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Abstract

The polymerization of acrylamide in water initiated by a horseradish peroxidase-catalyzed redox system is studied. It combines hydrogen
peroxide (as the oxidant) and 2,4-pentanedione (as the reductant). Several side reactions leading to the degradation of the enzyme through th
formation of compound Ill are evidenced by polymerization experiments and UV spectroscopy; they can be avoided by adjusting the reactant
concentrations. The oxidation of 2,4-pentanedione by a non-enzymic pathway is also dete'tigdNdRR. Its main effect is to reduce the
concentration of the enol form of 2,4-pentanedione, and hence to modify the initiation rate. From this information, a schematic picture of the
reactions involved in the enzyme-catalyzed redox system is drawn, so as to optimize the polymerization coedid@0EIsevier Science
Ltd. All rights reserved.
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1. Introduction chemoselective polymerization of 2-(4-hydroxyphenyl)
ethyl methacrylate [10]. More recently, laccase was found
Several enzyme-catalyzed oxidoreductions are known to to induce the acrylamide polymerization in water without an
generate free-radicals as intermediates [1]. These speciesdditive at temperatures ranging from 50 to°®0[11];
are potential initiators for the polymerization of vinyl mono- however, at room temperature, the addition @-diketone
mers, for instance. A well-known example of such enzymes is needed to efficiently initiate the polymerization. In this
is horseradish peroxidase (HRP) which catalyzes the oxida-respect, Kobayashi's studies confirmed our previously
tion of several organic substances by hydrogen peroxide published works on the key role Bfdiketones as mediators
(H,O,) and a few hydroperoxides [2]. The general mechan- for free-radical polymerization by oxidoreductase catalysis
ism is depicted in Scheme 1 (commonly accepted biocatalytic at room temperature.
cycle of horseradish peroxidase; the porphyrin ring is sche- Since 1995, our laboratory has investigated the HRP-
matically drawn by the two horizontal lines [2,3,20]) and mediated polymerization of acrylamide usifgdiketones
involves the production of free radicals [3,4]. This property as the reducing substrates [12—14]. Due to specific stabili-
has been widely used in the case where phenol is the reducingations, the enol content @-diketones is generally much
species, leading to new families of polyphenols [5-8]. higher than that of ketones [15]. This peculiar property
As for vinyl monomers, HRP-mediated polymerization makesp-diketones suitable substrates for HRP since it is
was first reported by Derango et al. with acrylic monomers known that only the enol form of carbonyl compounds
such as acrylamide and hydroxyethyl methacrylate [9]. reacts with the enzyme [16].
Nevertheless, the precise mechanism was not investigated For instance, malonaldehyde has been shown to react
and the authors assumed the oxidized form of the enzyme towith HRP while having one functional group completely
be the initiator. The HRP/}D, system was extended to the enolized in aqueous solution [17]. In this respect, 2,4-penta-
nedione (acetylacetone, Acac) was particularly used in our
P hor. Faxt 33.1.4497.7054 laboratory and it has been shown that the ternary system
E?;:Zﬁg%’:jrzfsfhﬂglgtr@ciﬁussieu_fr . Lelon. (HRP/HO,/Acac) readily initiated the polymerization of

! Laboratoire de Chimie-Physique Macrormuiaire, UMR CNRS- acrylamide [12_14]_- o
INPL 7568, BP 451, F-54001 Nancy Cedex, France. In such enzymatic polymerizations, we should separate
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the elementary steps into two parts: (i) those related to the
production of primary radicals, that rely on enzymatic cata-

lysis; and (ii) other processes (chain transfer, propagation and

termination) that are not linked to the enzyme action. As a
matter of fact, it has been shown that the propagation kinetics

exhibited the same characteristics as previously reported for

acrylamide with more classical initiators [12,13].
In this paper, we focus on the enzyme-catalyzed initia-
tion. Starting from results of polymerization experiments,

the various reactions involved are analyzed and investigated

using UV spectroscopy antH NMR experiments, which
allow to highlight several processes involving either the
enzyme or the other reactants. On the basis of the informa-
tion obtained, it will be possible to design optimal reaction
conditions providing a maximum efficiency of the enzy-
matic catalysis.

2. Experimental
2.1. Materials

Acrylamide (AAm, Aldrich, +99%, electrophoresis
Table 1
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grade), horseradish peroxidase (Sigma, 87 purpurogallin
units mg %, type 1), hydrogen peroxide (Prolabo, 30 wt%
stabilized aqueous solution), 2,4-pentanedione (Aldrich)
and methanol (Prolabo, analytical grade) were used without
further purification. The commercial ;&, solution was
titrated volumetrically and it was found to have a concen-
tration of 8.1 mol I'* in fairly good agreement with the
manufacturer’s indications. We checked that the concentra-
tion of this solution did not vary significantly between the
various experiments.

2.2. Polymerization

A typical procedure for polymerization experiments can
be described as follows. To 15 ml of an acrylamide solution
(reagent grade water with a resistivity of 18Mm %,
prepared with Millipore Milli-Q system) introduced into
a flask, the required amount of acetylacetone is added.
The mixture is stirred by a magnetic stirrer and
degassed during 30 min. Then, 0.5 ml of a concentrated
HRP solution and the required volume of the,(d
solution are successively added under stirring. Because
of the small volumes involved, the ,B, solution is
added by means of a microsyringe. After 24 h, the reac-
tion mixture is added dropwise to a large excess of
methanol to precipitate polyacrylamide (PAAmM). The
precipited PAAm is filtered off, washed with methanol
and dried under vacuum.

The influence of the pH of the polymerization medium
was first considered. Several buffers were used so as to
cover a pH range from 3.0 up to 11.5. It is clear that only
the reaction media with pH values between 5.4 and 8.0 lead
to the production of polymer.

These values define the optimal pH range for HRP

Polymerization assays with enzymatic redox systems where one component is initially lacking and added furthes {A&8]Jmol I'%; [Acacl, = 17

mmol I [HRPl, = 1.8 g I'*; [H,0,] = 11 mmol I'%; room temperature)

Entry Initial components Yield (96) Added component Yield (%) Mreg (M g™ H)P
1 HRP, Acac, HO, 87 - — 337
2 HRP, Acac 0 HO, (24 h) 87 296
3 Acac, HO, 0 HRP (24 h) 84 283
4 HRP, HO, 0 Acac (24 h) 0 -
5 HRP, HO,, Acac (24 h) 0 HO, (48 h) 0 -
6 HRP, HO,, Acac (24 h) 0 HRP (48 h) 0 -
7 HRP, HO,, Acac (24 h), 0 HRP (72 h) 87 171
H,0, (48 h)
8 HRP, HO,, Acac (24 h), 0 H,0, (72 h) 94 131
HRP (48 h)
9 HRP, HO, 0 Acac (0.5 h) 100 302
10 HRP, HO, 0 Acac (1 h) 94 269
11 HRP, HO, 0 Acac (2 h) 90 400
12 HRP, HO, 0 Acac (3 h) 0 -
13 HRP, HO, 0 Acac (5 h) 0 -
14 HRP, HO, 0 Acac (9.5 h) 0 -

2 The yield corresponds to the weight ratio of dry polymer recovered after 24 h reaction to acrylamide introduced initially. The time at which trentompon
has been introduced is indicated in parentheses. For further additions of the same compounds, the amount introduced is the same as the initial one.
® Determined at [PAAME 0.17 g di't in water at 36C.
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Table 2
Yield and PAAm reduced viscosity for different Acac, HRP angDplinitial concentrations (the reaction conditions were: [AAm]1.28 mol I'%; room
temperature)
Entry [Acach x 107 [HRP, [H,0,] x 10? a? Yield Mred”

(mol 17 @™ (mol 17 (%) (mig™)
1 1.7 1.9 4.2 954 0 -
2 1.7 0.5 1.1 950 0 -
3 1.7 7.6 4.4 250 100 224
4 1.7 1.9 1.1 250 100 284
5 1.7 0.5 0.3 259 100 399
6 1.7 0.35 0.3 370 100 507
7 0.2 1.9 12 273 0 -
8 0.2 1.9 0.3 68 65 1639
9 0.2 1.9 0.1 23 0 -

2 a = [H,0,]¢/[HRP]y; the ratio is calculated with molar concentrations for HRP ap@.H

P Determined at [PAAm}= 0.17 g d't in water at 36C.

activity [18]. The three polymers obtained have similar
reduced viscosity 1f,eq= 322, 333 and 330 ml¢ at pH
5.4 (CHCOH/CH;CONa), 5.5 (no buffer) and 8.0
(KH,POYJK,HPQ,), respectively), which means that no
important differences in molecular weight are triggered by

3. Results
3.1. Polymerization experiments

In order to check the role of each component of the tern-

pH within the optimal range. The enzyme was not very ary redox system, several polymerization experiments were
sensitive to the presence of the buffer since the concentra-carried out (Table 1). After 24 h at room temperature, only
tion of phosphate buffer, for instance, can be increased up tothe reaction mixture containing the three components poly-

1 mol I"* while maintaining good yields. In what follows,
the reactions will be carried out without using buffers (pH of
the acrylamide water solution: 5.5).

2.3. Measurements

'H NMR spectroscopyThe 'H NMR (200 or 300 MHz)

merized (entry 1). Furthermore, when HRP ofXHlis added

to the “incomplete” redox system (entries 2 and 3), some
polymer is obtained within 24 h with a yield comparable to
that of the reference experiment (entry 1). On the contrary,
when Acac is added to a mixture of HRP andC4 after

24 h, no polymerization occurs (entry 4). The supplemental
addition of HO, (entry 5) or HRP (entry 6) is not sufficient
to observe the polymerization. To obtain polymer from

spectra were recorded on Bruker spectrometer at roomthose mixtures, HRP (entry 7) or,8, (entry 8) must

temperature in BD solution using 3-(trimethylsilyl)propio-
nic-2,2,3,3-d acid, sodium salt as reference. The recording

complete the reaction medium. This set of experiments
(entries 1-8) is an indication of a possible degradation of

parameters were as follows: relaxation delay 2 s, 16k dataHRP by HO, which cancels out the catalytic activity of the

points, acquisition time 2 s, and 16 transients.
UV experimentsThe reactions were carried out in 1 cm

cuvettes and spectra were recorded on a UV-Vis spectro-

enzyme.
To investigate a little bit more precisely the kinetics of the
degradation reaction, we performed several experiments

photometer (Varian Cary 1G) between 600 and 300 nm at where Acac was added after the introduction of HRP and

different times. For HRP, HRP-I, HRP-II, and (HRP-III,
respectively:A max (NnM)= 403, 410 (pH 7), 419 (pH 5.4)
and 418 (pH 5.4), ané& (cm *mM 1) =91, 48 (pH 7),
91 (pH 5.4) and 102 (pH 5.4) [19]. Two absorption maxima
(A max@nd” . are very useful to characterize compounds
I and HI. At pH 7: M0 = 527 andAj.x = 554 nm for
HRP-II, and A, = 546 andA’,, = 583 nm for HRP-III
[20].

Viscosimetry: PAAm samples were qualitatively
compared by their relative viscosities in water atG0
at a polymer concentration of 0.17 gdl The value
taken for the flow time was the average of eight deter-
minations. The capillary was thermostated using a circu-
lating water bath.

H,O, with increasing times between the two introductions
(entries 9-14). It would appear that the polymerization no
longer occurs after 3 h although all the components have
been introduced. This means that within about 3 h, the
degradation reaction has exhausted either HRP,Q, idr
both so that no initiation takes place.

Considering that kD, is both a substrate and an inhibitor
of HRP, it was important to check the influence of the
amount of hydrogen peroxide introduced in the reaction
medium (Table 2). From the results obtained, we can deduce
that the HO, to HRP initial concentration ratiay) is a key
parameter for the optimization of the HRP catalytic activity.

For [Acach=17 mmol[? no polymerization is
observed whena is about 950 whatever the effective
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Fig. 1. UV spectrum of an aqueous solution of HRP at a concentration of 210 He variation of the absorbance at 403 nm with HRP concentration is given
in the inset (UP/I means purpurogallin units per liter).
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Fig. 2. Evolution of the UV spectrum of an HRP solution after the addition of hydrogen peroxide solution (30 wt%) w®sb=H0.135 mol I'* (t;—tg
profiles). For convenient representation, several profiles have been deleted. Arrows indicate the way of variatioty. (Bottdd line) corresponds to that
presented in Fig. 1 (aqueous solution of HRP).
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Table 3
Compounds formed by the addition of® to a HRP solution (2 g ") as detected by UV spectroscopy, with or without Acac. Comparison of lactoperoxidase
and HRP irreversible inactivation in the presence gbjfor various concentrations

Entry This stud§ Huwiler et al. [21,22]
a® Compound detectéd Enzyme degradation a'® Enzyme degradation
1 5140 HRP-III Complete - -
2 2570 HRP-III Complete 2830 Complete
3 1280 HRP-III Complete - -
4 510 HRP-III Partial 330 Partial
5 210 HRP-III Partial 170 Partial
6" 210 HRP-1II Partial - -
7 10 HRP-II 9 - -
g' 10 HRP-II = - -

2 The enzyme concentration was kept atyad.

® The enzyme concentration was kept atid.

¢ a = [H,0,]¢/[HRP]y; the ratio is calculated with molar concentrations for HRP ap@.H

4 |Immediately after the addition of J@, (on the time scale of the experiment).

¢ o' =[H,0,]/[lactoperoxidasg] the ratio is calculated with molar concentrations for lactoperoxidase a@glatcording to Refs. [21,22].
" In the presence of 17 mM Acac.

9 Not significantly characterized.

concentrations of HRP and,8, (entries 1 and 2); however, concentrations around I®moll™, no initiation takes
the concentration of HRP can be decreased to 0.35 gl place since no polymer is recovered (entry 9). At these
(8.1x 10 ®mol I * active sites) as long as is decreased  concentrations, the initiation rate is too low to give rise to
(entries 1-6). The convenient value@fprobably depends  significant polymerization. In addition, it appears that the
on the concentration of Acac, since there may be a competi-reduced viscosity of the polymer increases when the
tion between the degradation processes involving the concentration of enzyme is decreased, irrespective of
enzyme and kD, and the initiating reactions involving the concentration of ..

the enzyme compounds and Acac. This can be deduced At this stage, it appears that degradation reactions occur
from experiments where the concentrations of Acac and concurrently to the formation of Acac radicals in the ternary
H,O, were both varied. When the Acac concentration is redox system. These reactions involve probab}pHand
divided by 8 (entries 7—9), no polymerization occurs unless are liable to cancel out the polymerization.

the concentration of jD, is also decreased. This indicates

that the competition between degradation and initiation can 3 o Catalytic cycle followed by UV spectroscopy

be regulated by adjusting the concentration of HRP and

Acac to that of HO,. Nevertheless, for Acac and,&, The catalytic cycle of HRP involves two intermediate
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Fig. 3. Initial variation of the absorbance at 418 nm with time for an aqueous solution of HRP after the introduction of hydrogen peroxide solu#us0 w
to 0.270 @), 0.067 (), 0.027 @) and 0.011 mol1* ().
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Fig. 4. Decay of the absorbance of the compounds IIl of H®Pand of lactoperoxidasdl) (calculated from the results of Huwiler et al. in the presence of

H,0; [21,22]). [HRP]= 52 wmol ~* and [H0O;] = 0.135 mol I'Y; o = 2570pumol I [lactoperoxidase] and [}0,] = 8.5 mmol I'%; ' = 2830. The lines

result from the fit of the experimental points by assuming a rate of degradation proportional to the square of the concentration of compound Ill. The
absorbances are given as percentages of their initial values and measured at two different wavelengths: 418 and 423 nm for HRP and lactoperoxidas
compounds Ill, respectively.

complexes usually denoted compounds | (HRP-I) and Il reported for lactoperoxidase [21,22] but has not been
(HRP-II). Moreover, a third compound may be formed, mentioned until now in the case of HRP. Nevertheless, it
denoted compound Il (HRP-III). The different UV spectra is well known that HRP-III is formed when the enzyme is
of these compounds allow to follow them by spectrophoto- reacted with a large excess of,®. For all HO,
metric experiments [19]. A HRP aqueous solution exhibits a concentrations higher than 11 mmol] the absorbance
maximum absorbance at 403 néy{,, Fig. 1). at 418 nm A49) was found to decrease with time until
The value ofA,g;depends linearly on the enzyme concen- it completely disappeared. This was an indication of a
tration (see inset of Fig. 1). Ty curve holds for different  degradation of HRP in the presence 0§Q4 and with-
enzyme lots as long as the concentration is expressed inout any hydrogen donor. For all the concentrations
units of activity ['* instead of g T*. tested in that range, and up to 40 min, the decrease of
The main characteristics of the UV spectra of the various A4 is almost linear with a slope value independent of
HRP intermediate species are given in the experimental H,O, concentration (Fig. 3). For one concentration
section. With an initial enzyme concentration of 27,1 ([H,05]o=0.135mol I'Y) the decrease ofAs,s was
the addition of HO, leads immediately (on the time scale followed up to 260 min (Fig. 4).
of the experiment) to the formation of HRP-III for all the The experimental curve can be fitted in a fairly good way
H,O, concentrations higher than 11 mmot| (Fig. 2). by a one-parameter equation resulting from the assumption
Moreover, considering the values of the extinction coeffi- that the degradation rate of HRP-IIl is proportional to the
cients (experimental section), we can deduce that thesquare of its concentration. This indicates that the degrada-
conversion of HRP into HRP-IIl is quantitative. For concen- tion reaction involves either two molecules of HRP-III or
trations as low as & 10* mol | %, only HRP-Il was formed one molecule of HRP-IIl and one molecule of another
after the addition of hydrogen peroxide (Table 3). compound whose concentration is, more or less, propor-
Compounds Il and Il of HRP were unambiguously discri- tional to that of HRP-IIl. For [HO,o =27 and 11 mM
minated due to their distinct spectra in the 500—-600 nm (our experiments), HRP-1lIl was reconverted partly into
region [20]. native HRP. The HRP recovery can be roughly
This demonstrates that the different intermediate estimated by the ratio of the absorbances (50 and 75%
complexes (active or inactive) are formed in the presencefor [H,0,o=27 and 11 mM, respectively). For
of H,0,: HRP— HRP-I— HRP-Il — HRP-III. The fact that [H20,]o= 0.6 mM, only HRP-Il was formed and progres-
compound Il is formed without the introduction of any sively reconverted to native enzyme. After sufficient time,
hydrogen donor can be explained either by the presence ofthe HRP recovery is around 100%. In the presence of Acac,
an endogeneous donor in the enzyme sample or {» H the results are the same, at least for the tw®4toncen-
itself acting as a donor. This reaction was previously trations tested (11 and 0.6 mM).
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Table 4
"H NMR analysis of HRP/kD,/Acac ternary mixtures. Mole fraction calculated from the integration of the methyl peaks and relative to the total amount
acetylacetone introduced. Comparison with calculated values and data from the literature

Entry [HRPL (g 17%) [H,0,]o (mol 1% [Acac], (mol 17%) Acac (%) Enol (%) P-IV (%)
1 - - 0.17 86 14 0
2 - 0.17 0.17 25 5 70
32 - 23.0x107° 23.0x107° 30 6 64
4 - 0.51 0.17 5 1 94
52 - 147.0x 10°° 49.0x10°° 6 1 93
6 22 0.17 0.17 34 12 54
7 - - - 38 8° -
8 22 0.51 0.17 9 4 87
9 - - - 1f 2° -
10 22 - 0.17 83 17 0
11 22 0.17 0.17 35 11 54
12 22 0.17 0.28 85 15 =~

# Composition of Acac/Enol/P-IV mixtures calculated from Milas’s results [23].
® This component was added 24 h after the other two.
¢ See text for detailed explanations.

Huwiler et al. reported similar experiments with lactoper- hydrogen peroxide to HRP concentration ratig) Can be
oxidase [21,22]. They showed that lactoperoxidase under-drawn as follows: wheny is rather high (say higher than
goes such degradation in the presence gt+through the 100), HRP-IIl is formed and starts to irreversibly inactivate.
formation of lactoperoxidase compound Ill. They related Only a part of the initial HRP content can be recovered
the loss of the enzyme (due to degradation) to the initial depending on the amount of,8, introduced. This part
concentration of KD, at a constant concentration of lacto- may be able to initiate polymerization through the enzy-
peroxidase. Moreover, although their experiments were matic cycle as described above. For highvalues (say
carried out at concentrations of enzyme an@pdifferent 1000) the enzyme is completely degraded. In these situa-
from those used here, the results of both studies concerningtions, no polymerization takes place since the degrading
enzyme degradation can be compared if the ratis used reactions are predominant. When is low (say around
instead of the absolute concentrations, and exhibit some10), mainly HRP-II is formed and the whole HRP content
similarities (Table 3). The time course of the degradation is involved in the radical polymerization. These results give
of lactoperoxidase compound Il can be fitted with the same a more detailed picture of what is happening in the redox
kind of equation (Fig. 4). Nevertheless, the degradation of system than what was obtained by polymerization experi-
lactoperoxidase compound Il seems to be much faster thanments. So the value af is a key parameter in the optimiza-
that of HRP-Ill in view of the rate constants found tion of the reaction conditions since it is directly linked to
(Kiactoperoxidasé™ 39Knrp). the limitation of undesired reactions implying the degrada-

Concerning lactoperoxidase irreversible degradation tion of the enzyme.

(through the formation of compound Ill), the authors

assume that it is not caused by®j itself, but rather by a 3 3 14 NMR study of the HRPA®,/Acac ternary system
damaging intermediary reaction product resulting from the

catalytic or pseudocatalytic D, metabolisn{21]. It has been established by Milas et al. that in the presence

To account for our results, we should admit that such of H,O,, Acac can be oxidized into a cyclic peroxide
species has a concentration proportional to that of HRP- denoted “peroxide IV” (it can be further oxidized into
[ll. More experiments would be required to establish the several other peroxides, i.e. peroxides V-VII) [23]. More-
degrading processes involved in the case of HRP. Since,over, the authors claimed that only the keto form of acet-
in the presence of Acac, only HRP-II and not HRP-I is ylacetone can be oxidized and that the reaction is an
detected in the UV experiments, the reactions 3 should kine- equilibrium. This “chemical oxidation” of Acac by 4@,
tically limit the enzymatic cycle (see further Table 5). Even is likely to occur in our redox system and thel NMR
if the rate constants of reactions 2 and 3 are not known for analysis aimed at evaluating the extent of the competition
Acac, it has been shown in the case of isobutyraldehyde thatwith the enzymatic process. THE NMR spectrum of Acac
the rate constant for the reaction of enol with HRP-II is dissolved in DO has been recorded and assigned elsewhere.

smaller than for the reaction with HRP-I (thg'ks ratio is It may be mentioned here that the methyl resonances of
6.2). This is a general result for hydrogen donor substratesacetylacetone are located at 2.3 and 2.1 ppm for the keto
of HRP [20]. (denoted Acac) and the enol form (denotedol), respec-

The main conclusion of this UV study of the enzymatic tively; and at 1.6 ppm, if attached to the peroxide ring
system is that a schematic picture of the importance of the (P-1V). The proportions of the three components (Acac,
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Table 5

Main reactions involved in the enzyme-catalyzed redox system and their rate constants as reported in the literature

No. Reaction Reaction rate Rate constant Reference

1 HRP+ H,0, — HRP-1+ H,0 kiHRP][H,0,] 1.8x10'Mts?t [25]

2 HRP-1+ enol— HRP-II + Acac ko [HRP—I][enol] - [25]

3 HRP-Il + enol— HRP + Acac + H,0O ks[HRP—Il][enol] - [25]

4 HRP-1+ H,0, — HRP-Il + HO, - - [22P

5 HRP-I1 + H,0, = HRP-III KJHRP=II][H,0;] 46M st [25]
k_JHRP-III] 3.0x10%s™?! [25]

6° HRP-IIl + X — inactive species k[HRP—I11]2 - [21,22F, this study

7 Acac= enol - - [23]

8 Acac+ H,0, = P-IV — — [23]

9 2Acac— Acac—Acac k[Acac]? - [25]

10 Acac + AAm — AAm’ kig[Acac][AAmM] - [25]

11 HGO, + Acac— H,O, + Acac — — [25]

12 2HG — H,0, + O, ki[HO3]? 2.0x10°M tst [25]

2 The role of proton donor played by,8, has been evidenced only in the case of lactoperoxidase.

® |n this equation, X represents an unidentified species which could be either HRP-IIl itself or another component whose concentration is piotiational
of HRP-III (for details see main text).

¢ The same role as described in footnote (a) has been evidenced in this study.

Enoland P-IV) for various amounts of 0, added are given  enzymatic process, in the presence gOH In the absence
in Table 4 as calculated from the integrations of the methyl of the monomer, we assume that all the radicals generated
peaks. by this process are consumed by combination resulting in
When acetylacetone is dissolved in@ there is about  the formation of an Acac dimer.
86% of keto form (entry 1). This value is in agreement with ~ We made two other assumptions concerning the Acac—
that reported in the literature [15]. The introduction of one Acac dimeric species: (i) it is involved in a keto—enol equi-
equivalent of HO, (entry 2) leads to the formation of a large  librium with the same equilibrium constant as that of Acac;
amount of P-IV: 70% of the acetylacetone initially intro- (i) the methyl peaks of the Acac—Acac dimer and of its
duced is converted into P-1V (this compound exists as a enolic form are located at the same chemical shifts as
mixture of cis- andtransisomers [24]). Nevertheless, this those related to Acac anBnol (respectively). Then, the
oxidation reaction is an equilibrated process since even inaddition of HRP leads to the consumption Exfiol with a
the presence of a three-fold excess gDh] acetylacetoneis  resulting displacement of the two keto—enolization and
not completely converted into P-1V (6% remaining, entry 4). oxidation equilibria. These displacements decrease the
We can notice that these values are coherent with thosemole fraction of P-1V in the mixture and apparently increase
calculated from the results of Milas et al. obtained from the *H NMR signals of Acac andEnol since those of the
UV experiments with much lower reactant concentrations Acac—Acac dimer and of its enolic form now add to them.
(entries 3 and 5) [23]. The addition of HRP to the Acac/  We can recalculate the final composition of the mixtures
H,O, mixtures (entries 6 and 8) gives rise to changes in the (entries 6 and 8) using the signal of P-IV to estimate the
composition of the mixture. In each case, the mole fraction displacement of the oxidation equilibrium with enol
of P-1V is decreased and the mole fractionsExfol and consumption (entries 7 and 9). The results are in good agree-
Acac increase. Since the results of entries 6 and 11 arement with the experimental data within the experimental
identical, one can conclude that the same “equilibrium” error. So the assumption that the presence of HRP leads to
composition is reached starting either from a AEawlP- a consumption of enol and consequently to a displacement
IV mixture (entry 6) or from a Aca&nol mixture only (entry of the two equilibria cited above account for thd NMR
11). This means that the oxidation equilibrium leading to the results. From this, the results reported in entry 11 indicate
formation of P-1V is established even when it competes with that the enolization and the oxidation equilibria are estab-
the enzymatic cycle and gives exactly the same compositionlished before the enzymatic process takes place since the
for the whole mixture. On the contrary, when Acac is added final composition is identical to that reported in entry 6.
to a HRP/HO, mixture (entry 12), no P-IV is formed indicat-
ing that no HO, remains in the mixture. These results are
consistent with the polymerization experiments presented in 4. Discussion and conclusions
Table 1. To try to account for these results, we must consider
the keto—enol and Acac oxidation equilibria. 4.1. Reactions involved in the HRR®}Acac ternary
From entries 1 and 10, the equilibrium constant of Acac system
enolization can be estimated. When HRP is added to the
solution, Enol is likely to oxidize into Acacthrough the The main reactions involved in the initiating system are
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summarized in Table 5 and can be classified into four initiating system: (i) it is one of the two substrates of HRP
groups: those involved in the catalytic cycle (reactions 1— (the other being Acac) and leads to the formation of
4) with Acac (reactions 1-3) or @, as proton donor  compound [; (i) it is an inhibitor of HRP since compound
(reaction 4); those implied in the enzyme degradation lll is formed in the presence of an excess oy and leads
(forward reaction of equilibrium 5 and reaction 6); those to an irreversible inactivation of HRP; this can be inter-
corresponding to the oxidation and keto—enol equilibria of preted as a loss of a part of the HRP initially introduced;
Acac (reactions 7 and 8); and those consuming the radicals(iii) it consumes a part of the Acac initially added by the
produced by the catalytic cycle (reactions 9—12). In our formation of P-1V.
approach all reactions implying oxygen have been neglected It is generally accepted that the formation of compound |
since the polymerization medium is always deoxygenated. is not the limiting step of the enzymatic cycle due the high
Reactions 1—3 describe the enzymatic cycle, which leadsvalue ofk; (close to 161 mol~* s * typically). As a result,
to the production of the primary radicals from the acetyla- the concentration of hydrogen peroxide has to be adjusted
cetone (Acag. It has to be noted that the enol form of by considering the above-mentioned points (ii) and (iii). For
acetylacetone is implied in the production of AcadO, a simplified approach of this enzyme-catalyzed redox initi-
can also be generated by this redox system (reaction 4).ating system, we can consider that the enolization and
Since the combination of two HQradicals is very fast, it  oxidation equilibria are established within a very short
appears that only Acais able to initiate the polymerization  time so that the concentrations of enol, Acac and P-1V are
in the presence of an acrylic monomer, for instance, and related through the mass-action law. Provided that the equi-
may be the true primary radical of the polymerization (reac- librium constants are available, the concentration of enol
tion 10). This initiation is thus totally dependent on the enzy- can be calculated from those of Acac argDil The fraction
matic activity. Nevertheless, the propagation and termination of enzyme that is active for the production of Acdepends
steps are not influenced by enzyme characteristics. on the competition between reactions 2 and 3 and reactions
The production of HRP-III (forward reaction of equili- 4-6.
brium 5) is combined with irreversible inactivation of the A more quantitative analysis of this aspect requires the
enzyme (reaction 6). These processes imply a loss of activeknowledge of the rate constants. Up to now, we can just
enzyme for the production of Aca@nd thus are unfavor- indicate that low concentrations of ,8, (for instance
able to the initiation. As a result, the reaction conditions 7x 10~* mol I %) allow the polymerization to occur without
must be adjusted so as to minimize these degradativethe formation of compound llI.
processes.
Reactions 7 and 8 are the equilibrium of enolization and 4 3 conclusions
oxidation of Acac, respectively. The oxidation of Acac by
H,O, into peroxide IV is an equilibrated process as  The main conclusion of this analysis is that the concen-
previously reported (reaction 8). In addition, it is likely trations of the reactants (Acagnol, H,O, and active HRP)
that only the keto form is oxidized to P-IV. The formation at the beginning of the polymerization are probably very
of other peroxides from Acac (i.e. peroxide V) has not been different from those that could be calculated from the
considered in our conditions. The equilibrium constants of Acac, HO, and HRP concentrations in the feed. This is
these processes are important for the initiation because theythe result of the implication of all reactants in several reac-
control the concentration of enol in the solution and hence, tions either initiating or degrading the redox system. The
the initiation rate. formation of an inert HRP derivative (compound Ill) was
In order to maximize the concentration of enol in the evidenced by UV experiments and we defined the condi-
reaction medium, apart form the keto—enol equilibrium, tions for limiting these processes while keeping a good yield
the B-diketone consumption by the oxidation reaction of polymerization. As for the oxidation of Acac, it was
must be as low as possible. The radicals produced by allinvestigated by"H NMR experiments and it would appear
these reactions, i.e. Acgceactions 2 and 3) and HQreac- that the concentration range that limits the formation of
tion 4) are consumed in several processes depicted by reaceompound Ill, was also convenient to have a low concen-
tions 9—12. The initiation of the polymerization results from tration of cyclic peroxide resulting from the oxidation of

reaction 10. Acac.
A kinetic study of this enzyme-catalyzed initiating
4.2. Optimization of the reaction conditions system requires the knowledge of the various equilibrium

constants as well as the rate constants of the degradation
The effective concentration of enol is an important para- processes. With these requirements, the kinetics equations
meter since it is the true reactive species for the production characteristic of the enzyme cycle could be incorporated
of primary radicals. This concentration appears to be relatedinto classical equations of free radical polymerization so
directly to that of Acac but it is also influenced, even to a as to predict the molecular weight of the polymer obtained
lesser extent, by the concentration ofQ4. Indeed, hydro- as a function of the initial concentrations. Such results will
gen peroxide appears to have three contributions in thebe reported in a forthcoming paper [26].
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