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[TpoTOHONpPOBOAALLIME MEMDpPAHbI

I\/IaTepman a54A MeM6paH TOMJIMBHbIX 3JTEMEHTOB.

[TocnenHee necatuneTume: LUMPOKOE BHEOPEHME TOMNBHbIX
9NNEeMEHTOB Ha OCHOBe NepdTOpPNPOBaAHHbLIX MeMOpaH Tuna
Nafion B 9HepreTM4yeckux yctaHOBKax.

Heobxoanmbl YeTKMe npeacTaBieHUs O TOHKOW CTPYKTYpe Takux
MemMbpaH B 3aBUCUMOCTHU OT criocoba nonyvyeHuns, ansa noucka
nyTen moguukaumm u onTuMmsaumm nx CBOMNCTB.

1
-|CF-CF,~(CE, ~CE) | - o
[i ( J._L

7 “Kucnopoa

0~ GF- CF, ~0- CF, ~CF, -50; H*
CF

Naﬁon, 1966 TONNUBHBIA 3NeMeHT
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[1nnHa 6bokoBow Lenu

N F.c=——=cFr, + M F.c=—cr

O_RF_SOZF

LSC (Nafion)

b —c——¢c—

SSC (Aquivion)

PaHee paccmaTpuBanu TonbKo
LSC (long side chain)
membpaHbl TMna Nafion.

SSC (short side chain) cnoxHee
CUHTE3MpPOBaTb, HO OHU
obnagatoT nyywmmm
CBOMCTBaMW: NPOTOHHAsA
NpPOBOANMOCTDb,
BOAOYOEpPXKMBatOLLME CBOUCTBA.
CoxpaHsT npoBoadaume
ceonctBa go 130 °C, B otnnyune
oT LSC, 4yTto no3Bonsger
ncnonb3oBatb MeHee YNCTbin H,
(c npumecamm CO).

CooTHoweHne N m
(KOHUEHTpaums
CYINTIb(POKMCNOTHBLIX rPymnmn)
XapakTepuayeTcst
aKkeuesasieHmMHou maccodul.



BO,EI,HO-GMyJ'I bCNOHHAaA NnoJimMmepun3auns

0 Cononumepusauma TOID n 2-dtopcynbdoHnna nepgTopaTUIBUHUIIOBOIO
adompa (NP3SBI) B BOgHOM cpeae.

0 MeTtog oTnn4yaeTca BbICOKOW MNPOU3BOAUTENBHOCTLIO, 3((EKTUBHOCTLIO
NCNOMb30BaHNUA OOPOroro CynbOMOHOMEPA M BO3MOXHOCTbLIO YrnpaBrieHus
HEKOTOPbIMWU XapaKkTEPUCTUKAMMU.

0 O6bIvHO cononMmMepusaunio NPoBoAAT BO OTOPYrNEPOAHOM pacTBopUTene
(bpeoHe). B BOOHO-3MYNbCMOHHOM MeETOAE WCMNOMb3yeTCA dMYyribraTtop
(nepdTOpHOHaaT aMMOHUSA) 7 npoBoOanTCA OOMNOSTHUTENbHOEe
aucneprnposaHme, YTo NO3BONMSET MonyvaTb YCTONYMBYHO 9MYNbLCUIO B BOAE.
Q [na nonydyeHna obpas3yoB C oONTUMarbHOW 3KBUBANeHTHOM MaCCOoW
NCNOSb3YT Moanduumpyowyto nobasky.

U lNokasaHa MOEHTUYHOCTL 3NEKTPOXUMUYECKUX CBOUCTB CUHTE3UPOBAHHbLIX
BOOHO-3MYJIbCUOHHbIM METOAOM MeMbpaH C KOMMepYeckumu memdbpaHamu
Nafion.

 C.C. VBanues, 10.B. Kynbenuc, B.T. Jle6enes, B.A. TpyHoB 1 ap. HayuHble OCHOBbI HOBOW
TEXHONOMMN  MONyYeHUsT NepPTOPUPOBAHHOINO MOIMMEPHOrO  JNeKTponuTa Ans  TOMNSIMBHbIX
anemeHToB. MembpaHsb! u membpaHHbIe mexHoroauu, 2012, m. 2, Ne 1, c. 3-12.

4 A. EmenbsiHoB, B.M. PoauH, C.C. MBan4eB u gp., lNateHT PO 2546109, 10.04.2015.



Obpasubl

SSC Equn_/alent Water Proto.n_ Ion-e?(change Modifying
Samble weight, uptake, conductivity, capacity (10C), additive
P g/mol SO,H wt % s/cm (20°C) me-equiv/e
SSC-1 752+12 72.3 0.158+0.009 1.33+0.02 -
SSC-2 804+23 50.1 0.148+0.005 1.25+0.03 +
SSC-3 807+7 50.8 0.146+0.001 1.24+0.01 -
SSC-4 1021+21 35.7 0.073+0.003 0.98+0.02 +
LSC Equivalent Water Proton lon-exchange MapameTpbi: .
Sample weight, uptake, conductivity, capacity (I0C), * AnvHa 6okoBOW Lenu
g/mol SO,H wt % S/cm (25°C) mg-equiv/g * €nocob cuHTesa
* 9KBMBaAneHTHasi Mmacca
* MONneKynsapHasi macca
(ncnonb3oBaHme
Nafion-115 1007 37,3+£0,5 0,078+0,003 0,993 moauduLmpytoLein nobasku).
M®-4CK 1080 37,3+0,7 0,073+0,003 0,926
[IOM-D 1086 39,5+1,0 0,085+0,003 0,921




CTpykTypa membpaH Nafion

Fig. 2 a) Classical schematic representation of ionic (spherical) cluster in a
low dielectric polymeric matrix in an ionomer system (Eisenberg model).
b) Classical schematic representation of water swelled clusters that can be
connected as water content increases (Gierke model). This nanometric
separation between a low dielectric polymeric matrix and the aqueous
channels is characterised by the ionomer peak in a scattering experiment.

1. G. Gebel, R.B. Moore. Small-angle scattering study of short
pendant chain perfluorosulfonated ionomer membranes.
Macromolecules, 2000, 33, 4850-4855.

2. A.-L. Rollet, O.Diat, G. Gebel. A new insight into nafion structure.
J. Phys. Chem. B, v. 106, 2002, 3033-3036.

3. L. Rubatat, G. Gebel, O. Diat. Fibrillar structure of nafion:
matching fourier and real space studies of corresponding films and
solutions. Macromolecules, 2004, 37, 7772-7783.

4. G. Gebel, O. Diat. Neutron and X-ray scattering: siutable tools for
studying ionomer membranes. Fuel cells, 2005, 2, 261-276.

Fig. 5 Schematic representation of the Nafion® membrane structure at dif-
ferent scales; elongated polymeric aggregates (cylindrical or ribbon-like
aggregates) surrounded with ionic groups are packed with an orientation
ordering in bundles that are themselves randomly oriented in space at the
sub-micron scale. The ionomer peak characterises the averaged distance
between the aggregates. The matrix and the wide angle scattering peaks
can be analysed in term of distribution of well ordered polymeric chains
along the aggregates. The SAS upturn would be the signature of the corre-
lation in erientation of the aggregates into a bundle.



CTpykTypa membpaH Nafion

7780 Rubatat et al.
7776 Rubatat et al.
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SANS SSC

dx 1R,
d (gR,)"

2 4
e 211 Y,
i=1

singR.
gR

——1)+B

dz/do, em™

dz/do, cm™

100

=
o
1

SSC-1 dry
v SSC-2dry
o SSC-3dry
SSC-4 dry

0.1 . .
01 1

1000 o

100 o

=
o
1

o SSC-1H
v SSC-2H
o SSC-3H
13 SSC-4 H

0.1 1

Cyxue obpasubl

SSC-1 dry SSC-2 dry SSC-3 dry SSC-4 dry
Iy, 16+12 15+8 14+9 1249
cminm3
n 1.917+0.036 1.463+0.023 1.886+0.034 1.744+0.019
R, nm 0.23+0.21 0.26+0.11 0.24+0.19 0.24+0.17
C, -1.682+0.031 -1.49+0.07 -1.550+0.031 -1.247+0.031
R, nm 1.57+0.09 1.62+0.06 1.56+0.11 1.51+0.13
C, 0.89+0.04 0.77+0.05 0.79+0.06 0.62+0.06
R,, nm 2.88+0.13 2.82+0.11 2.97+0.11 3.00+0.10
G -0.168+0.024 -0.172+0.021 -0.203+0.033 -0.29+0.06
R;, nm 5.03+0.19 7.15+0.10 5.28+0.16 6.49+0.08
C, 0.021+0.007 = 0.018+0.006 0.074+0.016
R, nm 30.1+0.6 - 20.6+0.7 18.11+0.32
B, cm? 0.26+0.06 0.22+0.04 0.24+0.05 0.18+0.04

Yellow submarine at BNC: L. =3 A, g = 0.2-7 nm'!

Membrana at PNPI: A =3 A, g = 0.04-0.8 nm-!




SANS SSC

dx 1R,
d (gR,)"

2 4
e 211 Y,
i=1

sing
aR;

Ri)+B

100

HacbiweHHble H,O

SSC-1H $SC-2 H $SC-3 H $SC-4 H
0 Iy 19.4+0.6 23.13+0.15 25.32+0.32 21.47+0.15
3 cminm3
8
8 n 2.7310.023 1.249+0.006 | 2.158+0.025 1.685+0.014
1 SSC-1 dry
RecE Ry nm 0.445:0.020 0.689::0.009 0.519+0.014 0.543+0.010
H y g
SSC-4 dry
C, -1.478+0.028 | -1.209+0.018 | -1.412+0.025 | -1.349+0.031
0.1 T T
o1 ! R, nm 2.21440.038 2.42940.033 2.195+0.034 2.205+0.031
g, nm™*
o8 0.630+0.028 0.815+0.025 0.617+0.026 0.754:0.033
oo Ry nm 4.320.06 4.574+0.031 4.19+0.05 3.83+0.05
o -0.14240.009 | -0.079+0.005 | -0.172+0.007 | -0.257+0.008
100 R;, nm 7.32+0.09 26.5+0.4 7.75+0.07 7.60+0.06
e C, - - 0.0144+0.0019 | 0.094+0.007
g 101 R, nm - - 28.2+0.7 26.09:0.24
= 8 SSC-1H
v ssc2n B, cm? 0.840+0.005 0.675+0.003 0.764+0.004 0.442+0.003
o -
13 SSC-4H
01 1

Yellow submarine at BNC: A = 3 A, g = 0.2-7 nm'!
Membrana at PNPI: A = 3 A, g = 0.04-0.8 nm'!
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SANSLSC -2 e S

dry samples
—o— Nafion115
—0— Mf-4sk -
PEM-E 100 —o— Nafion115
10 ] —0— Mf-4sk
] PFM-E
g g 10 E ) BNg e
5 17 g
14
01 Y ' ' N ' ' L T T — ]
0.01 0.1 0.01 01
q, Ang-l q, Ang’1

Yellow submarine at BNC 1 =3.86 A, q = 0.015-0.4 Al

PAXE at LLB A =4-6 A, q=0.007-0.57 At
HaduoH-115, M®-4CK (pacTBopHbIN MeToL)

[TOM-3 (BOOHO-3MYNbCUOHHDBIN)
11



SANS LSC

=1
Nafion M®-4CK neM-3 Nafion M®4-CK neM-3
i i i d ry d ry d ry H,0-saturated samples
A, cml | 14530010 | 0.57+0.04 0.0603+0.0032 | 0.2603+0.0027 | 0.107+0.009 0.00345+0.00020 | |
n 1 1.422+0.026 | 2.280+0.023 | 1 1.33+0.04 | 2.85+0.06 o
Ry, A | 8525:0.028 | 9.08+0.06 7.22+0.08 5.02+0.06 4.55+0.1 3
C, -2.000£0.018 | -1.994+0.021 | -1.752+0.014 | -1.783+0.015 | -1.604+0.016 -1.268+0.019 i
R,A | 29.86:0.10 33.56+0.12 30.20+0.12 23.18+0.09 23.27+0.10 13.840.4 B gt
C, 1.892+0.016 | 1.866+0.020 | 1.321+0.014 | 1.85040.027 | 1.636+0.023 1.2+0.4 —
R, A |4696:018 |5180£017 |5111£019 |3920:0.16 |4030:0.15 | 30.0+1.2
C, -0.857+0.022 | -1.09+0.09 -0.498+0.024 | -1.02+0.03 -0.729+0.023 -0.9+0.4
R, A | 6447029 80.5+0.7 76.6+0.8 53.20+0.27 56.0+0.3 44.5£15 °
C, 0.046+0.004 | 0.54+0.10 0.195+0.024 | 0.146+£0.006 | 0.130+0.020 - o
R, A 24445 93.4+1.3 96.1+1.4 203.8+2.2 139.2+1.9 - i
B, cml | 0.6046+0.0014 | 0.4664=0.0013 | 0.3653+0.0019 | 0.2712+0.0025 | 0.1884+0.0022 | 0.2299:0.0019
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CpaBHeHne SSC n LSC

SSC (BogHo- LSC (BogHo- LSC
SMYITbCUOH.) SMYITbCUOH.) (pacTBOpHBbIN)
Cyxue membpaHbl: agnametp | 0,7 Hm 0,85 Hm 1,3-1,4 um
kaHana 2R = 23?R
n (reomeTpusa KaHasnoB) 14-19 2,85 1-1.3
R, (pacctosHue mexay 2,8 —3,0 Hm 3,9 HM 3,9—-4,0Hm
coceHUMMN KaHanamm)
HacbiweHHble H,O: anametp | 1,2 — 1,9 Hm 2,0 Hm 2,4—2,6 Hm
KaHana
n 1,2-1,7anaSSC-2un4 | 2,3 1-1,4
(cHwxaeTcs)
2,2—-2,70naSSC-1un3
(noBblwaeTcs)
— | R, 3,8 -4,6 Hm 5,1 H™ 4,7 — 5,2 Hm

* AMaMeTpP KaHana npu yBrnaXHeHuu: pocT B 2,5 pasa (BoAHO-aMyrbCe.) unn B 1,5-2 pasa (pacTBOpH.) =>
MeTo[ CMHTE3a BNMSET Ha AMHAMUYHOCTb KaHasos.

* KaHaslbl B BOOHO-3MYIbCUOH. MeMBpaHax TOHbLLE.

* B SSC MeMOpaHax KaHarbl pacnosioXXeHbl NoTHee.

* FeOMEeTPUS KaHanoB BapbUpyeTCHa B 3aBUCUMOCTU OT XapaKTEPUCTUK. 13



[lapameTp n

Sample | EW n (dry) | n(wet) | Modifying 5
.. I/I3meHeH|/|e OTHOCUTEITbHOU KpI/IBI/I3HbI KaHalioB
additive
SSC-1 | 752 |1,917 |2,731 |. 15-
. 1 § SSC-1
SSc-3 | 807 |1,886 |2,158 | (higher MW) 14-
SSC-2 | 804 |1,463 |1,249 |4 .
| —m— without additive
SSC-4 |1021 | 1,744 | 1,685 | (lower MW) . e

£ .
« SSC-1 1 3: Npu HacbllWweHun BoJon =7 557
1 EW, g/mol SO H

reomMeTpund yCrioxXKHAETCA, KaHallbl 10 : . - . . .

800 900 1000_¢@

CTaHOBATCA 6onee N3orHyTbiMK 1 . s /SSC-4
- °

pa3BeTBIEHHbIMWU, OTKPbLIBAKOTCH
CKpbITbl€ NOpbI.

« SSC-2 1 4: kaHanbl pacnpsaMnsaTCcA.

» Hanbonblumnim adpdekT Habntogaetca
ans obpasuoB ¢ MeHbLlen SM.

* YBenuyeHne MM BefeT K YCrNOXHEHUIO

CTPYKTYpbI. y

0.8 -



CpaBHeHne SSC n LSC

dz/do, cm™

dz/do, em™

100 o
10 4
14 SSC-1dry
v SSC-2dry
o SSC-3dry
SSC-4 dry
0.1 T T
0.1 1
q, nm*
1000
100 4

1

04

0.1 1

Haunbonee ynopsgoyeHbl: SSC-3 n 4

10 4

dz/do, cm™
=
1

0.1

dry samples

—o— Nafion115

—0— Mf-4sk
PFM-E

100 o

=
o
1

dx/do, cm™

T
0.01

0.1

g, Ang"

H,O-saturated samples

—o— Nafion115
—o— Mf-4sk
PFM-E

0.01

0.1
g, Ang”

Nafion-115
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BbiBOAObI

YCTaHOBMEHO, YTO OOLLMMN CTPYKTYPHBIMWU 3rIEMEHTaMU MONEKYNSAPHOWN YNakOBKU
05151 Bcex MeMbpaH ABMATCA TOHKME U OSIMHHbIE UUNUHAPUYECKME KaHarnbl (NpsiMble
NCKPUBIIEHHbIE NIN Pa3BETBMNEHHbIE), POPMUPYIOLLME YIOPSALOYEHHYIO CTPYKTYPY.
[dnameTp KkaHanoB 3aBUCUT OT AfMHbI DOKOBOW LiEenNu U OT MeToda cuHTesa. [nametp
B SSC obpasuax ~ 1 HM ¢ Briv>kHMM nopsiakom (cocegHue KaHarnbl Ha pacCTOAHUM 3-
5 HM).

danbHun nopsiaok (Koppensunm Ha pacctostHuax > 20 HM) Hanbonee BbipaXXeH B
obpasue SSC-4 n B meHblUen cteneHn B SSC-3, T.e. B obpasuax ¢ 6bonben M.
[eomeTpusa KaHanoB Npu yBaXXHEHNUM CTAHOBUTCS NpoLLE (KaHanbl pacnpaMnsoTcs)
anst obpasuos ¢ H13kon MM, a gna Bbicokon MM — CTpoeHune yCnoXHAeTCs.

SSC otnnyatotca ot LSC 6onee TOHKMMK 1 BRIM3KMMK, NNOTHEE YNaKOBaHHbIMMU
KaHanammu.

[OnHaMMYHOCTb KaHanoB npu yBnaxHeHUn 3Ha4ynTesnibHo bonblle ang obpasuos,
NOSTYy4YEHHbIX BOAHO-9MYSTbCUOHHBIM METOLOM.

bonbluas NNOTHOCTL pacnpeaeneHust KaHanoB, MEHbLUAA UX TOMWNHA U BonbLuas
OWHAMUYHOCTb MPU YBAAXHEHUN COonpoBoXaatoTcs 6onbLuen NpoTOHHOM
NPOBOANUMOCTbIO.

MeTon cMHTEe3a BNUSET HA BHYTPEHHIOK YNakoBKY MeMOpaH, YTO UMEET 3Ha4YeHne

ansd I'IpOTOHHOI7| npoBOAMMOCTUN N OPYTrnX 3KCMiyaTaunMOHHbIX XapaKTePUCTUK.
16
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Structure characterization of perfluorosulfonic
short side chain polymer membranes

Yu. V. Kulvelis,* S. S. lvanchev,” V. T. Lebedev,? O. N. Primachenko,”
V. S. Likhomanov® and Gy. Torok®

Small-angle neutron scattering has been used to study the structure of dry and wet perfluorinated short side
chain membranes first synthesized by a new aqueous emulsion method. These membranes are new
prospective materials for hydrogen fuel cells and have advantages over long side chain Nafion-type
membranes. Experiments enabled us to recognize the subtle features of the membrane structure being
responsible for the proton conductivity. The parameters of pores interconnected and forming the
channels for diffusion of water molecules and protons were determined as dependent on the chemical
composition of the membranes. It was discovered that there was an influence of molecular weight and
equivalent weight, varied during synthesis, on the polymer structure.
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