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The electrical conductivities of the triethylenediamine- and hexamethylenetetramine-sulfuric acid
systems have been measured and comparatively high electrical conductivities were found in the
solid state. The protonic nature of charge carriers was confirmed by an electrolysis experiment
and an EMF measurement. In the electrolysis experiment the evolution of hydrogen gas was found
to be directly proportional to the electrical charge passed across the crystal and in the EMF measure-
ment the cell potential followed the Nernst equation.

1. Introduction

The mechanism of proton migration in
hydrogen-bonded materials and their dielectric
properties have received considerable atten-
tion for a number of years. Knowledge of
charge transfer properties in hydrogen-bonded
materials is not only of major importance for
understanding many biophysical processes in
the biological systems (/) but also of great use
for their practical applications. In particular,
the solid electrolytes exhibiting high proton
conductivity are of great interest as the
electrolyte for fuel and electrolysis cells (2)
and p(H,) meters (3), and as hydrogen gas
filters for refining hydrogen. In ourlaboratory,
high-conductivity proton conductors in the
solid state have been studied, and the tri-
ethylenediamine—~ and hexamethylenetetra-
mine-sulfuric acid systems were found to have
relatively high proton conductivity in the
temperature range above several tens of
degrees (centigrade). In particular, the electric-
al conductivity of the new compound in the
triethylenediamine-sulfuric  acid  system,
C¢H,N,-3H,S0,, was about 3 x 1073 Q!
cm™* at 100°C and about 1 x 1073 Q~'cm™' at
200°C. Though the conductivity of this com-
pound is lower than that of H,OCIO% (4),
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which exhibits the highest proton conductivity
at room temperature in the solid state ever
reported, H;OClO, decomposes to H,O and
HCIO, at about 50°C while C¢H,,N,-3H,SO,
can be stable up to 200°C.

2. Experimental

Triethylenediamine- and hexamethylene-
tetramine-sulfate were precipitated by adding
concentrated sulfuric acid (>959%) to the
alcoholic  solution of triethylenediamine
(CéH;N,)  and  hexamethylenetetramine
(C¢Hy;N,). After standing at room tempera-
ture for 1 day, the precipitate was filtered
before being washed by pure solvent, and dried
in a vacuum desiccator with phosphorus
pentoxide for several hours. In these syntheses,
the ratios of the amount of sulfuric acid to the
amines were changed to obtain the sulfates
containing various amounts of sulfate ion.
The content of sulfate ion in the sample was
determined by the usual gravimetric analysis.
The specific gravity of the sulfate was measured
using the pycnometer method. The dc and ac
conductivities of solid triethylenediamine-
and hexamethylenetetramine-sulfate were
measured using pellet samples with silver
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electrodes and a guard ring (5). The sample was
pressed under a pressure of about 4 t/cm? to
form a pellet about 3 mm in thickness and
13 mm in diameter. Both sides of the electrodes
were kept in contact by a steel spring. The
conductivity cell was placed in a large glass
bottle which was evacuated for dehydration.
The temperature was measured by an alumel-
chromel thermocouple. The dc¢ conductivity
was measured using a regulated power
supplier, a standard resistor, and an electro-
meter (Ohkura Denki Co.). When the resis-
tance of the specimen is smaller than 100 kQ,
the ac conductivity was measured with
I kHz-conductance bridge (Andoh Denki
Co.). In the resistance range of 100 kQ to
10 kQ, the conductivities measured by dc and
ac were almost identical within an experimen-
tal error. Powder X-ray diffraction patterns
were obtained with Geiger flex D-2F (Rigaku
Denki Co.).

Infrared absorption spectra were measured
in dry air with JASCO DS-402G ir spectro-
meter by the KBr pellet method at room
temperature in the wavenumber range of
200-4000 cm™!. The proton transport number
was determined by an electrolysis method with
Schmidt’s coulometer (6) and EMF method
with a hydrogen concentration cell (3, 7, 8).
In the former case, applying high dc voltage
of 50 to 150 V, adc current was passed through
the crystal at 50°C with mercury electrodes to
measure the volume of hydrogen gas evolved
at the cathode. The coulombs passed through
the cell were measured with the help of solid-
state coulometer named MEMORIODE (San-
yo Electric Co.; 9). The evolved gases were
analyzed by gas chromatograph (Yanagimoto
MFG Co. Model GCG-200) using argon as
carrier gas. An EMF cell of the type,

Pt,H, (P, atm)|sample|Pt, H, (P, atm),

was used to measure the proton transport
number. The cell assembly is shown in Fig. 1.
The platinized platinum nets were used as
electrodes. The gas tightness of two compart-
ments was obtained by using a heat resistant
silicone rubber O-ring. The used cell construc-
tion made it possible to maintain different
atmospheres of flowing gas on both sides of
the pellet. The different partial hydrogen
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FI1G. 1. EMF cell assembly. a, Teflon tube; b, close
screw; ¢, alumel-chromel thermocouple; d, pellet;
¢, silicone rubber O-ring; f, platinum electrode contact;
g, rubber plug; h, glass tube.

pressures on each side of the pellet were
obtained by using a flow of about 60 ¢cm3/min
of Ar-H, gas mixture with known compo-
sitions. Before use, the gas was dried by means
of molecular sieves and phosphorus pentoxide.
Small traces of oxygen were removed by copper
nets heated at 600°C. The EMF of the gas
concentration cell was measured by means of
a digital voltmeter with an input impedance of
10° Q (Takeda Riken Co.).

3. Results and Discussion

3.1. Formation of Triethylenediamine Sulfate
and Hexamethylenetetramine sulfate

In general, the amine-H,SO, system gives
many types of sulfates having various contents
of sulfuric acid. For example, four types of
sulfates, NH;-4H,SO,, NH;-H,SO,, NH,-
+H,S0,, and NH,-2I1,SO,, have been found
in the NH;-H,SO, system. However, no work
onthe CcH,,N,~H,SO, systems has been done
previously. The ratio of H,S0O, to C¢H;,N,,
x, in triethylenediamine sulfate prepared in
our laboratory was measured as a function
of the amount of sulfuric acid added to a
solution containing 3 g of C¢H,,N, in 100 ml
of methanol and it is shown in Fig. 2. The
value of x increases from 1 to 2 as the amount
of H,SO, increases to indicate that at least
two types of sulfate, namely, C¢H,,N,* H,SO,
and C¢H,N,-2H,SO,, may exist. X-ray
diffraction analysis carried out at room
temperature showed a single-phase pattern for
the sample containing H,SO, with the ratio of
about 1, 1.5, and 2 to C¢H,,N, as shown in
Fig. 3. These results indicate that three
compounds, C¢H,,N,-H,SO,, C¢H;;N,*
3H,S0,, and C¢H;,N,-2H,S0,, exist atroom
temperature in the C¢H,,N,-H,S0, system.
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FIG. 2. Relation between the amount of concentrated
sulfuric acid used and the content of H,SO,, x, in
triethylenediamine sulfate, C¢H,,N, - xH,SO,.
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FiG. 3. X-ray diffraction patterns of triethylene-
diamine sulfates, CsH;,N, xH,S0O,, with various
contents of sulfuric acid.

Differential thermal analysis (DTA) was
carried out for these samples sealed in Vycor
tube under vacuum. The melting points were
found at 300°C for C¢H,,N,-0.95H,S0,, at
320°C for C¢H{,N, - 1.54H,80,, and at 250°C
C¢H,,N,-1.95H,S0, and the thermal peaks
which appear to be the phase transition points
were observed at 80°C for C¢H,,N,-0.95-
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H,SO, and at 140°C for C¢H,N,-1.95H,S0,.
However, these samples decomposed gradu-
ally above 220°C in air. X-ray diffraction
patterns above 80°C for C¢H,,N,-0.95H,S80,
and above 140°C for C¢H,,N,-1.95H,SO,
were different from those obtained at room
temperature, and their changes at the respec-
tive temperatures were reversible, which
indicated that these temperatures are really
the phase transition points. The infrared
absorption spectra of triethylenediamine sul-
fates in the solid state are shown in Fig. 4a.
Two absorption bands of SO,*~ ion at 1110
and 610 cm™' are observed in CgH;,N,-
0.95H,S0, and the intensities of these bands
decrease with increasing the content of H,SO,.
Five absorption bands of HSO,~ ion at 3000,
1190, 1070, 890, and 590 cm~! are observed in
C¢H,,N,-1.54H,SO, and CcH;,N,-1.95H,-
SO,. The broad absorption bands of *“N-H--O
stretching at 2500-2800 cm™! and O-H-O
stretching at about 3000 cm™' are observed,
and their intensities are nearly constant even
when x is changed.

Previous works on the C¢H,,N,~H,SO,
system have not been extensive, and two
compounds, CcH,,N,-1H,S0,and C¢H,,N, -
H,SO,, have been prepared (/0). In Fig. 5,
the content of H,SO, in hexamethylenetetra-
mine sulfate is shown as a function of the
amount of sulfuric acid added to a solution
containing 2 g of C¢H,,N, in 150 ml of etha-
nol. In this case, the largest ratio of H,SO, to
CeH,N, is 2.14. As shown in Fig. 6, X-ray
diffraction investigations indicate that four
compounds, CgH,;,N,-{H,SO,, C¢H,,N,-
H,S0,, C¢H,,N,-3H,S0,, and C¢H,,N,-
2H,S80,, were found in the C¢H,,N,~H,SO,
system. That is, two new compounds, C H,,-
N,-3H,SO, and C¢H,N,-2H;S0,, were
found in our laboratory. The melting points of
these compounds measured in a sealed evacu-
ated tube were 170°C for CgH;,N,-
0.53H,80,, 146°C for C¢H,,N,-1.02H,S0,,
135°C for C4H,,N,-1.57H,S0,, and 129°C
for C¢H,,N,-2.02H,SO,. No phase transition
was observed up to these melting points. In
air, these compounds were decomposed above
160°C. The infrared absorption spectra of
hexamethylenetetramine sulfate in the solid
state are shown in Fig. 4b. Two absorption
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FIG. 4. Infrared absorption spectra of CsH,N; - xH,S0, and CeH, N4 xH,SO, in KBr pellet. (a) Triethylene-
diamine sulfate (x = 0.95, 1.54, and 1.95); (b) hexamethylenetetramine sulfate (x = 0.53, 1.02, 1.57, and 2.02).
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FiG. 5. Relation between the amount of concentrated
sulfuric acid used and the content of H,SO,, x, in
hexamethylenetetramine sulfate, C¢H 2N, * xH,SO,.

bands of SO,2~ ion at 1110 and 610 cn™" are
observed in C¢H;,N,-0.53H,50,, and five
absorption bands of HSO,™ ion are observed
at 3000, 1190, 1070, 890, and 590 cm™! in
C¢H,,N,-1.02H,S0,, C¢H,,N,-1.57H,SO,,
and CgH;,N,-2.02H,SO,. In the case of
Ce¢H,,N,-0.53H,S0,, the absorption bands
assigned to *N-H stretching are observed in
the region of 2450-2750 cm™?, and in the case
of CgH,,N,-1.02H,S0,, C¢H;,N,*1.57H,-
SO,, and C¢H,,N,-2.02H,SO,, the broad
absorption bands of *N-H-O stretching "at
about 2400 cm™! and O-H--O stretching at
about 3000cm™! are found to increase
gradually with increasing content of H,SO,.
From these results, it is suggested that
C¢H;N,-H,S0,, C¢H,N,-3H,S0,, and
CgH;,N,-2H,SO, have two types of hydrogen
bond of =*N-H-.O- and -O-H..O-.

26 (Cu Ka)
FiG. 6. X-ray diffraction patterns of hexamethylene-

tetramine sulfate, C¢H,,N,-xH,S0,, with various
contents of sulfuric acid.

3.2. Electrical Conductivity

The polycrystallines of the sulfates were
pressed in the shape of a pellet to measure the
electrical conductivity because of the difficulty
in obtaining single crystals of the sulfates. The
porosities of the pellets calculated from the
pycnometric density of the powder were less
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FiG. 7. Change of electrical conductivity of triethyl-
enediamine sulfate, CgH,.N, -xH,SO,, with the
content of H,SO,, x, at 100°C.

than 10%. For example, the density of the
pellet of CcH,,N,-1.54H,SO, was found to
be 1.54 g/cm?® which corresponded to 939 of
the pycnometric density of the powder
(1.659 g/cm3). The variation in conductivity
with x value in C¢gH,,N, - xH,S0, at 100°C is
shown in Fig. 7. A maximum conductivity
of 2.7 x 107 Q~' cm™! is observed near the
composition of CcH;,N;*3H,S0,. This result
shows that the electrical conductivity of
C¢H,,N,-3H,S0, at 100°C is higher than
those of C¢H;,N,-H,SO, and of C;H;N,-
2H,S0O,. According to X-ray diffraction
analysis, CoH,N,-xH,80, (1 <x< 1.5)is a
mixture of C¢H,,N,-H,S80, and C4H,,;N,"
3H,S0,, and C,H,,N,-xH,SO, (1.5 <x < 2)
is a mixture of C¢H,,N,-3H,SO, and C,H,,-
N, -2H,S0O,. Therefore, the conductivities of
C¢H,N,-xH,S0, increase with increasing x
from 1 to 1.5 because the content of high-
conductivity phase, C¢H,N,-3H,SO,, in-
creases while they decrease with increasing x
from 1.5 to 2 because the content of C;H,, N, -
3H,SO, decreases. The temperature depen-
dence of conductivity of C¢H,,N,-xH,SO,
with various ratios of H,S0, to C¢H,,N, is
shown in Fig. 8. For C,H;,N,-0.96H,S0,
and C¢H,,N,-1.25H,S0,, an abrupt decrease
of conductivity is observed near 80°C and for
Ce¢H ,N,-1.73H,S0, and C¢H,,N,-1.95H,-
SO,, an abrupt increase near 140°C, which
coincide with the phase transition temperature
observed by DTA. The activation energies for
conduction of the triethylenediamine sulfates
calculated from Arrhenius plot are shown in
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FiG. 8. Temperature dependence of electrical con-
ductivity of triethylenediamine sulfate, C¢H,;.N,"

xH,S0, (x = 0.96,1.25, 1.54, 1.73, and 1.95).

TABLE 1

OBSERVED ACTIVATION ENERGIES OF CONDUCTION IN
TRIETHYLENEDIAMINE SULFATES,

HEXAMETHYLENETETRAMINE SULFATES, AND SOME
PROTON CONDUCTORS
Activation
Material energy (eV)
CoH.N,-0.96H,S0, 0.90° 0.74°
C¢H;,N,-1.54H,S0, 0.534 0.45°
Ce¢H,,N,-1.95H,50, 0.957 0.45°
CgH,,N,-0.53H,S0, 1.76
CegH12N,-1.02H,S0, 0.98
CgH; 3N, -1.57TH,S0, 1.23
CeH N, 2.02H,SO, 0.93
KH,PO, (1) 0.55
Ice (12) 0.53
{(NH,CH,COOH),-H,S0, (13) 1.26
NH,CIO, (/4) 0.85
(NH_),CO-HNO; (15) 1.08
(NH,);SO, (16) 0.76

4 From room temperature to phase transition points.
® Above phase transition points.

Table I. The activation energy for C¢H,,N,-
0.96H,SO, is comparable to those of
(NH,CH,COOH),-H,S0O,, NH,CIO,, NH,-
CONH,-HNO,, and (NH,),50,, as shown
in Table I. These compounds have a *N-H-.O
hydrogen bond, and the proton can move
through the hydrogen bond. Thus, the proton
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migration mechanism in C¢H;,N,-H,SO,
will be similar to that of NH,ClO,. The
existence of *N-H..O hydrogen bond in
C¢H,,N,-H,S0O, was suggested by ir measure-
ments. The activation energy for C¢H,;,N,
1.54H,S0, is comparable to those of KDP and
ice as shown in Table I. This result suggests
that the proton migration mechanism in
C¢H,;N,-3H,SO, will be similar to that of
ice, that is, C4H,,N,-3H,SO, has a three-
dimensional hydrogen bond, O-H-O, and a
proton can move through the hydrogen bond
which is shown by ir measurements. In this
case, a small change of the activation energy is
observed above 140°C, which coincides with
the phase transition temperature, and this
change will be due to the fact that C¢H;,N,-
1.54H,S0, is a mixture consisting of a large
amount of C¢H,;,N,-3H,SO, and a small
quantity of C¢H,,N,-2H,SO,. In the case of
C¢H,,N,-1.95H,S0O,, the activation energies
of 0.45 and 0.95eV were observed in the
temperature range of 140 to 190 and 50 to
140°C, respectively. The former is comparable
to that of C¢H,,N,- 1.54H,SO, and the latter
to that of C¢H,;,N,-0.95H,S0,. From these
results, the proton migration mechanism in the
high-temperature modification will be sug-
gested to be similar to that of C¢H;,N,:
3H,S0,. According to the ir experiment of
C¢H,.N, 1.95H,S0, at room temperature,
two types of hydrogen bond, O-H-O and
+N-H..O, were recognized. Therefore, the
protons in the low-temperature modification
cannot move along the O-H..O hydrogen
bond, but can move along the *N-H.-O
hydrogen bond. Infrared measurements of the
high-temperature modification of C¢H,,N,-
2H,SO, have not been carried out; thus, it is
not clear what type of hydrogen bond exists
in this modification. However, from the
activation energy for conduction the proton
can be considered to move along O-H-O
hydrogen bond.

The conductivities of C¢H;,N,*xH,S0, at
25°C are represented in Fig. 9 as a function of
x. This result shows that the conductivity
maximum is presented near x = 2, i.e., C¢H -
N, 2H,S0, exhibits the highest conductivity
among four compounds, C¢H,;,N4-xH,SO,
(x=14, 1, 3, and 2). X-ray diffraction patterns
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FiG. 9. Dependence of electrical conductivity of
hexamethylenetetramine sulfate on the content of
H2S04, X, at 25°C.

and ir spectra of C¢H,,N,-(2+ 6)H,SO,
(6 > 0) were almost the same as those of
C¢H,;,N,-2H,S0O,. From these results, it can
be assumed that the excess of H,SO, dissolves
in the stoichiometric compound, CsH;,N,"
2H,SO,, and the conductivities of the solid
solution, C¢H,,N,-(2 + 6)H,SO,, decrease
with increasing value of §, that is, the excess
of H,SO, dissolved in C¢H,;N,-2H,SO,
retards the proton conduction in the crystal.
The formation of the solid solution was sug-
gested from the fact that the melting points
became higher with increasing ¢. The temper-
ature dependence of conductivities of CsH,,-
N,-0.53H,S80,, C¢H,,N,-1.02H,50,, C¢H,,-
N,-1.57H,80,, and C¢H,,N,-2.02H,S0, is
shown in Fig. 10. The activation energy of
hexamethylenetetramine sulfates calculated
from the temperature dependence of conduc-
tivity is shown in Table I. The activation
energies of C¢Hy,N,-1.02H,S0,, C¢H N,
1.57H,S0,, and C¢H,,N,-2.02H,SO, have
almost the same magnitude as those of
(NH,CH,COOH),-H,S0O, and NH,CIO, in
which the migrating proton is considered to be
generated from [NH;CH,COOH]* or [NH,]*.
Therefore, it is suggested that in CgH,;,N,
H,S0,, C¢H,N,-$H,S0,, and C4H;,N,:
2H,S0O,, the proton generated from the
[CeH;N,-H]* group is able to migrate easily
along the *N-H..O hydrogen bond. However,
the activation energy of C¢H,,N,-0.53H,SO,
is larger than those of C¢H,,N,* xH,SO, with
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Fic. 10. Temperature dependence of electrical
conductivity of hexamethylenetetramine sulfate,
CeH ,N4 - xH,SO, (x = 0.53, 1.02, 1.57, and 2.02).

x=1.02, 1.57, and 2.02. The low electrical
conductivity and high activation energy for
C¢H N, $+H,S0, will be due to the fact that
this compound has no remarkable hydrogen
bond which is suggested by ir measurements.

In the above discussion, the proton con-
duction mechanism in triethylenediamine- and
hexamethylenetetramine-sulfate are consid-
ered by merely the results of ir measurements
and the activation energies for conduction.
To discuss the information of their crystal
structures further, the NMR measurements
and the dielectric dispersions may be neces-
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sary. These studies are now under investigation
in our laboratory.

3.3 Transport Number

The determination of charge carriers in the
triethylenediamine- and hexamethylenetetra-
mine-sulfate systems was performed by the
electrolysis and EMF methods. The electroly-
sis experiment was carried out for C;H,,N,-
1.54H,SO, and C¢H,,N,-2.02H,S0,, which
have the highest conductivities in the tri-
ethylenediamine- and hexamethylenetetra-
mine-sulfate sysiems, respectively. Before
measurement, in order to remove the adsorbed
water in the sample and to make mercury and
kerosene saturate with hydrogen gzas, pre-
electrolysis was carried out for 1 day. The
electrical conductivity of the sample was
calculated from the potential drop and the
current passed through the electrolysis cell
gradually decreased with electrolysis time and
became constant after 1 day. The conductivity
was comparable to that measured under a
vacuum. After these treatments, the volume
of hydrogen gas evolved was measured by
Schmidt’s equipment and was plotted against
the charge transported across the crystal. As
shown in Figs. 11a and b, the hydrogen evo-
lution rate is 0.116 mi H, STP/C, which
agreed within experimental error with the
calculated value considering that the sample
was pure protonic conductor. The gas chro-
matograph spectra of the evolved gas are
compared with the spectra obtained with pure
hydrogen and air in Fig. 12 to show that the

b
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R
2 0.04 "
(5]
o 0.03pF \
E Ideal slope
o 0.02[
o
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A | [T S
0 -0.1 0.2 0.30.40.5
Coulombs

FiG. 11. Yolume of evolved H, plotted against the charge passed through the pellet at 50°C. (a) C¢H,2N,-

1.54H;S0,; (b) CsH,,N,-2.02H,S0,.



360

w T 0, N,
[
€] A
H 0 N
@ ° G N
1 i L 5
2 3 4 5
Time (minutes)

Fic. 12. Gas chromatograph spectra of (a) gas
collected at the cathode of the electrolysis cell with the
pellet of hexamethylenetetramine sulfate, (b) gas with
the pellet of triethylenediamine sulfate, (c) pure
hydrogen, and (d) air.

evolved gas was hydrogen, though it contained
a small amount of air which was introduced
at the time of withdrawal of the evolved gas
from the coulometer. Some gaseous products
were also released at the anode during electro-
lysis; analysis showed them to be oxygen and
nitrogen.
The EMF of cells of types (I) and (II),

Pt, H2|C6H12N2 * 1 -54H2SO4lPt, HZ’ Ar (I)
Pt, H,|CeH,,N,-2.03H,SO,[Pt, H,, Ar (IT)

are represented in Fig. 13. The absence of
thermal EMF was verified by filling both
electrode compartments with pure hydrogen
gas. In cell (I) at 201°C, the response of the
EMF to change of gas composition was fast.
Furthermore, this EMF was found to be stable
for a long time. Assuming that the electrodes
are completely reversible, the ionic transport
number can be determined from #; = E/E\yeor,
where E is the experimental EMF and E,;,
is the thermodynamically predicted Nernst
expression:

RTln Pu, (anode) .

Et'heor = -
2F PH2 (cathode)
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FiG. 13. EMF of cells with platinized platinum net
electrodes. (a), (b) For triethylenediamine sulfate at
201 and 131°C, respectively; (¢) for hexamethylene-
tetramine sulfate at 74°C. Solid line, theoretical values.

From the data given in Fig. 13, it can be
calculated that the Nernst expression is
obeyed for triethylenediamine sulfate, so that
the ionic transport number, i.e., the protonic
transport number, is unity within an experi-
mental error. In cell (I) at 131°C and in cell (1)
at 70°C, the EMF responses to the change of
gas composition were slow and the EMF was
changed with time, which will be attributed to
the high resistivity of samples and the poor
reversibility of the electrodes at lower tempera-
tures.

4. Conclusions

Three compounds, CcH;,N,-xH,80, (x =
1, %, and 2), have been found in the triethylene-
diamine-sulfuric acid system and four com-
pounds, C¢H,,N,-xH,S0, (x=13, 1, 3, and
2), in the hexamethylenetetramine—sulfuric
acid system. Among these compounds, C¢H -
N,-3#H,S0O, and C¢H,,N,-2H,SO, exhibited
relatively high proton conductivity. Their
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proton transport numbers were nearly unity
and the conduction mechanism could be
explained on the basis of hydrogen bonds in
the crystal.
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