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ABSTRACT

Mechanical properties and morphology of

amorphous random ionomers in a solid state

Song, Ju-Myung

Advisor : Prof. Kim, Joon-Seop
Department of Polymer Engineering
Graduate School

Chosun Unsigr

lonomers are ion-containing polymers that have latively small amount of ionic
groups along relatively non-polar polymer backbarmeins. Since their first appearance ca.
40 years ago, ionomers have been studied exteysbedause they exhibit unique physical
properties owing to the ionic interaction. It haseb well known that ionic groups of
ionomers tend to aggregates since they are in aixmaf low dielectric constant, thus
forming ionic aggregates (so-called multiplets).eThgidity of the multiplets depends on
the strength of the ionic interactions between dogroups, and the mobility of chains
surrounding the multiplets is reduced. When thetiplets are sufficiently dense so that the
regions of restricted mobility surrounding each tipi#t overlap, thereby larger regions of
restricted mobility (so-called clusters) form. Thduster regions show their owilg, i.e.
cluster Ty, that is higher than thd&y of ion-poor matrix phase. In the present study, we
investigated the dynamic mechanical properties andrphology of amorphous random
ionomers in a solid state using dynamic mechanitedrmal analysis (DMTA) and
small-angle x-ray scattering (SAXS) techniques.sTthiesis consists of five chapters. In the

first chapter as an introduction section, the jstand general characteristics of ionomers

— Vil —



are presented. The second chapter deals with therphology of poly(ethyl
acrylate-co-itaonate) ionomers neutralized with io@s cations as a function of ion
contents, degree of neutralization, and the typecaifons. In addition, the glass transition
temperatures of poly(ethyl acrylate) ionomers radied with various cations were
explored, as well. The change of the cation from toi either N& or Zrf* resulted in the
increase in the Bragg distance between ionomersthie Bragg spacing increased from ca. 2.7 to
3.0 nm for the 5.8 mol% ionomers. For the 11.9%anomers, the Bragg spacing increased
from ca. 2.4 to 2.7 nm, when the cation was charfiged Li* to either N& or Zr’*. These results
indicated that the presence of the two ionic groupshe repeat unit probably affected the
formation of multiplets. In that study, the SAXStaland the density values of the ionomers, the
number of ionic groups per multiplet and the sidetlte multiplet of the ionomers were
calculated. The multiplet radii were also calculiatégith the information of the estimated size of
atoms in the multiplets. In the third chapter, thechanical properties and morphology of
homoblends of poly(ethyl acrylate-co- itaconate)EAPTA) and poly(ethyl acrylate-co-
acrylate) (PEAA) ionomers were discussed. It wasntb that the compositional variation of
the ionomer blends did not affect the matrix ants@rTys of the ionomer blends. However, the
ionomer blends showed two ionic plateaus, and flaages in the two ionic moduli of the blends
were directly related with the relative amountghaf two ionomers in the blends. In addition, it
was observed that the calculated ionic moduli usirggmodel dealing with hard filler dispersed
soft matrix (and soft filler dispersed hard matnraterials were close to the experimental ionic
modulus values. Therefore, it was suggested tleaPtHAITA/PEAA ionomer blends acted not as
miscible blend but as phase-separated compositeriaat The fourth chapter describes the
mechanical properties of poly(styrene-co-methateyto-styrenesulfonate) ionic terpolymers.
To prepare the terpolymers, the poly(styrene-cdia@ylic acid) copolymers were sulfonated.
The dynamic mechanical data revealed that the i@npolymers showed mainly the properties of

sulfonated ionomers. This implied that the strergftionic interaction was more important than

_iX_



the ion content for determining the ionomer projsrtin addition, the results obtained from
SAXS experiments indicated that the morphologyhef iponic terpolymers was mainly affected
by Na-sulfonate ionic groups. Thus, it was speedahat when the neutralizing agents were
added to the acid form terpolymers, the Na-sulfemdaonic groups, ionic interaction of which
was stronger than that of the Na-carboxylate igmaups, formed ionic aggregates with another
Na-sulfonate ion pairs at their preferred distan@é&n, the Na-carboxylate ion pair would reside
in multiplets with Na-sulfonate ionic groups orammatrix singly. Therefore, the morphology and
mechanical properties of the ionic terpolymers deleel mainly on the sulfonation level, not on
the carboxylation degree. In the fifth chapter, tmechanical properties of the mesogen
unit-containing poly(styrene-co-styrenesulfonat@)damers were discussed. It was observed that
the mesogen unist in the ionomer formed a nemdiise. It was also found that above 6 mol%
of ions the ionic modulus changed significantly eTBAXS profiles showed that the size of the
multiplets of these liquid crystalline ionomers wiasger than that of the multiplets of the

ionomers neutralized with Na.



A1RZ otolexm E2F 42 2 FHS 2

1.1 otol o xre] W Ao

o
o
f
9
N
N
R=)
Ao
o
v
o
ot
X
(e}
S
o
to
b
A
o
o)
<K
<
D
o
o1
=
=R
<
=
D
w
o
4
ME
ol
rir
s
flo
=2
o

3t o] Aosgied, WA ololowuz “uA AeoA BAe 4 G oo

AE ol AE AL (o] IFAe sl EHo EyAd 5o FfH= A
etk wEbA ofolomm o] 5A S o] B FHAel oA o] Folx A& &
e Ao ofFold de Aoz Aot ¥ polyelectrolytesol] s rofx
W, 12 AE =2 fFA4TFE HAE Sl 59 W 2 A S99 FHo] B
o 2 27 Bop o W AgedA #ed A4S o] 1&AE polyelectrolytedtil A
oAt o] oo o] ofo] 2 :m 9} polyelectrolytesoll whall &k A F2& 3
901, obo] & w9} polyelectrolytesel thal] 3 alA AHa i Holth?Y w

o] Aol olo]lexm9} polyelectrolytes?] T4 o ths Awo]r] wjio] %

T As Aolv. B AFo =Es HY ofo]e
EHE BeAHOR o] IFS U 10-15 mol% A% A e LEAE o] ok
71k AIRE, 1 99 o] & FEWAA o] IFS HAL e AREE 2L felA

Rog “oleowm’e e BeA 4AL 7FXW ofo] owevlela oloprl & tt.



o} o]

1.2.

2
~
pilg
B
e
ol

W

o] 2717}

Sl A el

5=}

[ o] =4

H

—_

;O\_
=3

—_—

0

il
M
M

</

X

e

X

A

ol

g9t} ofo

o Al

7} 443 elastomer &

o
=

ul
=

T A=

hyA
o

u] & ol ion-selective 9,

AA e

of W3}l o

o 1} =

ool A

&} 7]

aggregation)©] iLEAbol EA|

Sk

o
T

W, o] multiplet

=]
Bz

“multiplets” 2} 12

R
s

)

‘é‘j]—

o] 3

i Az, ol

e

e

T =, o

1.

T
=

2] A o] & % (glass transition temperature, 7g)%S ¥z

(o)
T

of s}t

o
-

Zx(matrix 7y ¢} cluster Zp)7F ¥

71 €]

W F Al 7hE A o]

o

[e}}
A

¢

]
=

HE SAXS 9

=
=

o o] 9=

= 1
T

o A 1o

o
RE

& 7*&; EQ}E}.[IO’H]

3

Dz

Bragg A#lE multiplet 7+9]

L
R

oY m = mo) A

)

e

=

7%= += matrix

L
R

EEEREP LR ER ISt

' SAXS

o]
pud

)¢

HA we Y

o

o271 Frol weh W



13. olol 219 FA
olo] 2 E IFASE WHE IA 2 /1A Ytk A matrix LE ALY o] &

715 =dste WA, HEHQ dZ= ot Scheme B o] Fzgloldld =&

F71(-SCH)E =A4AI71a AF #8718 S3A7I= W et

- CHz—CHH—-CH—CH—
n H,S0, X y

SOz Nat

0O
i
9]
I
Y

Scheme 1

EA4), Bl @A o 712227 (-COOHR 2e 28715 717 vd ok
A 713l F3A 7= otk o] WHel thEAHQ o = Scheme A Ho] F
g ol olE wHA e} ofma A GHANZS FTEF A7 Ay FH FIE 9

§3te] A FE7IE FIAVI= WRolH

i
ol
ofy
E?{_g

°]

bl

H H
| é copolymerization

Chy=C  + CHe=( - fc z—c{—PCHz—ch
cC=0 COOH
OCH,CH3 COOH OCHzCH3

Scheme 2



14, olo]Qxww AFo] szolE HAYE

[}

7 4009 Aol A A A, random otol L =w o] FEjs I Hebgoel e A7t
B9 o) wolATh ol ArE Bwe Fo =2 g8 x5 4% g
YOIl e wy =Hodrh At HelE HE jonomerd A, Hejs 9 717
A AdAe AFE gqiEEsY A7 AHEE HAYES HA SE FEIH RS

]-o

A HA WYL scattering 7]1ES o83 WHOR  small-angle x-ray

scattering (SAXS)® ™ extended x-ray absorption fine structure (EXAFS)®V =1
2] 11 small-angle neutron scattering (SANS)®? Zo] gt} ¥ wix Wyoz= B
BHAWMS o]43d W oR nuclear magnetic resonance spectroscopy (NMR)® ™

Fourier-transform infrared spectroscopy (FT*IR)@G), electron spin resonance
spectroscopy (ESR)®”  fluorescence (%  luminescence) spectroscopy > 1] il
mossbauer spectroscopy™” 5o] 9lth. Al WA WL ool o vl FAANE L A
B4 AAS o843 W OoZ dynamic mechanical thermal analysis (DMTA)" ™,
rheometry 18] 1 dielectric analysis (DEA)7} Stk ¥ WiAls & B4 o] &3 W

© 2 differential scanning calorimetry (DSC), Z18]3 thermogravimetric analysis
(TGA)7F ot mpxjeto 2 dAwn]74 7]&S& o] &3¢ transmission electron microscopy
(TEM), scanning electron microscopy (SEM) 18] 1 scanning-transmission electron
microscopy (STEM)7} Slt}f. & AFoA &= =2 SAXS, DMTA® DSCE AF&31%A

o, o5 7zt SA4 Wy & APolM vis Fas7] wiel ofefel =28t



(1) Dynamic mechanical thermal analysis (DMTA)

DMTAE AREe 5471744 44& 2487 S8 Agach 448 4

Mo

i
=2
lo
%
>

1
°
~
>
o
N
s
1
ri
tlo
°

@]
9
N
_?1_:
o

olg] 7}# B3 dAE 7hA o 9 2E P A (bending ¥ tensiledl] 2] & A
ZA = £7 shearol 2dM ZAHE HE ol A m o] ks Ao & 5 gl
=3

« « _9 _ _stressamplitude
& (orG")(Nm ™ or Pa) strainamplitude

a8y e AYgeE REY2 R dEiA AE mgshA &gkt 1 o
= oagdgy JAd oiek zZhzbe] A 846 tiE] AYsteE Aol Wy sty wjE ot}
AR BEHS, £(EE v ¢AA 35 73 duAE JhE 7 e Toly, ol

L oA Bl o9F Ao Hod &

X
tob
¥
N
)
olf
ot
=2
irg
By
=2
=
o,
o2
o
o
N

amplitude of in — phasestresscomponet

* *7 -2 —
E* (or G*')(Mm™"or Pa) strainamplitude.

GOl= o3} 2t

e
)

e

A BREYA[E(E

rlr



amplitude of outof phasestresscomponet
strainamplitude

E7(orG”)(Nm ?orPa)

)

o FA9 w&z ook W ofd A} gl

_ E”
E/

tand

¢+

B

w

il

AL A TEE tan § Y

o] 7] A

X
pilg

Atk B9

7FA

=
=

(glass transition temperature, 7g)

e &% 2 matrix

#e]7] A

2 matrix LEA JG AlEE] &

_Z'_
fol, moh 2o ew WslolA ey

S

0|
s

)

= cluster 9 ¥ AlEo] 237 0]

= 7q

7;2}

e},

cluster 7g2}

=
=

(2) Differential scanning calorimetry (DSC)
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(3) Small-angle x-ray scattering (SAXS)
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Figure 2-1. SAXS profiles for 50%(left) and 100%(right) neutralized ionomers.
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Figure 2-2. SAXS profiles for 50%(left) and 100%(right) neutralized ionomers.
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Table 2-1. SAXS data, Bragg spacing and densities for the P(EA-co-ITA)

ionomers containing 5.8 and 11.9 mol% of functional units

Ionomer Gmax Dhrage Density”

(") (nm) (g/cm)

5.8-Zn-50% - - 1.185
5.8-Na-50% 2.7 24 1.174
5.8-Li-50% 24 24 1.165
5.8-Zn-100% 2.1 3.0 1.210
5.8-Na-100% 2.1 3.0 1.184
5.8-Li-100% 2.3 2.7 1.169
11.9-Zn-50% - - 1.354
11.9-Na-50% 2.5 2.6 1.245
11.9-Li-50% 24 2.6 1.221
11.9-Zn-100% 2.3 2.7 1.375
11.9-Na-100% 25 2.5 1.252
11.9-Li- 100% 2.6 24 1.224

“Denstiy was measured by using a pycnometer.
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Table 2-2. The number of ion pairs per multiplet (MVonc) and the radii of multiplet
(7mu) of the P(EA-co-ITA) ionomer containing 5.8 and 11.9 mol% of

ionic repeat units.

Type of lattices

Ionomer simple cubic body-centered cubic  face-centered cubic
Nonic Tl Tinal” Nonic 7' Zinad” MNonic Tl Tl

5.8-Na-50% 5.1 3.8 - 3.9 3.4 - 3.6 3.4
5.8-Li-50% 5.7 3.8 - 4.3 35 - 4.0 3.4 -
5.8-Na-100% 21.6 5.2 6.2 165 4.7 5.6 15.1 4.6 5.4
5.8-Li-100% 164 4.3 - 126 4.0 - 11.6 3.8 -
11.9-Na-50% 13.9 4.2 10.7 3.8 9.9 3.7
11.9-Li-50% 14.7 4.4 - 11.3 4.0 = 10.4 3.9 =
11.9-Na-100%  27.0 5.2 6.6 208 48 6.1 19.1 4.6 5.9
11.9-Li-100%  23.7 4.9 - 18.2 45 - 16.7 4.4 -
“ radius calculated form Vag = Fi/Naom and Zma = {(Faw % 3)/(4 x 1)},
" radius calculated by assuming the volume per atom in the multiplets as 11.3 A°,
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Azttt o] FA Axtd dx=E PP ol web A7 58 mol%elAe 1.120
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A A A9 AtE bde] dk] skl Aol A § P(EA-58-PP) A& o] 100
Mo Fxag(doladyolE/Z2HUM=942/58)2 o] FojHta 7}4ste] W
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do F AL ol gaho] 1009 WEFE GAE b DEA Imolel o] £717 Hof

ZFEA A ol 27]9ke] K3 (FVisgna0) S AT = QT
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a3 oA AT AAH g 4 A Abd FAo] EAE A Bragg/®E =
multiplet Aol AFE JetdttE 7FF o2 HE 58-Na-100% ofo] & x=wuje Ak
FAY F NVaws T Yo, 2 F2 o]27|vke] At HIE YFolsH ks

Vo = Vi ssNa100% / NVaul (10)



Fomt = [V x3)/(4xm) ] (11)
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Figure 3-1. Storage moduli(E’) and loss

tangents of PEAITA-58/PEAA-65

ionomer blends as a function of temperature (measured at 1Hz). The weight ratios

of the two ionomers are also indicated.
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Figure 3-3. Glass transition temperature of PEAITA/PEAA ionomer blends as a
function of the relative amount of the PEAITA ionomer in the blends(l Hz data).

The dotted line shoew the modification of Fox equation.
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Figure 3-4. Ionic moduli of PEAITA/PEAA ionomer blends vs. the weight
percentage of the PEAITA ionomers in the blends(l Hz data). The solid lines
represent the model involving filler dispersed system. The dotted and medium
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Table 3-1. SAXS data for the PEAITA/PEAA ionomer blends

PEAITA-5.8/ . PEAITA-5.8/ o
PEAA-65 e o PEAA-11.9 e o
(nm ) (nm) (nm ) (nm)
(w/w) (w/w)

10/0 2.10 2.99 10/0 2.10 2.99

7/3 n.a. n.a. 7/3 2.25 2.79

5/5 2.25 279 5/5 2.30 273

3/7 2.35 267 3/7 2.35 267

0/10 2.40 262 0/10 2.43 259
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Figure 3-6. Scanning electron microscopy images of the surface of the fractured
samples of PEAA-11.9 ionomer (left) and PEAITA-5.6/PEAA-11.9 ionomer blend
(5/5 w/w) (right)
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Figure 4-1. Infrared spectra(1400-900 c¢cm ') of PSMA-2.1, PSMA-2.1-SSA-0.8~
Na, and PSMA-2.1-SSA-3.9 ionomers.
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Figure 5-1. DSC thermograms of the polystyrene homopolymer and PSSA ionomers

neutralized with DEAPOA.
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Figure 5-4. Polarized optical micrographs of ionomers. (a) PSSA3.7 (b) PSSA 6.8

and (c) PSSA 10.2
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Figure 5-7. Glass transition temperatures of the pure PSSANa ionomers and

PSSA+LCP ionomers as a function of ion contents (1Hz data).
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Figure 5-8. SAXS profiles of PSSANa ionomers, and PSSA+LCP ionomers.
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Table 5-1. SAXS data for thePSSANa ionomers and PSSA+LCP ionomers.

persistence length

Tonomer Gmax (nm-1) Dhiragg (nm) ()
P(S-3.7-SSNa) 1.4 4.5 1.98
P(S-6.8-SSNa) 1.8 35 1.61
P(S5-10.2-SSNa) 2.05 3.1 1.37

PSSA3.7+LCP 1.5 4.2 1.79
PSSA6.8+LCP 1.75 3.6 1.66
PSSA10.2+LCP 1.95 3.2 1.48
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(c)

Figure 5-9. Scanning electron microscopy image of P(S-co-SSNa) ionomers

containing mesogen units. (a). 3.7 mol%, (b). 6.8 mol%, (c) 10. 2 mo 1%
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