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Polysulfone as a material for advanced electrical batteries

The materials based on polysyphone are used for polymer electrolite production. The rheological properties
were measured for three component system polysulphone — solvent — propylene carbonate. The varying faetor
was propylene carbonate used as a plasticizer for polysulphone. Experiments were carried out infa wide sheas
rate and frequency ranges at 25 °C. Polymer was characterized by the IR-spectral method. Rhé€ological exper-
iments were carried out using the technique of rotational rtheometry. It was shown that theatheological behav-
ior of all samples is linear and these three-component systems are viscoelastic liquids. It can be assumed that
all systems under study at homogeneous in the absence of traces of water. The final goal of the/study was the
choice of the optimal composition (concentrations of a solvent and plasticizer)\and the teginie of preparing
thin films from these systems which could provide obtaining solid state electrolyte for creating advanced
electrical accumulator with a none-fragile polysulfone membrane. This part ofithe research is devoted to in-
vestigation of the rheological properties (viscosity and viscoelastic properties of composition of polysulfone —
solvent — propylene carbonate systems.

Keywords: polysulfone, polymer solutions, plasticizer, viscosity{uiscaelastic properties, solid-state electro-
lyte, thin-film membrane.

Intre@uction

Secondary sources of electrical energy are widely spread and used in the modern world. Nowadays, the
basic element of such a kind is a lithium-ionicfaccumulator which is almost exclusively used in portable elec-
tronics as well as it is a perspective power supply fot electric transport. Advantages of lithium-ionic accumu-
lator are high store energy density, absénce offasfmemory effect, and long term exploitation [1, 2]. Mean-
while, their essential defect is usingdiquidtelectrolytes. Thus does not allow for decreasing size of a power
source to a film of several microns, impossibility to create flexible battery and provide necessary safety.
Therefore, today we meet an increéasing number of publications and research aimed to using a solid electro-
lyte/separator [3, 4].

The general way for butlding thin-film battery is creating a polymeric matrix which is acting of electro-
lyte and separator and ghis‘€enstmuCtion determines the mechanical properties of a battery in whole providing
the formation of a stable 3D Structure [5].

One of the miost petspective polymers which can be used for these purposes is polysulfone. This term is
common for th€ entiretelass of sulfo-group contacting compounds. A polymeric chain of these polymers con-
tains para-arematie, groups bonded by esters and sulfonic group [6]. As a rule polysulfone is a rigid-chain
amorphous pelymer with relatively low molecular weight [7]. This is an engineering plastic with high me-
chianical petformance in different modes of deformations (bending, extension, torsion) and high temperature
stability (till T5S0-170 £ °C). For this polymer, high chemical stability (in the pH range from 1 to 13), good
registance to oxidation [8]. In the same time this polymer can be dissolved in many aprotonic solvents such
as dimethylacetamide and methylpyrrolidone. However there are serious difficulties in preparing polysulfone
films because they appear brittle and do not resist to deformations perpendicular to the film plate.

All these reasoning were the cause for this study. It was proposed to plasticizer polysulfone by using
propylene carbonate as a plasticizer. It was presumed that this liquid will occupy free volume in the polymer
bulk when the solvent from the polysulfone solution will be completely deleted.

This part of the research work is devoted to investigation of the rheological properties (viscosity and
viscoelastic properties of polysulfone — solvent — propylene carbonate systems.
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Experimental

Objects. A sample of granulated polysulfone sample (produced under working conditions using the fa-
cility of the Institute of Plastics (Moscow), PSF-150 grade according to the manufacturer’s standard) was
used. N-Methylpyrrolidone purchased from LLC Ruskhim was used as the solvent. Solvent contained 0.1 %
of water (determined by the Fischer method). Propylene carbonate was bought from Chemical Ltd. The mass
part of water was less than 0.05 % (determined by the Fischer method).

Methods. Chemical structure of the polymer was confirmed by the Fourier IR spectroscopy using the
IFS-66 v/s instrument (Bruker, Germany) — scan-30, resolution of 2 sm™, range of 0—4000 sm.

Three component solutions were obtained in two stages. At first stage, a plasticizer was added to'a giv-
en quantity of a solvent. The mixture was placed into a ultrasonic bath for 10 min. At the second,stage, the
polymer was introduced into the beforehand mixture and a sample stirred in a mechanical”stirrer during
7 hours at a speed of 800 RPM under permanent heating at 100 °C. Samples with constantgolymer — solyent
ratio was used and the quantity of plasticizer varied from 10 to 60 % in relation to the polymegimass.

Rheological properties of all highly concentrated systems were measured on agwetation, rheometer
Kinexus Pro (MalvernPananalytical). Temperature was regulated using the Peltier element with thermal sta-
bilization of the measuring system with an active cover. The latter allowed us to preventitheat/lose and mini-
mize temperature gradients inside a sample.

The procedure of measuring has been carried out using the cone-and-plate and plateand-plate working
units. The angle between the cone and the plate was 1°; the cone diamé€ter was 40 mm. When the plate-and-
plate system was used, the diameter of the user plate was 20 mm. All experimenital data were obtained at
25 °C. The range of the given shear rate in measuring the apparent viscositywas from 0.01 to 100 s™. The
number of points in scanning was 10.

In the amplitude test at measuring viscoelastic parameterspof thetsamples, the amplitude of strain was
varied from 0.01 % to 30 % at the frequency of 1 Hz.

In measuring frequency dependencies of the components ofithe‘dynamic modulus, the frequency varied
from 0.01 to 50 Hz.

Results and Diseussion

Figure 1 shows the IR spectrum of the us€d%olysuifone sample. The aim of this test was to determine
the exact molecular structure of the used polymer frogm great variety of possible polysulfones. As is seen, the
obtained spectrum demonstrates the presefice ofiu-sitbstituted phenyl rings (690-850 cm™ band) correspond-
ing to non-plane stretching vibrations €=G&H group, vibrations of C=C groups (1489 and 1585 cm™ bands),
and C—H stretching vibrations (3060 &m 'ban@). 1000—-1050 cm™ band corresponds to isopropylidene group,
1360~1420 cm™ band to C—C greéup, 27702840 cm™ to methyl groups, bands in the range 1150 u 1330 cm’
are responsible to sulfone groups< Bands of 1242 u 1103 cm™' are related to Ph—O—Ph bonds and angles.
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Figure 1. IR-spectrum of polysulfone sample used in the work
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So, the analysis of the IR-spectrum and comparison with the database shows that our sample is identical
to p-phenylsulfone.

The main problem in preparing polysulfone thin films is inherently connected with the pre-history of
their solvation. Therefore just the rheology of polymer solutions can give answers and prompt the optimal
protocol for obtaining films with necessary characteristics because the structure of solid polymer in a film is
created in a previous solution.

Figure 2 shows the dependencies of the apparent viscosity on shear rate for a series of plasticized solu-

tions. The viscosity of the initial sample (without of a plasticizer) is 40 Pa-s. This solution demonstrates the
Newtonian type of the rheological behavior. The same remains true for all plasticizer solutions.
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Figure 2. Dependencies of the apparent i
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in the composition in whole varies from
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bly, a system remains homogeneous, and decrease of the polymer concentration results to a decrease in
the viscosity. Actually the viscosity system decreases as seen from Figure 2. This is also clearly seen in
Figure 3 where the dependence ofithe\viseosity of tree-components solutions on the plasticizer concentration
is presented.
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Figure 3. Dependence of the viscosity of three-components systems
on the concentration of the plasticizer
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The results of measuring viscoelastic properties of the systems under study are presented in Figures 4
and 5.

Amplitude dependencies of the components of the complex elastic modulus are shown in Figure 4 for a
single frequency of 1 Hz. One can see that the viscoelastic response remains linear in a rather wide amplitude
range. It confirmed that the structure of all these systems is rather stable. In particularly it means that the re-
sults of measuring frequency dependencies of the elastic modulus are really relate to the linear domain of the
viscoelastic behavior of solutions. These results are shown in Figure 5.
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Figure 4. Amplitude test for the storage modulus (@) andythe loss modulus ()
made mod different concentration of the plastisizer)(f = 1 Hz)
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Figure S)Frequency dependencies of the component of the dynamic modulus: the storage modulus (a)
and the loss modulus (b) for systems with different concentration of the plasticizer

Ror all” compositions, experimental data show that G”> G, i.e. liquid component dominates and all
compgsitions-are elastic fluids. The slope of the storage modulus is 1.54 that is much lower than the value
comrésponding to the Maxwell singly-relaxation-time model. So, it is necessary to assume that relaxation
speetsa of solutions are rather wide. This is related to the presence of polymeric chains with their inherent
segmental movement because polysulfone macromolecules are rather semi-rigid than rigid.

Experimental curves are placed rather systematically with exclusion of the most concentrated (50 %)
solution. It is reasonable to suspect that this is a limit of solubility of polysulfone. Similar results have been
obtained for a two-component polysulfone solutions in our previous publication [9].

Conclusion

The results of the rheological study of complex tree-component solution (polysulfone, solvent, plasti-
cizer) have been presented. These results include data on the apparent viscosity and viscoelastic properties in

56 BecTHuk KaparaHgvHckoro yHuBepcuteTa



Polysulfone as a material for advanced electrical batteries

a wide concentration range. These data are important for the choice of the optimal composition and regime
of preparing thin-film solid membrane and solid electrolyte for advanced electrical accumulators.
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3amMaHayM 2JIeKTP aKKYMYJSITOPJaphI YIIIH NOJUCYib(OHABI KOJIJIAHY TYPAJIbl

ITonumepni 5MeKTPOIUTTEpP MEH CemapaToplbl jKacay, YIINH HONMUCYIb(GOH HeTi3iHAeri Marepuanmap
Konpaueusl. [lomucynb(oH HeriziHmeri YIIKOMIIOHEHTI\PKYHeEIep” YIIiH PeoJOTHSUIBIK CHIIaTTaMalapbl
(KepiHymI TYTKBIPIBIKTEIH BIFBICY SKBUIIAMIBIFBIHAH WEQYSHMAVIIT], TYTKBIPCEPIIMAI KeImeH MOIYTiHIH
aAMIUTUTYANBIK JKOHE JKHENIKTIK Toyesainiri) geprrenaly bacrankel skyiie N-MeTHIMHPPOIHAOHIAFHI
nonuMepiH epitinaici. [lnactudukatop perinae npomMIeHKApOOHAT KOJIIAHBUIIbL, )KYMBICTA €PITIHALIepAiH
PeOTOTUSIBIK KaCHETTEePiHIH IIacTU(PHKATOP KOHIECHTPANUICHIHA TOYEIALTIr 3epTTeNi. DKCIepuMEHTTeD
25 °C temmeparypaja, KbULAaMIBIKTap MeH XbUDKY) KHUUTKTepiHiH KeH ayKbIMbIHIA Xypri3iani. bacranket
nommep UK-criekrpockonust o/1iciMeHEUITATIAIALL, PeoIoTMsUTBIK SKCIIEPUMEHTTEP POTALHSIIBIK PEOMETPHUS
TEXHHKAChIH Mai/iaiaHy apKbUIbl JKYPRIinai. BaplibIK 3epTTENreH YIAriiep YIIiH KbUDKY JKbULIAMABIFbIHA
TYTKBIPIBIKTHIH TOYESJAUIIN HBIQEOH/BIK ©OJIBI jKOHE MYH[ail yIII KOMIIOHEHTTI XKyHeJep TYTKbIp-LIeHOep
CYHMBIKTBIKTap OOJIBIN TaOBLIATBIHBE KOPCETLNAI. 3epTTENreH YIriIepiH peoOTHSIIBIK CHITaTTaMaapbl
CBI3BIKTBIK KOHE MYHJail Yill KOMIOHEHTTI >KyHenep TYTKbIpCEpMiMIi CYHBIKTBIKTap OOJBIN TaObUIATBHIHBI
kepceTinai. bapnbik 3epmpeseTin, Kkyiienepai cy i3aepi Ooimaran ke3ne Oiprekrec jaen Oospkayra Ooabl.
3epTTeydiH COHFbl MAKCAThi, OHTANIBI KypaMabl Marepuan (epiTKIUTiH JKOHE IIacTU(HUKATOPABIH
KOHIIEHTPALMACHI) JKOHE OChI PKyHenepaeH KyKa IUICHKaIapabl NaiblHAAY PEeXKHUMIH TaHzay OOJIIBI, ojap
UEKTPOJIUT TEH CEHApdTop peJliHjge KOJIaHyFa KapaMibl, HKeMIl MOJIHCYTbGOH MeMOpaHaMeH
KETUIIIPIAreH BIIEKTp aKKyMYJISITOPBIH JKacay YIIH KaTThl 3JICKTPOJIHT ayl(bl KAMTaMachl3 eTe anaibl. by
JKYMBIC TIQIUCYABGOH 4 epiTKIIl — MPONMICHKapOOHAT KYHeJIepiHiH TYTKBIPIBIFBI MEH TYTKBIPCEPIIMIUIIT
CHUSKTBIYPCOIOBMSUTEIK KaCHETTEPIiH JKOHE OJNApIbIH epiTIHALIEepAiH KypaMbl MEH KYPbUIGIMBIHA TOYEJIUIriH
3epTTCYIe, apHATESH.

Kinm_cozoeps nonucyiabGoH, MOIUMEpIi epiTiHaiiep, MmIacTU(GUKATOpP, TYTKBIPIBIK, TYTKBIPCEPIiMALTIK
KacHeTTePi, KaTTHI SIEKTPOJIUT, KyKa IUIEHKAIBI MeMOpaHa.

I'.K. Ilam6unoga, 1.B. I'ymennsriii, B.A. I'oBopos,
A5, Mankun, B.E. Maxarosa, M.JK. Haykenos

HOJ’II/Ich'HJ(l)OH Kak MaTepuaJl 1Jid COBPEMEHHBIX 3JICKTPUIECCKUX aKKYMYJISITOPOB

Marepuaiisl Ha OCHOBE MONUCYIb(OHA HCTIONB3YIOTCS KaK OCHOBA JUIS CO3AAHUS HOJIMMEPHBIX JIEKTPOIUTOB
U cemapaTopoB. Peonornyeckue cBoicTBa (3aBUCHMOCTh KaXKyILEHCsl BI3KOCTU OT CKOPOCTH CJIBHTA, & TAKKE
aMIUTUTYIHbIE U YaCTOTHBIE 3aBUCHMOCTH KOMIIOHEHTa MOJIYJIs BS3KOYIIPYToro KOMIIIEKca) OblIn H3MEPEHSbI
JUISL TPEXKOMITOHEHTHBIX CUCTEM Ha OCHOBE MONUCYIb(oHa. MicxoqHas cucTemMa — 3TO pacTBOp MOJIMMeEpa B
N-merunmmupponunone. B kauectBe mactudukaropa IpruMeHeH MPONMICHKapOOHAT, B paboTe U3ydeHa 3a-
BHCHMOCTb PEOJIOTHUECKUX CBOICTB PAaCTBOPOB OT KOHIIEHTPALMH IUIACTU(PHUKATOpA. DKCIEPUMEHTHI IIPOBO-
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JUINCH B IIMPOKOM JIHana3oHe CKOpocTel u yacToT casura npu 25 °C. McxonHblil monumep XapakTepu3oBa-
1u metonom MK-cnekrpockonuu. Peonornueckue sKCnepuMEHTHI IPOBOAMIMCH € HCIIOIb30BAaHUEM TEXHUKH
POTALMOHHOMN peoMeTpHuu. bbulo MOKa3aHO, YTO 3aBUCHMOCTB BSI3KOCTH OT CKOPOCTH CABHra IJIs BCEX HCCIIe-
JIOBaHHBIX 00Pa3IIOB SIBISIETCS HBIOTOHOBCKOH, M TAKWE TPEXKOMIIOHCHTHBIE CHCTEMBI SIBIISIIOTCS BSI3KOYIIPY-
THMH SKUJIKOCTSAMH. MOXXHO HPEIIONI0XKATh, YTO BCE MCCIEAYEMbIE CHCTEMBI OTHOPOAHBI IPH OTCYTCTBHU
cienioB Bojbl. KoHewHoH 1enbio uecaeqoBanus ObUT BEIOOP ONTHMAIBLHOTO COCTaBa (KOHIEHTPAMH PacTBO-
puTens ¥ IWIacTH(GUKATOPa) U PeKMMa IIPUTOTOBIICHHUS TOHKUX IUICHOK M3 3THX CHCTEM, KOTOPBIE MOTJIN OBI
o0ecneynTh MOJyYeHHEe TBEPJOro 3JEKTPOJINTA Ul CO3/IaHHs YCOBEPIICHCTBOBAHHOTO AJIEKTPHYECKOTO aK-
KyMYJIATOpa ¢ THOKO# mojncynb(poHOBali MeMOpaHOii, BBICTyMAlONUIell B POJIM JJIEKTPOINTA U Cemaparopa.
Jannast paboTa MOCBSILIEHA MCCICAO0BAHUIO PEOJIOTMYECKUX CBOMCTB, TAKMX KaK BS3KOCTb U BS3KOYIPYIUe
CBOWCTBA CHCTEMBI «IOJHUCYJIL()OH — paCTBOPUTEIH — MPOIMMICHKAPOOHAT» M 3aBUCHMOCTH MX OT COCTaBa M
CTPYKTYPHI pacCTBOPOB.

Kniouesvie crosa: momucynb(hoH, IOJIMMEPHBIE PACTBOPEI, INIACTH(UKATOP, BI3KOCTh, BI3KOYIIPYTHE CBOMCT-
Ba, TBEPIOTEIBLHBII JIEKTPOJINT, TOHKOIUICHOYHAs! MeMOpaHa.
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