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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 1H, 19F 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 (Mw) equal to 54600 and good
thermo-oxidative stability (up to 400 oC). No glass transition temperature or other thermal transitions
were found from the copolymer DSC curve up to 300 oC. 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.

Keywords: core-fluorinated monomers, fluorinated poly(arylene ether)s, double-aromatic nucleophilic substitution
reaction, ladder fragments, trifluoromethyl groups.

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 CF3-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 CF3-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

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 %.1Í NMR (CDCl3, 500
MHz, δ, ppm): 1,30 (br.s, 6Í, -ÑÍ3); 1,36 (br.s, 6Í, -ÑÍ3);
2,17 (br.s, 2Í, -ÑÍ2-); 2,33 (br.s, 2Í, -ÑÍ2-); 6,44 (br.s, 2Í,
Ph); 6,80 (br.s, 2Í, Ph); 7,02 (br.s, 2Í, Ph); 7,38 (br.s, 2Í,
Ph). 19F NMR (CDCl3, 376.32 ÌHz, δ, 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, -CF3).
FTIR (ν, ñm-1): 989, 1012 (C–F); 1176 (C–O); 1228 (Ph–O–
Ph); 1481 (Ñ=Ñarom); 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–1. 1H NMR and 19F
NMR spectra were recorded on a Bruker Avance DRX 500
MHz spectrometer at room temperature with CDCl3. Chem-
ical shifts are reported relative to chloroform (δ = 7,25 ppm)
for 1Í NMR. For 19F NMR fluorotrichloromethane was used
as the internal standard. Intrinsic viscosities [η] of poly-
mer solution was determined with an Ubbelohde viscom-
eter in chloroform at 25 °Ñ. 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 ×300 mm)
and PL gel Mixed-D columns (7,5 mm diameter ×300 mm).
Tetrahydrofuran (THF) was used as the eluent, the flow
rate was 0,5 mL/min, the concentration of the investigated

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 ìL. 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, 1H, and 19F 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–, –

Ñ=Ñarom- 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
of 3600–3100 cm–1 indicates that these groups have been
consumed during the polycondensation reaction.

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

In Figure 3 the 19F NMR spectrum of the obtained
ladder-type polyether is displayed. The 19F 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 19F 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 CHCl3
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 DMAc that are typical for the PIM
polymers [16]. The number-average molecular weight (Mn)
and the polydispersity index (Mw/Mn) of the coFPAE-1
calibrated with polystyrene standards were 14000 and 3,9,
respectively. The intrinsic viscosity [η] of copolymer so-
lution in DMF was 0,32 dL g-1. 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 (Mn=
8400, Mw =36000, M

W
/Mn=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. 1H NMR spectrum of coFPAE-1
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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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Fig. 4. TGA curve of coFPAE-1

transitions were found from the DSC curve up to 300 oC.
TGA experiment showed that the polymer has excellent
thermal stability (Fig. 4). The synthesized coFPAE-1 ex-
hibited one-step pattern of decomposition and the tem-
perature of 5 % weight loss (T5%) for it is 400 °C.

In a summary, we have synthesized new ladder-type
fluorinated copoly(arylene ether) having perfluorinated
aromatic units and CF3-groups as well as both rigid diben-
zodioxin and spirobisindane fragments. Our studies dem-
onstrate that coFPAE-1 is characterized with an extensive
solubility and shows both a relatively high molecular
weight and good thermal stability. The obtained copoly-
ether has good prospects for the use as gas separation
materials with controlled permeability and selectivity. The
presence of highly fluorinated units in the obtained fluor-
inated copolymer offers interesting opportunities for fur-
ther functionalization of such system (for example, crea-
tion of cross-linked materials for a gas storage area).
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Íîâèé ñï³ðîá³ñ³íäàíâì³ñíèé äðàáèí÷àñòèé êîïîë³ìåðíèé ïîë³àðèëîâèé
åòåð ç ïåðôòîðîâàíèìè á³ôåí³ëåíîâèìè òà òðèôòîðìåòèëüíèìè ãðóïàìè

².Ì. Òêà÷åíêî, ß.Ë. Êîáçàð, Î.Â. Øåêåðà, Â.Â. Øåâ÷åíêî

²íñòèòóò õ³ì³¿ âèñîêîìîëåêóëÿðíèõ ñïîëóê ÍÀÍ Óêðà¿íè
48, Õàðê³âñüêå øîñå, Êè¿â, 02160, Óêðà¿íà

Ðîçðîáëåíî ñïîñ³á ñèíòåçó íîâîãî äðàáèí÷àñòîãî ôòîðîâàíîãî êîïîë³ìåðíîãî ïîë³àðèëîâîãî
åòåðó, ÿêèé ì³ñòèòü ïåðôòîðîâàí³ á³ôåí³ëåíîâ³ òà òðèôòîðìåòèëüí³ ôðàãìåíòè, à òàêîæ
äèáåíçäèîêñèíîâ³ òà ñï³ðîá³ñ³íäàíîâ³ ëàíêè. Òàêèé êîïîë³ìåð îòðèìàíî ðåàêö³ºþ ïîäâ³éíîãî
àðîìàòè÷íîãî íóêëåîô³ëüíîãî çàì³ùåííÿ íà îñíîâ³ 5,52 ,6,62 -òåòðàãiäðîêñè-3,3,32 ,32 -
òåòðàìåòèë-1,12 -ñïiðîáiñiíäàíó òà åêâ³ìîëüíî¿ ê³ëüêîñò³ äâîõ ôòîðîâàíèõ ìîíîìåð³â. Áóäîâà
ñèíòåçîâàíîãî êîïîë³ìåðó äîñë³äæåíà ìåòîäàìè ²×-, 1Í- òà 19F ßÌÐ-ñïåêòðîñêîï³¿. Îòðèìàíèé
ïîë³ìåð äîáðå ðîç÷èíÿºòüñÿ â õëîðîôîðì³ òà òåòðàã³äðîôóðàí³. Ïîêàçàíî, ùî òàêèé ïîë³åòåð
ìàº ñåðåäíüîâàãîâó ìîëåêóëÿðíó ìàñó (Mw) 54600 ³ âèñîêó òåðìîîêèñíþâàëüíó ñòàá³ëüí³ñòü (äî
Ò=400 °Ñ). Ïîºäíàííÿ æîðñòêèõ äèáåíçäèîêñèíîâèõ òà ñï³ðîá³ñ³íäàíîâèõ ôðàãìåíò³â (âóçëè
ç³ãíóòîñò³) â ñòðóêòóð³ ñèíòåçîâàíîãî êîïîë³åòåðó âåäå äî ïîíèæåííÿ ùiëüíîñòi óïàêîâêè
ìàêðîìîëåêóëÿðíèõ ëàíöþã³â, ùî ïåðñïåêòèâíî äëÿ ðåãóëþâàííÿ òðàíñïîðòíèõ õàðàêòåðèñòèê
ïîë³ìåðíèõ ñèñòåì.

Êëþ÷îâ³ ñëîâà: ôòîðîâàí³ â ÿäðî ìîíîìåðè, ôòîðîâàí³ àðîìàòè÷í³ ïîë³åòåðè, ñèíòåç, ðåàêö³ÿ ïîäâ³éíîãî
àðîìàòè÷íîãî íóêëåîô³ëüíîãî çàì³ùåííÿ, äðàáèí÷àñò³ ôðàãìåíòè, òðèôòîðìåòèëüí³ ãðóïè.

Íîâûé ñïèðîáèñèíäàíñîäåðæàùèé ëåñòíè÷íûé ñîïîëèìåðíûé
ïîëèàðèëîâûé ýôèð ñ ïåðôòîðèðîâàííûìè áèôåíèëåíîâûìè è
òðèôòîðìåòèëüíûìè ãðóïïàìè

È.Ì. Òêà÷åíêî, ß.Ë. Êîáçàðü, Î.Â. Øåêåðà, Â.Â. Øåâ÷åíêî

Èíñòèòóò õèìèè âûñîêîìîëåêóëÿðíûõ ñîåäèíåíèé ÍÀÍ Óêðàèíû
48, Õàðüêîâñêîå øîññå, Êèåâ, 02160, Óêðàèíà

Ðàçðàáîòàí ñïîñîá ñèíòåçà íîâîãî ëåñòíè÷íîãî ôòîðèðîâàííîãî ñîïîëèìåðíîãî ïîëèàðèëîâîãî
ýôèðà, ñîäåðæàùåãî ïåðôòîðèðîâàííûå áèôåíèëåíîâûå è òðèôòîðìåòèëüíûå ôðàãìåíòû, à
òàêæå äèáåíçäèîêñèíîâûå è ñïèðîáèñèíäàíîâûå çâåíüÿ. Òàêîé ñîïîëèìåð ïîëó÷åí ðåàêöèåé
äâîéíîãî àðîìàòè÷åñêîãî íóêëåîôèëüíîãî çàìåùåíèÿ íà îñíîâå 5,5',6,6'-òåòðàãèäðîêñè-3,3,3',3'-
òåòðàìåòèë-1,1'-ñïèðîáèñèíäàíà è ýêâèìîëüíîãî êîëè÷åñòâà äâóõ ôòîðèðîâàííûõ ìîíîìåðîâ.
Ñòðîåíèå ñèíòåçèðîâàííîãî ñîïîëèìåðà èññëåäîâàíî ìåòîäàìè ÈÊ-, 1Í- è 19F ßÌÐ-
ñïåêòðîñêîïèè. Ïîëó÷åííûé ïîëèìåð õîðîøî ðàñòâîðÿåòñÿ â õëîðîôîðìå è òåòðàãèäðîôóðàíå.
Ïîêàçàíî, ÷òî òàêîé ïîëèýôèð èìååò ñðåäíåâåñîâóþ ìîëåêóëÿðíóþ ìàññó (Mw) 54600 è âûñîêóþ
òåðìîîêèñëèòåëüíóþ ñòàáèëüíîñòü (äî Ò=400 °Ñ). Ñî÷åòàíèå æåñòêèõ äèáåíçäèîêñèíîâûõ è
ñïèðîáèñèíäàíîâûõ ôðàãìåíòîâ (óçëû èçîãíóòîñòè) â ñòðóêòóðå ñèíòåçèðîâàííîãî
ñîïîëèýôèðà âåäåò ê ïîíèæåíèþ ïëîòíîñòè óïàêîâêè ìàêðîìîëåêóëÿðíûõ öåïåé, ÷òî ÿâëÿåòñÿ
ïåðñïåêòèâíûì äëÿ ðåãóëèðîâàíèÿ òðàíñïîðòíûõ õàðàêòåðèñòèê ïîëèìåðíûõ ñèñòåì.

Êëþ÷åâûå ñëîâà: ôòîðèðîâàííûå â ÿäðî ìîíîìåðû, ôòîðèðîâàííûå àðîìàòè÷åñêèå ïîëèýôèðû, ñèíòåç, ðåàêöèÿ
äâîéíîãî àðîìàòè÷åñêîãî íóêëåîôèëüíîãî çàìåùåíèÿ, ëåñòíè÷íûå ôðàãìåíòû, òðèôòîðìåòèëüíûå ãðóïïû.


