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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 factor
was propylene carbonate used as a plasticizer for polysulphone. Experiments were carried out in a wide shear
rate and frequency ranges at 25 °C. Polymer was characterized by the IR-spectral method. Rheological exper-
iments were carried out using the technique of rotational rtheometry. It was shown that the rheological 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 regime 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 of the 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, viscoelastic properties, solid-state electro-
lyte, thin-film membrane.

Introduction

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-ionic accumulator which is almost exclusively used in portable elec-
tronics as well as it is a perspective power supply for electric transport. Advantages of lithium-ionic accumu-
lator are high store energy density, absence of a memory effect, and long term exploitation [1, 2]. Mean-
while, their essential defect is using liquid electrolytes. 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 increasing number of publications and research aimed to using a solid electro-
lyte/separator [3, 4].

The general way for building thin-film battery is creating a polymeric matrix which is acting of electro-
lyte and separator and this construction determines the mechanical properties of a battery in whole providing
the formation of a stable 3D structure [5].

One of the most perspective polymers which can be used for these purposes is polysulfone. This term is
common for the entire class of sulfo-group contacting compounds. A polymeric chain of these polymers con-
tains para-aromatic groups bonded by esters and sulfonic group [6]. As a rule polysulfone is a rigid-chain
amorphous polymer with relatively low molecular weight [7]. This is an engineering plastic with high me-
chanical performance in different modes of deformations (bending, extension, torsion) and high temperature
stability (till 150-170 £ °C). For this polymer, high chemical stability (in the pH range from 1 to 13), good
resistance 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 constant polymer — solvent
ratio was used and the quantity of plasticizer varied from 10 to 60 % in relation to the polymer mass.

Rheological properties of all highly concentrated systems were measured on a rotation 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 prevent heat lose and mini-
mize temperature gradients inside a sample.

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

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

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

Results and Discussion

Figure 1 shows the IR spectrum of the used polysulfone sample. The aim of this test was to determine
the exact molecular structure of the used polymer from great variety of possible polysulfones. As is seen, the
obtained spectrum demonstrates the presence of n-substituted phenyl rings (690-850 cm™ band) correspond-
ing to non-plane stretching vibrations C=C—H group, vibrations of C=C groups (1489 and 1585 cm™ bands),
and C—H stretching vibrations (3060 cm'band). 1000-1050 cm™ band corresponds to isopropylidene group,
1360—1420 cm™ band to C—C group, 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 viscosity on shear rate for samples
with different concentration of the plasticizer

So, there is a three — component system. This (Newtonian) character of the flow can be presumably,
explained by a rather low concentration of the polymer in the composition. Indeed, the share of a plasticizer
in the composition in whole varies from 3 % to 15 %. It corresponds to an increase of the total content of
low-molecular weights liquids from 67 % to 71 %, i.e. it leads to dilution of a solvent. In this case, presuma-
bly, a system remains homogeneous and the decrease of the polymer concentration results to a decrease in
the viscosity. Actually the viscosity of a system decreases as seen from Figure 2. This is also clearly seen in
Figure 3 where the dependence of the viscosity 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 (@) and the loss modulus ()
made mod different concentration of the plastisizer (f=1 Hz)
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Figure 5. 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

For all compositions, experimental data show that G”> G, i.e. liquid component dominates and all
compositions are elastic fluids. The slope of the storage modulus is 1.54 that is much lower than the value
corresponding to the Maxwell singly-relaxation-time model. So, it is necessary to assume that relaxation
spectra 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
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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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HOJ’II/Ich'HJ(l)OH Kak MaTepuaJl 1Jid COBPEMECHHBIX 3JICKTPUIECCKUX aKKYMYJISITOPOB

I' K. lllambunosa, N.B. I'ymennsiit, B.A. ['oBopoB,
A5l Mankun, B.E. Maxarosa, M.)K. HaykeHnoB

3amMaHayM JIeKTP aKKYMYJSITOPJaphI YIIIH NOJUCYJIb(OHABI KOJIJIAHY TYPAJIbl

Ionumepni SMeKTpOIMTTEp MEH cemapaTtopibl jkacay YIIH HONUCYIb(GOH HeTi3iHAeri Marepuannap
Konpaueusl. [lomucynb(oH HeriziHmeri YIIKOMIIOHEHTI JKyHenep YINIH PeoJOTHSUIBIK CHIIaTTaMalapbl
(KepiHymI TYTKBIPJBIKTEIH BIFBICY SKBUIIAMABIFBIHAH TOYEJIUITi, TYTKBIPCEPIIMAI KEIeH MOIYJTiHIH
aMIUTUTYJANBIK OKSHE OJKHENIKTIK Toyesimiri) 3eprrenai. bacramkel skyiie N-MeTHIMTHPPOIHAOHIAFHI
nonuMepin epitinaici. [Inactudukatop perinie npomuieHKkapOOHAT KOJIIAHBUIIbL, )KYMBICTA €PITIHALIePAiH
PEOJIOTHSUIBIK KACHETTEPiHIH IIACTU(GHUKATOP KOHICHTPALUICHIHA TOYSNAIIr 3epTTenai. DKCIepUMEHTTEep
25 °C temmeparypana, KbUIAaMIBIKTap MEH XXbUDKY KHUUTIKTEpiHiH KeH ayKbIMbIHIA Xypri3iani. bacranksr
nomumep UK-criekTpockomus oliciMeH cHuaTTainsl. PEoOrHsIIbIK SKCIIEPUMEHTTEP POTALMSIIBIK PEOMETPHS
TEXHHKAChIH MaijiaiaHy apKbUIbl JKYPri3inai. Bapiiblk 3epTTeNnreH yiariiep YIUiH KbUDKY >KbULIAMABIFbIHA
TYTKBIPJIBIKTHIH TOYSJNITIri HEIOTOHIBIK OOJIBIN JKOHE MYHJIAH YII KOMIIOHEHTTI XKYienep TYTKbIp-IieHOep
CYHMBIKTBIKTap OOJIBINT TAaOBUIATBIHBI KOPCETLIAI. 3epTTENreH YIriIepiH pPEeoJOTHIIBIK CHITaTTaMaapbl
CHI3BIKTBIK KOHE MYHJall YL KOMIIOHEHTTi )KyHelep TYTKbIpCepMiMIi CYHBIKTBHIKTap OOJBIN TaObUIATBHIHBI
kepcetinai. bapnbik 3eprrernerin kyilenepai cy izaepi Ooimaran ke3ne Oiprektec jaen Oospkayra Ooabl.
3epTTeyaiH COHFbI MaKCaThl OHTAWJIBI KypaMabl MaTepuan (epiTKIIUTiH JKoHEe IIaCTU(HUKATOPABIH
KOHILICHTPALUACHI) JKOHE OChI JKYHelepAeH >KyKa IUICHKaIapibl JailblHIay PEeXUMIH TaHzay OOJIIbI, oJap
JNIEKTPOJIUT TEH CeHapaTop peJliHjge KOJIaHyFa JKapaMAbl, HKeMIi MOJIHCYITbGOH MeMOpaHaMeH
KETUIIIPIAreH 3JIeKTp aKKyMYJISITOPBIH jKacay YIIH KaTThl 3JIEKTPOJIHT allybl KAMTaMachl3 eTe anaibl. by
JKYMBIC TTOJHCYIb()OH — epITKIII — MPONMICHKapOOHAT XKYHeJIepiHiH TYTKBIPIBIFBI MEH TYTKBIPCEPIIMILIIT]
CHSKTBI PEOJIOTHSUIBIK KaCHETTEPIiH JKOHE OJNApIBIH epiTIHALIEpAIH KypaMbl MEH KYPBUIGIMBIHA TOYEJIUIriH
3epTTeyre apHajFaH.

Kinm ces3dep.: monucynb(GOH, MOIAMEpPIi epiTiHIinep, MIacTUPUKATOP, TYTKBIPIBIK, TYTKBIPCEPIIMALTIK
KacHeTTepi, KaTThI IEKTPOJIUT, )KyKa IUICHKAJIBl MeMOpaHa.

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

Marepuaiisl Ha OCHOBE MONUCYIb(OHA HCTIONB3YIOTCS KaK OCHOBA JUIS CO3AaHUS HOJIMMEPHBIX JIEKTPOIUTOB
U cemapaTopoB. Peonorndeckue cBoicTBa (3aBUCHMOCTh KaXKyILEHCsl BI3KOCTU OT CKOPOCTH CJ[BHTa, @ TAKKE
aMIUTUTYIHbIE U YaCTOTHBIE 3aBUCHMOCTH KOMIIOHEHTa MOJYJIs BS3KOYIIPYTOro KOMIIIEKca) OblIn H3MEPEHSbI
JUISL TPEXKOMITOHEHTHBIX CUCTEM Ha OCHOBE MONUCYIb(poHa. MicxoqHas cucTemMa — 3TO pacTBOp MOJIMMEpa B
N-metunmupponunone. B kauectse miactudukaropa IpruMeHeH MPONMWICHKapOOHAT, B paboTe U3ydeHa 3a-
BHCHUMOCTb PEOJIOTHUECKUX CBOICTB PACTBOPOB OT KOHIIEHTPALMH IUIACTU(PHUKATOpA. DKCIEPUMEHTHI IIPOBO-
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JUINCH B IIMPOKOM JIHana3oHe CKOpocTel u 9acToT casura npu 25 °C. McxonHblil monumep XapakTepu3oBa-
mu metogoM MK-cnexkrpockonuu. Peonorudyeckue s3KCIepUMEHTHI TIPOBOJMINCH C UCHONB30BaHUEM TEXHUKU
POTAIMOHHON peoMeTpHH. B0 Moka3aHo, YTO 3aBUCHMOCTB BSI3KOCTU OT CKOPOCTH CIBMTa AT BCEX MCCIe-
JIOBaHHBIX 00pa3IOB SIBISIETCS HBIOTOHOBCKOH, M TaKWE TPEXKOMIIOHCHTHBIE CHCTEMBI SIBIISIOTCS BSI3KOYIIPY-
TUMHU KHJIKOCTAMH. MOXKHO IPEANOI0KUTh, YTO BCE UCCIECAYEMbIE CHUCTEMbI OJHOPOJIHBI IIPU OTCYTCTBUU
cienioB Bojbl. KoHewHoH 1enpio uccaenoBanus ObUT BEIOOP ONTHMAIBHOTO COCTaBa (KOHIEHTPAUH PacTBO-
pHTEIS ¥ INTAaCTU(GHUKATOPA) U PEXKMMA IIPUTOTOBIEHHS TOHKHUX IIEHOK U3 9THX CHUCTEM, KOTOPBIE MOTJIH OBl
00ecreynTh MONydeHHE TBEPAOTO 3IEKTPOINTA A CO3AaHUS YCOBEPUIIEHCTBOBAHHOTO 3NIEKTPUYIECKOTO aK-
KyMyJIITOpa ¢ THOKOHM mosucynbhoHOBall MeMOpaHOH, BRICTYHAIOLIEH B POJHM 3JEKTPOJIUTA M Cemaparopa.
JlaHHast paboTa MOCBSILIEHA HCCIEIOBAHUIO PEOJIOTHIECKHX CBOWCTB, TAKUX KaK BSI3KOCTh U BSI3KOYIpPYIHe
CBOWCTBA CHUCTEMBI «IOJIHUCYJIL()OH — pacTBOPUTEIIb — MPOIMMICHKAPOOHAT» U 3aBUCHMOCTH MX OT COCTaBa U
CTPYKTYpBI paCTBOPOB.

Kniouesvie cnosa: HOJII/ICyIII)(i)OH, TOJIMMEPHBIC paCTBOPHI, l'UIaCTI/I(bI/IKaTop, BA3KOCTb, BA3SKOYIIPYTUE CBOMCT-
Ba, TBCpIIOTCJILHLIﬁ QJIEKTPOJIUT, TOHKOIUICHOYHAsA MeM6paHa.
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