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Water is a most ideal medium for synthetic chemistry from the
aspects of operational costs, safety, and greérngmany organic
materials are water-insoluble or only sparingly soluble. To overcome (2)
the solubility problem in water, synthetic processes employing

surfactant-stabilized emulsions and suspensions have been devel-

. Before emulsifym Right after emulsifyimn After 60 min.
oped. However, the presence of surfactants might cause other e ¢ e

problems, such as difficulty in their separation from the reaction

mixtures and production of wastes, and therefore, it is desired to ()

conduct emulsion synthetic processes in the absence of surfactants
Although electrosynthesis has been established as a powerful

tool in organic and polymer syntheses, it still is in the development Figure 1. Photographic observations of emulsification and demulsification
stage to fulfill its potential as a “green” methodology. In this of EDOT (7.5 mmol) in 1.0 M LiCIQ aqueous solution. Emulsifying
situation, the electrochemical transformations of immiscible materi- Method: (a) mechanical stirring (1500 rpm), (b) ultrasonication (20 kHz,
. ' ) . . 22.6 W cnr?) for 60 s.
als in aqueous electrolytes have been also investigatsthani-
cally stirred emulsions of immiscible liquid materials in water can
be electrolyzed, but generally, it is not possible to obtain high
electron transfer rate between the droplet and the electrode since
the size of droplets is usually larger than the micrometer range.
Hence, the use of special surfactants allowing solubilization of the
immiscible materials as microemulsions (where the oil droplets are
typically between 10 and 100 nm in diameter) in agueous media
was unavoidable to obtain a practical reaction fate. Toom
On the other hand, ultrasonic irradiation provides stable emul- e e D RN
sions without the need for surfactants simply by mechanical forces -1.0  E/V.8CE +12 -10 E/Vws.SCE +12-10 E/Vws.SCE +12
which arise at the liquid/liquid phase boundafieBhis has been Figure 2. Cyclic voltammograms for electropolymerization of EDOT (7.5
termed “acoustic emulsification”. Furthermore, it is also known that mmol) with 50 cycles of potential scanning in 1.0 M LiGl@queous
emulsions prepared by acoustic emulsification have the character-sc’I“t'on untreated (a) an_d emulsifying treated by mechanical stirring (1500
- L . S . . rpm, b) and ultrasonication (20 kHz, 22.6 W tfc).
istic of giving narrow droplet size distributions in the submicrometer
range’ Hence, it can be expected that these droplets would be reduction peak currents of the voltammograms, the polymerization
electrolyzed smoothly at the electrodes, and therefore, a practicalwas found to hardly proceed in an untreated solution, and the rate
reaction rate would be obtained even without any emulsifying was gradually decreased during the potential scanning in mechani-
reagents. Herein, we wish to report the realization of direct cally emulsified solution.
electropolymerization of an immiscible monomer, such as 3,4-  In sharp contrast, the polymerization proceeded very smoothly,
ethylenedioxythiophene (EDOT), in aqueous media using an and the progress of the polymerization could be observed clearly
acoustic emulsification. EDOT is the most intensively investigated even after 50 cycles of scanning in acoustically emulsified
monomer in the past decade because of the very high conductivity solution® However, the polymerization of the emulsified EDOT
and excellent environmental stability of its polymer (PEDQ®T). hardly occurred in 1.0 M LSO, and 1.0 M LING aqueous
The demulsification of EDOT emulsified in aqueous media solutions, although stable droplets having the submicrometer size
containing 1.0 M LiCIQ was monitored at 25+ 2 °C with were obtained by the ultrasonic treatment. It is well-known that
photographic recording. As shown in Figure 1, the demulsification LiClO, is relatively soluble in an organic medium. In fact, it was
was observed immediately after emulsification by mechanical found that ca. 4.0 ppm of the lithium ion could be detected from
stirring, while the turbidity still remained even for 60 min after the EDOT droplets in 1.0 M LiCIQ aqueous solution by inductively
ultrasonic treatment. In addition, by the dynamic light scattering coupled plasma spectrometry (ICP), while microdroplets in both
method, the mean size of EDOT droplets formed by the acoustic 1.0 M Li,SO, and 1.0 M LiING aqueous solutions hardly contained
emulsification was found to be 211 rin. any lithium ion. From the above facts, it is likely that the electron
Immediately after the emulsification, the electropolymerization transfer takes place between the electrode and droplets of the
of EDOT was carried out by a cyclic potential scanning for 50 monomer but not the monomer dissolved in an aqueous phase
cycles in the range of 1.0 to+1.2 V vs SCE, at 50 mV$. Figure (Figure 3). In this kind of electron-transfer system, LigHssolved
2 shows cyclic voltammograms in the course of the electropoly- in the droplets should play the role of the supporting electrolyte
merization from both mechanically and acoustically emulsified and contribute to the formation of an electric bilayer inside the
solutions and an untreated solution. From the oxidation and droplets.

(®)
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Figure 3. Schematic illustration of the polymerization of an immiscible
monomer, such as EDOT, in an aqueous solution.

The electrical conductivity of PEDOT films deposited electro-
chemically on the anode substrate from the acoustically emulsified

solution was also measured by the four-probes method, and it was

found to be ca. 30 S cr. It is well-known that conductivities of
PEDOT films generally range from 1 to 100 S ctiThus, the
electrical conductivity of the film obtained by the present procedure
is comparable to that obtained by the conventional methods,
including the chemical and electrochemical polymerizations in
organic solventgab.11

In summary, we have developed a novel electropolymerization
of an immiscible monomer, such as EDOT, in aqueous electrolytes
using acoustic emulsification. This new methodology has many

practical advantages and characteristics: (a) the formation of stable
monomer droplets in aqueous electrolytes without added surfactants

using ultrasonic treatment; (b) very smooth electropolymerization

in aqueous electrolytes via the direct electron transfer between the

electrode and the immiscible monomer droplets; (¢) good conduc-

tivity after doping of the polymer film formed. It is hoped that the
present methodology will be applied to various electrochemical
reactions that are useful for polymer and organic syntheses.

Acknowledgment. This work was financially supported by a
Grant-in-Aid (17686068 and 17655068) for Scientific Research
from The Japanese Ministry of Education, Science, Culture and
Sports, Yazaki Memorial Foundation for Science & Technology,
and Venture Business Laboratory, Tokyo Institute of Technology.

Supporting Information Available: Materials and procedures for
emulsification treatment, polymerization, electrical conductivity, sup-
porting electrolyte concentration in organic (EDOT) phase, DLS
measurements, and SEM photographs. This material is available free
of charge via the Internet at http:/pubs.acs.org.

References

(1) (a) Engberts, J. B. F. N.; Blandamer, MChem. Commur2001, 1701
1708. (b) Lindstroem, U. MChem. Re. 2002 102 2751-2772. (c)
Breslow, R.Acc. Chem. Red.99], 24, 159-164. (d)Organic Synthesis
in Water, Grieco, P. A., Ed.; Blacky Academic and Professional: London,
1998. (e) Manabe, K.; Mori, Y.; Wakabayashi, T.; Nagayama, S.;
Kobayashi, SJ. Am. Chem. So200Q 122 7202-7207.

(2) (a) Coleman, G. H.; Johnson, H. Organic SyntheseViley & Sons:
New York, 1955; Collect. Vol. No. 3, pp 6662. (b) Gruijic, Z.; Takakovic,

I.; Trkovnik, M. Tetrahedron Lettl976 4823-4824. (c) Torri, S.; Tanaka,
H.; Inokuchi, T.; Nakane, S.; Akada, M.; Saito, N.; Sirakawa]TOrg.
Chem 1982 47, 1647-1652. (d) Cerefice, S. A.; Fields, E. 3. Org.
Chem 1974 39, 971-976. (e) Tanaka, H.; Kawakami, Y.; Goto, K.;
Kuroboshi, M.Tetrahedron Lett2001, 42, 445-448.

(3) Czerwinski, A.; Zimmer, H.; Van Pham, C.; Mark, H. B., JrElctrochem.
Soc 1985 132 2669-2672.

(4) (a) Eberson, L.; Helgee, B\cta Chem. Scand 977, B31, 813-817. (b)
Eberson, L.; Helgee, BActa Chem. Scand978 B32, 157—-161. (c) Gao,

J.; Rusling, J. F.; Zhou, D.-LJ. Org. Chem1996 61, 5972-5977. (d)
Kamau, G. N.; Rusling, J. RLangmuir1996 12, 2645-2649.

(5) (a) Sakmeche, N.; Aaron, J. J.; Fall, M.; Aeiyach, S.; Jouini, M.; Lacroix,
J. C.; Lacaze, P. CChem. Commurl996 2723-2724. (b) Barr, G. E;
Sayre, C. N.; Connor, D. M.; Collard, D. Mlangmuir1996 12, 1395~
1398. (c) Tsakova, V.; Winkels, S.; Schultze, J. Blectrochim. Acta
200Q 46, 759-768. (d) Stromberg, C.; Tsakova, V.; Schultze, J. V.
Electroanal. Chem2003 547, 125-133. (e) Selvan, S. T.; Mani, A;
Pitchumani, S.; Phani, K. L. Nl. Electroanal. Chem1995 384, 183~
186.

(6) (a) Li, M. K.; Fogler, H. SJ. Fluid Mech 1978 88, 513-528. (b) Li, M.

K.; Fogler, H. S.J. Fluid Mech 1978 88, 499-511. (c) Reddy, S. R;;
Fogler, H. SJ. Phys. Chem198Q 84, 1570-1575.

(7) (a) Kamogawa, K.; Okudaira, G.; Matsumoto, M.; Sakai, T.; Sakai, H.;
Abe, M. Langmuir2004 20, 2043-2047. (b)Encyclopedia of Surface
and Colloid ScienceKamogawa, K., Abe, M., Eds.; Marcel Dekker: New
York, 2002.

(8) (a) Groenendaal, L.; Jonas, F.; Freitag, D.; Pielartzik, H.; Reynolds, J. R.
Adv. Mater.200Q 12, 481-494. (b) Heywang, G.; Jonas, Adv. Mater.
1992 4, 116-118. (c) Chen, X.; Xing, K.-Z.; Ingdisa O.Chem. Mater
1996 8, 2439-2443. (d) Randriamahazaka, H.; No€.; Chevrot, CJ.
Electroanal. Chem1999 472 103-111. (e) Pei, Q.; Zuccarello, G;
Ahlskog, M.; Ingaria, O.Polymer1994 35, 1347-1351. (f) Lefebvre,
M.; Qi, Z.; Rana, D.; Pickup, P. @Chem. Mater1999 11, 262-268.

(g) Yamamoto, H.; Ohwa, M.; Wernet, W. Electroanal. Chem1995
397, 163-170.

(9) See Supporting Information.

(10) From SEM photograph of PEDOT film, large grains were deposited on
the anode substrate; see Supporting Information.

(11) (a) Winter, |.; Reese, C.; Hormes, J.; Heywang, G.; Jon&Bhém. Phys
1995 194, 207—-213. (b) Aleshin, A.; Kiebooms, R.; Menon, R.; Heeger,
A. J. Synth. Met.1997 90, 61-68. (c) Kiebooms, R.; Aleshin, A,
Hutchison, K.; Wudl, FJ. Phys. Chem. B997 101, 1103711039.

JA0546931

J. AM. CHEM. SOC. = VOL. 127, NO. 38, 2005 13161



