Polymer Bulletin 42, 425-431 (1999) p0|ymer Bulletin
O Springer-Verlag 1999

A novel gas sensor from crystalline polymer-gafted

carbon black: responsibility of electric resistance

of composite from crystalline polymer-giafted carbon black
against solvent vapor

Norio Tsubokawa”, Yukio Shirai’, Masaki Okazak?, Kiyotaka Maruyama®

! Department of Material Science and Technology, Faculty of Engineering,

Niigata University, 8050, Ikarashi 2-nocho, Niigata 950-2181, Japan

? Graduate School of Science and Technology, Niigata University, 8050, Ikarashi 2-nocho,
Niigata 950-2181, Japan

Received: 18 February 1999/Accepted: 25 March 1999
Summary

Crygalline polymers, such as poty€aprolactone) (PCL), poly(ethylene adipate)
(PEA), and polyethylene (PE), were successfully grafted onto carlbeck sirface by
direct @ndenation of terminal groups of these polymers with carboxyl groups on the
surface using N,N'-dicyclohexyldaodimide as a ondensing agent. Theelectric
resistance of a composite preparéfdm these cryslline polyme-grafted carbon lack
drastically increased td04-105times of initial resistance imood solvent vapor of grafted
polymer and returned to itral resistance when it was transferred irdoy air. However,
the change of electric resistance of the composite hardly observe@dom solvent vapor.
These results suggest that these coltgaan be applied asvel gas sensor.

Introduction

In a series of our papers, we havecceeded in the grafting of various vinyl
polymers onto carbonldck surface by the polymerization of vinyl anomers initiated by
initiating groups, such as azo (1) or peroxyester (2), potassium cdabox{B3) and
acylium perchlorategroups (4) introduced onto the sacé. The grafting of polymers
onto carbon lack surface was also achieved by the direcnaenation of carboxyl groups
on the surface with polymers having termiratdroxyl and amino groups in the presence
of condensing agents (5,6). These polymer-grafted carblatks thus obtained were
easily and uniformly dispersed in polymer matri€e$9).

It is well known that a compae from vinyl polymer-grafted carbonldck and vinyl
polymer shows a large positive temperature coefficient of electric resistance, i.e., PTC, at
near the glass transition temperature of the matrix poly(@rl3). Recently, we pointed
out that the electric resistance of the composites prepfioed crydalline polymers and
these polymer-grafted carbonlabks drastically increasesbeut 10-10° times of initial
resistance at the melting point of crystalline polyn{g4,15). These phenomena may be
due to a widening of the gaps between the cardaokbparticles by melting of crystalline
polymer matrix.

More recently, we have pointed out that the electric resistance of a composite
prepared from cryalline polyethyleneimine (Rlgrafted (16) and poly(ethylene glycol)
(PEG)-grafted carbon ldck (17) drasically increased to Tl0° times of initial resistance
in methanol, ethanol, and water pa&t, which are good solvent of PElI and PEG. But the
change of electric resistance of the composite hardly observed-hexane and toluene
vapor, which are non-solvent of PEI and PEG. These results suggests thelitgosdib
detection of a slight change of crystalline structure of these polymers by tbgptedrs of
solvent as a large increase of electric resistance of the composite.

" Corresponding author



426

Table 1 Properties of carbon black used

Specific surface area Particle size OH group COOH group

Porousblack (m2 /2) (nm) (mmol/g) (mmol/g)
Untreated 447 41 0.03 0
ACPA-treated 447 41 0.03 0.08

In the preceding paper, the grafting of pelgaprolactone) (PCL), poly(ethylene
adipate) (PEA), and polyethylene (PE) ontabca Hack surface and the resnsiveness of
electric resistance of the composites prepdredh these cryslline polyme-grafted carbon
black against solvent par and humidity were investged.

Experimental

Materials

Conduwctive cabon Hack used wasfurnace black, Brouslack, obtainedfrom Asahi
Carbon Co. Ltd., Japan. The propes of the cebon Hack were shown in Table 1.
The content of carboxyl (@OH) and phena hydroxyl (OH) groups was elermined by
use of sodium bicarbete (18) and 2,2-diphenyl-1-picrylhydrazyl (19), respively.
The carbon lack was dried in vacuo at 1D for 48 h before use.

4,4'-Azobis(4-cyanopentanoiacid) (ACPA) obtainedfrom Wako Pure Cémical Ind.
Ltd., Japan was recrdlized from methanol. N,N'-Dicyclohexylg@odimide (DCC)
obtained from Wako Pure Cémical Ind. Ltd., was dried in vacuo at rooremperature.
Tetréhydrofuran (THF), ethyl acetate, toluene, and other solvents weparified by
ordinary methods. Butane and propane gas used werameocially available fuel gas
and used without further puicktion.

Crystalline polymers

PCL (Mn=1.2x10, PEA (1.0x10 and oxidized PE (Mnt3x10) were obtained
from Aldrich Chemical Co. These polymers were used without further patfon and
dried in vacuo at 8 before use.

Introduction carboxy! goups onto carbon black surface

The introdwtion of carboxyl groups onto carborlabk surface was achieved by the
trapping of radicalsformed by the thermal decomposition of ACPA. The detailed
procedures were described in the previous paper (20).

Grafting of crystalline polymer onto daon black surface

The grafting of PCL, PEA, and PE onto carbolack sirface was achieved by the
direct ondenation of carboxyl groups on the sack with terminalhydroxyl groups of
these polymers using DCC as a condensing agent (5, 16, 17). iéaltygxample is as
follows. Into a flask, 0.25 g of carbonlakbk treated with ACPA,1.0 g of polymer, 25
mg of DCC, and 20.0 ml of THF were charged and ts&ction mixture was stirred with a
magnetic stirrerunder nitrogen at 6C for 48 h. After the eacton, the mixture was
centrifuged at 1.5xI0rpm and the supernatant solution was removed by decantation.
The resulting carbon l&ck was dispersed ingood solvent for the polymer and the
dispersion was centrifuged again. The procedures wereateg untii no more polymer
could be detected in the supernatant solutiThe percentage of grafting wagtermined
by the following equation:

Grafting (%) = A/B) x 100

where A is weight of polymer grafted anB is weight of carbon lack charged: the aount
of grafted polymer,A, was estimatedrom weight loss when polymer-grafted carboladi
was heated at 500 by a thermal analyzer.
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Preparation of composite Dieital Multi
resistor from polymer-grafted igital Multimeter PC DI
carbon black - \

The  preparation  of ermometer —
composite resistor pasteom \’I g"
crystalline polymer and the
polymer-grafted carbon léck Comb-like electrode I
was carried out as follows 10

j—
(5,16,17). mm — < Water bath

Into a test tube, 0.25 g
of polymer-grafted carbon
black was dispersed in a small
amount of THF and 1.00 g of
crystalline polymer was added.
The mixture was stirred with a
magnetic stirrer at room
temperature t@roduce a paste
of the composite.

- Solvent

r-Smm—»

Fig.1 Comb-like electrode and apparatus for the
measurement of electric resistance

Measurement of electric resistance

The measurement of electric resistance of composite resistor was carried out as
follows. The composite paste was coated onto a comb-like redect which was
prepared by the screen printing of cociie Ag/Pd paste onto a ceramic plate, and dried at
40°C. The comb-like eleobde used in this study was shown in Figure 1. Hbectric
resistance under various vapor waeasured by hanging the composite resistor in a glass
container containingrganic solvent or ater at the bottom as shown igéie 1.

The electric resistance was measured afC2%y use of a digital multimeter
(Advantest Co. Ltd., Japan: type R6871E-DC).

Results and discussion

Grafting of crystalline polymer onto daon black surface

The grafting of PCL, PEA, and PE onto carbdack surface by direct eandenation
of surface ceboxyl groups with terminal hydroxyl groups of these polymers in the
presence of DCC was examined (Schefje In general, condiive cabon Hacks such
as Poroudack have no adoxyl groups. Therefore, the intrattion of carboxyl groups
onto carbon lack was achievedhtough the trapping of 4-cyanopentancacid radicals
formed by the decomposition of ACPA by carbortadk surface (20). The carboxyl
group content of ACPA-tlated cebon Hack was determined to b@.08 mmol/g bytitration
as shown in Table 1.

Table 2 shows the results of grafting of PCL, PEA, and PE onto carbon black
surface. In the absence of CO, the
grafting of these crystalline polymers
onto carbon Ilack arface scarcely
observed. On the contrary, the
grafting of these polymers successfully
proceeded in the presence of DCC as a

condensing agent. These results
indicate that polymers are grafted with
ester bonds. Polymer-grafted carbon black

No gelation during the above
grafting reaction was observed. This PO
may be due to the fact that a large HO OH : PCL, PEA, and PE
excess of crystalline  polymers is . .
reacted with wsrface caboxyl groups Scheme 1 Grafting of crystalline polymers onto
on carbon kack. The same tendency carbon black by direct condensation
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Table 2 Grafting reaction of crystalline polymers with carboxyl groups
of carbon black by direct condensation using DCC

Grafted polymer ——MI; Grafting (%)
10 Non-catalyst DCC
PCL 1.2 trace 9.4
PEA 10.0 trace 16.8
PE 1.3 trace 15.9

Carbon black, 0.25 g; polymer, 1.0 g; DCC, 25 mg; THF, 20mL;
60°C; 48h.

was reported in the reaction dtinctional polymers with surfacdunctional groups on
carbon back(5,6,21).

These crystalline polymerafted carbon lacks readily and uformly dispersed in
good solvents for grafted polymer and polymetrices.

Electric resistance of PCL-grafted dan black in various vapor

Figure 2 shows the ef€t of various vpor on the electric resistance of composite
from PCL-grafted carbonléick at 28C. It is interesting to note that the electric resistance
of the composite drastically increased in THF, ethyl acetate, and methgwl wvéhich are
good solvent for PCL and returned &bmost initial resistance when it was transferred into
dry air. On the contrary, thelectric resistance hardly changed in humidity anbexane
vapor, which are non-solvent of PCL. Thanse tendency was observed in the composite
from PEI-grafted (16) and PEG-grafted carbtack (17).

This is due to a slight change of gaps between carbback bparticles based on the
absorption of vapor of good solvent by PCL. These results suggests theilipossib
detection of a slight change of crystalline structure of PCL by therpatben of solvent as a
large change of electric resistance of the composite.

Electric resistance of PEA-grafted ¢am black in various vapor

Figure 3 shows the eftt of various vpor on the electric resistance of composite
from PEA-grafted carbonléck at 283C. The resistor has an ability to pesd to not only
THF but also ester, such as methyl acetate. On the cgntiee electric resistance hardly
changed in humidity and n-hexane vapor.

5
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Electric resistance of PE-grafted dam black in various vapor

Figure 4 shows the ef€t of various vpor on the electric resistance of composite
from PE-grafted carbon ldck at 28C. The electric resistance of the composite
drastically increased in THF, toluene, petroleum ether, afitexane vapor, which have
affinity with PE, and immediately retned to iftial resistance when the composite was
transferred in dry air. On the contrary, theectric resistance hardly changed in polar
solvent vapor, such asater and methanol vapor

In addition, the resistor of PE-grafted carbotack has an ability to resnd to
kerosene vapor and butane gas as shown in Figure 5. The resjppntb propane gas
was very small and the electric resistance hardly changed in natural liquid gas (LNG).

Relationship between electric resistance of composite from PE-graftdabncanlack and
partial pressure of THF vapor

The relationship between electric resistance of the compésite PE-grafted carbon
black and partial pressure of THF in mixture of wateporain air was eamined under
atmospheric pressure at °®5 The result was shown in Figure 6. It was found that the
logarithm of electric resistance of the compoditem PE-grafted carbonldck is linearly
proportional to pdral pressure of THF in the mixture par. This indcates that the
composite can be applied as@vel sensor of THF vapor.

Mechanism of gas sensing

The responsility of these crystalline polynregrafted carbon lack to good solvent
vapor lost at abovenelting point of the polymer as mentioned in the previous p#&pey.

The electric resistance of the compositem amorphous polyester-grafted carbofrack
hardly responded to good solvent vapor.

In addition, it was found that by exposure of the contposo good solvent vapor,
few percent of weight increase was observed. And it was confirmed the adsorbed vapor
was completely desbed under dry air.

Based on the above results, ¢aysne structure of grafted polymer on tharface
plays an important role in the increase of electric resistance in solysort va

These phenomena may be due to a slight change of gaps between clblon b
particles based on the abpgtion of vapor of good solvent by ctgline polymers. These
results suggests the posbtlp of detection of a slight change of crystalline structure of
crystalline polymer by the absption of solvent as a large change of electric resistance of
the composite.

Furthermore, it is concluded that the compositBam crydalline polyme-grafted
carbon tack can be applied aswavel gas sensor.
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Fig. 4 Effect of various vapor on the
electric resistance of composite
prepared from PE-grafted carbon
black

Fig. 5 Effect of various vapor on the
electric resistance of composite
prepared from PE-grafted carbon
black

Fig. 6 Relationship between partial
vapor pressure of THF vapor and
electric resistance of composite
prepared from PE-grafted carbon
black



431

Conclusions

1. Crysdalline polymers, such as PCL, PEA, and PE, were successfully grafted onto
carbon tack wrface by direct endenation of surface ahoxyl groups with terminal
functional groups of these polymers.

2. The electric resistance of these crystalline potygnafted carbon Ilacks
extremely increased in par of good solvent for grafted chain and returnexinediately to
initial resistance when it was transferreding air.

3. The logarithm of electric resistance of the compoBiben PE-grafted carbon ldck

is linearly proportional to péial pressure of THF \@or.

Acknowledgment

This study was partly supported by the Sasakavaensific Research Grant (to

Y.S.), which is gatefully acknowledged.

References

OCoNorwNE

Fujiki K, Tsubokawa N, Sone Y (1990) Polym. J. 22: 661.

Tsubokawa N, Fujiki K, Sone Y (1988) Polym. J. 20: 213.

Tsubokawa N, ¥mada A, Sone ¥1983) Polym. Bull. 10: 62.
Tsubokawa N (1983) J. Polym. Sci., Polym. Chem. Ed. 21: 705.
Tsubokawa N, Hosoya M, Kurumada J (1998pR. Funct. Polym. 27: 75.
Tsubokawa N, Kurumada J (1996) Shak Kyokaishi 69: 90.

Tsubokawa N (1992) Prog. Polym. Sci. 17: 417.

Tsubokawa N (1996) Kobunshi 45: 412.

Tsubokawa N (1996) Carbotelgk (Graft ©polymer). In :&lamone JC (ed),
Polymeric Material Encyclopedi&RC Press, New York, pp 941-946.
Frydman E (1945) UK &ent Specification604,695.

. Ohkita K, Fukushma K (1969) Japan Pl&ss 3(3): 6; ibid (1969) 3 (4): 25.

. Wargotz B, Alvino WM (1967) Polym. Eng. Sci. 7: 63.

. Meyer J (1974) Polym. Eng. Sci. 14: 706.

. Ueno A, Sugaya S (1994) Preprints 3rd Symposium talligent Materials107.
. Tsubokawa N, Marugma K, Ogasawara T, Koshiba(¥996) Polym. Preprints

Jpn. 45:2856.

. Tsubokawa N, Yoshikawa S, Mamuya K, Ogasawara T, Saitoh(k997) Polym.

Bull. 39: 217.

. Okazaki M, Tsuchida M, Tdokawa N (1999) Polym. J. sulitedfor pulication.
. Rivin D (1963) Rubber ChenTechnol. 36: 729.

. Ohkita K, Tsibokawa N (1972) Carbon 10: 631.

. Tsubokawa N, Magara K, Sone Y (1989) Nippon Gomu Kyokaishi 62: 668.

. Tsubokawa (1993) Nippon Kagaku Kaishi: 1012.



