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Aniline (or aniline hydrochloride) was intercalated into zeolite, zirconium phosphate and zirconium arsenate (proton 
form and sodium form) and subsequently oxidized to polyaniline (PAN) by ammonium peroxodisulphate. The 
structure of PAN in the host was studied by electron paramagnetic resonance spectroscopy. PAN in the host gave a 
free-radical EPR signal at 2*0035-2.0037 for the hydrogen or 2.0047-2.0049 for the sodium form of the host, 
similarly to the ermeraldine salt (PAN-2s) or emeraldine base (PAN-2A) form of PAN. Saturation occurs in 
PAN-HZ and PAN-HS. In contrast, the intrachannel PAN in HY was unsaturated under the same conditions. 
Conduction in PAN-HZ and PAN-HS was predominately carried out by variable-range hopping and tunnelling 
respectively, and PAN-HY showed insulating properties. 

INTRODUCTION 

The encapsulation of conjugated polymers in a crystal- 
line microporous inorganic host has recently received 
extensive attention. Several studies have been reported 
on polyaniline (PAN), polypyrrole, polyacrylonitrile 
and polythiophene in caged zeolite’ and layered 
montmorillonite,’ a-zirconium phosphate, 
fl~orohectorite,~ FeOC15 and v~05’ for the purpose of 
controlling the molecular alignment of conducting 
polymer chains. 

Zeolites consist of an open aluminosilicate frame- 
work with pore sizes in the range 0.3-0.8nm and 
possess a capacity for cation exchange depending on 
their aluminium content. Crystalline a-zirconium 
phosphate (HZ) and a-zirconium arsenate (HS) with 
layered structures, a high preference for Brransted bases 
and a high ion-exchange capacity (6.64 meq. g-’ for 
HZ6 and 5.14 meq. g-’ for HS’) can be employed as 
the host lattice for aniline. Therefore, zeolite, HZ and 
HS offer convenient vehicles for the polymerization of 
aniline in their intrachannel or interlayer spaces. 

A granular polymeric metal model,’ with the conduc- 
tivity states of metallic particles embedded in an unpro- 
tonated insulating sea, has been proposed. In addition, 
evidence for disorder has been pointed out, and it has 
been suggested that a Fermi glass might be more 
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appropriate.’ Recently it was confined by a spin 
dynamics technique with magnetic resonance that con- 
ductivity (a) was dominated by the interchain diffusion 
rate. lo Therefore, spin dynamics enable us to study the 
conductivity on a microscopic scale. In this paper we 
report the spin dynamics and conductivity of PAN 
included inside the host system. 

EXPERIMENTAL 

A binder-free zeolite NaY (Si/Al= 2.41) was obtained 
from Strem Chemical. The ammonium form of the 
zeolite (NH4Y) was obtained by ion exchanging NaY 
(2 g) with NH4Cl (0.1 M, 4 x 200 ml) for 5 h. The 
zeolite NH4Y was heated in a stream of oxygen (1 K 
min-’, 8 h at 370 K; 4 h at 670 K) and evacuated for 2 h 
at Torr (1 Torr = 133.3 Pa) followed by cooling, 
resulting in HY (H4&ialoY, subscripts indicate cations 
per unit cell). The hydrogen form of crystalline a- 
zirconium phosphate (HZ) and a-zirconium arsenate 
(HS) were prepared by decomposition of zirconium 
fluoro complexes of phosphoric acid and arsenic acid. 
Sodium form zirconium phosphate (NaZ) and zir- 
conium arsonate (NaS) were obtained by titrating HZ 
and HS with the 0.1 M NaCl-0.1 M NaOH 
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solution, I 2 , l 3  according to the equation 
H,POd/HF refluxing NaOH ZrOCl2. 8H20 HZ - NaZ (1) 

The aniline molecule was encapsulated into the 
intrachannel of HY as described. The aniline molecule 
was encapsulated into the interlayer space of HZ (or 
HS) by using the following procedure. Amounts of 2g 
each of HZ and HS were suspended in water, aniline 
was slowly added with stirring, the suspension was left 
to stand overnight and the AN-HZ and AN-HS were 
obtained. Nay, NaZ or NaS was exchanged with aniline 
hydrochloride at 25 "C with shaking for 6 h. Excess salt 
was removed by washing. The loaded aniline was subse- 
quently oxidized with aommonium peroxodisulphate to 
PAN-host, stiring at 0 C under nitrogen for 24 h. The 
green solids were isolated by centrifugation, washed 
with deionized water and dried. The reaction scheme is 
as follows: 

CbHrNHz 

(CeHsNH ;Cl- ) 
HX(NaX) - AN-HX(AN-NaX) 

(NH4)zSzOs 

(PAN-NaX) 
PAN-HX (PAN-NaX) 

ESR spectra were obtained on a Bruker ER 200D 
loll2 EPR spectrometer. The powdered samples were 
introduced into an EPR tube that was connected to a 
vacuum system. The spin concentration of PAN-hosts 
was determined by double integration of the first- 
derivative signal, using 2,2-diphenyl-l-picrylhydrazyl 
(DPPH) as a standard. The spin-lattice and spin-spin 
relaxation times, T1 and Tz, respectively, were deter- 
mined by saturation methods. l4 The electrical conduc- 
tivities were determined by a four-probe method on 
compressed pellets at temperatures between 130 and 
273 K. 

RESULTS AND DISCUSSION 

g Factor 
A free-radical peak appeared in the EPR spectra of the 
PAN-hosts. No free-radical signal was found in the 

EPR spectra of either the hosts or aniline-loaded host 
samples. The g value of the EPR signal is a function of 
the molecular motion, the paramagnetic properties and 
the symmetry of ions.I5 The g factor of an electron 
near a carbon-hydrogen bond is about 2-0031, whereas 
it is 2.0054 for an electron near a nitrogen-hydrogen 
bond.16 The g factors of PAN-HY, PAN-HZ and 
PAN-HS lie in the range 2.0035-2.0033 (Table l), 
indicating that the spins are delocalized over at least one 
ring and nitrogen repeating unit (cu 5A), since the 
value of g (2.0035-2.0037) corresponds closely to the 
arithmetic mean of the g factors of the six carbons and 
one nitrogen in the repeat unit. In contrast, g factors of 
PAN intercalated in a sodium-form host 
(2.0047-2.0049) are close to 2.0054, implying that the 
radicals are localized to nitrogen sites only. l7 

Peak-to-peak linewidth (AHpp) 

The smaller EPR peak-to-peak linewidth for PAN-HZ 
(AHpp = 0.72 G vs 2.62 G for PAN-NaZ at 293 K) 
suggests more motional narrowing and, hence, 
increased delocalization. PAN in proton-form hosts 
were shown to be mainly in the salt form according to 
the g factors. The values of A H  for PAN-HY 
(8.84 G), PAN-HZ (0.72 G) and PAN-HS (1.38 G) 
are larger than that for PAN-2S (0.4 G),18 probably 
owing to different protonation levels and intercala- 
tion effects of the hosts." In comparison with the EPR 
resonance of PAN-2A (AHpp = 8 - 5  G)," the broad 
AH,, of PAN-NaY (12.37 G) corresponds to the inter- 
calated base form of PAN. 

The EPR peak-to-peak linewidth of PAN in proton- 
form hosts decreases monotonically as the temperature 
increases from 110 to 293 K (Figure 1). This indicates 
that the linewidth is determined by motional narrowing; 
however, that of PAN-2S shows very little temperature 
dependence. l9 

Spin concentration (Ns) 
The EPR peak intensity was calculated as the product 
AHgph, where AHpp is the peak-to-peak linewidth and 

Table 1 .  EPR data and electrical conductivities, u, of different samples at 298 K a  

PAN-NaY 2.0047 12.37 6.93 - - <lo-'  - 
PAN-NaZ 2.0049 2.62 11.97 - - 3 x 10-6 - 
PAN-NaS 2.0049 2.62 10.32 - - 7 x lo-; - 
PAN-HY 2.0035 8.84 13.80 < 43 0.6 < 10- - 
PAN-HZ 2.0033 0.72 51.34 43 2.3 2~ 0-085 
PAN-HS 2.0033 1.38 23.90 167 1 . 5  9X 0.071 

'AHpp = peak-to-peak linewidth, N, = spin concentration, TI = spin-lattice relaxation time, T2 = spin-spin relaxation time and 
E, = activation energy. 



INTERCALATED POLYANILINE 373 

I o c  

Y im I50 am 260 3m 
TenpornturaCK> 

Figure 1. Temperature dependence of the linewidth AH,,(G) of samples (A) PAN-HZ, (B) PAN-HS and (C) PAN-HY 

h is peak-to-peak height. The spin concentrations (Ns) spins-'g). 2o The spin concentrations of intercalated 
of intercalated PAN in HY, HZ and HS, calculated PAN in sodium-form hosts are smaller than those in 
from the signal intensity at 297 K by comparison with proton-form hosts (Table 1). 
DPPH under the same conditions, are 1 3 . 8  x Figure 2 shows the temperature dependence of the 
51 - 3  X 10" and 23.9 x 10'' spins g-' respectively, but relative signal intensity Z, = Z(n<)/Z(293 K), which is 
smaller than that in bulk PAN-2S (1O2'-1OZ2 proportional to the magnetic susceptibility." Zr grad- 

Figure 2. Temperature dependence of the relative signal intensity f(n<)/f(293 K) of samples (A) PAN-HZ, (B) PAN-HS and (C) 
PAN-HY 
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ually increased with decrease in temperature, similarly 
to the emeraldine salt. ’’ The I, value PAN-HY shows 
Curie behaviour ( I r  = C/ T )  throughout the temperature 
range investigated (1 10-293 K), whereas the I, values of 
PAN-HZ and PAN-HS show Curie-Weiss behaviour 
[ I ,  = C / ( T -  e)]  , where 8 corrects the temperature for 
the non-zero intercept. The value of the intercept is due 
to intermolecular interactions.” In these systems, it is 
indicated that virtually no defects are present in 
PAN-HY and a small concentration of paramagnetic 
defects are present in PAN-HZ and PAN-HS. 

Spin-lattice relaxation time (Ti) and spin-spin 
relaxation time (Tz) 
In order to determine the spin-lattice and spin-spin 
relaxation times (TI  and Tz, respectively), a series of 
EPR spectra were recorded with the power varying 
from a condition of negligible saturation to one of pro- 
nounced saturation. l4  The spin-spin relaxation time TZ 
is calculated from the linewidth below saturation (i.e. 
AH“,,) by means of the expression 

1.3131 x 
(3) T2 = 

gA.Ho,* 
and the spin-spin relaxation time TI  is calculated from 
the equation 

(4) 

where H1 is the microwave amplitude and S is the 

0.9848 x lO-’A@,[l/(s - 1)H:l 
g 

Ti = 

saturation factor. The best result is obtained when 
equation (4) is used for power levels that are only mod- 
erately above saturation. The plot of the square root of 
the microwave power P against the peak-to-peak ampli- 
tude of the derivative spectrum Y,  is shown in Figure 3. 

Heterogeneous saturation occurs in PAN-HZ and 
PAN-HS as shown in Figure 3(A) and (B). The EPR 
line arises from the overlapping of several individual 
lines. The spin-lattice and spin-spin relaxation times 
are given in Table 1. According to Mizoguchi and co- 
worker~’*~* one has TI  = TZ at high dopant levels ( y )  
and T2 % TZ for y < 0.3, so that the interlayered PAN 
has a higher dopant level in HZ than in HS. Surpris- 
ingly, the intrachannel PAN in HY is unsaturated under 
the same conditions, although PAN-HY has a broader 
linewidth of the EPR resonance than PAN-HZ and 
PAN-HS. The mos likely explanation is an intrinsic 
dipolar interaction between the PAN chains and the 
charged zeolite channel walls, that is broadened by fast 
relaxation. 

Conductivity (a) 

In previous studies, equations related to specific com- 
posites and various models for electrical conduction in 
composites have been suggested. However, the precise 
conducting mechanisms in polymer systems are not 
fully understood, since they are influenced by factors 
such as the dopant level, the morphology of the poly- 
mers, orientation of conductjng species and tempera- 
ture. The conductivities at 25 C for various conducting 
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Figure 3. Saturation curves obtained by plotting peak-to-peak amplitude Ym against the square root of microwave power P (W1’2). 
(A) PAN-HZ; (B) PAN-HS; (C) PAN-HY 
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polymers are given in Table 1. The electrical conduc- 
tivity as a function of temperature based on the 
hopping conduction mechanism has been given by 
M ~ t t ' ~  and Greaves.24 However, Mott's equation is 
based on the assumption that the concentration of 
charge carriers has nothing to do with the temperature. 
According to Greaves, variable-range hopping (VRH) 
conduction is represented by 

u = UO( T)e~p(-BlTl /~)  (5 )  

where B is a constant. On the other hand, the electrical 
conductivity as a function of temperature is given by 
Matares' equation: " 

u =  AT"' exp(E4kT) (6) 

where A is constant and E is the height of the potential 
barrier. This equation was derived for a system 
including grain boundary barriers. Also, Zeller 26 and 
Orton and Powell2' have shown that tunnelling and 
thermionic emission conduction can be expressed by the 

following two equations, respectively; 

u = exp(-A/T'/') (7) 

u = UOT-"~ exp(-E,lkT) (8) 
Measurements of electrical conductivity were per- 

formed by a four-probe technique at temperatures from 
130 to 273 K. The temperature dependence of the con- 
ductivity of the pressed-pellet samples is shown in 
Figure 4. As can be seen, the conductivity increases 
linearly with increase in temperature, satisfying the 
Arrhenius equation, u = uo exp(-Ea/kn. Ea values for 
PAN-HZ and PAN-HS were obtained from the slope 
of the straight line in Figure 4 and were 0.085 and 
0 -070 eV, respectively. The temperature dependencies 
of the electrical conductivity of PAN-HZ and 
PAN-HS, according to equations (5)-(8) show that the 
conduction of PAN-HZ and PAN-HS is predomi- 
nately carried out by variable range hopping and tun- 
nelling respectively. At concentrations of metallic 
domains in PAN-HZ above the percolation threshold, 
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Figure 4. Temperature dependence of electrical conductivities u of samples (A) PAN-HZ (B) PAN-HS and (C)  PAN-HY. The 

straight lines show the semiconducting relations u = uo exp(-Ea/kT) 
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the conductivity has a temperature dependence like that 
of VRH in three dimensions. 28929 In contrast, at con- 
centrations of metallic domains in PAN-HS below the 
percolation threshold, the conductivity is dominated by 
tunnelling conduction. 29 The dimensions of the HY 
zeolite intrachannels are such that only one polymeric 
chain can fit. Therefore, the polymer chains cannot 
interact with one another in the zeolite host, resulting in 
good insulating properties. 30 

CONCLUSION 

The g values of polyaniline in the hydrogen or sodium 
form of the host gave a free-radical EPR signal which 
is similar to that for the emeraldine salt or emeraldine 
base, respectively. The spins in isolated single oli- 
gomeric conjugated PAN in HY do not saturate easily, 
which is due to an intrinsic bipolar interaction, 
although almost no defects were present in PAN-HY. 
Therefore, PAN-HY shows good insulating properties. 
The encapsulated PAN in a-zirconium phosphate has 
higher dopant level than in a-zirconium arsenate from 
the peak-to-peak linewidth, spin dynamics and conduc- 
tivity. The encapsulated PAN in the galleries of layered 
hosts results in highly oriented films; high anisotropic 
structures are obtained. 
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