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Communications to the Editor

lonic Liquid Immobilized Enzyme for Biocatalytic lonic liquids (IL) are organic salts with a low melting point
Synthesis of Conducting Polyaniline (<100 °C) that are being the focus of many investigations
because of their chemical stability, low flammability, negligible
vapor pressure, and high ionic conductit@dne of the most
interesting properties of ILs is their tunable and unique
immiscibility in water and/or organic solvents. Furthermore, IL
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Revised Manuscript Receéd October 9, 2006 as alternative §9Ivents in the gnzymatic synthesis of polyédters.
As another original example in biocatalysis, Lee et al. reported
Polyaniline (PANI) is one of the most popular conducting the use of IL to immobilize a lipase enzyme in enantioselective
polymers due to its stability and interesting electrical and optical tyansesterification reactioA3Due to the immiscibility between
properties with technological applications in lightweight bat- tne |1 and the organic solvent, the enzyme could be recovered
teries, microelectronics, electrochromic displays, electromagnetic 5 reused. Consequently, we thought that room-temperature
shielding, organic light emitting diodes, and sensors among | s jmmiscible with water would be ideal to immobilize HRP
others: The use of enzymes as biological catalysts in the gn;yme and to be subsequently recovered by liquid/liquid phase
synthesis of functional polymers in genéraind PANI in separation after the biocatalytic reaction. Our simple idea is
particular has attracted great interest in recent years. Enzyme%lepicted in Scheme 1 where the HRP enzyme is immobilized
can offer environmentally benign reaction conditidnisigh in the IL phase and the other components of the reaction such
conformational specificity,a higher degree of control over the as aniline monomer, 40, oxidant, and dodecylbenzene sulfonic

ki_netics O.f the reaction, anc_i_a high yield_of PANL. In the acid (DBSA) template in the aqueous phase. By this method,
biocatalytic approach, the aniline monomer is coupled togetherthe biocatalytic process should took place at the aqueous/IL
by horseradish peroxidase (HRP) or another peroxfeesta- interface

lyzed oxidation in the presence of an anionic polyelectr§lyte ) i - ) )

or a micellar templateleading to a PANI aqueous dispersion. [N @ first attempt, HRP was immobilized by simple solution
For practical applications the expensive enzymes must bein the hydrophobic IL butyl-3-methylimidazolium bistrifluo-
purified, recovered, and reused after the reaction. This is the 'omethanesulfonimide. Next, the HRP/IL mixture was added
main reason behind the well-established strategy of immobiliza- {0 the aqueous solution of aniline, DBSA and®4 at pH 4.3.

tion of enzymes into solid supports which was applied to the Right after the addition of the IL/enzyme, a dark green PANI
HRP enzymé. The goal of this communication is to report a Precipitate appeared blocking the IL/aqueous interface and
new method which allows to recycle and to reuse the HRP Preventing the polymerization process to proceed quantitatively.
enzyme in the biocatalytic synthesis of PANI. This method is This precipitation can be associated with the strong interactions

based on a biphasic catalytic system where the enzyme isbetween PANI and the hydrophobic 3-methylimidazolium
immobilized into an ionic liquid (IL). bistrifluoromethanesulfonimide IL. Next, we repeated the same

process dissolving the HRP enzyme in a less hydrophobic IL
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the immobilized enzyme, the aqueous phase became greeraniline and for 0.5 h, the enzyme was immobilized inside the
which is the typical color of conducting PANI dispersions. After IL.

0.5 h of reaction time, two liquid phases were observed in the  Thg recovered HRP/IL mixture was added to a new aqueous
reaction. Then, the IL phase was easily extracted from the yeaction media, similar to the initial one, including fresh aniline,
aqueous phase by I|qU|d/I|qU|_d (IL/water) phase separation. The pgsa and HO,. Again, the agueous phase became green
UV —vis spectrum of the obtained aqueous phase was comparedygicating the synthesis of conducting PANI. After reaction, the

to the PANI obtained by classical biocatalytic synthesis dis- yrp/iL phase could be easily recovered again by liediiquid
solving the HRP enzyme in the aqueous reaction media (Figurephase separation. UV-spectrum of the recovered aqueous PANI
1). Both spectra are very similar and clearly showed an i, he second run showed a similar spectrum than the first run.
absorption peak maximum at 420 nm. Furthermore, a well- o same process was successfully repeated up to 5 times using
known absorption tail extends toward the near-IR region o <ame HRP/IL phase demonstrating the validity of our

_betwe_en 800 and 110(.) nm due to th? polaron transition which approach and the possibility of recycling and reusing the enzyme
is a sign of the formation of conducting PANI. inside the IL phase.

The question now is whether the enzyme is really im- ) ) )
mobilized into the IL phase or migrates to the aqueous phase. _ 1° compare the quality of the obtained conducting polymer,

To answer this question, 6 mg of HRP enzyme were dissolved Figure 2 shows the electrical conductivity of the PANI films
in the IL leading to a brown solution showing a band in the prepared by solvent casting from the aqueous solutions. Interest-

UV with a maximum at 400 nm. We took 1 mL of this solution  Nly, the electrical conductivity compares favorably with the
mixed with 10 mL of distilled water and stirred for 6 h. After PANI obtained without immobilization of the enzyme (run 0)
this time, 30% of the enzyme migrated to the aqueous phase ad@nd showed a S|m|Iar.h|gh value even aft(?r the fifth un. In
calculated by UV spectroscopy. However, interestingly once Other words, the quality of the PANI obtained by this new
the aniline reactant is added, this migration is limited to less Method is similar than the PANI obtained without immobiliza-
than 5% n 6 h which gives an indication that under the reaction tion of the enzyme or by immobilization of the enzyme in solid
conditions the enzyme stays almost quantitatively into the supports‘f.aOve_raII,these results indicate that the enzyme |n3|de
aqueous phase. As a further probe, we carried out the saméhe IL phase is easy to recycle and can be reused leading to
biocatalytic reaction described before but having an increased900d quality PANI even after several runs.
aniline/DBSA ratio of 4. It is well-known that using this ratio In conclusion, a new process of enzymatic route to PANI is
a solid PANI is obtained. Consequently, after the reaction the presented which allows purifying the obtained conducting
solid PANI could be filtered off. Then, the remaining aqueous polymer aqueous solution from the remaining enzyme. The IL
phase was analyzed by UV spectroscopy. Interestingly, we could 1-butyl-3-methylimidazolium hexafluorophosphate was used as
not detect any measurable amount of HRP. These two resultsimmobilization media by dissolving the HRP enzyme. The IL/
indicated that under the reaction conditions, in the presence of HRP phase acts as an efficient biocatalyst and can be easily
recycled and reused several times. This new method is faster
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Figure 1. UV —vis spectra of PANI/DBSA aqueous solution obtained

without immobilization of the HRP enzyme (upper spectrum) and with Figure 2. Electrical conductivity films obtained from the aqueous
immobilization of the HRP enzyme in 1-butyl-3-methylimidazolium  solutions after several runs. Run 0 indicates the control value obtained
hexafluorophosphate (lower spectrum). without encapsulation of the enzyme. CDV
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and easier than the classical immobilization of HRP into solid
supports.

Experimental Section. Materials. Horseradish peroxidase
(HRP, type Il, 156-250 units/mg solid), dodecylbenzenesulfonic
acid sodium salt (97%), and aniline monomer (purity more 99%)
were purchased from Sigma-Aldrich. Hydrogen peroxide (30
wt %) and hydrochloric acid (1 N) were obtained from
Quimibacter S.L. 1-Butyl-3-methylimidazolium hexafluoro-
phosphate and 1-butyl-3-methylimidazolium bistrifluoromethane-
sulfonimide ILs were purchased from Solvionic S.A.

Characterization Methods. The electronic spectra were
recorded on a UVvisible spectrometer (UV-1603 SHIMAD-
ZU). PANI films were obtained by casting and drying at®D
in a vacuum for 24 h. The electric conductivity of PANI was
measured with a four-probe instrument.

Biphasic Enzymatic Polymerization of Aniline. At first,
we dissolved the HRP enzyme into the IL (6 mg into 1 mL).
This IL was added to 10 mL pH 4.3 aqueous solution of aniline,
the template dodecylbenzenesulfonic acid (DBSA) and hydrogen
peroxidase. In a typical polymerization experiment, equimolar
quantities (typically 0.055 M) of the template, aniline, and
hydrogen peroxide were dissolved. Reaction was carried out at
20°C for 0.5 h. After reaction, the IL phase was separated from
the aqueous phase by liquid/liquid pour off in order to purify

the PANI agueous solution and to recuperate the HRP/IL phase.
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