Functional Materials 18, No.4 (2011)

Structure and ionic conductivity of the
PEO-containing triblock copolymers forming
intramolecular polycomplexes

S.V.Fedorchuk, T.B. Zheltonozhskaya E.M. Shembel
L.R.Kunitskaya, I.M. Maksuta’, Y.P. Gomza'

Department of Macromolecular Chemistry, Faculty of Chemistry, Kyiv National
T. Shevchenko University, 64 Vladimirskaya St., 01033 Kyiv, Ukraine
“Laboratory of Electrochemical Current Sources, Ukrainian State
Chemlcal Engineering University, 8 Gagarin St., 49005 Dnipropetrovsk, Ukraine
“Institute for Macromolecular Chemistry, National Academy of Sciences

of Ukraine, 48 Kharkovskoye Shosse, 02160 Kyiv, Ukraine

Received July 7, 2011

A series of structural and electrochemical studies of the triblock copolymers (TBC)
based on poly(ethylene oxide) (M, =3, 15, 35, 40 and 100 kDa) and polyacrylamide
(PAAmM-b-PEO-b-PAAm), which formed the intramolecular polycomplexes, were carried out
using NMR, WAXS, SAXS and impedance spectroscopy. The combination of the amor-
phous mass-fractal-organized structure of the copolymers (in the region of M pp, up to
~40 kDa) with high level of the ionic conductivity of pure TBCs and their compositions
with LiPFg was established. Possible reasons for the effects in the context of using of TBC
compositions in lithium batteries are discussed.

ITpoBenena cepus CTPYKTYPHBIX U 9JI€KTPOXUMUUYECKUX HCCJIELOBAHUU TPUOJIOK-COMOJIU-
mepoB (TBC), ocHoBaHHBIX Ha moaudTuUIeHOKcuzae (M, = 3, 15, 35, 40 u 100 x/la) u mosu-
akpunamuge (ITAA-b-ITEO-b-ITAA), KoTopble 00PA3OBHIBAIN WHTPAMOJEKYJIAPHLIE MTOJTUKOM-
mJeKchl, ¢ ucrnoab3oBanuem AMP, WAXS, SAXS u uMnegaHCcHOM CIEKTPOCKOMUU. ¥ CTAHOB-
JIEHO coueTaHUe aMOpP(HOII MaccoBO-(hpPaKTAIHHO-OPTAHUB0BAHHOU CTPYKTYPHI COIOJIUMEPOB
(8 obmactu M, ;po A0 ~40 k]la) ¢ BLICOKMM ypPOBHeM HOHHOM mpoBogammocTu uucTeiXx TBC n
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ux Kommosunwmit ¢ LiPFg. O6cy:xmensl BosMOMHEIE IPHYMHEI TaKUX 3(P(EKTOB B KOHTEKCTe
ucnosnbazoBanua komnosunuii TBC B nuTueBnix 6aTapedax.

1. Introduction

The structure of polymer materials is the
main factor defining their physical and
functional characteristics. This explains the
great interest in studies of different struc-
tural problems and the appearance of nu-
merous original works and monographs in
this area [1-3]. Most of the studies in the
field of block copolymers are devoted to
those containing thermodynamically immis-
cible or limitedly miscible polymer compo-
nents [1-5]. However, the block copolymers
with chemically complementary components,
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which are capable of forming the system of
cooperative non-covalent bonds such as elec-
trostatic or hydrogen bonds, are of special
interest. These block copolymers belong to
the class of intramolecular polycomplexes
(IntraPC) [6]. The block structure of In-
traPCs in dependence on the total and rela-
tive length of polymer components and their
character (amorphous or crystalline) has not
been sufficiently well studied.

In recent years significant attention has
been paid to PEO-containing diblock and
triblock copolymers [7], which have many
potential applications as ion-conducting ma-
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trices in different electrochemical devices,
in particular, in solid-state lithium batter-
ies [8]. Due to the presence of crystallizable
PEO chains in the structure of block copoly-
mers alongside with amorphous components
such as poly(propylene oxide), polystyrene,
poly[alkyl(meth)acrylates], it can be possible
to reduce sharply the undesirable crystal-
lization of PEO, thus maintaining high mo-
bility of its segments and ensuring a high
level of the block copolymer conductivity
[7]- The largest decrease in the crystallinity
degree was observed in the triblock copoly-
mers with PEO central block and two side
amorphous blocks [1, 9]. When the length
of side blocks became larger than a certain
critical value, which depended on their
chemical nature and PEO length, the
triblock copolymers completely lost their ca-
pability of crystallization [1]. An additional
decrease in PEO crystallinity and increase
in the conductivity could be expected in the
PEO-containing block copolymers forming
IntraPCs, though ionic conductivity of such
copolymers was not studied.

Polyacrylamide (PAAm) and poly(ethyl-
ene oxide) (PEO) are a couple of chemically
complementary polymers that form a hydro-
gen-bonded intermolecular polycomplex (In-
terPC) at their mixing in aqueous medium
[10]. The existence of H-bond system be-
tween PEO and PAAm chains was proved
also in the PAAm-b-PEO-b-PAAm triblock
copolymers (TBCs) [11]. Also, an important
effect of a stronger interaction of cova-
lently bound PEO and PAAm chains in
TBCs as compared to the polymer mixtures
with the same content has also been estab-
lished. It was shown [12] that due to exist-
ence of long amorphous chains of PAAm
and the IntraPC formation, the TBC strue-
ture preserved its amorphous character also
at a large length of the PEO central block
(up to M, ~ 40 kDa). Thermodynamic com-
patibility of PEO and PAAm blocks essen-
tially improved after transition of TBC sam-
ples through the melting point; resulting in
the copolymer structure becoming still more
homogeneous [12]. These facts, as well as the
known ability of PEO oxygen atoms [7, 8] and
PAAm amide groups [13] to attach Li+ ions,
were the main reason to proceed with detailed
investigations of TBC bulk structure and to
study the ionic conductivity of their composi-
tions with lithium salt (LiPFg).

2. Experimental procedure

Syntheses. In TBC syntheses we used
poly(ethylene glycol) with M, =38 (PEG1),
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15 (PEG2), 40 (PEG3), 100 (PEG4) and
35 kDa (PEGb5) obtained from Aldrich,
USA, cerium ammonium nitrate (initiator)
from the same source, as well as acrylamide
(AA) re-crystallized from chloroform
(Merck, Germany). The syntheses were car-
ried out in deionized water by the radical
block copolymerization with participation of
PEO radicals, which were formed due to
redox reaction between terminal hydroxyl
groups and cerium (IV) ions [6, 11]. The
samples of TBC1-TBC5 (according to the
number of initial PEG) were obtained at the
constant molar ratios of the reagents:
[CeV]/[PEG] = 2 and [CeV]/[AA]= 11073,
At the same time, the total concentration of
all the reagents was increased by 1.53 times
in the case of TBC2, TBC3 and TBC5. The
reaction blend was mixed in an inert atmos-
phere at 20°C for 24 h. Homopolymeriza-
tion of AA was carried out in similar condi-
tions wusing ethanol instead of PEG
([Ce'V]/[CzHSOH] = 1). The (co)polymer sam-
ples were re-precipitated by acetone, dis-
solved in water and freeze dried.

The molecular structure characterization.
In order to confirm the chemical structure
of TBCs and to determine the molecular
weights of PAAm blocks and TBC macro-
molecules, the nuclear magnetic resonance
(NMR) spectroscopy was applied. 'TH NMR
spectra in deuterated water (C = 10 kg-m~9)
were recorded at 400 MHz and 20°C using a
Mercury-400 instrument from "Varian”
(USA). The chemical shifts (0) were deter-
mined with respect to tetramethylsilane as a
reference. The relative integral intensities
of the proton signals were calculated from
the spectra using NUTS program. Molecular
parameters of two TBC samples were deter-
mined also by an elemental analysis. The
molecular weight of PAAm was found by
viscometry (M, = 630 kDa).

Wide-angle X-ray scattering. The bulk
structure of TBCs was characterized first by
WAXS. The scattering profiles for TBCs,
PAAm and PEGs were obtained using a
DRON-2.0 X-ray diffractometer. The co-
polymer films were cast from aqueous solu-
tions onto Teflon surface and dried in a
vacuum case for one week. The film piles
with thickness of ~1 mm were used for
these measurements. The monochromatic
Cu-K, radiation with A = 0.154 nm, filtered
by Ni, was provided by an IRIS-M7 gener-
ator at the operating voltage of 30 kV and
current of 30 mA. The scattering intensities
were measured by a scintillation detector
scanning in 0.2° steps over the range of the
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Fig. 1(a) Chemical formula of TBCs and examples of 'TH NMR spectra for: (b) PEG3, (¢) PAAm and

(d) TBC3 in D,0. T = 20°C.

0 = 3—40° scattering angles. The diffraction
curves obtained were reduced to equal in-
tensities of the primary beam and equal val-
ues of the scattering volume [14]. Also, the
normalization of experimental scattering in-
tensities was carried out according to the
formula:

In(z)(e) = [Iexp(e) - Ib(e)] : (I/IO), (1)
were I,,(0) and I,;)(0) are the experimen-
tal and normalized intensities in WAXS
profile as a function of 6, I,(0) is the inten-
sity of the background for every 0 value, I
and I are the intensities of incident and
scattered beams at 6 = 0° (the beam attenu-
ation coefficient). Moreover, the additive
scattering curves were calculated for
PEG+PAAm mixtures, compositions of
which corresponded to those in respective
TBCs, using the relationship:

Iypaam PEG®) = (2)
=T paam® - Wpgam + Inpro)®) - Wpgos

where wpyy,, and wpgo are the weight frac-
tions of PEO and PAAm in the copolymers.

Small-angle X-ray scattering. SAXS ex-
periments were carried out using an auto-
mated Kratky slit-collimated camera. Here
we used copper anode emission, which was
monochromated by a total internal reflec-
tion and nickel filter. The intensity curves
were recorded in the step-scanning mode of
the scintillation detector in the 6 = 0.03-
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4.0° region, which corresponded to the
wavevector region ¢ = 0.022-2.86 nm~!
[where ¢ = 4n-sin(6/2)/A]. Thus, the micro-
scale heterogeneous domains with dimen-
sions (evaluated as 2n/q) from 2 to 280 nm
could be characterized. Preliminary process-
ing of SAXS profiles was carried out using
the FFSAXS-3 program [15]. To reduce the
SAXS data to the absolute scale a standard
reference sample from the laboratory of pro-
fessor Kratky was used. The scattering inten-
sity of a (co)polymer was normalized to the
sample thickness and the scattering intensity
of an etalon. In order to calculate the micro-
phase structure parameters the raw intensity
curves were smoothed, corrected for parasitic
scattering and desmeared.

The ionic conductivity measurements.
The films (~5x5 em?) of pure TBC5 and its
mixtures with lithium perfluoro phosphate
were cast from aqueous solutions onto Tef-
lon surface and dried on air for 3-4 days
and then in a vacuum-case. The specific
ionic conductivity was determined by im-
pedance spectroscopy [16]. All the experi-
ments were carried out in a special cell with
Pt electrodes in the frequency region 0.001-
100 kHz at T = 20°C using a Voltalab
(USA) instrument with a computer program
Voltalab Master. According to the measur-
ing protocol, dry films were squeezed be-
tween the electrodes in a cell. In some cases
a plasticizer ethylene glycol (EG) was addi-
tionally introduced in the compositions.

Functional materials, 18, 4, 2011
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Table 1. Molecular parameters of the triblock copolymers found by (1) elemental analysis and (2)
NMR spectroscopy

Copolymer Method M ppo> kDa | Mpyap, kDa | Mg, kDa Wpgo &> %o nb
TBC1 1 3 45 94 3.2 9.4

2 67 37 2.2 10.8

TBC2 2 15 230 475 3.2 9.5
TBC3 2 40 833 1706 2.3 12.9
TBC4 1 100 907 1914 5.2 5.6
TBCbH 2 35 1823 3681 1.0 32.3

8 The weight part of PEO in the copolymers.

b The ratio between units of PAAm and PEO blocks in the copolymers, base-molep, » ,,/base-molepy

3. Resultls and discussion

Examples of 'TH NMR spectra are shown
in Fig. 1. The proton signal of methylene
groups (o) with & = 3.68 ppm was displayed
in the spectra of PEG (Fig. 1a). The proton
signals of methine () and methylene (y)
groups with 6 = 1.4-1.8 and 2.1-2.4 ppm,
respectively, were observed in the spectrum
of PAAm (Fig. 1b). The spectra of the co-
polymer samples contained all the signals
pointed (Fig. 1l¢), thus confirming the pres-
ence of PEO and PAAm blocks in TBC mac-
romolecules. Using the integral intensities
(A) of the signals o and B or o and y as well
as the known molecular weights of PEGs,
the molecular weights of PAAm side blocks
were calculated according to:

2 - Moypaam  Mpro - Ay
Mo.pro - Aq

M, paam =

or
Mo.paam - Mpro - A (3)

My.peo - 4q

M, paam =

Here My paam and Mg pro are the mo-
lecular weights of PEO and PAAm units.
Such calculations for block copolymers are
widely used in modern literature [17]. The
molecular weights of TBCs were calculated
by equation:

Mppec=2 - Mpgam+ Mpro- 4)

Molecular parameters of TBCs found by
elemental analysis and 'TH NMR are shown
in Table 1. It can be seen that TBC1-TBC4
samples constitute a series of the copoly-
mers with increasing length of PEO and
PAAm blocks.

The results of structural studies of PEG,
PAAm and TBCs by WAXS are presented in
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Table 2. The diffraction maximum posi-
tions in WAXS profiles and corresponding
interplane distances

Polymer | The maximum The average

positions interplane

distances
61, 62, d;, nm | dy, nm

degrees | degrees

PAAm 15 22.10 ~0.590 0.402
TBC1 21.60 0.411
TBC2 22.26 0.399
TBC3 15 22.56 ~0.590 0.394
TBC4 21.74 0.408
TBC5 21.60 0.411

Fig. 2. WAXS profile of PAAm (Fig. 2a) con-
tained two diffusive overlapped maximums in
full accordance with [18]. This effect could be
attributed to the presence of two systems of
planes of a paracrystalline lattice in the
PAAm amorphous structure [14].

The first maximum (6 ~ 15°) with smaller
intensity characterized the lateral peri-
odicity in the arrangement of PAAm chains
[14]. The second one (0= 22.1°) with
greater intensity was caused (according to the
data of FTIR spectroscopy [11]) by a periodic
arrangement of the flat hydrogen-bonded cis-
dimmers of amide groups in the structures of
cis-trans-multimers. The average interplane
distances in the PAAm paracrystalline lattice
were found using (5) [14]:

d=— (5)
2 - sin(6/2)

where A is the wavelength of X-ray radia-
tion. They are presented in Table 2. WAXS
profiles of PEGs (one example is shown in

431



S.V.Fedorchuk et al./ Structure and ionic conductivity...

n10™* , pulses

6

6, deg

n107° , pulses

10 15 20 25

L
6, deg

Fig. 2. WAXS profiles (the scattering intensities vs the scattering angle) for: (a) PAAm, (b) PEG1,
(c) TBC1, (d) TBC2, (e) TBC3, and (f) TBC4. Experimental data and additive curves calculated for
corresponding (PAAm + PEG) blends are shown. T = 25°C. For TBC5 analogous data as for TBC2

were obtained.

Fig. 2b) demonstrated two intense crystal-
line peaks at 6 = 19.0° and 23.1°, which are
well known from the literature [14].

WAXS profiles of the copolymers, except
TBC4 (Fig. 2c—e, curves 1), did not contain
any crystalline peaks in spite of appearance
of such peaks in the corresponding additive
curves (curves 2). The latter were calculated
from (2) for PAAm+PEG blends with the
same composition as in corresponding TBC
samples using the assumption about inde-
pendent contributions of the both compo-
nents to the total scattering intensity. Small
crystalline peaks of PEO were observed only
in the profile of TBC4 (Fig. 2f, curve 1),
which contained the longest central block.
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However, the peak intensities turned out to
be lower than in the additive curve. There-
fore, full correlation of these results with
earlier DSC data [12] was obvious.

Basing on Methues approach [2, 8], it is
possible to calculate the ratio between areas
under all crystalline peaks and the total
WAXS curve and then to find (for homopo-
lymers) the relative crystallinity degree.
However, determination of this very appro-
priate parameter loses any sense in the case
of heteropolymers. That is why, in order to
estimate the alterations in the crystallinity
degree of PEO in TBC4 structure, the ratio
between the crystalline peak areas in the
additive curve 2 and the experimental curve

Functional materials, 18, 4, 2011
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Fig. 3. The intensity of small-angle X-ray scattering vs the wavevector for: (a) PAAm — 1, TBC1
— 2, TBC2 — 3 and (b) TBC3 — 4, TBC4 — 5. Dependences of the normalized intensity vs the
wavevector in the double logarithmic coordinates are shown on a smaller scale. T = 25°C. The data
for TBC5H practically coincided with those for TBC2.

1 (Fig. 2f) was calculated. According to
such procedure, the crystallinity degree of
the initial PEG decreased by 2.9 times in
TBC4 structure. This result was in full ac-
cordance with the reduction by 2.8 times in
the crystallinity degree (X, of PEO in
TBC4, which was established by DSC
method in [12].

WAXS profiles of amorphous TBC1l-
TBC3 and TBC5 were similar to the difrac-
togram of pure PAAm. Some differences
consisted in an appreciable reduction in the
relative intensity of the second maximum
and alteration of its position (Fig. 2, Table
2). This effect indicates the changes in dis-
position of the H-bonded cis-dimmers of
amide groups in cis-trans-multimers.

SAXS investigations allowed charac-
terizing the block copolymer morphology at
the supramolecular level [2, 14]. SAXS pro-
files of TBCs and PAAm are shown in Fig. 3.

A sharp smooth decay in the scattering
intensities versus the wavevector (without
any peaks or diffusive maxima) was ob-
served for all the (co)polymer samples, thus
suggesting the absence of any periodicity in
the arrangement of separate structural ele-
ments of PAAm and TBCs at the supra-
molecular level. Then the same profiles were
normalized to the thickness of (co)polymer
samples and the scattering intensity of the
etalon and further were represented in double
logarithmic coordinates (plots in the inserts,
Fig. 3) in order to carry out their detailed
analysis according to the known conception
about the formation of the fractal aggregates
or clusters [15].

For PAAm and TBC1, TBC2, TBCH (with
relatively short PEO blocks) the linear de-
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crease in log I, versus log g (Fig. 3a) with
the same slope was observed practically over
the whole region of the wavevectors under
study. This fact reflects the existence in
SAXS profiles of the (co)polymers of the
only Porod’s power scattering regime (I ~ ¢~ 2f)
[15]. Such form of SAXS curves in the dou-
ble logarithmic coordinates corresponds to
the scattering picture in the system where
single-level fractal clusters exist [15, 19].
The character of these clusters (mass-fractal
or surface-fractal ones) could be determined
by analysis of the slope ratio modulus (Dy),
but the maximum diameter of the clusters
could be estimated by the relation d,,, ~
2n/g" in the case when the straight line of
the Porod’s power scattering law transforms
at small ¢ values into the curve described
by the Gineau exponential scattering law. In
fact, the Gineau scattering curve "cuts” the
region of the Porod power scattering. The
"cutting boundary” corresponds to a defi-
nite ¢* value in the range of Gineau’s scat-
tering, which is used to estimate d,,,,. Thus,
the exponential Gineau scattering regime and
the corresponding Porod scattering regime (at
larger g values) characterize a single struc-
tural level. Unfortunately, the curves in Fig.
3a for PAAm and the given TBC samples had
no “cutting borders” at small ¢; therefore,
determination of d was impossible in these
cases.

The D; values turned out to be less than
3 for PAAm, TBC1l, TBC2 and TBC5H
(Table 3). It means that the amorphous
structure of these (co)polymers had a po-
rous character and consisted of mass-fractal
clusters with the fractal dimension of Dy

max
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Table 3. Parameters of separate structural elements of PAAm and TBCs found from SAXS data

Value Polymer
PAAmM TBC1 TBC2 TBC3 TBC4 TBCbH
-D; 2.7 2.2 2.3 2.4 3.1 2.4 2.8 2.4
g*1022 A1 - - - - 0.36 - 0.34 -
dypaye P> DM - - - - 17.2 - 18.6 -
R,, nm - - - - 6.7 - 7.2 -

2 "The cutting border” for the power scattering regime

b The maximum diameter of the mass- or surface-fractal clusters

a) b)

c)

Fig. 4. The construction of (a) a single mass-fractal cluster in amorphous regions of PAAm and
TBCs, (b) the surface-fractal clusters with crystalline "core” of PEO blocks, and (c) an amorphous
mass-fractal-organized structure of TBC3—TBC4, where the surface-fractal clusters are distributed.

[19]. The construction of the branched
mass-fractal clusters is shown in Fig. 4a.
Obviously, the fragments of the (co)poly-
mer chains could be considered as separate
"building blocks™ of such clusters. At the
same time, the main reason for appearance
of these clusters in PAAm and TBC struec-
ture consists in high hydrophility of the
(co)polymers. Indeed, the equilibrium hu-
midity of TBC and PAAm films, which were
used in SAXS experiments, is of significant
value (~10 wt. %) according to the data of
DTGA. This is conditioned by the capability
of each amide group of PAAm and each
oxygen atom of PEO to adsorb and to keep
up to 4 and 2 water molecules, conse-
quently. As a result, even the prolonged
drying of the (co)polymer samples in a vac-
uum box and a vacuum desiccator did not
provide full removing of water from them.
The double logarithmic SAXS profiles of
TBC3 and TBC4 (Fig. 3b), which contained
the longest PEO chains, demonstrated two
linear parts with different slope ratios (two
Porod’s regimes) and one intermediate re-
gion corresponding to the Gineau scattering
regime [15]. The values of D, turned out to
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be 3.1 and 2.8 (for TBC3 and TBC4, conse-
quently) in the 1-st Porod’s regime (at
higher ¢) and 2.4 in the 2-nd Porod’s scat-
tering regime (at less ¢). Such form of
SAXS profiles indicates the existence of two
types of fractal clusters in TBC3 and TBC4
structures, i.e., their two-level fractal or-
ganization [19]. It is evident that the effect
is related to the appearance of PEO
nanocrystalline domains in an amorphous
matrix. Really, a sharp enough increase in
the slope ratio modulus of the dependences
log I, = f(logg) up to D~ 3 at some inter-
mediate ¢* values (Table 8) could be inter-
preted as arising of the surface-fractal clus-
ters in TBC structure. The scattering law is
described in this case by the other power
function: I ~ ¢P576 [15]. In the last formula
the value D, = 6—Df characterizes the frac-
tal dimension of the surface-fractal clus-
ters. Formation of the surface-fractal clus-
ters in TBC3 and TBC4 structures occurs,
evidently, due to a partial crystallization of
PEO blocks belonging to several copolymer
macromolecules. A scheme in Fig. 4b illus-
trates this process.

Functional materials, 18, 4, 2011



S.V.Fedorchuk et al./ Structure and ionic conductivity...

—Zj . 2
a) Zi, k{2-cm b)
25} f: P
—Zi, MQ2-cm?2 / PN
| ?p ‘
20F / ¢ A
o7 4775 ¢ {
03 :r”ﬂ u2 15F 6':' Y 6 A
o a I/ A3
D:D' D‘D f o A“
0.2 5 % g 101 l:g ASAMAAAA A
; S $ 2 2
01F g 05k ;‘3 g 5N A
D vy N
0.0 00
=011 1 1 1 1 1 1 1 1 1 1 1
0.0 0.2 04 06 0.8 Zr, MQ-cm?2 0 1 2 Zr, kQ-cm2

Fig. 5. The complex impedance spectra (Nyquist plots) for the following composite films: (a)
TBC3+LiPFg — 2, (b) TBC3+LiPFg — 3, 4 and TBC3+LiPFg+EG — 5, 6 at the ratios of [TBC]/[LiPFg]
=10.0 — 2, 5, 5.7 — 3 and 4.0 base-mol-mol™! — 4, 6. The ratio of [EG]/[TBC] = 0.01 w/w was
constant in all the three-component systems. T' = 20°C. The spectrum view for a pure TBC5 was

analogous to the curve 2.

Table 4. Ionic conductivity of the triblock copolymer doped with lithium salt

Sample System [PEO]/[LiPFg] | [TBC]/[LiPFg] I, um Calculating o, S-em™!
base-mol-mol™* | base-mol-mol™ procedure

1 TBC5 - - 90 LE 2.90.107°6

2 TBC5+LiPFg 0.15 10.0 100 LE 7.52.1076

3 TBC5+LiPFg 0.09 5.7 125 ES 1.43.1073

4 TBC5+LiPFg 0.06 4.0 109 LE 1.74.1073
ES 1.93.107°

5 TBC5+LiPFg+EG 0.15 10.0 161 LE 8.67-10°6
ES 2.22.107°

6 TBC5+LiPFg+EG 0.06 4.0 170 LE 1.53.1074

Taking into consideration that SAXS
profiles of TBC3 and TBC4 contained the
"cutting borders” for the 1-st scattering re-
gime by Porod (at higher ¢), we have found
corresponding ¢“ numbers in the areas of
Gineau’s scattering and calculated the maxi-
mum diameters (d,,,, ~ 21/¢”) and the gyra-
tion radii [R,_d,,,/2(5/3)1/2] of the sur-
face-fractal clusters with crystalline "core”
of PEO (Table 3) [15]. Thus, the conclusion
about two fractal levels (they are shown in
Fig. 4¢) in the structures of TBC3 and TBC4
unlike to those of TBC1, TBC2 and TBC5 has
been achieved. The small surface-fractal clus-
ters with a crystalline "core” of PEO blocks
formed the first level but the large mass-frac-
tal clusters of an amorphous matrix consti-
tuted the second one.

Due to these studies, the amorphous
character and homogeneity of TBC structure
at different levels in a wide region of the
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PEO block length and also its porosity were
established. The sample of TBC5 with ex-
actly such structure was used in the follow-
ing studies of the ionic conductivity. The
specific ionic conductivity of a pure TBCH
and its compositions with lithium salt,
where the electrolyte content was varied
relatively to the copolymer, was measured
by an impedance spectroscopy [16]. Fre-
quency dependences of the imaginary and
real parts of the complex impedance
(Nyquist plots) are represented in Fig. 5. In
order to enhance the polymer segment mo-
bility, a nonionic plasticizer ethyleneglycol
(EG) with the constant weight fraction
(1 wt. % from TBC weight) was added in two
cases (Table 4). Significant increase in the
film elasticity took place upon introduction
of LiPFg and EG.

The volume resistances of the films were
determined by two procedures: (LE) the lin-
ear extrapolation of experimental data to
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the abscissa-axis in the region of high fre-
quencies and (ES) the extrapolation of the
high frequency semicircles observed in some
plots to the abscissa-axis [20]. The specific
ionic conductivity was calculated using the
(6) relation [21]:

L (6)

°"R. 8

where [ is the film thickness, S is the elec-
trode area, R is the volume resistance of a
film. All the results obtained are shown in
the right-hand part of Table 4. It is seen
that even the film of pure TBC5 demon-
strated a high level of the ionic conductiv-
ity. This could be explained first by the
above-mentioned high hydrophility of the
copolymer components resulting in high
equilibrium humidity of TBC films. Fur-
ther, PEO chains lose their ability to crys-
tallization because of interaction with
PAAm that keeps their mobility and pro-
motes a conductivity growth. Finally, the
porous mass-fractal organization of TBC
structure that contains the absorbed water
possibly remaining in the copolymer sample
after synthesis (see the above synthetic
strategy), ensures free ion transport
through the copolymer films under the ac-
tion of electric field.

A considerable increase in the ionic con-
ductivity of the copolymer films takes place
with growth of the lithium salt content.
This effect is not surprising and could be
interpreted by increase in the concentration
of the charge carriers and the plasticizing
action of lithium salt on TBC structure (the
plasticizing effect of Li' salts on the struc-
ture of the PEO-containing block copoly-
mers is well-known from the literature [7]).
Introduction of a small quantity of the non-
ionic plasticizer EG not only improves elas-
ticity of the composite films but also raises
essentially their conductivity. According to
the data of Table 4, the increase in the lith-
ium salt content and also the plasticizer ad-
dition act in the same direction. Thus, due
to application of TBC films doped by LiPFg
and small additives of EG a high level of
the ionic conductivity (c = 1.58.1074 S.em™1
at 20°C) could be achieved.

It would be interesting to compare the
ionic conductivity of different PEO-contain-
ing block copolymers and their composites.
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Unfortunately, the dependence of o on too
many factors — such as a molecular weight
of PEO blocks, a chemical nature, a physical
state and molecular parameters of other
blocks, a molecular architecture and a
structural organization of block copolymers,
moreover, a chemical origin and concentra-
tion of electrolytes (and/or other additives)
and also the conditions of formation and
testing of the block copolymer composites
— does not allow a detailed comparison of
c values in different systems. Therefore, to
show the level of the ionic conductivity of
TBC films, we will give only three maxi-
mum values of 6, which were reached in the
systems: i) the partially ecrystalline mul-
tiblock copolymers [PEO-b-PPO-b-PS],, in-
cluding poly(propylene oxide) and polysty-
rene, in composition with LiCIO, (o ~ 210
4 S.em™l at 25°C) [22], ii) the partially
crystalline multiblock copolymer [PEO-b-
PPO],/LiCIO, (c = 5.8-107¢ S.em™1 at 25°C)
[22] and iii) the multiblock copolymers with
polybutadiene [PEO-b-PB-b-PS], /LiCIO, (o ~
1.107¢ S.em™! at 35°C) [23].

4. Conclusions

Formation of IntraPC in TBC macromole-
cules prevents crystallization of PEO blocks
and provides existence of a homogeneous
amorphous structure in a wide region of
their molecular weights. At the same time,
at M, ppo = 40 kDa the homogeneity of TBC
structure is broken due to partial crystal-
lization of PEO blocks. As a result, small
surface-fractal clusters with nanocrystalline
"core” of PEO blocks having the maximum
radius of gyration R, ~ 7 nm appear among
the large mass-fractal clusters of an amor-
phous matrix. Basing on experimental re-
sults and above discussion, the following
key structural factors, which ensure the
high ionic conductivity of pure and doped
PAAmM-b-PEO-b-PAAm films, could be
picked out: i) the existence of the hydrogen
bond system between PEO and PAAm
blocks, due to which PEO chains lose their
ability to crystallize, ii) the homogeneous
distribution of the regions containing hy-
drogen-bonded segments of both components
in the copolymer structure, iii) the porous
mass-fractal-organization of TBC structure,
which promotes a free and quick transport
of electrolytes through composite films.
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CrpykTrypa Ta ionna exekrpomnpoBigHicTh ITEQ-BMicHuX
TPUOJOK-KOMOJiMepiB, mo (popMyIOTh iHTPAMOJEKYJIAPHi
MOJiKOMILIIEKCH

C.B.®edopuyk, T.B./Kenmonosxccoxa, O.M.lllembensw,
JI.P.Kynumcoka, I.M.Maxcioma, FO.Il.T'om3a

ITpoBeneHO cepiio CTPYKTYPHUX Ta eJeKTPOXIMiUHUX HOCIiiKeHb TPUOJIOK-KOIOJiMepiB
(TBK), ocnoBanux Ha moaietmineHokcugi (M, =3, 15, 35, 40 ra 100 x[a) Ta momiaxkpu-
adamiai (ITAA-b-ITEO-b-ITAA), aAki yTBOpIOBaJM IHTPAMOJIEKYJIAPHI MOJiKOMIJEKCU, BUKO-
puctroByouu IMP, WAXS, SAXS Ta iMmezaHCHY CIeKTPOCKOIii0. BcTaHOBIEHO MOeTHAHHA
amop(HOI MacoBo-(PpaKTaIbHO-OPTaHi30BaHOI CTPYKTYpPHU KommoJimepis (B obnacti M, ;po KO
~40 x[la) 3 Bucokum piBHeM iommoi mposigmocti umctmx TBEK Ta ix xommosumiit s LiPFg.
OOroBOpeHO MOMKJIMBI IPUUYKMHN TAKUX e(PEeKTiB y KOHTeKCTi Bukopucranua kKommnosuiiii TBK

y JgirieBux Oarapesx.
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