolymer are observed. These results indicate polymer
formation by a double-aromatic nucleophilic substitution
of fluorine atoms of bis(perfluoroaromatic) fragments in
the para- and ortho-positions.

The synthesized copolymer is readily soluble in CHCI,
and THF, and can be cast from solution to form self-sup-
porting membrane. On the other hand, coFPAE-1 limited
soluble in-DMF and DMACc that are typical for the PIM
polymers [16]. The number-average molecular weight (M )
and the polydispersity index (M /M) of the coFPAE-1
calibrated with polystyrene standards were 14000 and 3,9,
respectively. The intrinsic viscosity [1] of copolymer so-
lution in DMF was 0,32 dL g'. Note that the coFPAE-1
sample holds a higher molar weight and narrower molar
weight distribution than the PIM polymer, which was ob-
tained from individual DFB and spirobis-catechol 2 (M =
8400, M =36000, M /M =4,3) [4].

Thermal properties of the resulting coFPAE-1 were
investigated using DSC and TGA. Typically, due to their
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Fig. 2. "H NMR spectrum of coFPAE-1
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Fig. 3. 'F NMR spectrum of representative cOFPAE-1
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Fig. 4. TGA curve of coFPAE-1

rigid chain structure, PIMs exhibit no glass transition tem-
perature below their decomposition temperature [17].
Hence, no glass transition temperature or other thermal
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HoBuii cnipo0iciHianBMiCHUN APa0OMHYACTHI KONOJIMEPHUN MOJiapUI0OBHI
erep 3 neppropoBaHuMM OipeHIIECHOBUMH Ta TPUPTOPMETHIBLHUMHU IPyNaMH

I.M. Tkauenxo, A.JI. Koozap, O.B. lllexepa, B.B. Illesuenko

[HCcTUTYT XiMiT BUCOKOMOIEKysipHUX crionyk HAH Yipainu
48, XapkiBchke moce, Kuis, 02160, Ykpaina

Pospobneno cnoci6 cunmesy H08020 OpabUHUACMO20 PMOPOBAHO2O KONOLIMEPHO2O0 NONIAPULOBO20
emepy, KU MICMums nep@moposani OiheHineHosl ma mpugQmopmemunoHi hpasmenmu, a marKoxc
OubeH30UOKCUH06I ma cnipodicin0anosi nanku. Taxkuil Konoximep ompumMano peaxkyiero noositiHo20
apoMamuyrHo20 HYyK1eo@iibHo20 3amiyeHHs Ha ochogi 5,52 ,6,62 -mempaziopokcu-3,3,32 ,32 -
mempamemui-1,12 -cnipodicinoany ma exgiMoabHOI KitbKoCmi 080X (hmoposanux monomepis. byoosa
CUHME306aH020 Konoximepy 0ocaioxcena memooamu [4-, ' H- ma °F AMP-cnexmpockonii. Ompumanuil
nonimep 006pe po3uuHaEMbCA 8 XA0pogopmi ma mempaziopogypani. Iloxkaszano, wo maxuii noniemep
Mmae cepednvoeazosy monexynsapny macy (M ) 54600 i sucoxy mepmookuchiosanvhy cmabinbricms (00
T=400 °C). IloeOnanns sxcopcmrux OubEeH30UOKCUHOBUX MA CHIPOOICIHOAHOBUX ppasmenmis (8y3iu
3I2HYMOCmi) 6 CMPYKMYpi CUHME308aH020 KOnoliemepy 6ede 00 NOHUNCEHHS WINbHOCMI YNAKOGKU
MAKPOMONEKYAAPHUX TAHYIO2IE, WO NEPCREKMUBHO OISl Pe2Y08ANHS MPAHCHOPMHUX XAPAKMEPUCNUK
HONIMEPHUX CUCTEM.

KurouoBi ciioBa: ¢propoBani B sipo MOHOMEpH, (PTOPOBaHI apOMAaTHYHI MOJICTEPH, CHHTE3, PEAKIlisl MOABIITHOTO
apOMaTHYHOTO HYKJICO(UIFHOTO 3aMillleHHs], [paOdnuHuacTi hparMeHTH, TpU(GTOPMETHIIBHI IPYTIH.

HoBbli CHUPOOMCHHIAHCOACPKAIMMUH JIGCTHUYHBIA COMOJHMMEPHBIH
NONUAPUIOBBINA 3¢up ¢ nepPropupoBaHHBIMU OM(PEHHUICHOBBIMU H
TPUPTOPMETHIBLHBIMU TPYNIIAMH

HU.M. Tkauenxo, A1.JI. Koo3aps, O.B. lllexepa, B.B. Illeeuenko

MHCTUTYT XMMHH BBICOKOMOJEKYJISIpHBIX coeanHennii HAH Ykpaunst
48, Xaprprosckoe mocce, Kues, 02160, Ykpanna

Paspaboman cnocob cunmesa 08020 1eCMHUYHO20 PMOPUPOBAHHO20 CONOTUMEPHO20 NOTUAPUTIOB020
aghupa, codepaicaujeco neppmopuposartvie bugenueHogvle u mpugmopmemuivHsle Qpazmenmst, d
makaice OUbeH30UOKCUHOBbIEe U CRUPOOUCUHOAHOBbIE 36eHbA. TaKol cononumep noayuen peaxkyuell
080UHO20 ApOMAMUYECK020 HYKIe0QUIbHO20 3ameujeHus Ha ocHoge 3,5',6,6'-mempacudpoxcu-3,3,3',3'-
mempamemun-1,1'-cnupoducunoana u IKEUMOAILHO20 KOIUUECNBA 08YX PMOPUPOBAHNBIX MOHOMEDOS.
Cmpoenue cunmesuposannHozo conoiumepa ucciedosano memoodamu UK-, 'H- u F AMP-
cnekmpockonuu. [lonyuennbviii nonumep Xopoulo pacmeopsaemcs 8 Xiopogopme u mempazuopogypate.
Iloxazano, umo maxoti noauspup umeem cpeonesecosyio monexyaapuyio maccy (M, ) 54600 u svicoxyio
mepmookucaumenvHyto cmabunsnocms (0o T=400 °C). Couemanue dcecmkux OubeH30UOKCUHOBLIX U
CnupoOUCUHOAHO8bIX Ppazmenmos (Y316l UZ0ZHYMOCMU) 8 CIMPYKMYpe CUHME3UPOBAHHO20
conoaudpupa eedem K NOHUNCEHUIO NIOMHOCMU YRAKOSKU MAKPOMONEKYIAPHBIX Yenel, Ymo AGNAemcsl
nepcneKxmuHbIM OISl pecyIupo8anus MpancnopmHbIX Xapakmepucmux NOJUMEPHLIX CUCTIEM.

KroueBble c10Ba: hTOpHpOBaHHEIE B SIAPO MOHOMEPHI, (PTOPHPOBAHHBIE apOMATHIECKUE MOMNI(UPHI, CHHTE3, PEAKIINT
JBOMHOTO apOMaTHYECKOTO HYKJICO(MIIBHOTO 3aMENCHNS, JIECTHUIHBIE (PParMeHTHI, TPH()TOPMETHIBHBIE IPYTIIIHI.




