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ABSTRACT: The addition of optimum cetyl pyridium chloride (CPC)-modified montmo-
rillonite (CM) increases the ionic conductivity of poly(acrylonitrile)-based electrolytes
by roughly two orders of magnitude. Specific interactions between the silicate layer, the
nitrile group, and the lithium cation were investigated by FTIR, solid-state NMR,
dielectric analyzer, and alternating current impedance. IR and NMR spectra confirm
that the negative charges in the silicate layers alter the ionic charge environment of the
PAN-based electrolyte composites, which have the same function as the polar group in
PAN. The optimum CM content to achieve the maximum ionic conductivity is 6 phr.
However, untreated montmorillonite leads to insignificant polymer intercalation, the
negative charges in the silicate layers fail to appreciably disturb the attractive force of
the lithium salt, and the resulting conductivity improvement is also less than that of
the CM additives. © 2001 John Wiley & Sons, Inc. J Polym Sci Part B: Polym Phys 39:

2407-2419, 2001
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INTRODUCTION

During the past decade, lithium salt—based elec-
trolytes have been the focus of numerous funda-
mental and application-oriented studies.’~® Most
Li*-based polymeric electrolytes have one draw-
back, that of low ionic conductivity at ambient
temperature. One approach to produce electro-
lytes that possess high conductivity and maintain
sufficient performance is to prepare a polymer
electrolyte nanocomposite. Because of their small
particle size and intercalation property, forming
an intercalating polymer in layered inorganic
hosts is the most promising method. Numerous
studies® 2! have reported that the high surface
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area additives, such as ceramic powder and min-
eral clays, retard the crystallinity of the polymer
matrix. Furthermore, given the high amorphous
area, the polymer chains are more flexible in the
system. Vaia et al.® reported that the interca-
lated clay layers enhance the ionic conductivity of
polymeric electrolytes.'® 2! However, this mech-
anism of enhancement is not clearly understood.

In this work, via solid-state NMR, Fourier
transform infrared (FTIR) spectroscopy, dielectric
analyzer (DEA), and alternating current (ac) im-
pedance, the complicated interaction between
poly(acrylonitrile) (PAN), clay, and lithium tri-
flate salt (LiCF3S0,) is clarified as an ionic inter-
action within the solid state. In addition, an in-
crease in ionic conductivity that was observed
within the composite system is discussed regard-
ing the formation of contact-ion pairs and higher
ionic aggregates. As well, via IR spectra of CN™
and CFj; vibrations, the cause of conductivity
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variation will be investigated. These vibrations
are employed to interpret the formation of the
PAN-LiCF4SO; complex and ionic aggregates.
The purpose of this work is to emphasize the
extraordinary effect produced when clay is added
to the PAN/Li*/clay blend system.

EXPERIMENTAL

Materials
Sample Preparation

The poly(acrylonitrile) (PAN) with a weight-aver-
age molecular weight of 150,000 was purchased
from Polyscience Chemicals. The lithium triflate
(LiCF3S0;) (Aldrich Chemicals, Milwaukee, WI)
was dried in a vacuum oven at 80 °C for 24 h and
then stored in a desiccator prior to use. DMF was
refluxed at a suitable temperature under a nitro-
gen atmosphere prior to use.

The clay, sodium montmorillonite (1 g), and 50
mL distilled water were placed in a 100-mL bea-
ker, and 0.78 g of cetyl pyridium chloride (CPC)
was added to the solution (clay/CPC = 1/2). The
mixture was stirred vigorously for 8 h and then
filtered and washed with deionized water. The
modified clay was dried in a vacuum oven at 60 °C
for 24 h. The CPC-modified montmorillonite (CM)
was highly hydrophobic.

Preparation of Solid Polymer Electrolyte (SPE)

Dissolving desired amounts of PAN, vacuum-
dried LiCF3SOg salt, and CM in dry DMF formed
PAN-LiCF3SO4/CM nanocomposites of varying
compositions. Following continuous stirring for
24 h at 80 °C, these solutions were maintained at
50 °C for an additional 24 h to remove the solvent,
and then further dried under vacuum at 80 °C for
a subsequent 3 days. To prevent contact with air
and moisture, all nanocomposites were stored in a
dry box filled with nitrogen.

Methods
X-ray Measurements

Wide-angle diffraction (WAXD) experiments were
conducted on a Rigaku X-ray diffractometer
(Rigaku, Japan) that employed Cu Ka radiation
(18 kW rotating anode, A = 1.5405 A), and were
performed at 50 kV and 250 mA with a scanning
rate of 2°/min.

Transmission Electron Microscopy (TEM)

TEM photomicrographs of prepared nanocompos-
ites were taken on a JEOL-200FX transmission
electron microscope (JEOL, Japan) that was op-
erating at 200 kV of accelerated voltage.

FTIR Measurements

The conventional NaCl disk method was em-
ployed to measure infrared spectra of composite
films. All polymer films were prepared within an
N, atmosphere. The DMF solution was cast onto a
NaCl disk, from which the solvent was removed
under vacuum at 70 °C for 48 h. All infrared
spectra were obtained in the range of 4000—-600
cm ! within a Nicolet AVATRR 320 FTIR spec-
trometer (Nicolet Instruments, Madison, WI)
with a 1 ecm ™! resolution.

NMR Characterizations

High-resolution solid-state “Li NMR spectra were
recorded on a Bruker DSX-400 spectrometer
(Bruker Instruments, Billerica, MA) at a reso-
nance frequency of 155.5 MHz. The “Li magic
angle spinning (MAS) spectra were measured
with 3-ps 90° pulse angle, 2-s pulse delay time,
2048 scans, and spinning speed 3 kHz. All NMR
spectra were recorded at 300 K with proton de-
coupling and MAS of 10 kHz.

Dielectric Constant Analyses

A TA Instruments DEA 2970 (TA Instruments,
New Castle, DE) at 100 Hz was employed to mea-
sure the dielectric constant of the composite at
varying temperatures (50 to 150 °C). The speci-
men thickness varied from 0.25 to 0.3 mm.

Conductivity Measurements

Alternating current ionic conductivities were
measured on an AUTOLAB designed by Eco Che-
mie within the frequency range from 10 MHz to
10 Hz. The composite film was sandwiched be-
tween stainless steel blocking electrodes (1 cm
diameter). The specimen thickness varied from
0.8 to 1.2 mm, and the impedance response was
recorded between 30 and 120 °C.

RESULTS AND DISCUSSION

Dispersion of Clay in the PAN Matrix

The X-ray diffraction patterns for the dried clay
(MMT) and the CPC-modified montmorillonite
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Figure 1. WAXD patterns of (a) MMT, (b) CM, and (c) polymer nanocomposite with
8 phr CM.

(CM) are presented in Figure 1(a) and (b). Upon
intercalation, the basal spacing expanded from
12.3 to 20.5 A, indicating the incorporation of
large surfactant molecules, as displayed in
Scheme 1. Figure 1(c) presents the X-ray pattern
of PAN with 8 phr CM nanocomposite with a
broad diffraction peak. The large broadening
peak with a higher interlayer spacing (22.06—
17.56 A) indicates that intercalation of the poly-
mer chains further expends the interlayer spac-
ing within the galleries.

Scheme 1 shows that the hydrated cations are
exchanged with bulky alkylammonium molecules
to form larger interlayer spacing. The modified
clay (CM) is organophilic with a lower surface
energy, which is more compatible with organic
polymers. The polymer chains intercalate within
the galleries as a result of the negative surface
charge, and the cationic head group of the alky-
lammonium molecule preferentially resides on
the layer surface.

Scheme 1 does not depict the construction of
the incorporated surfactant molecules within the
silicate layers. The molecular length of CPC, cal-
culated by constructing the completely structure
space filling (CPK) model, is 22.945 A. When the
sum of the calculated molecular length and a sil-
icate layer with the observed basal spacing are
compared, it is anticipated that the CPC is ori-
ented diagonally within the silicate layers of

MMT (Scheme 2). The angle of CPC slant to the
MMT layer « is calculated based on the following
equation:

sin o = (d — 10)/L, «=15.721°
where L is the molecular length of the CPC and d
is the basal spacing.

TEM was employed to further characterize
nanocomposite morphologies. Figure 2 illustrates
TEM images of PAN/CM nanocomposites with
CM contents of 8 and 14 phr. Examination of
these TEM photomicrographs reveals stacked sil-
icate layers. At a higher filler content (14 phr
CM), well-exfoliated and better-dispersed nano-
sized sheets are observed. These ordered aggre-
gates are separated randomly (50—1500 A) and del-
aminated layers are separated by approximately
20-25 A. Furthermore, a certain fraction of the CM
layers is embedded in the polymer matrix, to form a
completely exfoliated arrangement.

Infrared Spectra

Because the nitrile group is a strong electron do-
nor, within the PAN-based polymer electrolyte,
the Li" ion tends to complex with the nitrogen
atom of the nitrile group (CN™). Infrared is a
powerful tool to monitor ionic association. Accord-
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ing to previous publications,?' 726 the peak at 2243
cm ! in Figure 3 represents the free C=N group
of PAN. When the lithium triflate was added, a
small peak corresponding to the interaction be-
tween the lithium cation and the C=N group
appears at 2269 cm ™ !. When the CM content in
(PAN)gLiCF3;S05/CM system is varied, the shoul-
der at 2269 cm ! does not shift, although the
relative band intensity increases with increasing
CM content. This observation indicates that the
presence of the CM enhances the interaction of
the PAN polar group with the lithium cation.

PI

[ !

Scheme 2. Mode of CPC molecule between layers of
montmorillonite.

Proposed model of the intercalation of CPC surfactant into smectite MMT

The 6,(CF3) internal mode of the CF;SO; anion
displays an identical trend. This internal mode is
particularly sensitive to the local anionic environ-
ment.??27-2% The corresponding band, which orig-
inated from the triflate ion 5,(CF3) mode, reflects
the dissolution of the triflate ionic species in the
PAN. The corresponding intensity of the §,(CFy)
mode provides quantitative information regard-
ing various anionic species distribution. Many
studies?®3%3! have attributed the components at
about 752, about 758, and 763 cm ! from other
polymer—lithium triflate systems to free anions,
ion pairs, and Li,CF;SO; triple ions, respec-
tively. Figure 4 presents IR spectra of the §,(CF;)
mode as a function of CM concentration for the
(PAN)gLiCF4SO4/CM system, in which a large ab-
sorption band at about 770 cm ! and a broad
component at about 766 cm ' appear. With an
increase in CM concentration, these &,(CF5)
bands do not show any evidence of dissociation of
these species into spectroscopically free anions.
The chief band at about 770 cm ™! displayed in
Figure 4(a) is attributed to the CF3;SO; anion
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Figure 2. TEM micrograph (X60K) of PAN filled with various CM concentrations (1

mm = 600 nm): (a) 8 phr, (b) 14 phr.

interacting extensively with lithium cations, an
indication of larger ionic aggregations. The rela-
tive broad and minor component at 766 cm !
comes from the ion-pair species. An increase in
CM concentration, as presented in Figure 4, in-
creases the 766 cm ! ion-pair band at the expense
of the larger ionic aggregate component at 770
cm ' These IR trends of the §.(CF;) mode con-

firm that the CM facilitates CN group interaction
with the lithium ion and causes reduction of the
attractive force between cationic and anionic ions
of LiCF3S0,.

Figures 3 and 4 depict the dramatic changes of
IR spectra, which confirm that the addition of CM
significantly influences the entire cationic charge
environment. The negative charge in the silicate
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Figure 3. Infrared spectra of the symmetric nitrile-stretching mode (C=N group) of

PAN-based nanocomposite and LiCF;SO; composite electrolytes. [PAN]/[LiCF5SO,]
equivalent ratio = 8, containing various CM contents.
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Figure 4. Infrared spectra of §,(CF;) internal modes of PAN-based composite elec-
trolytes. [PAN]/[LiCF4SO,] equivalent ratio = 8, containing various CM contents: (a) 0

phr, (b) 4 phr, (¢) 8 phr, (d) 14 phr.

surface layers interacts with the lithium cation
and plays the same role as that of the polar group
in PAN. Based on this knowledge regarding the
(PAN)gLiCF3SO4/CM composite microstructure,
the total structural geometry of this PAN-based
polymer electrolyte is depicted in Scheme 3. The
surface energy of the modified organophilic clays
(CM) is lower relative to that of the untreated clay
and becomes more compatible with organic poly-
mers. Therefore, polymer chains can intercalate
more easily within the clay galleries. The incor-
poration mechanisms of polymer chains are pre-
sented in Scheme 3(a) and (b). Scheme 3(c)
depicts the polymer electrolyte nanocomposite, in
which the lithium triflate diffuses into the
PAN/CM composite. Scheme 3(c) also illustrates
the lithium cation interaction with polar groups
of the PAN, the silicate layers, and anionic ions.
When Scheme 3(c) and the experimental find-
ings from the IR spectra are compared, the nega-
tive charges in the silicate layers are expected to
reduce the attractive force of the Li*- - -CF;SO;.
By weakening the attractive force within the lith-
ium salt, these CN polar groups are able to inter-

act more easily with lithium cations, as confirmed
by previous IR spectra (Fig. 3).

It is concluded that the charged environment of
the (PAN)gLiCF3S04/CM composite has changed
as a result of acid—base interactions that involved
the CN polar group, filler base, and alkali metal
cations. The clay filler alters the fraction of the
available CN sites, which in turn changed the
formation of varying ionic types (free ions, ion-
pairs, or ionic aggregates).

In Figure 5, the adsorption band of PAN at
about 1662 cm ' can be attributed to the free
C=O0 of the residual solvent DMF. For the
(PAN)gLiCF3SO5 membrane, the appearance of
other adsorption band at the lower frequency of
about 1633 cm ! is at the expense of the free
C=O0 group (~ 1662 cm !). The interaction be-
tween lithium cations and C=0 reduces the free
C=O0 adsorption band (~ 1662 cm !). However,
the intensity of the interaction band (~ 1633
cm 1) decreases gradually with increasing CM
content. This decreased intensity at about 1633
cm ! confirms that the silicate layers interact
with the lithium cation and thus reduce the ex-
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Scheme 3. Schematic representations of (a) CM modification with CPC; (b) incorpo-
ration of PAN into CM layers, producing PAN-based nanocomposite; and (c) incorpo-
ration of the PAN-based nanocomposite with lithium triflate (LiCF;0) to form polymer

electrolyte.

tent of C=0 group interacting with the lithium
cation.

NMR Experiments

The “Li solid-state NMR spectrum was employed
to characterize the interaction behavior in
(PAN)gLiCF3SO4/CM electrolyte nanocomposites.
Figure 6 presents the scale-expanded “Li magic
angle spinning (MAS) NMR spectra with high-
power proton decoupling and the corresponding
peak assignments of various CM concentrations

in the (PAN)gLiCF3SO5/CM system. With the ad-
dition of CM, the lithium cation peak of the lith-
ium triflate shifts dramatically downfield, thus
reflecting the complex interaction strength. This
observed chemical shift increases with an in-
crease in CM concentration, implying that CM is
a strong electron donor that interacts with lith-
ium cations and thus decreases nucleus shielding.

Dielectric Property

As is well known, adding a plasticizer with a
higher dielectric constant than that of the poly-
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Figure 5. Infrared spectra of C=0O groups in PAN-based composite electrolytes.
[PAN]/[LiCF3SOs] equivalent ratio = 8, containing various CM contents: (a) PAN; (b)
(PAN)gLiCF,;SO3; (¢c) CM = 6 phr; (d) CM = 10 phr.

mer host facilitates ion dissociation and increases ionic conducting polymers. Clay is a natural min-
the number of available charge carriers. Thus, the eral with high dielectric constant. Therefore, if
dielectric constant is of particular significance to the plasticizer is replaced with clay, polar groups
(d) 15 phr
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(b) 2 phr
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Figure 6. Scaled “Li CP/MAS NMR spectra region of PAN-based composite electro-
lytes. [PAN]/[LiCF;SO;] equivalent ratio = 8, containing various CM contents: (a) 0
phr, (b) 2 phr, (¢) 6 phr, (d) 15 phr.
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Figure 7. Dependency of dielectric constant of PAN/CM nanocomposites with various
levels of CM on temperature: (H) 50 °C; (@) 70 °C; (A) 90 °C; (¥) 110 °C; (¢) 130 °C; (€

150 °C.

in the polymer can be enhanced to facilitate lith-
ium salt ion dissociation. To confirm this assump-
tion, the dielectric behavior of the PAN/CM
blends without the lithium salt must be obtained.
Figure 7 presents the effect of CM concentration
on the PAN dielectric constant when tempera-
tures are varied from 50 to 150 °C at a constant
100 Hz. These curves indicate that, at all temper-
atures investigated, the dielectric constant in-
creases as the CM concentration is increased. Ta-
ble I presents values of the dielectric constant
with varying CM contents and temperatures. For
example, the dielectric constant of the blank PAN
at 50 °C is 4, which increases to 8.77 with 8 phr
CM. The change in dielectric constant can be at-
tributed to the dipole within the silicate layers.

The composite containing a lower CM content
contains smaller dipoles, which orient in the di-
rection of the applied field. Alternately, the com-
posite with high CM and a greater fraction of
silicate layers contains more negative charges (di-
poles), which orient in the direction of the applied
field, resulting in a higher dielectric constant.
Given the higher mobility of the polymer matrix,
higher temperatures also result in higher dielec-
tric constant of the composite, as would be ex-
pected.

Conductivity

Figure 8 presents Arrhenius plots of the temper-
ature dependency of the ionic conductivity for the

Table I. Dielectric Constant for PAN/CM Hybrid as a Function of CM Additive

Dielectric Constant

Composition
(CM, phr) 50 °C 70 °C 90 °C 110 °C 130 °C 150 °C
0 4.00 5.20 8.00 16.2 28.40 46.00
2 4.49 5.52 8.21 15.89 24.03 35.09
4 5.43 7.16 11.31 21.33 34.78 55.82
6 6.00 8.29 13.59 26.17 41.90 69.90
8 8.77 13.22 23.11 42.60 67.10 110.60
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Figure 8. Arrhenius conductivity plots of PAN-based
composite electrolyte containing various contents of
CM: (W) O phr; (®) 2 phr; (A) 4 phr; (V) 6 phr; (®) 8 phr;
(€) 10 phr; (») 12 phr; (®) 15 phr (where [PAN]/
[LiCF;S04] equivalent ratio = 8).

(PAN)gLiCF3SO4/CM electrolyte nanocomposites
containing various CM concentrations. Conduc-
tivity varies with the CM content by several or-
ders of magnitude. Also, conductivity increases
with an increase in CM content and attains a
maximum value when the CM concentration is 6
phr. Subsequently, the conductivity decreases
gradually with further increase in CM content.
Figure 9 presents the conductivity versus CM
content for the (PAN)gLiC5SO5/CM electrolyte
nanocomposites at various temperatures. A con-
siderable increase in conductivity is observed
when the CM additives are added and the maxi-
mum ionic conductivity is achieved at the CM
concentration of 6 phr. When the CM is increased
to 8 phr, the conductivity drastically decreases to
its original value. With a further increase in CM
content, the conductivity decreases even below
the original value. Figure 10 presents the conduc-
tivity versus untreated clay (clay untreated by
CPC). These results show a trend similar to

trends depicted in Figure 9. However, the extent
of ionic conductivity increase is substantially less,
compared to that of the CM system, whereas the
maximum conductivity is at 10 phr of the un-
treated clay. That means the critical clay content
of the untreated clay is at 10 phr, which is higher
than that of the CM system at 6 phr.

Table IT summaries all data on ionic conductiv-
ity. At 40 °C and 6 phr CM, the conductivity is
approximately 80-fold higher than that of the
plain (PAN)gLiCF3SO5 system. However, in the
untreated clay additives system at 40 °C, the
maximum conductivity occurs at 10 phr, only two-
fold that of the plain system. The negative
charges in the silicate layers interact with lith-
ium cations and disturb the attractive force be-
tween the cationic and anionic ions of the lithium
salt. Nevertheless, an excess of CM (excess 6 phr
CM) may tightly bind lithium cations, thus re-
stricting cationic mobility and decreasing its ionic
conductivity. The conductivity data imply that
the addition of an optimized CM content (6 phr) is
able to drastically enhance the ionic conductivity
and to form the equilibrium attractive force in the
system, resulting in the highest cationic mobility.
In the system with untreated clay additives with
significantly low polymer intercalation, the nega-
tive charges in the silicate layers have limited
ability to disturb the attractive force of the lith-
ium salt. Thus, to achieve maximum ionic conduc-
tivity, a greater quantity of the untreated clay (10
phr) is required and the resulting conductivity
improvement of the untreated clay is also sub-
stantially less. To further clarify the effect from
the silicate layers, it is necessary to compare the
conductivity with different CPC concentrations.
Figure 11 presents the conductivity versus con-
centration of CPC in CM, from which it is clear
that the conductivity is independent of the CPC
concentration. This result indirectly verifies the
specific interaction between montmorillonite and
the lithium cation.

CONCLUSIONS

This study demonstrated that the addition of an
optimum content of CPC-modified montmorillon-
ite increases ionic conductivity of the poly(acrylo-
nitrile)-based electrolytes by nearly two orders of
magnitude over that of the plain (PAN);LiCF;SO4
system. FTIR, solid-state NMR, and DEA studies
indicated that strong interactions occur between
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the silicate layer and the dopant salt LiCF;SOg4
within the (PAN)LiCF3SO4/CM system. The neg-
ative charges in the silicate surface layers inter-

4 -

act with lithium cation to form various complexes
and play the same role as does the polar group in
PAN. The presence of these complexes tends to
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Figure 10. Dependency of ionic conductivity of PAN-based composite electrolyte con-
taining various untreated clay contents at the same temperature: (H) 20 °C; (@) 40 °C; (A)
60 °C; (V) 80 °C; (#) 100 °C; (€) 110 °C (where [PAN]/[LiCF;SO,] equivalent ratio = 8).
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Table II.
as a Function of CM Additives and Untreated Clay Additives®

Compare of the Ionic Conductivity for PAN-Based Nanocomposites Electrolyte

Conductivity of Untreated Clay Added

Additives Conductivity of CM Added System (S/cm X 107) System (S/cm X 107)
Concentration
(phr) 40 °C 60 °C 80 °C 100 °C 110 °C 40°C 60°C 80°C 100-°C 110 °C
0 0.047 0.138 0.502 2.068 4.313
2 0.052 0.097 0.404 1.364 2351 0.028 0.113 0.663 2.713 6.343
4 0.318 3.694 20.927 69.467 108.104 0.033 0.165 0974 3.919 14.508
6 3.597 48.174 231.377 525.352 637.470 0.044 0.225 1.676 5.324 19.796
8 0.047 0.240 1.266 6.614 14.947 0.077 0.357 4.222  12.447 49.856
10 0.011 0.039 0.175 0.918 2180 0.096 0974 8140 36.378 326.069
12 0.026 0.026 0.072 0.201 0.334 0.033 0.121 0.525 1.106 3.482
15 0.005 0.012 0.035 0.115 0.218 0.008 0.016 0.041 0.131 0.307

# [PAN]/[LiCF3SOg] equivalent ratio = 8.

reduce the attractive force between the lithium
cation and anion, producing a highly conductive
phase and higher system conductivity. The opti-
mum CM content to achieve maximum ionic con-
ductivity is 6 phr. For the untreated clay system
with significantly lower polymer intercalation
and lower negative charges in the silicate layers,
it is unable to disturb appreciably the attractive
force of the lithium salt, and the subsequent con-

ductivity improvement is also substantially less
than that of the CM additives. The balanced at-
tractive forces among silicate layers, nitrile
groups, and lithium cation produce an optimum
ionic conductivity.

The authors thank the Chinese Petroleum Corp. of the
Republic of China for financially supporting this re-
search under Contract No. NSC 89-CPC-7-009-007.
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Figure 11.

Dependency of ionic conductivity of PAN-based composite electrolyte

containing various CM contents at the same temperature: (H) 20 °C; (@) 40 °C; (A) 60
°C; (V) 80 °C; (#) 100 °C; () 110 °C (where [PAN]/[LiCF;SO;] equivalent ratio = 8).
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