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ABSTRACT: The responses of electric resistance of composites prepared from amphiphilic polymer-grafted

carbon blacks to contamination in solution and solvent vapor were investigated. The electric resistance of the composite

prepared from poly(N-isopropylacrylamide) (PNIPAM)-grafted carbon black drastically increased when the composite

was dipped in n-hexane containing contamination, such as methanol, THF, dioctyl phthalate, and chloroform, and re-

turned to the initial resistance when it was transferred to dry air. The logarithm of the electric resistance of the com-

posite was linearly proportional to chloroform concentration in n-hexane. The electric resistance of the composite dras-

tically increased in organic polar solvent vapor, such as methanol, THF, and chloroform and returned to the initial

resistance when it was transferred to dry air. But the response to non-polar solvent vapor, such as n-hexane, was very

small. The logarithm of electric resistance of the composite was linearly proportional to humidity. In addition, electric

resistance of the composite prepared from poly(diethylacrylamide) (PDEAA)-grafted carbon black also drastically

increased when the composite was dipped in n-hexane containing contamination, such as methanol, trichloroethane,

THF, chloroform, and benzene, and returned to the initial resistance when it was transferred to dry air. Based on the

results, it was found that the composites could be used as a novel contamination sensor in n-hexane and gas sensor.

[doi:10.1295/polymj.PJ2005157]
KEY WORDS Carbon Black / Surface Grafting of Polymer / Conductive Composite / Amphiphilic

Polymer / Contamination Sensor / Gas Sensor /

It has been reported that the grafting of various
vinyl polymers onto a carbon black surface is suc-
cessfully achieved by the polymerization of vinyl
monomers initiated by initiating groups previously
introduced onto the surface.1–3 The polymer-grafted
carbon blacks thus obtained were easily and uniformly
dispersed in polymer matrices.1–3 It is well known that
a composite prepared from vinyl polymer-grafted
carbon black, which are crosslinked with a variety of
crosslinking agents, show a large positive temperature
coefficient of electric resistance, i.e., PTC, near the
glass transition temperature of the matrix polymer.
Recently, we have reported that the electric resist-

ance of the composite from crystalline polymer-graft-
ed carbon black drastically increased at the melting
point of the grafted polymer.4 It is considered that this
is due to a widening of the gaps between the carbon
black particles based on the melting of grafted and
matrix polymer.
We have also reported that the electric resistance of

composite from polymer-grafted carbon black drasti-
cally increased in organic solvent vapor, which are
good solvents of the grafted chain, but not in poor sol-

vent vapors, and returned to the initial resistance when
it was transferred to dry air.5–8 On the other hand,
Narkis et al.9 have reported the solvent sensing by
use of conductive carbon black/polymer composite.
Lews et al.10,11 and Zhang et al.12–15 have also report-
ed the solvent vapor sensing behavior of carbon
black/amorphous polymer composites.
In addition, we have pointed out that the conduc-

tive composite prepared from poly("-caprolactone)-
grafted, poly(ethylene glycol)-grafted, poly(ethylene
adipate)-grafted and polyamide-block-poly(ethylene
oxide)-grafted carbon black can be used as a contam-
ination sensor in n-hexane.16

These phenomena may be due to the swelling based
on the absorption and adsorption of solvent by matrix
polymer. That is, the increase of the electric resistance
in solvent vapors is considered that the matrix poly-
mer is swelled when the polymer absorbed a contam-
ination, and it may cut conducting circuit of the car-
bon black.
In this study, based on the above considerations, the

electric resistance response of composites prepared
from amphiphilic polymer, such as poly(N-isopropyl-
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acrylamide) (PNIPAM) and poly(diethylacrylamide)
(PDEAA), and these amphiphilic polymer-grafted car-
bon blacks to various contaminations in n-hexane and
solvent vapors was investigated. In addition, the rela-
tionship between the electric resistance of composite
and contamination in n-hexane or relative humidity
was also discussed.

EXPERIMENTAL

Carbon Black
The conductive carbon black used was Porousblack

(BET surface area, 447m2/g; particle size, 41 nm)
obtained from Asahi Carbon Co., Ltd., Japan. The
content of phenolic hydroxyl and carboxyl groups
on the surface was 0.30mmol/g and 0mmol/g, re-
spectively. The carbon black was dried in vacuo at
110 �C for 48 h before use.

Materials and Reagents
N-Isopropylacrylamide (NIPAM) and 2,20-azobis-

isobutyronitrile (AIBN) obtained from Wako Pure
Chemical Co., Ltd. were recrystallized and dried in
vacuo at room temperature. N,N-Diethylacrylamide
(DEAA) was distilled under reduced pressure. Tetra-
hydrofuran (THF), n-hexane and other solvents were
purified using standard methods.

Grafting of Amphiphilic Polymers onto Carbon Black
Surface by Radical Trapping
The grafting of polymers, such as PNIPAM and

PDEAA onto carbon black surface were achieved
through the trapping of PNIPAM and PDEAA grow-
ing radicals formed during the polymerization initiat-
ed by AIBN in the presence of carbon black as shown
in Scheme 1. Into a 100mL flask, 1.0 g of carbon
black, 4.0 g of NIPAM (or DEAA), 0.02 g of AIBN
and 10mL THF were charged and the reaction mix-
ture was stirred with a magnetic stirrer under nitrogen
at 60 �C for 6 h. In order to remove ungrafted polymer
and AIBN from the product, the mixture was centri-
fuged and supernatant solution was removed. Then
the precipitated carbon black was extracted with
THF by use of a Soxhlet apparatus.

The amount of polymer grafted onto the carbon
black surface was determined by weight loss when
polymer-grafted carbon black was heated under nitro-
gen at a scan rate of 10 �C/min from 25 to 500 �C by
use of a thermal analyzer. The percentage of grafting
was determined by the following equation:

Grafting (%) ¼ ðA=BÞ � 100;

where A is PNIPAM (or DEAA) grafted (g) and B is
carbon black charged (g).

Preparation of Sensor Materials
The preparation of composite resistor from poly-

mer-grafted carbon black was carried out as follows.
Into a test tube, 0.025 g of polymer-grafted carbon
black was dispersed in a small amount of THF and
0.10 g of polymer was added. Then, the dispersion
was irradiated under ultrasonic wave for 10min and
it was stirred at room temperature using a magnetic
stirrer to produce a paste of composite (the content
of carbon black was 20wt%). The resulting paste of
composite was coated onto a comb-like electrode,
which has an area of 8� 10mm, prepared by the
screen printing of conductive Ag/Pd paste onto a
ceramic alumina plate. The comb-like electrode used
in this study was shown in Figure 1. The comb-like
electrode, which applied a paste of composite, was
dried in air at room temperature for 1 h and then dried
in vacuo at room temperature for 24 h. The coated
composite has an area of 5� 7mm. The thickness
of the composite was about 10 mm.5–8

Measurement of Electric Resistance
The electric resistance of the composite in n-hexane

was measured by dipping the comb-like electrode
coated with composite in n-hexane solutions contain-
ing a contamination.9

On the other hand, the electric resistance of the
composite in solvent vapor was measured by hanging
the comb-like electrode in a glass tube containing pure
solvent at the bottom. The direct current electric re-
sistance of electrode coated with composite was meas-
ured as a function of time. Resistance measurements
were performed using a simple two-point configura-

AIBN

70 °C, 6 h
CH2=CH+

R
CH

R CN

CH2 CH

R

CH2 CH3Cn

CH3

R = CONHCH(CH3)2 : N-isopropylacrylamide (NIPAM)

R = CON(CH2CH3)2 : N,N'-diethylacrylamide (DEAM)

Scheme 1.
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tion. The electrode was connected directly to a digital
multimeter (made by Advantest Co. Ltd., Japan; type
R6871E-DC) via a ribbon cable, and the resistance
was read by a personal computer.

RESULTS AND DISCUSSION

Grafting of Polymers onto Carbon Black Surface by
Radical Trapping
The grafting of PNIPAM (or PDEAA) onto carbon

black surface was achieved through the trapping of
PNIPAM (or PDEAA) growing radicals, which were,
formed during the polymerization initiated by AIBN,
by the surface. The grafting of PNIPAM and PDEAA
onto carbon black surface was determined to be 5.8%
and 4.4%, respectively.
These polymer-grafted carbon blacks gave a stable

dispersion in various solvents of grafted polymer and
readily and uniformly dispersed in various polymer
matrices.

Response of Electric Resistance of Composite from
PNIPAM and PDEAA-grafted Carbon Black to Con-
taminations in n-Hexane
Figure 2 shows the response of the electric resist-

ance of the composite from PNIPAM-grafted carbon
black to dioctyl phthalate in n-hexane solution. The
electric resistance of the composite scarcely changed.
On the contrary, the electric resistance of the compo-
site suddenly increased to 105 times of the initial re-
sistance when the composite was dipped into 10 vol%
dioctyl phtalate in n-hexane, and returned immediate-
ly to the initial resistance when it was transferred into
dry air. The resistance change of the composite is
reversible, and the response of electric resistance is
excellently reproducible in every cycle of dipping to

n-hexane containing dioctyl phtalate and dry air.
Figure 3 shows the response of the electric resist-

ance of the composite from PDEAA-grafted carbon
black to chloroform in n-hexane solution. The electric
resistance of the composite also drastically increased
to 105 times of the initial resistance when the compo-
site was dipped into 10 vol% chloroform in n-hexane,
and returned immediately to the initial resistance
when it was transferred into dry air.
Table I shows the response of conductive composite

from PNIPAM and PDEAA-grafted carbon black to
various contaminations in n-hexane. In this study, the
response in a solution was also analyzed by calculating
R=R0, where R was the steady-state response value in

10 mm
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Figure 1. Comb-like electrode and apparatus for the measurement of electric resistance of composite in solution and solvent vapor.
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Figure 2. Response of electric resistance of the composite

from PNIPAM-grafted carbon black to 10 vol% dioctyl phtalate

in n-hexane solution at 25 �C. The content of carbon black in

the composite is 20wt%.
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solution and R0 is the baseline value of the resistance
(initial resistance), taken as the resistance value just
before the dip began, and the R=R0 was expressed as
the response of the electric resistance of the composite.
As shown in Table I, it was found that the response

of the composite from PNIPAM-grafted carbon black
was considerably high to methanol, m-cresol, THF, di-
octyl phthalate, and chloroform in n-hexane solution.
In the case of m-cresol, the electric resistance drasti-
cally increased when it was dipped into m-cresol in
n-hexane solution, but did not return to initial resist-
ance, when it was transferred in the dry air. It is con-
sidered that the m-cresol absorbed in PNIPAM does
not dissolve out, even if it is returned in the dry air.

On the other hand, the response to trichloroethane,
styrene, benzene, cyclohexane, bisphenol A, and pen-
tachlorophenol in n-hexane solution is small.
The response of the composite from PDEAA-graft-

ed carbon black was considerably high to methanol,
m-cresol, trichloroethane, THF, chloroform, styrene
and benzene in n-hexane solution. In the case of
m-cresol and styrene, the electric resistance drastically
increased when it was dipped into n-hexane solutions,
but did not return to initial resistance, when it was
transferred in the dry air. On the other hand, the
response to dioctyl phthalate, cyclohexane, bisphenol
A, and pentachlorophenol in n-hexane solution is
small.
Based on the above results, it was found that the

response was excellent to n-hexane solution contain-
ing contaminations, which had high dielectric constant
or were good solvents for PNIPAM and PDEAA. No
correlation between sensitivity of polymers and solu-
bility parameter of solvents was observed.
On the contrary, response of composite from

PDEAA-grafted carbon black to benzene and styrene,
which have low dielectric constant, was higher than
that from PNIPAM-grafted carbon black.
It is considered that the solubility of hydrophobic

solute in PDEAA was higher than that in PNIPAM,
because PDEAA dose not have amide hydrogen bond
but have ethyl group.
From the above results, various contaminations in

n-hexane solution were able to be sensing by using
the composite from PNIPAM and PDEAA-grafted
carbon black.

Relationship between the Electric Resistance of the
Composite from PNIPAM-grafted Carbon Black and
Concentration of Contamination in n-Hexane Solution
The relationship between electric resistance of the

composite from PNIPAM-grafted carbon black and
chloroform concentration in n-hexane solution was
investigated. The result was shown in Figure 4. It
was found that the electric resistance increased with
increasing the chloroform concentration in n-hexane
solution. The logarithm of electric resistance is linear-
ly proportional to chloroform concentration in n-hex-
ane solution. This suggests that the composite can be
used as a sensor and densitometer of chloroform in
n-hexane.

Response of Electric Resistance of the Composite
from PNIPAM and PDEAA-grafted Carbon Black to
Various Solvent Vapors
Figure 5 shows the response of the electric resist-

ance of the composite prepared from PNIPAM-grafted
carbon black to methanol vapor. The electric resist-
ance of the composite suddenly increased in methanol
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Figure 3. Response of electric resistance of the composite

from PDEAA-grafted carbon black to 10 vol% chloroform in

n-hexane solution at 25 �C. The content of carbon black in the

composite is 20wt%.

Table I. Response of electric resistance of the composite

from amphiphilic polymer-grafted carbon black

to contaminations in n-hexane at 25 �C

Contamination
Response (R=R0)

PNIPAM PDEAA

Methanol 15000 4000

m-Cresol >850000� 19000�

Trichloroethane 2.7 >390000

THF 10000 9800

Dioctyl phthalate >410000 1.1

Chloroform >440000 >520000

Styrene 1.2 >58000�

Benzene 1.0 4500

Cyclohexane 1.3 1.2

Bisphenol A 0.6 0.6

Pentachlorophenol 0.8 1.0

�Not return to initial resistance

Sensor Materials from Amphiphilic Polymer-Grafted Carbon Black

Polym. J., Vol. 38, No. 6, 2006 551



vapor, and returned immediately to the initial resist-
ance when it was transferred into dry air.
The response of electric resistance of the compo-

sites from PNIPAM-grafted and PDEAA-grafted
carbon black to various vapors was summarized in
Table II. As shown in Table II, it was found that the
response of the composite from PNIPAM-grafted car-
bon black was very large to methanol, THF, and
chloroform vapor at 25 �C under standard atmospheric
pressure. On the other hand, the response to m-cresol,
dioctyl phthalate, styrene benzene, cyclohexane, and
n-hexane vapor was small. The response of the com-
posite from PDEAA-grafted carbon black was also

very large against THF, chloroform, styrene, and ben-
zene vapor. The drastic increase of electric resistance
in these solvent vapor was observed, but the electric
resistance hardly returned to initial resistance even
if it was transferred to the dry air. This may be due
to the high solubility of organic solvent in PDEAA.
On the other hand, the response against m-cresol,
dioctyl phthalate, cyclohexane, and n-hexane vapor
was small.
Based on the above results, it seems that the

response was excellent to solvent vapor, which had
low boiling point or were good solvents for PNIPAM
and PDEAA. On the contrary, response of compo-
site from PDEAA-grafted carbon black was higher
than composite from PNIPAM-grafted carbon black
against benzene and styrene, which had high boiling
point. No correlation between sensitivity of polymers
and solubility parameter of solvents was observed.
It is considered that the solubility of hydrophobic

solute in PDEAA was higher than that in PNIPAM,
because PDEAA dose not have amide hydrogen bond
and but have ethyl group.

Relationship between Electric Resistance of the
Composite from PNIPAM-grafted Carbon Black and
Relative Humidity
The effect of relative humidity on the electric resist-

ance of the composite from PNIPAM-grafted carbon
black was investigated. The result was shown in
Figure 6. It was found that the electric resistance
increased with increasing the humidity. In addition,
the logarithm of responsiveness is linearly proportion-
al to humidity. It was found that the composite from
PNIPAM-grafted carbon black with PNIPAM could
measure humidity from about 0 to 100%. This sug-
gests that this composite can be used as a sensor and
hygrometer.
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Figure 5. Response of electric resistance of the composite

from PNIPAM-grafted carbon black to methanol vapor at 25 �C.

The content of carbon black in the composite is 20wt%.

Table II. Response of electric resistance of the

composite from amphiphilic polymer-grafted

carbon black to various solvent vapors at 25 �C

Solvent
Response (R=R0)

PNIPAM PDEAA

Methanol >1150000 273

m-Cresol 1.0 1.1

Trichloroethane 440 6.5

THF >430000 >21000�

Dioctyl phthalate 1.1 1.3

Chloroform >960000 3200�

Styrene 1.2 >21000�

Benzene 2.0 >35000�

Cyclohexane 1.0 1.3

n-Hexane 1.0 1.1

�Not return to initial resistance
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Figure 4. Relationship between the response of electric resist-

ance of the composite from PNIPAM-grafted carbon black and the

chloroform concentration in n-hexane solution at 25 �C. The con-

tent of carbon black in the composite is 20wt%.
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CONCLUSIONS

1. The electric resistance of the composites from
PNIPAM-grafted carbon black and PDEAA-
grafted carbon black drastically increased, when
it was dipped in n-hexane containing contamina-
tions, such as methanol, THF, and chloroform
and returned immediately to the initial resistance
when it was transferred into dry air.

2. The electric resistance of the composites from
PNIPAM-grafted carbon black drastically in-
creased, when it was exposed to the solvent va-
por of methanol, THF, and chloroform at 25 �C,
and immediately returned to initial resistance
when it was transferred to dry air.

3. The response of electric resistance of the compo-
site from PNIPAM-grafted carbon black was
found to be linearly proportional to chloroform
as contamination in n-hexane solution and rela-
tive humidity.
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