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Abstract We report significant results on charge trans-
port phenomena in the exfoliated and intercalated phase of
polymer nanocomposite (PNC). X-ray diffraction and
transmission electron microscopy results have provided
convincing evidence of exfoliation at lower clay loading
(x <5 wt%) and intercalation at higher clay loading
(x > 5 wt%) in the PNC. Fourier transform infrared (FTIR)
spectrum indicated lowering of anion symmetry from Oy, to
C4,/C5,/C3, (depending on mode of cation interaction with
counter ion). Substantial jump in electrical conductivity
(~110 times) at room temperature has occurred on
nanocomposite formation in sharp contrast to that of the
polymer salt (PS) complex film. Large conductivity
enhancement (107> S cm™') is attributed to clay-induced
interaction with PS matrix whose origin lies in polymer—
ion, ion—ion, ion—clay, and polymer—ion—clay interaction
evidenced in the FTIR results. An excellent correlation of
conductivity with fraction of free anion and polymer glass-
transition temperature agrees well with conductivity
enhancement at specific clay loading. A model for charge
transport phenomena is proposed to explain clay-induced
ion dynamics. The conceptual basis of the model seems
consistent with experimental results.
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Introduction

ITonically conducting solid polymer films have been utilized
in many energy related sectors like high energy density
solid polymer batteries, PEM fuel cells, and supercapaci-
tors, etc. [1-4]. Such applications require a desirable con-
ductivity value ~107> S cm™' at room temperature. In
order to achieve this conductivity value, a large variety of
ion-conducting material systems such as solid polymer
electrolytes (SPEs) [5-7], gel polymer electrolytes (GPEs)
[8, 9], and composite polymer electrolytes (CPEs) [9, 10],
etc. have been prepared and evaluated. However, most of
the systems have exhibited conductivity much lower than
the desirable value for device application under ambient
conditions. However, a number of limitations came to be
identified later, when evaluated for their suitability in
device application. The basic factor imposing severe
restraint on their applicability are (i) low ambient ionic
conduction, (ii) concentration polarization, and (iii) poor
stability (thermal, mechanical, chemical and electrochem-
ical, etc.) properties. Another reason for lower ionic con-
duction is concentration polarization whose origin lies in
ion association (ion pairing) effect [11, 12] due to the
presence of both cations and anions in the host polymer
matrix. As a consequence, internal resistance of the poly-
mer film builds up, this in turn, reduces ion (charge)
transport whenever excess number of ion pairs are there in
the host polymer matrix in comparison to the available
number (fraction) of free charge carrier (i.e., anion and
hence cation). Strong coulombic interaction among oppo-
sitely charged ions in the host polymer matrix is solely
responsible for ion pairing effect and concentration polar-
ization. The reasons identified for poor ambient conduction
are slow ion dynamics in a multiphase polymeric matrix
and poor segmental (chain) mobility in polymers at room
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temperature in addition to the usual causes such as ion—ion
interaction (pairing effect). In the case of gel polymer
electrolyte (GPEs), conductivity has been observed to be
~1073 S cm™! in a number of cases. [13—-16] But, they
have inherent problems of poor mechanical and thermal
stabilities, presence of solvent in the matrix imparting
semi-solid/semi-liquid behavior that causes specific prob-
lems of chemical stability/reactivity at the electrolyte—
electrode interface on device fabrication.

In order to overcome/improve upon the limitations
mentioned above, several approaches have been sug-
gested, tried, and evaluated. A recent innovative approach
of nanocomposite formation via intercalation of cation
coordinated polymer chains into nanometric clay channels
of an organophilic clay (such as dodecylamine (DDA)-
modified montmorillonite clay or DMMT) having a
compatible gallery width just enough to accommodate
cations (Li* ~ 0.76 A) restricting the entry of bulky
anions (~2.8 10%) has opened a new direction with
numerous possibilities. Conceptually, it appears that this
approach may minimize concentration polarization arising
due to coulombic interaction between cations and anions
(i.e., ion association effect) at a desirable level. A quan-
titative estimation of the concentration polarization,
expressed in terms of the fraction of free anions/cations
and ion pairs present in the composite matrix, has pro-
vided sufficient and valuable insight into the actual role of
ion association (pairing) and dissociation effects on
electrical conduction property of the intercalated polymer
nanocomposite (PNC) films. The presence of a third
component such as an organic/inorganic clay in a heter-
ogeneous polymer composite film also affects the poly-
mer—ion and ion—ion interactions via direct interaction of
the filler component with the cation coordinated polymer
matrix [where the cation coordinated to the electron-rich
group in the host polymer matrix, e.g., —O— in polyeth-
ylene oxide (PEO), -C=N in polyacrylonitrile (PAN),
etc.]. The strength of such an interaction depends on the
filler properties (i.e., chemical nature, electrical properties
such as the presence of dipoles) and its concentration in
the composite matrix.

In this article, we report a series of lithium ion con-
ducting polymer nanocomposite (PNC) film comprising an
amorphous polymer host (polyacrylonitrile PAN), a lithium
salt (LiPFg), and organophilic clay (DMMT). The or-
ganomodified clay have enhanced nanometric clay channel
width (6 A) with high cation exchange capacity (CEC) ~
80-120 mEqg/100 g [17] and the presence of negative
charges on the surface of clay layers after organomodifi-
cation. As a consequence it may be expected to favor a
preferential entry of the cation coordinated polymer matrix
into the clay channels and impose a practical limitation on

anions coming into the close proximity of the cations [18].
So, the possibility of ion pair formation caused by attrac-
tive columbic forces may be expected to be minimum.
Such feasibility has been studied and correlated with clay
concentration dependence on electrical conductivity. The
interaction among the composite components has been
investigated systematically using Fourier transform infra-
red (FTIR) spectroscopy. The experimental results provide
evidence of polymer—ion—clay interaction that enabled us
to propose a model to understand the ion dynamics and
charge transport process in intercalated/exfoliated polymer
nanocomposite films.

Experimental
Materials preparation

Polymer nanocomposite (PNC) films were prepared via a
standard solution cast technique. The polymer salt (PS)
complexation was performed using polyacrylonitrile (PAN;
Aldrich M.W. 1.5 x 10°) as the polymer host matrix, and
appropriate stoichiometry of lithium salt (LiPFe; Aldrich)
having bulky anion (PF¢™). The polymer host (PAN) and
salt (LiPFs) was vacuum-dried at 120 °C for 32 h prior to
sample preparation. An appropriate stoichiometric ratio of
PAN was dissolved in N,N-dimethylformamide (DMF;
Merck) and the solution was stirred for 18 h. Subsequently,
a calculated amount of LiPFs, was added into the PAN
solution and stirred for 15 h to facilitate homogeneous
mixing and complexation. The stoichiometric ratio of salt
in the polymer host (PAN) matrix was maintained at an
optimized ratio of (N/Li = 8). Nanocomposite formation
was carried out via intercalation of cation coordinated
polymer chains (PS) into nanometric clay channels of the
DDA-modified montmorillonite clay (DMMT). Next, clay
modification was carried out with DDA modifier as per the
following flow chart as shown in Fig. 1. DDA-modified
montmorillonite clay was added into the complex polymer
salt solution in different concentrations (0 < x<20; x refers
to clay concentration w.r.t. PAN by wt.) and stirred for
12 h. Finally, the composite solutions were poured in
polypropylene dishes and allowed to dry under controlled
conditions. Free-standing polymer nanocomposite films
were obtained on solvent evaporation. The series of poly-
mer nanocomposite (PNC) films so obtained can be
expressed as: (PAN)gLiPFg + xwt% DMMT.

Material characterization

The X-ray diffraction (XRD) data have been collected
at room temperature by a ‘X’Pert PRO PANalytical
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Fig. 1 Flowchart diagram of
clay modification
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diffractometer (model: PW3040/60) with CuKo radia-
tion (1 = 1.5418 A) over a range of diffraction angle
(2° < 20 < 40°) at a scanning rate of 2°/min. Transmis-
sion electron microscopy (TEM) has been performed by
JEOL-JEM (model: 2100), Japan operating at 200 kV.
Vibrational spectroscopy technique of Fourier transform
infrared (FTIR) spectroscopy analysis has been carried out
to investigate the role of clay concentration on the nature of
polymer—ion interaction. The FTIR spectrum was recorded
in the mid-frequency range (400-4000 cm ') at a scan rate
of 32 with a wave number resolution of 4 cm™' using
Thermo Nicolet Spectrophotometer (Model: NEXUS-870).
Electrical conductivity measurement on the composite
films has been performed using a computer-controlled
impedance analyzer (HIOKI LCR Hi-Tester Model: 3532,
Japan) in the frequency range of 10 Hz to 1 MHz. The
samples were placed in a symmetric cell configuration;
SSIPNCEISS (SS stands for stainless steel blocking elec-
trodes) with an a.c. input signal of ~60 mV applied across
the cell while carrying out impedance measurements on
each of the PNC films having varying clay concentration.
The glass-transition temperature has been measured
by computer-controlled dynamic mechanical analyzer
(TAlnstruments, Lukens Drive, New castle, Delaware).
The measurements were taken in tension mode in the
appropriate temperature range (30-125 °C) at a heating
rate of 2 °C min~' and 1-Hz frequency.
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Results
X-ray diffraction and TEM analysis

In order to obtain convincing evidence for intercalation/
exfoliation of polymer salt complex into the nanometric
clay channels, we have carried out a systematic analysis of
the changes in the organomodified clay peak profile of
PNC films. Figure 2 shows the representative HR-XRD
pattern of pure clay, at lower (~2 wt%) and at higher
organoclay concentration (15 wt%)-based polymer nano-
composite films. The feasibility of cation coordinated
polymer chain intercalation/exfoliation into nanometric
clay galleries has been investigated with reference to basic
crystal structure of the organoclay (DMMT). In the present
studies, sodium montmorillonite clay having monoclinic
crystal structure [19] has been used where crystal axes “a”
and “b” are continuous such that they have layered stack
along “c” direction [20]. A schematic presentation of the
layers and changes occurring in it on modification as well
as intercalation is shown in Fig. 3a—c. The layers com-
posed of edge shared octahedral sheet of aluminum
hydroxide fanked by a tetrahedral silicate layers on either
side. Experimental XRD pattern shows drastic changes in
the dgo; peak profile of the clay observed at 20-5.8°
(Fig. 2a). X-ray diffractogram of PNC film with low
clay concentration (2 wt%) exhibits typical features of
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Fig. 2 Representative pattern of X-ray diffraction pattern of ax = 0
bx =2cx =15, and TEM picture of d x = 2 e x = 15 wt% based
on (PAN)sLiPFg + xwt% DMMT

exfoliation (Fig. 2b). On the other hand, Fig. 2c depicts
marked changes in the dgo; peak pattern of clay observed in
terms of peak shift toward lower angle side, increase in
d-spacing and reinforced peak intensity for 15 wt% clay-
loaded PNC. These changes suggest clear evidence for
enhancement in the clay gallery width (W,,) in the PNC
films when compared with organoclay XRD data [7, 21].
These results provide clear indication of intercalation of

Fig. 3 Schematic
representation of a NaMMT
clay layers b changes occurring
in it on modification

¢ intercalation of cation
coordinated polymer into the
nanometric clay galleries of
organoclay

W, = dyo - W where,

W, = Clay gallery width

)
Cation coordinated polymer chain

o= Free cation (Li*)

d,, = basal spacing in C-direction

polymer salt complex into the nanometric channels of
organoclay as per the scheme suggested in the Fig. 3a—c.
The possibility of exfoliation at lower and intercalation at
higher clay loading has further been observed and cor-
roborated by transmission electron microscopy (TEM)
results (Fig. 2d—e) [22, 23]. A confirmation of nanocom-
posite formation with this approach is expected to maintain
an effective separation between cation coordinated poly-
mer chains and anion of the salt. This, in turn, should
minimize the ion pairing/concentration polarization effect
in the PNC. To confirm this, we have systematically ana-
lyzed the possibility and strength of interaction among
composite components (i.e., polymer—ion—clay) using
FTIR spectroscopy as a tool. The results are described as
follows.

Fourier transform infrared (FTIR) analysis

Fourier transform infrared (FTIR) spectroscopy has been
used to probe the possibility of interaction among the
composite components at the microscopic level. Figure 4
shows the FTIR spectrum of PNC films based on (PAN)g
LiPFs 4+ xwt% DMMT with different organoclay concen-
trations (x = 0, 2, 7.5, 10, and 20) in the wavenumber
region (4003200 cm™'). The characteristic absorption
peak observed in the spectral pattern at the wavenum-
bers ~665, ~847, ~1071, ~1251, ~1653, ~2245, and
2940 cm~! are attributed to O0(CH,), v(PFg ), bend(CH,),
w(CH,), v(C=0), w(C=N) and v,(CH,), respectively
[24-26]. The detailed assignment of the experimentally
observed FTIR bands and effect of clay on changes in their

In an unmodified sodium montmorillonite clay
dypy =12A, W_,=9.6 A and
W, =24A

/.. _____ /;- Montmorillonite clay

W, = Clay layer width along C-axis

(a)

(b) ()
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Fig. 4 FTIR spectrum of polymer nanocomposite based on (PAN)g
LiPFs + xwt% DMMT clay

position with increasing clay concentration are recorded in
the Table 1 A comparison of the band position clearly sug-
gests that FTIR bands attributed to both the anions and the
polymer chain groups undergo changes with varying con-
centration of organoclay in the composite phase. This is
specifically pronounced in the case of PF¢~ band observed at
wave numbers 847 cm™' and PAN bands observed at wave
numbers ~ 1071, 1360, 2245, and ~2940 cm~!. These
observations provide preliminary indication of an active role
of organophilic clay (DMMT) in the polymer—ion, polymer—
clay, ion—ion, and ion—clay interaction in polymer nano-
composite films. However, it requires a rigorous analysis
before arising at any conclusion. A detailed analysis on the

@ Springer

possibility of clay-induced interaction as evidenced in
experimental result is presented briefly as follows.

Polymer—ion interaction

The characteristic absorption peak of host polymer (PAN)
attributed to stretching of methylene (CH,) group, nitrile
group (-C=N) and deformation mode (scissoring, wagging
and twisting) of the methylene group of the polymer
backbone has been observed to exhibit shift in band posi-
tion (Table 1) on complexation with salt as well as addition
of the organomodified clay into the cation coordinated
polymer matrix. Table 1 indicates that the solvent swollen
polymer band occurring at 1670 cm™" undergoes on down-
ward shift to 1635 cm™' on complexation with salt. This
lowering in band position suggests cation coordination at
the electron-rich site of the solvent swollen polymer
backbone. A similar observation of downward shift of the
vs(CH,) band of PAN from 2876 to 2872 cm ™! supports
the possibility of change in chemical environment (attach-
ment of additional groups) of the polymer host (PAN)
backbone. These results provide strong evidence of poly-
mer—ion interaction on addition of LiPFg in solvent swollen
PAN. No evidence of salt interaction with solvent (DMF)
skeletal groups (i.e., CH3;, C—CHj3, and C-N) could be
observed in the FTIR spectrum. So, the possibility of ion—
solvent interaction is ruled out. Further, the presence of a
shoulder at 2270 cm ™! (near the C=N) mode of PAN on
salt addition (shown in Fig. 5) provides a clear evidence for
interaction of ions of the salt with C=N site of the PAN
backbone [27]. Strong electron donicity of C=N favors Li*
coordination. These observations indicated beyond doubt
that polymer ion interaction occurs with —C=N as the
active site for LiT coordination. According to previous
reports [28], the absorbance in the wavenumber region
2220-2300 cm™! occurs due to two contributions; (a)
uncoordinated —C=N at 2235-2255 cm ™! (b) cation coor-
dinated —-C=N at 2255-2280 cm ™. Our observation appears
to be consistent and convincing.

lon—ion and ion—clay interaction

The typical vibrational modes of PF¢~ anion have been
observed at 559 and 847 cm™'. They are attributed to the
deformation and stretching modes of PF¢~, respectively.
The v3(PFs™) band for polymer salt (PS) complex
appearing at 847 cm™' exhibits significant asymmetry as
shown in the Fig. 6a. This asymmetric profile keeps on
changing with change in the clay concentration in the
composite phase (Fig. 6a—d). This asymmetry in the anion
stretching vibrational mode is an outcome of the
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Table 1 FTIR band assignment of polymer nanocomposite films based on (PAN)sLiPFs 4+ xwt% DMMT clay
PAN PAN IN (PAN)gLiPF¢ + xwt% NaMMT (organomodified clay) Band assignment

DMF x=0 x=1 x=2 x=5 x=175 x =10 x=15 x =20 Assigned mode Source
- - - - - 466 467 465 465 466 def(SiO) Clay
- - 559 559 559 559 559 559 559 558 def(F-P-F") Salt
666 665 669 669 669 669 671 668 668 669 def(CH,) PAN
773 773 741 741 741 741 740 741 741 741 rock(CH,) PAN
- - 847 846 848 847 849 850 842 839 vo(F2P) Salt
1075 1071 1071 1067 1065 1053 1057 1051 1050 1050 bend(CH,)* PAN
- - - 1111 1111 1111 1110 1111 1112 1112 v(SiO) Clay
1152 1151 1151 1151 1151 1151 1151 1149 1153 1153 twist(CHy) PAN
1252 1251 1251 1253 1253 1253 1253 1253 1252 1252 twist(CHy) PAN
1315 1313 1304 1304 1304 1305 1305 1305 1306 1304 twist(CH,) PAN
1362 1359 1360 1362 1363 1363 1365 1362 1363 1363 wag(CH,) PAN
- - - 1392 1392 1392 1391 1392 1391 1391 wag(CH,) PAN
1454 1455 1455 1455 1455 1455 1451 1455 1455 1452 scis(CH,) PAN
- 1670 1635 1655 1655 1658 1659 1659 1655 1658 v(C=0) Solvent
2245 2243 2245 2243 2243 2243 2245 2243 2243 2245 v(C=N) PAN
2876 2867 2872 2874 2867 2872 2872 2872 2872 2872 vs(CHp) PAN
2940 2938 2940 2941 2941 2941 2941 2940 2940 2939 va(CHy) PAN

def deformation, rock rocking, v, asymmetric stretching, bend bending, v, symmetric stretching, twist twisting, wag wagging, scis scissoring

Fig. 5 The spectral band 1.6 0-25
pattern of (-C=N) in stretching (@) PANinDMF (b) x=0
mode of (PAN)gLiPFg + xwt% 12 ] 0.20
DMMT clay composite ’
0.15-
S 08
3 0.10
L
[+ ]
o 0.4 0.05
c
_g T T T )
5 0.5 | (d) x=10
(2]
o]
<C 0.4 -
0.3 1
0.2 -
2300 2280 2260 2240 22200 2280 2260 2240 2220

degeneracy arising out of more than one contribution
possibly due to the presence of free anion (uncoordinated
PF¢ ) and ion pairs (cation coordinated PF¢ ™). In order to
be sure for this possibility the v3(PFs ) band (~ 847 cm™")
has been deconvoluted using Voigt profile with a com-
mercial software peak fit. The deconvoluted pattern com-
posed of two distinct contributions appearing at 843 and
862 cm™' as shown in Fig. 6. The peak appearing at
843 cm™' has been attributed to spectroscopically free

wavenumber (cm'1)

anions and peak appearing at 862 cm™ ' has been attributed
to presence of ion pairs [29] in the solid polymer clay
matrix. The presence of two distinct degenerate FTIR band
in the experimental spectrum of v;(PF¢™) provides an
unambiguous evidences of strong ion—ion interaction in the
PS and PNC films. The fraction of free anion and ion pair
has been estimated quantitatively using the deconvoluted
spectrum profile of v3(PFs ™) of vibrational mode using the
Egs. la and 1b as given below.
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Fig. 6 Deconvolution pattern

of v3(PFg ") in
(PAN)sLiPFs + xwt% DMMT
clay composite
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820 830 840 850 860 870 880 890

Absorbance (a.u.)

0.8 1(e) x=7.5

(d) x=20

0.2 4

0.1

0.0 4

820 830 840 850 860 870 880 890
-
wavenumber (cm’)

820 830 840 850 860 870 880 890

Table 2 Peak position of free anion and deconvoluted free anion peak of polymer nanocomposite films based on (PAN)gLiPFs + xwt% DMMT

clay

wt% Anion peak Deconvoluted anion peak data Correlation

clay conc. position (cm™H) - - coefficient (%)
Free anion peak Ton pair peak
Position (cm’l) Area (%) Position (cm™") Area (%)

0 847 842 51 863 49 0.998

1 846 845 68 869 32 0.997

2 848 847 74 873 26 0.999

5 847 845 66 870 34 0.999

7.5 849 849 84 877 16 0.999

10 850 848 74 876 26 0.999

15 842 839 54 875 46 0.999

20 839 837 52 875 48 0.999

. . Area of free anion peak
Fraction of free anion = ( P )

Total peak area
(1a)

and

(1b)

A fi i k
Fraction of ion pair = ( fcd O7 10 paif pea )

Total peak area

Figure 6b—d clearly depicts changing profile of deconvo-
luted pattern with a change in the clay loading in the PNC.
It appears that even at a very low clay concentration
(1-2 wt%), the fraction of free anion and hence free cation

@ Springer

available in the PNC matrix appears to be more when the
data is compared with that of pure polymer salt (PS)
complex. Figure 6 provides a clear picture of enhancement
in the available free charge carrier (Li* ions) on immediate
addition of clay (2 wt%) into the polymer salt complex
matrix. The fraction of free anion and hence fraction of free
cations for various clay concentration in the PNC is shown
in the Table 2. A comparison indicates relatively higher
fraction of free charge carriers at 2 and 7.5 wt% clay
concentration. Beyond this, the free anion fraction gets
reduced; however, the available free charge carrier is still
more in the composite film in comparison to that of the PS.
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These results clearly suggest convincing evidence for clay
assisted ion dissociation effect in the polymer nanocom-
posite films. This feasibility due to stronger clay—ion
interaction seems logical in view of the dipolar character-
istics of montmorillonite clay.

The variation in free anion fraction with clay concen-
tration (Table 2) is expected to have a direct impact on
electrical transport. Such a correlation would be discussed
subsequently in this article.

Polymer—ion—clay interaction

The effect of clay addition in the cation coordinated
polymer matrix has resulted in substantial changes in
the FTIR spectrum profile of polymer backbone (PAN).
This is indicated by clay concentration-dependent spectral
changes recorded in the wavenumber regions ~ 500-600,
1000-1100, 1330-1410, 2200-2300, and 29003000 cm "
attributed to bending mode of PFg~ as well as deformation
mode of (Al-O-Si), bending of CH,, wagging mode of
CH,, (-C=N) stretching and CH, asymmetric stretching
mode respectively. The changes have been noticed in terms
of shifting in band position, appearance of additional band/
shoulder and marked asymmetry in the band profile with
variation in the clay loading in the PNC matrix. These
results, which may be an outcome of the interaction of clay
with polymer and ion component of the PNC matrix, are
described systematically as follows.

The spectral band pattern in the wavenumber region
500-600 cm ™' has been deconvoluted using the Voigt amp
profile with peak fit software. The asymmetry in the band
profile shows clear presence of an additional peak attrib-
uted to clay in this region. Two distinct contributions
appearing at 533 and 559 cm ™' are shown in the Fig. 7a for
PS. The band appearing at lower wavenumber (533 cm™ ")
is attributed to free anion and wavenumber appearing at
higher wavenumber (559 cm™') is attributed to ion pair
contribution. Further, it has been noticed in the Fig. 7 that
at lower clay loading in PS matrix, the intensity of the band
at 533 cm™' gets strengthened whereas that of the band
appearing at 559 cm™' remains unaffected. As the clay
loading becomes high (x > 10 wt%) an additional peak
appears at 520 cm™'. This has been identified as the clay
peak attributed to the deformation mode of Al-O-Si.
Appearance of J(Al-O-Si) mode at x > 10 wt% of clay
shows clear evidence of interaction of clay with polymer
salt matrix. It should be mentioned here that intercalated
form of composite matrix exists at higher clay loading as
evidenced from XRD results (Fig. 2).

Figure 8 shows the spectral pattern of bending mode
of CH, band of the host polymer in the region
1,000-1,100 cm~'. The peak appearing at 1075 cm™'
attributed to bending mode of CH, changes its profile on
cation coordination with polymer backbone. A systematic
change in the profile occurs on clay loading with down-
ward shift as recorded in the Table 1. In solvent swollen

Fig. 7 The evidences of 0.05 0.3
appearing of clay peak in (a) x=0 e (b) x=2
v4(PFg™) in 0.04 (X
(PAN)SLiPFg + xwt% DMMT 0.2 /‘f '
clay composites 0.03 4 : (5 \?
-~ | \
5 0.02 3
© ’/" 0.14 4 \&
N i . ,r"/’, F\ \
8 0.01 l‘ ‘f r{)(.)m’lo(x@i)g ‘\&“
8 0.00 fressset” ool 0.0 fosees B S St
-g 500 525 550 575 600 500 525 550 575 600
» 04
e
< (C) x=7.5 0.4 (d) x=15
0.3 : j%
A\ 0.3 At
I .
0.2 4 4
0.2 4 2 ¢
&3‘3 O g Q
0.1 ¢ 0.1 f \\%Z%O‘%*;co”j ““(‘)
o ¢ s 4 Y
* UQUOQ‘P’ @ ,x"'\l 5 3
0.0 “wﬁf&ém 0.0 4 o b i}j.*wmxi

500 525 550

575 600 500 525 550 575 600
-1
wavenumber (cm')
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Fig. 8 The spectral band pattern of twisting mode CH, in PNC film
based on (PAN)gLiPFg 4+ xwt% DMMT clay

polymer (PAN), the presence of a shoulder at ~ 1045 cm™'

has been noticed (Fig. 8a). On polymer salt complexation,
the shoulder becomes diffused with a downward shift at
~1028 and 1075 cm™' peak also shifted toward lower
wavenumber side. It may be due to polymer—ion interaction
in the PS film. On adding the organomodified clay in the PS
matrix, the shoulder at 1045 cm™' gets diffused further
even at low clay loading (~2 wt%) and vanishes at higher
clay loadings. On the other hand, the peak at 1075 cm™'
undergoes significant broadening and shows downward
shift on higher clay loadings (Fig. 8). These evidences
suggest strong possibility of polymer—ion—clay interaction
in the PNC phase. This possibility is further corroborated
by the changes in the intensity ratio of the CH, breathing
(wagging) vibrational mode of PAN skeleton appearing in
the wavenumber region ~ 1330-1410 cm™'. The two dis-
tinct contributions appearing at ~ 1362 and ~ 1390 cm™'
undergo relative change intensity profile with varying clay
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Fig. 9 Changes in band profile of wagging mode of CH, in
(PAN)gLiPF¢ 4+ xwt% DMMT clay-based films

concentration (Fig. 9). The wagging mode of CH,
appearing initially as a well resolved peak at 1362 cm™"
becomes a shoulder for clay concentration x > 10 wt%. An
analogous effect can be seen in terms of clay-induced
changes in the spectrum profile of v,(CH,) band attributed
to host polymer skeleton vibrational mode. This is depicted
in the Fig. 10. The spectrum clearly shows noticeable
change indicated by peak broadening and appearance of
shoulder that changes its profile in the spectrum with clay
concentration. The weak shoulder observed in the solvent
swollen polymer host matrix appears to vanish on imme-
diate addition of salt and it reappears with substantial peak
broadening at x = 2 wt% clay concentration. Further clay
addition reinforces the effect. These results observed in the
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Fig. 10 Changes in band profile of asymmetric stretching mode of
CH, in (PAN)gLiPF¢ 4+ xwt% DMMT clay film

FTIR spectrum provide strong and convincing evidence for
interaction among the composite components of the PNC
films, i.e., polymer—ion—clay interaction. Such an interac-
tion causes substantial impact on ion association/dissocia-
tion process in the heterogenecous PNC matrix. Clay-
induced ion dissociation would release free mobile charges
and assist in enhancement in the ion transport properties of
the PNC films. This is analyzed as follows.

Role of clay concentration on ion dynamics and mobile
charge carrier concentration

The electrical conductivity in PNC films has been analyzed
and evaluated using complex impedance spectroscopy
technique. The representative complex impedance spec-
trum (CIS) pattern of PNC films (x = 0 and x = 7.5 wt%)
at room temperature is shown in Fig. 11. It shows a typical
response, comprising a semicircular arc in the high-fre-
quency region followed by a steeply rising spike in the
low-frequency region. The intercept of the semicircular arc
with the spike on real axis gives an estimate of the sample
bulk resistance (Rp). A non-linear least square fitting of the
impedance response of PS films agrees well with an elec-
trical equivalent circuit model comprising a parallel com-
bination of resistance (R) and constant phase element
(CPE) in series combination with another CPE. The pres-
ence of constant phase element in a sample response is a
testimony of its multiphase characteristics comprising a
microstructure having both crystalline and amorphous
phases. The impedance of CPE is normally represented as
Zcpg = m, where i =+v/—1, Qy and “n” are fitting
parameter such that it may behave as an electrical analogue
of resistance, Warburg impedance capacitance and induc-
tance for different values of n =0, 0.5, 1, and —1,

Fig. 11 The representative CIS 6

pattern of polymer |(@) ® x—=00 mlsd (b) ® x=7.5msd
nanocomposite (x = 0 and 5 R=1589Q —x=0 ca 75 —O—x=7.5 cal
x = 7.5 wt%) films at room R Qdlx 10
temperature 1 )
4 Q Q)
: — 50 -
—_ 3 5
g 3 = R=13Q
= N R Q=3.7x10"5
N =038
21 25 - Q)
Q
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N _R=15890 04
0 1 2 3 4 5 6 0 10 20 30 40 50 60 70 80 90 100
Z' (kQ) 2'(Q)

@ Springer



1926

J Mater Sci (2011) 46:1916-1931

respectively. The electrical conductivity has been esti-
mated with the bulk resistance (Ry,) obtained from complex
impedance result, using the formula ¢4, = Ribf. This pro-
cess has been followed for all the PNC samples and their
conductivity (room temperature and at 100 °C) has been
observed as a function of clay concentration. Larger the
conductivity higher is the availability of the mobile
charges.

Figure 12 shows the representative pattern of mechani-
cal loss peak (tand vs. temperature) of PNC for x = 0, 2,
and 15 wt% observed in the DMA result. The glass-tran-
sition temperature (T,) has been estimated from loss peak
of dynamic mechanical analysis results. Peak asymmetry
prompted us to use Voigt profile fitting of the temperature
evolution of mechanical loss pattern. It gave two distinct
contributions in the tand versus temperature profile. The
deconvoluted mechanical loss peak occurring at lower
temperature is attributed to the glass-transition temperature
of the polymer salt (PS) complex, whereas the high-tem-
perature loss peak may be related to the glass-transition
temperature of PAN. The glass-transition temperature
peaks in the DMA loss pattern basically refers to the
structural phase transition from a rigid framework structure
(plastic phase) to an elastomeric (rubbery) phase under
thermomechanical stress. This estimate for 7, is therefore
considered more reliable than that from DSC. Results
indicate that a lowering in the glass-transition () tem-
perature occurs at lower clay concentration when compared
with respect to that of the PS. A relative lowering in the T,
at lower clay loading points toward enhancement in the
flexibility of the polymer backbone. This in turn may be

expected to increase polymer chain motion in the PNC
phase. Since cation coordination occurs at electron-rich site
(-C=N) of the host polymer, any enhancement in the
polymer chain motion would favours faster ion dynamics
such an effect, therefore may cause substantial tailoring of
electrical conductivity of the PNC films depending on the
fraction of clay loading.

The electrical conductivity, estimated at room temper-
ature for various clay concentrations is shown in Fig. 13a.
A comparison suggests an immediate enhancement by
~26 times in the conductivity for ~2 wt% clay when
compared with that of PS film. This may be attributed to
the release of free charge carriers due to polymer—ion—clay
interaction. Such an interaction causes significant ion dis-
sociation due to an active role of clay in weakening the
co-ordination bond between —C=N-Li" ion. This feasi-
bility seems logical and valid in view of the experimental
evidences from FTIR analysis. Further, an increase in clay
concentration modulates the electrical conductivity of the
polymer nanocomposite films drastically. A maximum
electrical conductivity ~3.7 x 1073 S em™ ! (~ 110 times)
has been observed for 7.5 wt% organoclay loading in the
PNC at room temperature (Fig. 13a). This change may be
related to the combined effect of polymer chain flexibility
(lowering of glass transition temperature) as well as increase
the number of free charge carrier at room temperature. Lower
the glass-transition temperature, higher the polymer chain
flexibility causing enhanced dynamics of cation coordinated
polymer chain. This in consequence, would increase the rate
of charge migration. Converse is true for an increase in glass-
transition temperature. An excellent correlation of the

Fig. 12 The representative loss 0.08
pattern (tand vs. temp in DMA) i S
of PNC films based on (c) x=15 ™,
(PAN)GLiPFs + xwt% DMMT 0.04 + S
clay at x = 0, 2, 15 from DMA | i =
analysis — -
0.00 e & S —
0.10 o
)
c
8 0.05 -
0.00 == -
0.15 l
0.10 - e
{(a) x=0 -~
0.05 z =
0.00 == — s
T T T T T
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Fig. 13 The correlation spectrum of dc conductivity, fraction of
free anion and glass-transition temperature of PNC films based on
(PAN)sLiPFs + xwt.% DMMT clay

minima in T, and maxima in the fraction of free anion var-
iation with the maxima in the g4, variation with organoclay
concentration (Fig. 13a—d) appears convincing in support of
our proposition. These types of variation of these physical
parameters with organoclay concentration are reported in
literature earlier also [30, 31]. The experimental result of
electrical conductivity in polymer nanocomposite films
depends strongly on the number of free mobile charge carrier
in the sample matrix available for charge transport. It is

estimated from the quantification of deconvoluted FTIR
profile of v3(PFs ™) band. The enhancement of free mobile
charge carrier causes a substantial increase in electrical
conductivity that appears to be consistent and logical in
accordance with the relation;

Odc(total) = Z qinil;
i

where n; is the fraction of free anion/cation, g; is ionic
charge, and y; is ionic mobility. Since ¢; and y; are constant
for a particular ionic system; the dc conductivity may be
considered directly proportional to the number of free
anion/and hence free cation fraction (n;). As a conse-
quence, conductivity would be higher at a clay concen-
tration where value of n; is higher, i.e., more number of free
mobile charge carrier are available.

Discussion

An excellent correlation between free mobile charge con-
centration and dc conductivity variation w.r.t. organoclay
concentration suggests an active role of clay in the release
of charge carriers for mobility in the PNC matrix. Evidence
of this possibility has been provided in the FTIR results in
terms of polymer—ion—clay interaction. The bulky anion
PF¢~ present in polymer nanocomposite films ((PAN)g
LiPFg + xwt% DMMT) is highly sensitive to FTIR and
Raman excitations with a probability of 15 (3N-6; N = 7)
fundamental vibrational modes, [29, 32, 33] in its free
(uncoordinated) state, arising out of its octahedral (Oy)
symmetry. The 15 vibration modes of free PFs~ anion can
be represented as

I = ajg + €y + 2ty + thg + oy

Of these modes, vi(aj,), Vva(eg), and vs(tr,) are Raman
active having degeneracy 1, 2, and 3, respectively. On the
other hand, v5(t;,) and v4(t;,) modes are IR active with
degeneracy three each, whereas the triply degenerate
ve(tay) mode is inactive in both IR as well as the Raman
spectrum.

Any possible co-ordination of PF¢~ group with counter
ions usually results in lowering of the PFs~ symmetry from
Oy, to C4,/C,,/C3, depending on the nature of the cation
coordination (monodentate/bidentate/tridentate) with PFg™
group. Structural symmetry of hexafluorophosphate anions
(PF¢ ) in its free state and state of interaction with Li* ion
are shown schematically in the Fig. 14a—d. The distinct
possibilities of Li* coordination with PFs~ seem consistent
with its maximum coordination number ~5. The weaker
ion—ion interaction is represented by Fig. 13b. As the
number of F-atom bonded to Li™ increases the strength of
ion—ion interaction become stronger.
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Fig. 14 Structural symmetry of hexafluorophosphate anions (PFs ")
during free state and state of interaction a free anion, b monodentate,
¢ bidentate, d tridentate

Scheme

A number of models have been proposed to explain the
filler/clay-dependent changes in electrical properties of the
composite phase. The central idea of all such models is
based on a concepts including; (i) Lewis acid-base inter-
action between polymer—ions—fillers [34, 35], (ii) adsorp-
tion of polymer onto the filler surface and (iii) van der
Waals interaction between filler particles [36]. The gist of
most of the models lies in accepting the role of the fillers as
a supporting matrix in the composite phase [37]. The role
of organophilic clay in an intercalated composite matrix
and its impact on variation of electrical conductivity in the
composite phase has not yet been explored. The experi-
mental evidences from FTIR spectroscopy, conductivity,
and polymer glass transition dependence on clay loading
has prompted us to analyze and propose a model to explain
the charge transport mechanism. It is discussed below.

@ Springer

In the case of pristine PS matrix, Lit cation may
expected to have a coordination number ~4, 5, and 6
[38—40] depending upon the chemical environment around
free lithium cations. This suggest that Li* cation may get
coordinated at the most with 4, 5, or 6 electron-rich
nitrogen (-C=N) sites of the polymer host matrix due to
polymer—ion—clay interaction evidenced in FTIR results. In
this case, the bulky anion (PFs™) is expected to remain
hanged somewhere in the polymer backbone as an unco-
ordinated free anion as per the scheme proposed in the
Fig. 15 (stage 1). Such a possibility has already been evi-
denced in the FTIR results (Fig. 6).

Stage 1 of the model shown in the Fig. 15 depicts a
scheme for possible polymer-cation coordination which
can be of two types: (i) direct coordination of cations with
electron-rich site (<C=N) of the polymer chains and/or (ii)
coordination of cations to polymer chain bridged by anions.
The former possibility seems more feasible during the
polymer salt complexation. Initially, the presence of neg-
ative charge at the surface of nanometric clay galleries
favors easier entry of cation coordinated polymer chains
into it. Such a feasibility is thermodynamically viable
(AG = —Ve) as well as favored by coulombic interaction
between the cation coordinated polymer and clay surface
having —ve charges on it. This is shown in stage 2 of
Fig. 15. In view of an evident feasibility of ion-clay
interaction, observed in the FTIR results on ion-ion and
ion—clay interaction, the dipolar clay platelets may be
expected to interact strongly with the cation coordinated
(-C=N) group in the polymer backbone. In fact, it seems
reasonable in view of the Lewis base properties of the —-C=N
group. At lower clay loading in the PNC, the number of
channels available in the clay (component 1) is far less than
the quantity of cation coordinated polymer chains (compo-
nent 2) seeking entry. The coulombic interaction between the
two components of the composite creates an imbalance
resulting into the rupture of clay platelets. As a consequence
exfoliation is the natural possibility. This is depicted in the
stage 2 (2A). As the clay concentration increases, the number
of available clay galleries becomes large with the possibility
to accommodate larger fraction of cation coordinated poly-
mer chains. As a result, intercalation occurs as evidenced in
XRD and TEM results (Fig. 2). This possibility has been
represented schematically in the stage 2 (2B).

The next step in this model is to explain the clay
concentration-dependent tailoring in d.c. conductivity. An
enhancement in the conductivity of the composite phase
depends on a number of factors such as (i) polymer glass
transition and local chain motion, (ii) electrical properties
of each component in the PNC and their effective
strength in the composite structure, (iii) interaction among
components in the nanocomposite matrix, (iv) number of
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Fig. 15 Scheme based on ion
conduction mechanism, step I:
cation coordination with
polymer backbone side, step 2:
possibility of interaction of
cation coordinated polymer with
clay tactoids, step 3: release of
free charge carriers (cations)
from the coordinated polymer
chains on addition of clay in the
PNC films

available free charge carrier for mobility in the heteroge-
neous nanocomposite phase, and (v) distribution of the
composite components, etc. A comparison of d.c. con-
ductivity, in the present investigation, indicates a clear
enhancement by ~26 times at room temperature and ~ 8

Symbols: Stage - 1:
% Feasibility of Polym¢
(R — Smectite C1 Electron rich(C = N)
mec ay /ldnﬂan g Bulky Anion Cation ® Cali.on qurdnaﬂon
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e=+ Li* Cation

F e N~

(Octahedral (0y) Swun‘gy. Lj+
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/"\r/"\ﬂ/ — Electron Rich sits W + ®- so———— /"\._{"\_/

Palymer chain (PAN

H LEN J> — Free mobile cation

|‘ |_‘ Polymer Chain Salt
—=C - {PAN) (LIPFg) Polymer Sait .
|| (PS) Complex L]
HH
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Low clay loading
=
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* o |
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.
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Ancther Possible Intercalated Composite structure

times at 100 °C at a clay loading of 2 wt% in the PNC
relative to PS. This enhancement may be related to the
direct interaction of organophilic dipolar clay platelets
with the cation coordinated polymer chain due to Lewis
acid—base-type interaction. This possibility seems logical
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because -C=N-Li" site in the polymer chain behaves as a
Lewis base, whereas the organophilic clay acts as Lewis
acid. Evidences of such an interaction in the PNC phase
has been noticed in terms of polymer—clay and ion—clay
interaction in the FTIR results of Figs. 5-10, respectively.
As a consequence the coordinated cations are released and
become available as a free mobile charge carrier. An
enhancement in the fraction of free anions at 2 wt% clay
loading noted in the FTIR results (Fig. 6), provides evi-
dence of clay-assisted conductivity enhancement. This
enhancement is further supported by a lowering in the 7,
at 2 wt% (Fig. 13) causing flexibility in the polymer
backbone/enhancement in the local chain motion of the
polymer backbone. The net conductivity enhancement,
although relatively lower at 2 wt%, is the result of direct
interaction of clay platelets with the Li* coordinated
polymer that seems logical in the exfoliated PNC. As the
clay concentration increases, a redistribution of the clay
occurs in the composite phase whereby a rearrangement
from exfoliated to intercalated nanocomposite structure is
the likely possibility. Feasibility of such a structural
change and modulation in the distribution of clay platelets
may possibly weaken the interaction among composite
components. So, the availability of free mobile charge
carrier decreases (Table 2) with further rise in clay con-
centration (x > 5 wt%). Intercalation of the cation coor-
dinated polymer chains into the nanometric clay galleries
has been confirmed in the experimental results (Fig. 2)
with significant enhancement in the width of clay galleries
displayed schematically in Fig. 3. These evidences suggest
that entry of cationic charge (Li*) along with polymer
chain into the organophilic clay galleries at higher clay
loading (~7.5 wt%) facilitate an effective separation of
cation (Li*) from the counter ion (PF¢~). The outcome is
minimization of ion pairing/concentration polarization
leading to maximization of charge transport in the PNC
film. This hypothesis is strongly supported by a very large
enhancement in the room temperature conductivity (by
~ 110 times) at 7.5 wt% clay concentration in the PNC.
The FTIR results of Figs. 5-10) and the excellent corre-
lation of 64, T,, and FFA observed in Fig. 13 are con-
vincing testimony for the proposed idea and seem
consistent with the models presented in the stage 3A and
3B of Fig. 15.

The final drop in conductivity at elevated clay concen-
tration may be related to the random/disordered distribu-
tion of clay particulates in the composite phase as per the
scheme proposed in stage 3C. Although no direct evidence
for this possibility could be noticed in experimental results,
an enhancement in 7, (Fig. 13) at higher clay concentra-
tion (x > 10 wt%) supports lowering of polymer chain
dynamics.

@ Springer

Conclusions

We report experimental results on ion-conducting poly-
mer—clay nanocomposite films in exfoliated and interca-
lated phases spread over a different loading fractions of the
clay in the PNC. The possibility of exfoliation/intercalation
is confirmed in XRD/TEM results. FTIR results indicated
clear evidence for polymer—ion, ion—ion, and polymer—
ion—clay interaction. Evidences suggest that coordination
of PF¢™ group with counter ions usually results in lowering
of the PFs~ symmetry from O, to C4,/C,,/C;5, depending
upon the nature of cation coordination. DMA analysis
gives two distinct contributions for glass-transition tem-
perature of the host polymer in the tand versus temperature
profile. Lower temperature shows the glass-transition
temperature of polymer salt complex, whereas the higher
temperature has been attributed to the glass-transition
temperature of host polymer. An excellent correlation of
the changes in glass-transition temperature with fraction of
free charge carriers and o4, has been noticed in the present
investigation. A mechanism for clay-induced charge
transport in the PNC has been proposed to explain the
observed changes on the basis of polymer—ion—clay inter-
action. Proposed mechanism appears to be consistent and
convincing on in the light of experimental results.
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