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Summary

Crystalline polyethyleneimine (PEI(C)) was successfully grafted onto carbon black
surface by direct condensation of imino groups of PEI with carboxyl groups on the
surface using N,N' -dicyclohexylcarbodiimide as a condensing agent. The electric
resistance of a composite prepared from PEI(C) and PEI(C)-grafted carbon black
drastically increased to 103-104 times of initial resistance in methanol, ethanol, and water
vapor. But the change of electric resistance of the composite hardly observed in hexane
and toluene vapor. These results suggest the possibility of detection of a slight change of
crystalline structure of PEI by the absorption of solvent as a large increase of electric
resistance of the composite.

Introduction

We have reported the grafting of various vinyl polymers onto carbon black surface
by the polymerization of vinyl monomers initiated by initiating groups, such as azo or
peroxyester, potassium carboxylate, and acylium perchlorate groups, introduced onto the
surface (1-3). In addition, the grafting of polymers onto carbon black surface was
achieved by the direct condensation of carboxyl groups on the surface with polymers
having terminal hydroxyl and amino groups in the presence of condensing agents (4,5).
The polymer-grafted carbon blacks thus obtained were easily and uniformly dispersed in
polymer matrices (1-3).

It is well known that a composite from vinyl polymer-grafted carbon black-
polymer composite, which was crosslinked with a variety of crosslinking agents, shows a
large positive temperature coefficient of electric resistance, i.e., PTC, at near the glass
transition temperature of the matrix polymer (6,7). That is, the electric resistance of the
composite gradually increases with increasing temperature of the composite. This is
considered to be due to a widening of the gaps between the carbon black particles by
thermal expansion of polymer matrix.

Meyer have reported the stability of the composite of carbon black with crystalline
polymer, high-density polyethylene, as PTC resistors (8,9). Recently, we have achieved
the grafting of crystalline polymers, such as polyethylene glycol and polyethylene adipate,
onto carbon black surface by the direct condensation of surface carboxyl groups with
terminal hydroxyl groups of these crystalline polymers using N,N'-
dicyclohexylcarbodiimide (DCC) as a condensing agent. Furthermore, we pointed out
that the electric resistance of the composites prepared from these crystalline polymers and
these polymer-grafted carbon blacks drastically increases about 10 4-105 times of initial
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resistance at the melting point of crystalline polymer (10,11). This may be be due to a
widening of the gaps between the carbon black particles by melting of crystalline polymer
matrix.

Therefore, it is expected that the electric resistance of composite prepared from
crystalline polymer-grafted carbon black affected by the absorption of vapor of good
solvent of matrix polymer, because of the changing of the gaps between carbon black
particles based on the absorption of vapor.

Therefore, in the present paper, the grafting of crystalline polyethyleneimine
(PEI(C)) onto carbon black surface (Scheme 1) and the responsiveness of electric
resistance of the composite prepared from PEI(C) and PEI(C)-grafted carbon black
against alcohol vapor and humidity were investigated.

Scheme 1 Grafting of PEI onto carbon black surface by direct
condensation of carboxyl groups with PEI(C) in the presence of
DCC

Experimental

Materials
Conductive carbon black used was furnace black, Porousblack, obtained from

Asahi Carbon Co. Ltd., Japan. The properties of the carbon black was shown in Table 1.
The content of carboxyl (COOH) and phenolic hydroxyl (OH) groups was determined by
use of sodium bicarbonate (12) and 2,2-diphenyl-l-picrylhydrazyl (13), respectively.
The carbon black was dried in vacuo at 110°C for 48 h before use.

2-Methyl-2-oxazoline obtained from Aldrich Chemical Co. Inc. was dried over
calcium hydride and distilled before use. 4,4'-Azobis(4-cyanopentanoic acid) (ACPA)
obtained from Wako Pure Chemical Ind. Ltd., Japan was recrystallized from methanol.
N,N'-Dicyclohexylcarbodiimide (DCC) obtained from Wako Pure Chemical Ind. Ltd.,
was dried in vacuo at room temperature. Tetrahydrofuran (THF) and other solvents
were purified by ordinary methods.

Polyethyleneimine (PEI)
PEI(C) (Mn=5.0x10 3) was prepared by the hydrolysis of poly(2-methyl-2-

oxazoline), which was prepared by cationic ring-opening polymerization of 2-methyl-2-
oxazoline using methyl p-toluenesurfonate as a catalyst, according to the method of

Table 1 Properties of carbon black used

Specific surface area Particle size OH group COOH group
Porousblack	 (m2/g)	 (nm)	 (mmol/g)	 (mmol/g)

Untreated	 447	 41	 0.03	 0

ACPA-treated	 447	 41	 0.03	 0.08
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Saegusa et al.(14). Amorphous PEI (PEI(A)) (Mn=1.8x103 and 3.0x104), which was
prepared by cationic ring-opening polymerization of ethyleneimine, was obtained from
Nippon Shokubai Co. Ltd., Japan. It was dried in vacuo at 80°C for 48 h before use.

Introduction carboxyl groups onto carbon black surface
The introduction of carboxyl groups onto carbon black surface was achieved by

the treatment with ACPA (15). Into a flask, 5.0 g of carbon black, 0.5 g of ACPA, and
100 ml of THE were charged and the mixture was stirred with a magnetic stirrer under
nitrogen at 70°C for 48 h. After the reaction, the mixture was centrifuged at 1.5x10 4 rpm
and the supernatant solution was removed by decantation. The resulting carbon black
was dispersed in THF and the dispersion was centrifuged again. The procedures were
repeated until no more ACPA could be detected in the supernatant solution. The carbon
black was dried in vacuo at 45°C and stored in a desiccator. The content of carboxyl
groups was determined by titration (12).

Grafting of PEI onto carbon black surface
The grafting of PEI onto carbon black surface was achieved by the direct

condensation of carboxyl groups on the surface with amino or imino groups of PEI using
DCC as a condensing agent (4). Into a flask, 0.25 g of carbon black treated with ACPA,
1.0 g of PEI, 25 mg of DCC, and 20.0 ml of THF were charged and the reaction mixture
was stirred with a magnetic stirrer under nitrogen at 60°C for 48 h. After the reaction, the
mixture was centrifuged at 1.5x10 4 rpm and the supernatant solution was removed by
decantation. The resulting carbon black was dispersed in methanol and the dispersion
was centrifuged again. The procedures were repeated until no more PEI could be detected
in the supernatant solution.

The percentage of grafting was determined by the following equation.

Grafting (%) = (A/B) x 100

where A is weight of PEI grafted and B is weight of carbon black charged: the quantity
of grafted PEI, A, was estimated from the weight of carbon black after grafting reaction
minus that before grafting reaction.

Preparation of composite resistor from PEI and PEI-grafted carbon black
The preparation of composite resistor from PEI and PEI-grafted carbon black was

carried out as follows. Into a test tube, 0.25 g of PEI grafted carbon black was dispersed
in a small amount of THF and 1.00 g of PEI was added. The mixture was stirred with a
magnetic stirrer at room temperature to produce a paste of the composite. When untreated
carbon black was used, the mixing with PEI was conducted under ultrasonic irradiation,
because untreated carbon black was hardly dispersed uniformly in polymer.

Measurement of electric resistance
The measurement of electric resistance of composite resistor was carried out as

follows. The composite paste prepared by the above method was coated onto a comb-like
electrode, which was prepared by the screen printing of conductive Ag / Pd paste onto a

10.0 mm Fig. I Comb-like electrode used for the
measurement of electric resistance

E
E

00



220

ceramic plate. The comb-like electrode used in this study was shown in Figure 1.
The electric resistance under alcohol vapor and humidity was measured by hanging

the composite resistor in a glass container containing alcohol or water at the bottom. The
electric resistance was measured at 25.0°C by use of a digital malutimeter (Advantest Co.
Ltd., Japan: type R6871E-DC).

Results and discussion

Grafting of PEI onto carbon black surface
In the previous paper, we have reported the grafting reaction of surface carboxyl

groups with polymers having terminal hydroxyl and amino groups using DCC as a
condensing agent (4). Therefore, the grafting of PEI(C) and PEI(A) onto carbon black
surface by direct condensation of surface carboxyl groups with amino or imino groups of
PEI in the presence of DCC was examined (Scheme 1).

In general, conductive carbon blacks have no carboxyl groups. Therefore, the
introduction of carboxyl groups onto carbon black was achieved through the trapping of
4-cyanopentanoic acid radicals formed by the decomposition of ACPA by carbon black
surface (15). The carboxyl group content of ACPA-treated carbon black was determined
to be 0.08 mmol/g by titration as shown in Table 1.

Table 2 shows the results of PEI grafting onto carbon black surface. In the
absence of DCC, the grafting of PEI onto carbon black surface scarcely observed. On the
contrary, the grafting of both PEI(C) and PEI(A) successfully proceeded in the presence
of DCC as a condensing agent. Percentage of grafting of PEI(A) was larger than that of
PEI(C); especially, percentage of high molecular weight PEI(A) exceeded 50%. But the
mole number of grafted PEI(A) chain on 1.0 g of carbon black (.tmol/g) decreased with
increasing molecular weight, because of steric hindrance of carbon black surface.

The reactivity of PEI(C) was lower than that of PEI(A). This may be due to the
fact that the solubility of PEI(A) in THF is higher than that of PEI(C) and PEI(A) has
much terminal amino groups.

No gelation during the above grafting reaction was observed. This may be due to
the fact that a large excess of PEI is reacted with surface carboxyl groups on carbon
black. The same tendency was reported in the reaction of functional polymers with
surface functional groups on carbon black (4,5,16).

By the grafting of PEI, the carbon black surface changed from hydrophilic to
extremely hydrophilic. In addition, both PEI(C)-grafted and PEI(A)-grafted carbon
blacks readily and uniformly dispersed in solvents, such as methanol, ethanol, and water,
and PEI matrix.

Electric resistance of composite resistor from PEI-grafted carbon black
Table 3 shows the electric resistance of composite resistor prepared from PEI and

PEI-grafted carbon black under dry air and methanol vapor. The electric resistance of
composite prepared from PEI(C) and untreated carbon black was also shown in Table 3.

Table 2 Grafting of PEI onto carbon black surface

PEI grafted Mn x 10-3
DCC
(mg)

Grafting
(%)

Grafted polymer
(imol/g)

Crystalline 5.0 - 3.2 6.4

Crystalline 5.0 25 7.1 14.2

Amorphous 1.8 25 11.3 62.8

Amorphous 30 25 50.7 16.9

Carbon black, 0.25 g; PEI, 1.0 g; THF, 20.0 ml; 60°C; 48 h.



221

Table 3 Electric resistance of composites from PEI and PEI-grafted
carbon black in dry air and methanol vapor

Composite Mn x 10 
3 Electric resistance (52)

Dry air MeOH vapor

PEI(C) + Ungrafted CB 5.0 150k 140k

PEI(C) + PEI(C)-grafted CB 5.0 20 10k

PEI(A) + PEI(A)-grafted CB 1.8 400k 320k
PEI(A) + PEI(A)-grafted CB 30 2000k 1800k

Measuring temperature, 25.0°C.

It is interesting to note that the electric resistance of composite prepared from
PEI(C) and PEI(C)-grafted carbon black was much smaller than that of amorphous one.

On the other hand, even if PEI(C) was used, the electric resistance of composite
from untreated carbon black was also larger than that from PEI(C)-grafted one. This may
be due to the presence of aggregates of carbon black particles in the composite, because
untreated carbon black hardly dispersed uniformly in PEI.

In addition, the electric resistance of composites from PEI(C) and PEI(C)-grafted
carbon black in methanol vapor at 25°C drastically increased from 20Q to 10 kQ. But the
electric resistance of composite from PEI(A) and untreated carbon black scarcely varied:
the resistance tends to decrease in methanol vapor.

Effect of various vapor on the electric resistance of composite from PEI(C) and PEI(C)-
grafted carbon black

Figure 2 shows the effect of of various vapor on the electric resistance of
composite from PEI(C) and PEI(C)-grafted carbon black at 25°C. It is interesting to note
that the electric resistance of the composite drastically increased in methanol, ethanol, and
water vapor, which are good solvent for PEI. On the contrary, the electric resistance
hardly changed in toluene and hexane, which are non solvent of PEI.

This is due to a slight change of gaps between carbon black particles based on the
absorption of vapor of good solvent by PEI(C). These results suggests the possibility of
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detection of a slight change of crystalline structure of PEI by the absorption of solvent as
a large change of electric resistance of the composite.

Effect of composition of PEI(C) and PEI(C)-grafted carbon black on the responsiveness
The effect of composition of PEI(C) and PEI(C)-grafted carbon black on the

responsiveness to methanol vapor was examined. The results are shown in Figure 3. By
decreasing content of carbon black from 20wt% to lOwt%, the initial resistance increased,
but the responsiveness to methanol vapor extremely increased.

In addition, Figure 3 shows that the electric resistance of these composite returns
immediately to initial resistance when the composite is transferred in dry air. The
responsiveness of electric resistance were reproducible even after 30 times cycle of
exposure to methanol vapor and dry air.

Relationship between electric resistance of the composite and relative humidity
Figure 4 shows the relationship between electric resistance of the composite and

relative humidity. It became apparent that the logarithm of electric resistance is linearly
proportional to relative humidity. This indicates that the composite can be applied as a
humidity sensor.

Relationship between electric resistance of the composite and partial pressure of methanol
in mixture of water and methanol vapor

The relationship between electric resistance of the composite and partial pressure
of methanol in mixture of water and methanol vapor in air was examined under
atmospheric pressure at 25°C. The result is shown in Figure 5. It was found that the
logarithm of electric resistance is also linearly proportional to partial pressure of methanol
in the mixture vapor. This indicates that the composite can be also applied as a novel
sensor of alcohol vapor.

Conclusions

PEI(C) was successfully grafted onto carbon black surface by direct condensation
of surface carboxyl groups with PEI(C). The electric resistance of composite from
PEI(C) and PEI(C)-grafted carbon black extremely increased in alcohol vapor and
humidity and the electric resistance returned immediately to initial resistance when it was
transferred in dry air. The logarithm of electric resistance is linearly proportional to
relative humidity and partial pressure of methanol. This indicates that the composite can
be applied as a novel sensor for humidity and alcohol vapor.
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The mechanism of the responsiveness of the composite to alcohol vapor and
humidity and the responsiveness of the composite from other crystalline polymer to
various vapor are now under investigation.
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