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Some linear ionenes (6-r), with the general formula:

R

R

I
[—II\TJr ~(CH, ) —1|\T+ ~(CH,),;

R 2I~

R

(where R = methyl group; n = 3, 4, 5, 6; and p the degree of polymerization) have been prepared.
Their NMR and IR spectra are reported and discussed. These ionic polymers were mixed with silver
iodide to investigate their total electrical conductivity. The method of preparation and analysis of
these systems is described. Concentrations ranged between 75 and 95 molar % of Agl. The study of
the total electrical conductivity with respect to temperature shows that the Arrhenius equation is
obeyed. The system silver iodide-polydiiodide of N-hexylene, N’-butylene, N,N,N’,N'-tetramethyl-
diammonium shows a maximum value of 0.05Q 'cm ! at 25°C.

1. Introduction

The interest raised by solid electrolytes lies in their
possible applications in many fields such as solid state
batteries and sensors. The exceptional conductivity
(1Q 'em™") [1] of silver iodide in its o phase, above
146° C has led to several studies aimed at maintaining
this property at room temperature. Many of the highly
conducting solid electrolytes investigated have silver
ion migration. These electrolytes have been synthesized
through compound formation between Agl and
various substituted ammonium monomer iodides
{2-10].

Another interesting series of silver electrolytes are
based on polymers particularly the ionenes. The
preparation of such polymers was studied intensively
by Rembaum et al. [11]. These compounds have the
following formula:

{[-NR,-ANR,-]2X},

with R generally, a methyl radical and A being a
linear chain or a cycle or a combination of both.
Tonenes were first synthesized by Marvel ef af. [12]
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using the reaction:
n[X(CH,),NR,] — {[(CH,),NR,[X}, (1)

with p varying between 7, 8, 10. For values of p strictly
less than 7, cyclization occurred [12-16]. This prep-
aration, in which R is an alkyl radical, gives polymers
having constant sequences of the methylene group,
CH,, between the quaternary nitrogen atoms. Kern
et al. [17] have continued this study by preparing the
ionenes (m — n) from the following reaction:

PR;N(CH,), NR; + pX(CH;)}, X
— {[NR,(CH,),,NR,(CH,),[2X}, )

m and n are the numbers of (CH,) in the diamines
and the dihalogen. This reaction allows the synthesis
of most of the ionenes in which the number of CH,
groups, between the quaternary nitrogen, is in prin-
ciple, modifiable. The conditions of reaction in Kern’s
work, however, appear to be uncertain and the results
are less credible. Rembaum and his collaborators have
described the parameters which give the expected
polymer with certainty [11, 18-32]. The different
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Table 1. Compounds obtained with the reaction between R, N(CH,),, NR, and X(CH,),X (with R = CH,; X = Br or I m and n varying from

1 to 6)
(CH3), N(CH,), N(CH;),
m 1 2 4 5 6
n
X{CH,),X
1 R,H,;NX Linear Diammonium Compounds
2 Cyclic Diammonium Compounds
3 Cyclic
4 Monoammonium Tonene
5 Compounds Polymers
6

compounds obtained from the starting reagents of
Reaction 2 are depicted in Table 1. For m and n
varying from 1 to 6, five types of product were
observed:

— the reaction 1-1 which gives bromide or iodide of
dimethyl ammonium;

- the diammonium cyclic compounds like imidazol-
inium, piperazinium, diazepinium salts [27];

- the monoammonium cyclic compounds like
pyrrolidinium salts, etc. [28];

- the diammonium linear compounds like tetra-
methylene bis (2-bromoethyl) dimethylammonium
salts, etc. [27];

— the ionenes.

The ionic polymers are obtained for m and n > 3.
These results are confirmed by many authors [18-32].
However, these results are largely confined to the
preparation of bromides. In the present study we have
prepared iodide polymers (abbreviated as (6 —#) with
n =23, 4,5, 6). Organic glasses based on lithium
iodide and iodides of ionenes and oxalonenes, with
same ionic conductivity, have been developed [33, 34].
The systems poly (N-hexamethylenetriethylene-
diammonium dibromide) — CuBr have been studied
by Watanabe e al. [35]. Further we have reported
the electrical conductivity of the systems poly (N-
propylene or N-butylene, N,N-dimethylammonium
iodide), poly(N-butylene, N’-propylene, N,N,N’,N’-
tetramethyldiammonium diiodide) [36], poly(N-
pentylene, N’-alkylene, N,N,N’,N’-tetramethyl-
diammonium diiodide [37] and poly(N-alkylene, N,
N’'-dimethylpiperazinium diiodide [38]. Dominquez et
al. [39] have also studied different pristine ionenes as
ionic conductors above their T,.

In view of continued technological interest in these
materials, further detailed studies on their preparation
and properties are justified. In continuation of our
previous studies [36, 38] we report here the methods of
preparation and analysis of the precursor compounds
and then present results on the total electrical
conductivity of the systems iodide-poly(N-hexylene,
N-alkylene, N,N,N’N’-tetramethyl diammonium
diiodide).

2. Experimental details
2.1. Preparation of ionenes

The ionenes have been synthesized as described earlier
[36, 37].

2.2. Analysis of the ionenes

The elementary analysis and potentiometric titration
of 17 anions in polymer by AgNO; confirms the
expected sequences. NMR spectra of the samples were
recorded with a Perkin-Elmer apparatus equipped
with Permalock and working at a frequency of
60 MHz. IR spectra of organic products in the region
from 4000cm ' to 200cm ™! were recorded using the
KBr pellet method.

2.3. Electrical conductivity measurements

The samples were prepared by following the method
as described earlier [10]. The total electrical con-
ductivity was determined with the aid of an impedance-
meter (Radiometer type GBI11).

The ionic transference number was determined by
the Tubandt method [40]. The electronic conductivity
was studied by the methods of Hebb [41] and Wagner
[42, 43] with cells of type Agf/sample/C in which a
carbon electrode was used as blocking electrode.

3. Results and discussion
3.1. NMR spectra

The NMR spectra of diiodo alpha omega alkanes
show two absorption peaks. The first is due to the
methylene protons — CH,I and the second (generally
multiplets) comes from the central chain in C-(CH,,),-C
(with i varying from 1 to 4). In Table 2, we have
reported the NMR peaks obtained for these com-
pounds. The spectrum of TMHDA shows two types
of multiplets. The first absorption is composed of
a singlet due to methyl protons of -N{CH,), on which
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Table 2. Chemical shift (in p.p.m.) of protons in alpha omega alkanes
diiodides

Alpha omega alkanes diiodides ~-CH,-1 C(CH,),C
I(CH,);] (DIP) 3.3 2.3
I(CH,),I (DIB) 32 1.9
I(CH,),I (DIPr) 32 1.8
I{CH,),1 (DIH) 32 1.63

is superimposed the triplet due to the protons of
>N-CH,—(é = 2.2p.p.m.). The second absorption is
that of the methylene in the >N-C-(CH,),-CN<
chain (with / varying from 1 to 4 (6 = 1.33p.p.m.).

The existence of polymers (6—#) is attested by
the presence of characteristic peaks and multiplets
(Figs 1-4). Then,

— the broad band between 1.50 to 1.86 p.p.m. is due
to the mutual interaction of methylenes’ protons in
C-(CH,),,_,-C (with m = 4) and C~(CH,), ,-C
(withn = 3,4, 5, 6),

— the peak between 2.0 and 2.41 p.p.m. suggest the
presence of the IN(CH,), radical,

— the peak between 3.00 and 3.20 p.p.m. is attributed
to the protons of -N*(CH,),—,

— the peak between 3.20 arld 3.36 p.p.m. is from the
protons of -CH,- in -CH,-N<,

- the proton of heavy water gives a peak at
4.5p.p.m.

The spectra of ionenes and starting products may be
compared as follows:

(i) the decrease in the intensity of the peak at
2.41 p.p.m., due to -N(CHs;),, corresponds to com-
pletion of the polymerization reaction.

(i) the disappearance of the peak at 3.3p.p.m.

DOH

NRCHENRCH )
21° P

R-CH,

& {p.p.m.)
Fig. 1. NMR spectrum of tonene (6-3).
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Fig. 2. NMR spectrum of ionene (6-4).

(-CH,I) shows that the diiodo alpha omega alkane has
reacted in totality with the diamine.

(iii) the presence of the peak at 2.41 p.p.m. indicates
that the terminal groups, in the polymer under study,
are essentially -N(CHj;),. Similar results have been
observed by Yen [44] and Hiraoka [45] in their studies
on homopolymerisation of 3-dimethylamino n-propyl
chloride CI(CH,),N(CH,), and the reaction between
4,4" methylene bis (N,N dimethylbenzamine) {CH,
[PhN(CH;),],} with dibromo alpha omega alkanes.

21°
R-CH,

@
{ﬁRZ-(CHZ—)ENRi(CHﬁ
p

C-{CH)sC+C-(CH,C

§(p.p.m.)

Fig. 3. NMR spectrum of ionene (6-5).
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Fig. 4. NMR spectrum of ionene (6-6).

3.2. IR spectra

The diiodo alpha omega alkanes are characterized by
the principal absorption bands (Table 3). These are
known as:

— stretching band of Cd at 590cm ™!,

- stretching band of C-C in (CH,), chain around
720cm ™! (n varying from 3 to 6) [46],

- bending band of CH, in CH,-I near 1250cm™".

The TMHDA shows:

— a stretching band of CH in -N(CH,), at 2760cm™",

- a band of CN in -CH,-N at 1035cm .

The existence of polymers (6 —n) is attested by the
presence of the following features (Figs 5-8):

~ the stretching band of CI (500-600cm™") and the
bending vibration of CH, in -CH,I (~1250cm™")
belonging to the starting reactant (diiodo alpha omega
alkane) does not appear further in the ionenes. It
can be affirmed that the reaction (ionene formation)
attains a high degree of conversion;

- the absorption at 2800-2950c¢m ™' attributed to
stretching vibration of CH in -N(CH,),, and present
in the TMHDA spectrum, decreases with the appear-
ance of a new band at 1470-1480cm™". This latter

ﬁ)lRE(CHz-gﬁRz-(CHZ%
2P° P
R=CH,
T T 1 ¥ 1 1 T ¥ T T 1 T
vsrtr. “def. ®
-CH__FN(CH,))] ~CH__[-CH,Ng|
L )] I 1 i 1 1 1 1 1 L A
4 3 2 18 16 14 12 1 08 06 04 02

v x1073 {em'1)

Fig. 5. IR spectrum of ionene (6-3).

absorption is to be linked to the angular deformation
(bending) of CH in CH,N<.

— the stretching vibration of C-N in CHz—ﬁé at
1040cm™!. The presence of these two bands (2800-
2950cm ') indicates that the terminal groups are
essentially -N(CH;),.

The results of NMR and IR spectra thus show that
Rembaum’s method [11, 20-27] permtits us to obtain
the iodized ionenes (6 —n) with n = 3, 4, 5, 6.

3.3. Total electric conductivity of Agl-polydiodides of
N-hexylene, N'-alkylene-N,N,N’,N'-tetramethy!
diammonium systems

3.3.1. Total electric conductivity of the system Agl-
(6-3). Our results show that the conductivity of
the sample varies with temperature according to an
Arrhenius-type law. The conductivity plot as log
g = f(1/T), shows a break in the straight line, for the
compositions varying between 75-90mole % Agl
(Fig. 9). This transition is situated around 30°C and
this type of phenomenon has already been observed
by several authors for systems based on Agl. For
example, above 50°C, Ag,Hgl, has an alpha phase
having electrical conductivity of 0.01 Q~'cm™! [47-49].
Below this transition point [50-52] a new phase
appears which is a very poor conductor. The mercury
ions carry 6% of the total charge, the rest being
carried by the silver ions. Also, (C;H;NH)AgII,
shows the same property at 52°C. For Geller et al.
{53, 54] this phenomenon is of a disorder~disorder
transition type, that is, from lower to higher disorder.
In the lower temperature phase, not all the Ag* ions
are completely mobile (low disorder), while in the high
temperature phases (high disorder), all are mobile.
Further the diiodide of N,N,N,N’,N’,N"-hexamethyl
1,4 butylenediamine linked to 91.5mole % of Agl

Table 3. Infra-red absorption frequencies (in cm™") of alpha omega alkanes diiodides

Alpha-omega alkanes Bending of Stretching of Stretching of
diiodides CH, in CH,- I CG-C in -(CH,),-
I(CH,);1 (DIP) 1270 590 730

I(CH,),I (DIB) 1230 580 720

I(CH, )1 (DIPr) 1230 585 720

I(CH,),I (DIH) 1210 590 720




J. J. ROSENBERG ET AL.

696
firgcriincnd,
R:2c|H3

str. Vdef.

@ o
_cnfufg
18 16 14 12 1

v %1073 (em )

B (l:H "][_N(ACLH:’)ZJ 1
4 3 2

. 1 i

08 06 04 02

Fig. 6. IR spectrum of ionene (6-4).

shows a break at 58°C, in the graph of log (¢7") with
respect to 1/7. Thackeray gives no information about
the exact nature of this transition [55].

In the light of this évidence, and on the basis of the
graph of log ¢ against 1/7 it appears reasonable that
these transitions around 30°C are somewhat related
to the passage from high disorder (above 30°C) to a
low disorder. For a more conducting composition,
containing 87.5mole % of Agl, a conductivity of
3.8 x 107°Q 'em™! is obtained at 30°C (Fig. 9).
When isotherms at temperatures 25, 50 and 100°C
with respect to composition equivalent to Agl are
drawn, it was observed that the conductivity remains
maximum at the composition of 87.5mole% Agl
(Fig. 10). The activation ecnergies of conduction
between 100°C and 30°C are shown on the same
graph. The minimum value (4.7 kcalmol™') corre-
sponds to the maximum conductivity.

3.3.2. Total electric conductivity of the system Agl-
(6-4). The curves log ¢ = f(1/T) shown in Fig. 11
are based on the study of Agl-(6-4) systems. In the
studied temperature range, straight lines are obtained.
The maximum conductivity is obtained with a system
containing 90mole % of Agl. At 25°C, its value is
5 x 1072Q"'em™'. On Fig. 12, we have plotted the
electrical conductivity at 25, 50 and 100°C, as a
function of the Agl content. At any of these tem-
peratures, the maximum conductivity is observed for
the same Agl content. The activation energy of each of
the compositions of the system is shown on the same
figure. Its value is obtained from the curve log
¢ = f(1/T). We note that the activation energy is a
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Fig. 7. IR spectrum ot ionene (6-5).
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Fig. 8. IR spectrum of ionene (6-6).

minimum (1.8 kcalmol™') when the conductivity of
the system is maximal (90 mole % of Agl).

3.3.3. Total electric conductivity of the system Agl-
(6-5). The curves log ¢ = f(1/T) of the system
Agl-(6-5) are shown on Fig. 13. The slopes of these
straight lines give the activation energy for each com-
position of the system. A plot of log ¢ as a function of
equivalent Agl content, at 25, 50 and 100° C, (Fig. 14)
shows that the maximum conductivity is reached for
an equivalent Agl content of 90%; these values are
0.03; 0.042; and 0.072 Q' cm ' respectively. As in the

£ 1°C)
100 50 25
1 T | T T L 1 T T ] T
@ @®
Agl—«{NREGCHz-)gNRZ—GCH,‘;)%
e p
21
2 i
e
(%]
G
o
o
2 3f 4
“. equival. Agl
075 v825 <90
al75 ~85 ¢ 925
080 «875 95
_4 1 L ! 1 i s 1 I I
27 3 33

103 x 71 (K1)

Fig. 9. Total electric conductivity of the Agl-(6-3) system as a
function of reciprocal absolute temperature.
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Fig. 10. Isothermal conductivities and activation energy of the
Agl-(6-3) system as a function of the equivalent Agl content.
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Fig. 11. Total electric conductivity of the Agl-(6-4) system as a
function of reciprocal absolute temperature.
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case of the preceding systems, the activation energy is
minimum (2.6 kcalmol ') for the composition having
the maximum conductivity.

3.4. Total electric conductivity of the system
Agl-(6-6)

The results for the total electrical conductivity and the
activation energy are shown on Figs 15 and 16. On the
former are plotted the curves log ¢ = f(1/T). The
study of the variation of the total electrical conductivity
with respect to the concentration allowed us to plot
the isothermal conductivity curves at 25, 50, 100°C
(Fig. 16). We note that, in all the studied temperature
range, the maximum conductivity is reached for the
composition containing 82.5% of equivalent Agl. For
this composition, the minimum value of the activation
energy is reached. The maximum conductivity is
0.0133Q7'cm™" at 25°C, and the corresponding
activation energy is 2.6 kcalmol ™!,

4. Nature of conduction

We have studied the nature of the conduction at 25°C
of the system Agl-(6-4) containing 90% of equivalent
Agl.

4.1. Ionic conduction

The Ag* transport number in Agl-(6-4) (90%) was
determined by passing a current density of 0.25mA

Fig. 15. Total electric conductivity of the Agl-(6-6) system as a
function of reciprocal absolute temperature.

cm ™ for 14 hours through a cell made of two metal-
electrolyte (1-1 in weight) composite electrodes in con-
tact with the solid electrolyte pellet. The transport
number was obtained by measuring the weight loss of
the anode. This method is similar to that used by
Bradley er a/. for KAg,I; solid electrolyte [2]. The
number of faradays passed through the experimental
cell was given by an electronic coulometer (Tacussel
L.G.6N).

The transport number of the Ag* thus determined
is 0.99 + 0.01. This value shows that the contribution
to the passage of current within the electrolyte is
essentially due to migration of Ag™ ions alone.

4.2. Electronic conduction

Wagner [43] has shown the total electronic current,
passed through the cell (I), follows the relation

I =1L +1

_RTAGl_
 LF |°

=@

where I, and [, are, respectively, electrons and electron
hole currents, 4 and L are the sectional area and the
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Fig. 16, Isothermal conductivities and activation energy of the
Agl-(6-6} system as a function of the equivalent Agl content.

length of the electrolyte respectively; R the ideal gas
constant, F the Faraday constant and T the absolute
temperature. The specific conductivities of electrons
and holes are denoted by o, and o,. Generally, the
conductivity due to the electrons or holes is predomi-
nant and we have

I ~ I,

= Ir % P\ " RT

when g, > o, 4
or

I ~ I

_ RTA [ (EF\ |
= IF T YP\RT

when g, > o, &)

If the applied potential, E, is high enough we have
EF » RT and Equations 4 and 5 may be
simplified. Then

I ~ I
RTA
. (LF)oe O
I ~ I
_ (RTA\ (EF :

These results show that the current varies exponen-
tially with the voltage and the electron conduction is
negligible. This relation (7) permits us to calculate the
total clectronic conduction. At 25°C, the electronic
conductivity is 107°Q~'cm™'. This value is com-
parable to that of RbAg,l; [56-59], and is negligible
when compared with the ionic conduction. In con-
clusion, the electrical conductivity behaviour of the
four Agl based ionenes (6-n) systems studied in
the present work shows that in each case the total
electrical conductivity goes through a maximum, and
the largest value is observed in the case of the Agl-(6-4)
system. At 25° C, the maximum value is 0.05Q ' cm ™
which is obtained with a composition containing
90 mole % of Agl. This value is quite close to those
previously reported for different organic-mineral
systems. In particular, the behaviour of the com-
position with 90 mole % of Agl is shown to be that of
a purely ionic conductor. Further studies on related
systems are in progress.
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