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ABSTRACT: A microcapsule toner containing trimellitic
anhydride for use as a foam inhibitor in printing applica-
tions was synthesized by liquid-phase separation in organic
solvents. It is possible to determine materials appropriate for
the microencapsulation of trimellitic anhydride from solu-
bility parameters calculated on the basis of the molecular
structures of raw material candidates. Considering solubility
parameters of various polymers, the polyethylene/
methacrylic acid copolymer was selected for the microcap-
sule wall material. In addition, two kinds of solvents, tolu-
ene [solvent (a)] and isoparaffin [solvent (b)], were em-
ployed. It was necessary for the microcapsule materials to
meet the following conditions: (1) the wall material must
completely dissolve in solvent (a); (2) the core material must

disperse well, but not dissolve in solvent (a); and (3) the wall
and core materials must not dissolve in solvent (b). By using
mixtures of either lecithin and basic barium petronate or
lecithin and basic calcium petronate as charge control
agents, the trimellitic anhydride microcapsules could be
charged either positively and negatively, respectively. The
microcapsule toner fabricated in this method was success-
fully applied in commercial printing machines, where it
inhibited foaming effectively enough to satisfy product re-
quirements in the printing industry. © 2003 Wiley Periodicals,
Inc. J Appl Polym Sci 90: 3822-3826, 2003
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INTRODUCTION

Microcapsules are minute heterogeneous containers
that are usually either spherical when enclosing a fluid
or roughly shaped when enclosing a solid and gener-
ally consist of a core material enclosed within a wall
material. Animal and plant cells are well-known ex-
amples of naturally occurring microcapsules. Artificial
microcapsules were first produced in the 1950s for
carbonless copying paper.'” Microencapsulation is
very useful for modifying chemical and mechanical
properties of a core material. Presently, microcapsules
are widely used to control a core material’s release
characteristics, to improve its stability by protecting it
from environmental stimuli, and to modify its surface
properties.>® Performing such roles, they are em-
ployed in numerous products including drugs,’™"
cosmetics,'* foods,'” and printing toners.'®™>* A vari-
ety of techniques are commonly used to fabricate mi-
crocapsules such as liquid-phase separation,'® interfa-
cial polymeriza’cion,z‘?"24 emulsion polymerization,6
solvent evaporation,” and spray drying.'” Among
these techniques, liquid-phase separation, a kind of
physiochemical technique, is very convenient and can
produce microcapsules even without water. Further-
more, this technique is suitable for preparation of
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small particles because they can be formed in a non-
polar solvent.

One of the many applications of microcapsules is in
liquid toner for digital printing. Toners have been
widely studied in the field of electrophotography'®—*
and can be categorized into solid and liquid types.
Figure 1 shows an illustration of microcapsules in a
liquid toner. They consist of a core material, a polymer
enclosing the core material, and a charge control agent
(CCA). Concerning a liquid toner, the microcapsules
must be dispersed in a nonpolar solvent and charged
either positively or negatively. A liquid toner is most
suitable for high-resolution printing because its parti-
cles are much smaller than those of a solid toner.
Furthermore, this industrial field demands a func-
tional toner displaying various characteristics neces-
sary for multi-item, on-demand, and small-lot print-
ings. In this article, we report the synthesis of a mi-
crocapsule toner by liquid-phase separation in organic
solvents, with a special focus on the microencapsula-
tion of trimellitic anhydride (TMA) for use as a foam
inhibitor.”

EXPERIMENTAL

We synthesized microcapsules of TMA (Mitsubishi
Gas Chemicals, Japan) by liquid-phase separation in
organic solvents. In this method, the following two
kinds of solvents are employed: (a) a “good” solvent
and (b) a “poor” solvent. A good solvent dissolves a
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Figure 1 Illustration of microcapsules in a liquid toner.

wall material; however, a poor solvent does not. This
difference in solubility is exploited to deposit a wall
material on the surface of a core material. Therefore,
solubility is the key to the success of this method. In
this method, solubility parameters (SPs) were used to
determine an appropriate wall material and appropri-
ate good and poor solvents.

On this basis, a copolymer was selected for a wall
material. SPs of polymers are generally good indica-
tors of their compatibilities. Considering a degree of
solubility between a homopolymer and a solvent, if a
difference between their SPs is small, the solubility is
high, and if it is large, the solubility is correspondingly
low. In this study, SPs of homopolymer were calcu-
lated from the molecular attraction constants (G) of
their constituent functional and atomic groups and
their molecular volume (V) by the formula®®?7:

8, = 2G/V

SPs of solvents were obtained from the force of attrac-
tion between molecules on the basis of Hildebrand-
Scatchard’s theory of solutions, as follows® =*:

8. = (AE,/AVy)'?

where AE,, is the vaporization energy, AV, is molecu-
lar volume, and AE,/AV, is the cohesive energy. A
wall material used in this study has to meet at least
two criteria. First, it must include a first-monomer
component with poor affinity to an electrically insu-
lating dispersion medium (i.e., a poor solvent) to form
portions that are insoluble in a poor solvent. Second, it
must include a second-monomer component with
good affinity to a poor solvent so as to form portions
that are soluble or swell in a poor solvent. The former
component is necessary for formation of the wall,
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whereas the latter ensures that microcapsules disperse
well in a poor solvent. If we let §,; be the SP of a
homopolymer composed only of the first monomer of
a copolymer, §,, be the SP of a homopolymer com-
posed only of the second monomer of a copolymer,
and 8, be the SP of a poor solvent, then the following

three relations are empirically maintained:

(a) |8p1 - 852| =1
(b) 18,, — 85/ =1 and
(C) |8p1 - 8;/)2| =0.5

Additionally, concerning a poor solvent, the volume
resistivity must usually be at least 10'° Qcm. The
material chosen for the microcapsule core, that is,
TMA, should not dissolve in the good solvent at all, or
at least only with difficulty. Therefore, we selected the
following materials (Fig. 2):

good solvent: toluene (5,; = 8.9);

poor solvent: isoparaffin (8, = 7.3, Isopar-L™);
and

wall material: polyethylene (3,, = 8.1)-methacrylic
acid (8,; = 9.4) copolymer

They satisfy the three conditions mentioned above, as
the following calculations show:

(@) |8, — 8q=194-73]=21=1

(b)  [8,,— 85 =[81-73/=08=1; and

(c) 18,1 — 8,0/ =194 - 81/ =13=05

In the copolymer, the proportion of the second-mono-
mer component to the first-monomer component
(2nd : 1st) is 10 : 90 by weight. Its melting point is 95°C
and its melt flow rate (MFR) as defined by ASTM
D-1238 is 500 dg/min. This MFR is equivalent to a
weight-average molecular weight of about 250,000.

Furthermore, lecithin, basic calcium petronate
(BCP) (calcium sulfonate, 45 wt %; calcium from cal-
cium hydroxide and calcium carbonate, 3 wt %; and
mineral oil, 52 wt %), basic barium petronate (BBP),
and neutral calcium petronate (NCP) were employed
as CCAs so that TMA toners would be positively or
negatively charged.

By using these above-mentioned materials, micro-
capsules were synthesized by liquid-phase separation,
namely, solvent displacement method. The synthesis
method was as follows: the core material (3.6 g), the
copolymer (3.6 g), and CCA (0-1.2 g) were added to
toluene (80 g), and the mixture was dissolved and/or
dispersed for 3 h with a dispersing machine. Next,
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Figure 2 Chemical structures of the raw materials employed in the microcapsules.

isoparaffin (360 g) was added, and the solution was
exposed to ultrasonic waves. The toluene was then
gradually removed from the solution with an evapo-
rator, yielding the master toner. Finally, the master
toner was diluted with the isoparaffin so that its solid
portion comprised 4%.

Charge polarity and amount of the TMA toner were
measured by electrophoresis of the toner in the fol-
lowing manner. Two electrode plates, each of which
was made of brass and had a dimension of 5.0 cm in
length and 4.5 cm in width, were set in a cell for
current measuring, which was filled with the liquid
toners, and those electrode plates were made to face to
each other with distance of 1.0 cm. Then, 1000 V of
voltage was impressed between both the electrodes by
means of high-voltage generator (Keithley, Type 237),
and electric current was consequently measured from
a start time of electricity supply to a time when 60 s
had passed since the start time. TMA microcapsule
sizes were measured by laser-Doppler method and
their structures were observed by scanning electron
microscope (SEM: Hitachi, S-5000H). Finally, the syn-

Figure 3 SEM image showing the TMA toner after evapo-
rating the solvent.

thesized TMA liquid toners were applied in commer-
cially available printers and their inhibition effects to
foaming were evaluated by observing a difference
between a thickness of the foamed portion and that of
the nonfoamed portion.

RESULTS AND DISCUSSION

An SEM image of the TMA microcapsule toner is
shown in Figure 3. The solvent was evaporated from
the toner to conduct SEM observation. As can be
clearly seen, aggregates of TMA microcapsules oc-
curred because of the removal of the solvent. In the
liquid toner, aggregates of the microcapsules were
never observed. This aggregation is thought to have
occurred because of the deposition of the copolymer
component that dissolved and/or swelled in the sol-
vent. Figure 4 shows the diameter distribution of the
TMA microcapsules in the liquid toner. Their sizes
were very uniform, with a diameter (D5;) of about 2.3
pwm. The microcapsule size depends in a large part on
the size of the raw core material (about 1-2 um),
because the polymer wall is very thin.
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Figure 4 The diameter distribution of the TMA microcap-
sules in the liquid toner.
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TABLE 1
Dependence of Polarity of Microcapsule on CCA
CCA Polarity CCA Polarity
(1) Lecithin * — -
(2) Basic barium petronate + 1+ @ +
(3) Basic calcium petronate + 1+ -
(4) Neutral calcium petronate + M+ -

Various kinds of CCAs were tested to control the
polarity and amount of charge on the microcapsules.
The charge polarity of the TMA microcapsule toner
obtained for various CCAs is listed in Table I. The
CCAs tested provided good polarity control. Because
lecithin contains both a hydrophobic aliphatic glycer-
ide group and a hydrophilic phosphate ester group or
(2-hydroxyethyl) amino group, it yields a bipolar
charge for TMA microcapsules. In this study, a mix-
ture of lecithin and BCP was employed as the CCA to
negatively charge the TMA microcapsule toner, be-
cause negative-charged toners can be used in our
printing system. Figure 5 shows the dependence of the
initial current on the CCA amount. Toner electrifica-
tion was evaluated by using an initial current value
measured by the electrophoresis method. In the CCA
used, the proportion of BCP to lecithin (BCP : lecithin)
was 1:1 by weight. Without the CCA, the TMA mi-
crocapsules were charged neither positively nor neg-
atively. The initial current increased linearly with an
increase in the amount of the CCA. It is very impor-
tant to adjust an appropriate toner charge to the
printer used, as this greatly affects printing properties
such as density and resolution. As shown in Figure 5,
the optimal toner charge for a particular printer can be
obtained easily by controlling the amount of CCA
added.

Figure 6 shows changes in the initial current with
storage time. The charge of the TMA toner gradually
decreased with an increase in storage time. The reason
for this decrease is that TMA, which has a high reac-
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Figure 5 Dependence of the initial current on the amount
of CCA.
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Figure 6 Change in the initial current with storage time.

tivity, is thought to easily react with the CCA because
the microcapsule walls synthesized by this method are
often very thin because of the low copolymer concen-
tration during toner preparation or TMA surfaces
might be partially disclosed in the toner. Therefore,
the toner charge is thought to be stabilized by thick-
ening the microcapsule wall, preventing reaction be-
tween TMA and the CCAs.

The TMA toners synthesized in this study can be
readily applied in commercially available printers.
Figure 7 shows the pattern printed on a poly(vinyl
chloride) sheet containing a foaming agent. The print
was heated at 120°C for 3 min to induce foaming. As
this image demonstrates, foaming was successfully
inhibited by controlling the print density of the TMA
toner. The foam inhibiting effects provided by the
TMA toner are sufficient to meet the requirements of
the printing industry.

CONCLUSION

A method for selecting an appropriate wall material
and solvent based on solubility parameters has been
suggested for the synthesis of microcapsules by lig-
uid-phase separation in organic solvents. Our results
indicate that, without conducting screening experi-
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Figure 7
toner.

Foam inhibition pattern printed using the TMA
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ments, it should be possible to select appropriate ma-
terials for the microencapsulation of functional core
materials based on calculations involving parameters
related to the molecular structures of raw materials.
Employing this method, a functional liquid microcap-
sule toner, that is, the foam inhibitor toner, has been
successfully synthesized for the first time. The TMA
toner was applied in commercially available printers.
It showed good printing characteristics and inhibited
foaming well enough to satisfy the demands of high-
resolution professional printing. Finally, our synthesis
method proved useful for producing copolymer mi-
crocapsules, and microcapsules synthesized in this
way should have a wide range of applications in many
industrial fields.

References

. Green, B. K,; Schleicher, L. U.S. Pat. 2,730,456, 1956.

. Green, B. K_; Schleicher, L. U.S. Pat. 2,730,457, 1956.

Bartkowiak, A.; Hunkeler, D. Chem Mater 1999, 11, 2486.

. Bartkowiak, A.; Hunkeler, D. Chem Mater 2000, 12, 206.

Shi, X.; Caruso, F. Langmuir 2001, 17, 2036.

. Dobashi, T.; Furukawa, T.; Narita, T.; Shimofure, S.; Ichikawa,
K.; Chu, B. Langmuir 2001, 17, 4525.

7. Kim, J. W.; Cho, S. A.; Kang, H. H.; Han, S. H.; Chang, 1. S.; Lee,

O. S.; Suh, K. D. Langmuir 2001, 17, 5435.
8. Chakravarti, A. K.; Chowdhury, S. B.; Mulherjee, D. C. Colloids
Surf A 2000, 166, 7.

Ul W N

12.
13.

14.

15.

16.

17.

18.
19.

20.
21.
22.
23.

24.

KATSUYA TESHIMA

. Lim, E.; Sun, A. M. Science 1980, 210, 908.
10.
11.

Nakhare, S.; Vyas, S. P. ] Microencapsul 1996, 13, 281.

Hari, P. R.; Chandy, T.; Sharma, C. P. ] Microencapsul 1996, 13,
319.

Laugel, C.; Baillet, A.; Ferrier, D. ] Cosmet Sci 1998, 20, 183.
Gasered, O.; Sannes, A.; Skjak-Braek, G. Biomaterials 1999, 20,
773.

Sekine, T.; Yoshida, K.; Matsuzaki, F.; Yanaki, T.; Yamaguchi, M.
J Surfact Deterg 1999, 3, 309.

Islas, R. P.; Carter, E. J. V.; Dominguez, C. D.; Martinez, S. T.
Food Res Int 1999, 32, 367.

Tianyong, Z.; Xuening, F.; Jian, S.; Chunlong, Z. Dyes Pigm
2000, 44, 1.

Larson, J. R.; Lane, G. A.; Swanson, J. R.; Trout, T. J.; El-Sayed,
L. J Imag Technol 1991, 17, 210.

Pearlstine, K. A. ] Imag Sci 1991, 35, 326.

Adrian, W. F.; Omodani, M.; Ohta, M.; Hoshino, Y. ] Imag Sci
Technol 1993, 37, 405.

Chen, L. ] Imag Sci Technol 1995, 39, 473.

Chen, I.; Mort, J.; Machonkin, M. A. Langmuir 1997, 13, 5036.
Russell, D. D.; Hill, M. W.; Schimpf, M. ] Imag Sci Technol 2000,
44, 433.

Makino, K.; Fujita, Y.; Takao, K.; Kobayashi, S.; Ohshima, H.
Colloids Surf B 2001, 21, 259.

Zydowicz, N.; Chaumont, P.; Soto-Portas, M. L. ] Membr Sci
2001, 189, 41.

. Aoyagi, M.; Teshima, K. U.S. Pat. 6,117,608, 1999.

. Small, P. A. J Appl Chem 1953, 3, 71.

. Hoy, K. L. ] Paint Technol 1970, 42, 76.

. Hildebrand, J. H.; Scott, R. L. The Solubility of Nonelectrolytes,

3rd ed.; Reinhold Publishing: New York, 1949.

. Scatchard, G. Chem Rev 1931, 8, 321.



