
US 20020183470A1 

(12) Patent Application Publication (10) Pub. N0.: US 2002/0183470 A1 
(19) United States 

Tripathy et al. (43) Pub. Date: Dec. 5, 2002 

(54) POLYMERIZATION OF AROMATIC 
MONOMERS USING DERIVATIVES OF 
HEMATIN 

(76) Inventors: Sukant Tripathy, Acton, MA (US); 
Susan Tripathy, legal representative, 
Acton, MA (US); Lynne A. Samuelson, 
Marlborough, MA (US); Ferdinando F. 
Bruno, Andover, MA (US); Sucharita 
Roy, TeWksbury, MA (US); 
Ramaswamy Nagarajan, Dracut, MA 
(US); J ayant Kumar, Westford, MA 
(US); Bon-Cheol Ku, Cambridge, MA 
(US); Soo-Hyoung Lee, Lowell, MA 
(Us) 

Correspondence Address: 
N. Scott Pierce 
HAMILTON, BROOK, SMITH & REYNOLDS, 
RC. 
530 Virginia Road 
P.O. Box 9133 
Concord, MA 01742-9133 (US) 

(21) Appl. No.: 09/994,998 

(22) Filed: Nov. 27, 2001 

Related US. Application Data 

(60) Provisional application No. 60/253,109, ?led on Nov. 
27, 2000. 

Publication Classi?cation 

(51) Int. C1.7 C08F 2/00; C08F 4/00; C07D 487/22; 
C07H 21/04 

(52) U.S.Cl. ....................... .. 526/217; 536/231; 540/145 

(57) ABSTRACT 

Hematin, a hydroxyferriprotoporphyrin, is derivatized With 
one or more non-proteinaceous amphipathic groups. The 
derivatized hematin can serve as a mimic of horseradish 

peroxidase in polymerizing aromatic monomers, such as 
aromatic compounds. These derivatized hematins can also 
be used as catalysts in polymerizing aromatic monomers, 
and can exhibit signi?cantly greater catalytic activity than 
underivatized hematin in acidic solutions. In one embodi 
ment, polymerization is in the presence of a template, along 
Which aromatic monomers align. An assembled hematin 
includes alternating layers of hematin and a polyelectrolyte, 
Which are deposited on an electrically charged substrate. 
Assembled hematin can also be used to polymerize aromatic 
monomers. 
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Figure 1 

Hematin PEG—Hematin 



Patent Application Publication Dec. 5, 2002 Sheet 2 0f 15 US 2002/0183470 A1 

Figure 2 
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Figure 3 
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Figure 5 

0.3 
- - - - - - - Polymerization reaction after 3 

hours 

0-25 ' Reaction before addition of 

peroxide 

0.2 _b\ f\ 

G) 
U 
C 
53 / 
E 0.15 1 / 
O 
U) 
.D < U 

0.1 - 

0.05 i i 
0 _ A I . 

350 550 750 960 1150 

Wavelength {nm} 



Patent Application Publication Dec. 5, 2002 Sheet 6 0f 15 US 2002/0183470 A1 

Figure 6 
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Figure 7 
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Figure 8 
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Figure 11 
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Figure 12 

10' 

—---——~DNA . 

0" DNA-Pam 

Ellipticity (millidegree) 
26o ‘ 460 600 

Wavelength {ram} 



Patent Application Publication Dec. 5, 2002 Sheet 13 0f 15 US 2002/0183470 A1 

Figure 13 
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Figure 15 
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POLYMERIZATION OF AROMATIC MONOMERS 
USING DERIVATIVES OF HEMATIN 

RELATED APPLICATION 

[0001] This application claims the bene?t of US. Provi 
sional Application No. 60/253,109, ?led on Nov. 27, 2000. 
The entire teachings of the above application are incorpo 
rated herein by reference. 

GOVERNMENT SUPPORT 

[0002] The invention Was supported, in Whole or in part, 
by a grant ONR N0014-00-1-0718 from the Office of Naval 
Research and a grant DAAD 16-01-C-0011 from the US. 
Army Research Office. The Government has certain rights in 
the invention. 

BACKGROUND OF THE INVENTION 

[0003] Recently, there has been an increased interest in 
tailored development of polyaromatic polymers, particularly 
polyaromatic polymers that are electrically conductive and/ 
or have interesting and useful optical properties. Examples 
of electrically conductive polymers include certain polya 
nilines, polythiophenes, polypyrroles, and polyphenols. 
These conductive polyaromatic polymers may be used in a 
variety of electronic devices, including electro-chromic 
devices, light-emitting diodes, electrostatic discharge pro 
tection, and light Weight batteries. Of these polyaromatic 
polymers, polyanilines are the most extensively studied, due 
largely to superior electrical properties such as high dis 
charge capacity. 
[0004] In addition to the above-named electrical proper 
ties, the thermal and structural properties of polyphenols 
have long been exploited. In particular, phenol-formalde 
hyde resins such as novolacs and resols have found Wide 
application as Wood composites, laminates, foundry resins, 
abrasives, friction and molding materials, coatings and adhe 
sives, ?ber binders, and ?ame retardants. The use of form 
aldehyde in polyphenol synthesis, hoWever, presents a sig 
ni?cant toxicological and environmental haZard. 

[0005] Despite the industrial utility of polyaromatic poly 
mers, their synthesis remains problematic. KnoWn dif?cul 
ties in the synthesis of these polymers include inconsistent 
product composition, due in part to extensive branching of 
the polymers. In addition, many of the polyaromatic poly 
mers are insoluble or sparingly soluble in common solvents, 
leading to poor processability. The use of toxic reagents, as 
noted above, is another undesirable feature of current syn 
thetic methods. A search for neW methods of synthesiZing 
polyaromatic polymers has not yet yielded a commercially 
viable approach. 

[0006] Many of the synthetic approaches to forming pol 
yaromatic polymers use a heme-containing enZyme to cata 
lyZe the polymeriZation. Any such catalyst must necessarily 
be stable and active under acidic conditions, as acidic 
conditions are required in order to synthesiZe an electrically 
conductive form of a polyaromatic polymer such as polya 
niline. An example of an enZyme extensively studied for 
aromatic molecule polymeriZation is horseradish peroxi 
dase. Unfortunately, horseradish peroxidase and other per 
oxidases are inactive at loW pH and are prohibitively expen 
sive to use commercially. Hematin has been used to mimic 
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the catalytic activity of horseradish peroxidase. HoWever, 
despite its loWer cost, hematin is a non-ideal catalyst for 
commercial polymeriZations because of its loW solubility in 
acidic, aqueous media. The loW solubility of hematin under 
these conditions leads to a loW rate of polymeriZation and 
poor yields. Therefore, a need exists to develop a loW cost, 
high ef?ciency means of synthesiZing polyaromatic poly 
mers, Which is compatible With conditions required to syn 
thesiZe polymers With commercially desirable properties. 

SUMMARY OF THE INVENTION 

[0007] The invention generally is directed to a derivatiZed 
hematin; a method for polymeriZing an aromatic monomer 
With an assembled hematin or a derivatiZed hematin; and to 
methods of forming the assembled and derivatiZed hematins. 

[0008] In one embodiment, the invention includes hematin 
derivatiZed With one or more non-proteinaceous amphip 
athic groups. In a preferred embodiment, the amphipathic 
group is polyethylene glycol. 

[0009] In another embodiment, the invention includes a 
method of polymeriZing aromatic monomers such as 
anilines or phenols. In a preferred embodiment, the poly 
meriZation takes place in the presence of a template. Typi 
cally, the template is anionic. 

[0010] In another embodiment, the invention includes a 
method for preparing a derivatiZed hematin, by reacting 
hematin With an amphipathic compound. In a preferred 
embodiment, the hematin is derivatiZed With an amphipathic 
compound in the presence of a carboxylic acid activating 
compound and an aprotic base. 

[0011] In yet another embodiment, the invention includes 
an assembled hematin, Which includes alternating layers of 
hematin and a polyelectrolyte on an electrically charged 
substrate. Preferably, the polyelectrolyte is cationic. 

[0012] In another embodiment, the invention includes a 
method of polymeriZing aromatic monomers by contacting 
an aromatic monomer and a template With the assembled 
hematin. In a preferred embodiment, the aromatic monomer 
is an aniline or a phenol. 

[0013] In another embodiment, the invention includes a 
method of forming assembled hematin, by alternately depos 
iting one or more layers of hematin and one or more layers 
of a polyelectrolyte on an electrically charged substrate. 

[0014] Advantages of the present invention include 
resolving the current limitations of catalysts used in the 
commercial synthesis of polyaromatic polymers, by reduc 
ing the cost of the catalyst and by providing a catalyst that 
is active and stable over a Wide range of pHs. The deriva 
tiZed hematins of the present invention are also Water 
soluble and recyclable, virtually eliminating the need for 
toxic reagents and solvents, and thus creating an environ 
mentally friendly synthesis for polyaromatic polymers. In 
addition, the derivatiZed hematins of the present invention, 
in a combination With a template, reduce the amount of 
branching during polymeriZation, leading to a structurally 
more consistent product. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] FIG. 1 shoWs the functionaliZation of hematin With 
polyethylene glycol (PEG) in the presence of N,N‘-carbonyl 
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diimidaZole, 1,8-diaZabicyclo[5.4.0]undec-7-ene 
and dimethylformamide (DMF). 

[0016] FIG. 2 shows the FTIR spectra of hematin and 
PEG-hematin. The inset shoWs an expanded region between 
1500 and 1700 cm_1. 

[0017] FIG. 3a shoWs the 1H NMR spectra of hematin and 
PEG-hematin in DMF-d7. The inset shoWs the disappear 
ance of the hematin carboxylic acid peak When it is deriva 
tiZed With PEG. 

[0018] FIG. 3b shoWs the 1H NMR spectra of hematin and 
PEG-hematin in D20. 

[0019] FIG. 4 shoWs the catalytic activity of hematin and 
PEG-hematin for the oxidation of pyrogallol at pH 4.0. 

[0020] FIG. 5 shoWs the UV-vis absorption spectrum of 
aniline monomers and of polyaniline formed during PEG 
hematin catalyzed polymeriZation. 

[0021] FIG. 6 shoWs the time dependent UV-vis absorp 
tion spectra of the polyaniline-sodium polystyrene sulfonate 
(SPS) complex formed at pH 4 over 2 hours after initiation 
of polymeriZation. 

[0022] FIG. 7 shoWs the pH-dependent UV-vis absorption 
spectra of the polyaniline-SPS complex formed after initia 
tion of polymeriZation. 

[0023] FIG. 8 shoWs the UV-vis absorption spectra of a 
polyaniline-SPS complex as it is titrated With 1 N NaOH and 
1 N HCl, demonstrating that the complex can be reversibly 
dedoped and redoped using base or acid, respectively. 

[0024] FIG. 9 shoWs a cyclic voltammogram of a solution 
cast ?lm of polyaniline-SPS complex synthesiZed at pH 1.0. 

[0025] FIG. 10 shoWs the pH-dependent UV-vis absorp 
tion spectra of polyaniline-lignin sulfonate complexes 
formed during polymeriZation. 

[0026] FIG. 11 shoWs UV-vis absorption spectra of polya 
niline-DNA formed during PEG-hematin catalyZed poly 
meriZation. 

[0027] FIG. 12 shoWs CD spectra of polyaniline-DNA 
formed during PEG-hematin catalyZed polymeriZation. 

[0028] FIG. 13 shoWs time-dependent UV-vis absorption 
spectra of the polymeriZation of 2-methoxy-5-methylaniline 
catalyZed by PEG-hematin. 

[0029] FIG. 14 shoWs pH-dependent UV-vis absorption 
spectra of polyaniline-dodecylbenZenesulfonic acid com 
plexes formed during polymeriZation. 

[0030] FIG. 15 shoWs UV-vis absorption spectra of a 
SPS-polyphenol complex formed during polymeriZation. 

(DBU) 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0031] The present invention generally includes a deriva 
tiZed hematin and an assembled hematin, along With meth 
ods of preparing the hematins. The invention also includes 
methods of polymeriZing aromatic monomers in a reaction 
catalyZed by an assembled hematin or a derivatiZed hematin. 

[0032] The present invention includes hematin, a hydroxy 
ferriprotoporphyrin, Which has been derivatiZed With one or 
more non-proteinaceous amphipathic groups. Examples of 
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amphipathic groups include phosphoglycerides; sphingomy 
elin; glycolipids; substituted or unsubstituted polyethers and 
polyalkylene glycols; substituted or unsubstituted 
polyamines such as polyethyleneimine, polyallylamine, and 
poly(diallylamine); polyammonium groups, such as poly(al 
lylammonium salts), poly(trimethylallylammonium salts), 
poly(triethylallylammonium salts), poly(dimethyldiallylam 
monium salts), poly(diethyldiallylammonium salts); and 
polysaccharides such as hydroxypropyl cellulose, 
hydroxymethyl cellulose, and hydroxyethyl cellulose. 

[0033] Preferred amphipathic groups include polyalkylene 
glycols such as polyethylene glycol and polypropylene 
glycol. Preferably, polyethylene glycol groups have a 
molecular Weight of about 400 to about 100,000, or more 
preferably, a molecular Weight of about 5,000 to about 
15,000. 
[0034] In another embodiment, the hematin derivatiZed 
With an amphipathic group is soluble over a pH range from 
about pH 1 to about pH 12. 

[0035] In another embodiment, the present invention 
includes a method of polymeriZing an aromatic monomer, 
Which includes combining the aromatic monomer With a 
derivatiZed hematin catalyst. In a preferred embodiment, the 
hematin is derivatiZed With polyethylene glycol. In another 
preferred embodiment, the derivatiZed hematin catalyst and 
the aromatic monomer are additionally combined With a 
peroxide to initiate the reaction. 

[0036] Aromatic monomers include substituted or unsub 
stituted aromatic compounds. Suitable aromatic compounds 
include 4-(p-hydroxyphenylaZo)pyridine and 4-(p-hydrox 
yphenylaZo)pyridinium methiodide. Preferred aromatic 
compounds for polymeriZation include aniline, phenol, and 
2-methoxy-5-methylaniline. 
[0037] Suitable substituents on aromatic monomers Will 
not signi?cantly reduce the rate of polymeriZation as com 
pared to an unsubstituted aromatic monomer (e.g., Will not 
reduce the rate of polymeriZation by more than ten-fold). 
Examples of suitable substituents for aromatic monomers 
include, for example, halogen (—Br, —Cl, —I, and —F), 
—OR, —CN, —NO2, —COOR, —CONRR1, —SOkR 
(Where k is 0, 1, or 2), —NRRl, —SR, haloalkyl groups, and 
—NH—C(=NH)—NH2. R and R1 are independently, —H, 
an aliphatic group, an aralkyl group, a heteroaralkyl group, 
an aromatic group, or a substituted aromatic group. A 
substituted aromatic monomer can have more than one 

substituent. 

[0038] In a preferred embodiment of the present invention, 
a template is combined With the derivatiZed hematin, an 
aromatic monomer, and a peroxide, such that the aromatic 
monomer aligns along the template and polymeriZes to form 
a complex including the polymeriZed aromatic monomer 
and the template. A “template,” as that term is employed 
herein, is de?ned as a polymer or oligomer that can bind, 
such as ionically bind, to the aromatic monomer being 
polymeriZed according to the method of the invention. 

[0039] Suitable template polymers include polyelectro 
lytes such as an anionic polymer or a cationic polymer. 
Anionic polymer templates include polymers that include 
pendant acid functional groups such as poly(vinylbenZoic 
acid) and salts thereof, poly(vinyl polyphosphonic acid) and 
salts thereof, poly(glutamic acid) and salts thereof, poly(as 
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partic acid) and salts thereof, poly(acrylic acid),and poly 
(maleic acid co-ole?n) and salts thereof. Co-ole?ns that can 
be polymerized With maleic acid to form poly(maleic acid 
co-ole?n) include 1-propene, 1-butene, 1-pentene, 1-hexene, 
1-heptene, 1-octene, 1-nonene, and 1-decene. Preferred 
anionic polymer templates include poly(styrene sulfonic 
acid) and salts thereof, lignin sulfonic acid and salts thereof, 
and dodecylbenZene sulfonic acid and salts thereof. 

[0040] Optically active templates can also be employed in 
the polymeriZation method of the invention. When an opti 
cally active template is employed, the template can induce 
macro-asymmetry in the polymeriZed aromatic monomer 
due to the close association of the template With the poly 
meriZed aromatic monomer in the complex. Examples of 
optically active templates include polynucleic acids and salts 
thereof, such as ribonucleic acids and 2‘-deoxyribonucleic 
acids. Other suitable templates include biological receptors, 
peptides, proteins, Zeolites, caged compounds, phenol red, 
aZo compounds, aZo polymers, and dendrimers. 

[0041] In a preferred embodiment, the complex of a poly 
meriZed aromatic monomer and a template is a Water 
soluble complex of a polyaniline and a template. Even more 
preferably, the polyaniline is of the electrically-conducting 
emeraldine salt form. Emeraldine is an electrically-conduct 
ing form of polyaniline, and has a characteristic green color 
When protonated, or doped. 

[0042] In another preferred embodiment, the complex 
including a polymeriZed aromatic monomer and a template 
is a Water-soluble complex of a polyphenol and a template. 

[0043] In yet another preferred embodiment, a polymer 
iZed aromatic monomer complexed to an optically active 
template has a macro-asymmetry. 

[0044] A complex of a polymeriZed aromatic monomer 
and a template can be prepared by contacting an aromatic 
monomer, such as an aniline or a phenol, and a template With 
a derivatiZed hematin in a solution having a pH from about 
0 to about 12. Preferably, the solution is buffered, and the pH 
ranges from about 0 to about 7, and more preferably ranges 
from about pH 0 to about pH 4. The ratio of aromatic 
monomer to template (measured as the concentration of 
template repeat units) can vary from 5:1 to 1:5 (aromatic 
monomer: template repeat unit), and is preferably from 
about 2:1 to about 1:2, and is even more preferably about 
1:1. A catalytic amount of the derivatiZed hematin can be 
added to the reaction mixture either before or after addition 
of the aromatic monomer. A catalytic amount of the deriva 
tiZed hematin is typically betWeen about one unit/mL and 
?ve units/mL, Where one unit Will form 1.0 mg purpurogal 
lin from pyrogallol in 20 seconds at pH 6.0 at 20° C. 
Preferably, the derivatiZed hematin is added to the solution 
after addition of the template and aromatic monomer. In a 
preferred embodiment, a peroxide is also added to the 
reaction mixture. The peroxide is added incrementally, such 
as not to de-activate the derivatiZed hematin catalyst, until 
an amount approximately stoichiometric With the amount of 
aromatic monomer has been added. The reaction can be 
monitored spectroscopically. 

[0045] The above polymeriZation can be carried out in 
polar solvents such as ethanol, methanol, isopropanol, dim 
ethylformamide, dioxane, acetonitrile, and diethyl ether, but 
is preferably carried out in Water. 
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[0046] In one embodiment, the present invention is a 
method of derivatiZing hematin, Which includes reacting 
hematin With one or more amphipathic compounds, thereby 
forming a derivatiZed hematin. In a preferred embodiment, 
the hematin is reacted With one or more amphipathic com 
pounds in the presence of a carboxylic acid activating 
compound and an aprotic base. In a more preferable embodi 
ment, the carboxylic acid activating compound is a dialky 
lcarbodiimide. In another preferred embodiment, the amphi 
pathic compound is a substituted or unsubstituted 
polyalkylene glycol. Even more preferably, the polyalkylene 
glycol is polyethylene glycol. 

[0047] “Carboxylic acid activating compounds,” as used 
in the present invention, are compounds that serve to couple 
a nucleophile, such as a hydroxyl, amine, or thiol group, to 
a carboxylic acid, thereby forming an ester, an amide, or a 
thioester linkage. Suitable carboxylic acid activating com 
pounds include dialkylcarbodiimides, preferably diisopro 
pylcarbodiimide and dicyclohexylcarbodiimide; N,N‘-car 
bonyldiimidaZole; nitrophenol, preferably o-nitrophenol and 
p-nitrophenol; pentahalophenol, preferably pentachlorophe 
nol, and pentabromophenol; N-hydroxysuccinimide; tosyl 
chloride; 1-hydroxybenZotriaZole; and N-ethyl-N‘-(3-dim 
ethylaminopropyl)carbodiimide. “Aprotic bases,” as used in 
the present invention, include bases Without an exchange 
able proton. Suitable aprotic bases include trialkylamines, 
such as trimethylamine, triethylamine, diisopropylethy 
lamine and triphenylamine; pyridine; pyrimidine; 1,8-diaZ 
abicyclo[5.4.0]undec-7-ene (DBU); and 1,3,5-triaZine. 

[0048] DerivatiZed hematins of the present invention can 
be prepared, for example, by reacting about one-half to 
about ten mole equivalents of an amphipathic compound, 
such as polyethylene glycol, With hematin in the presence of 
an excess of a carboxylic acid activating compound, and an 
aprotic base, in an aprotic solvent such as dimethylforma 
mide or an ether. The mixture is alloWed to stir for about 6 
hours to about 6 days, and is then quenched With a large 
volume of Water or other protic solvent. The unreacted 
reagents are removed by extraction of the reaction mixture 
With an organic solvent such as ethyl acetate. The Water 
layer is concentrated, preferably by lyophiliZation, to yield 
the derivatiZed hematin. 

[0049] In another embodiment, the present invention is 
assembled hematin, Which includes one or more layers of 
hematin alternating With one or more layers of a polyelec 
trolyte deposited on a substrate. In a preferred embodiment, 
the polyelectrolyte is a cationic polymer, such as a poly(di 
alkyldiallylammonium salt) or a poly(trialkylallylammo 
nium salt). More preferably, the polyelectrolyte is poly(dim 
ethyldiallylammonium chloride). 

[0050] In another embodiment, the present invention 
includes a method of a polymeriZing an aromatic monomer 
to form a complex of a polymeriZed aromatic monomer and 
a template, by contacting the aromatic monomer and the 
template With the assembled hematin. Preferably, the tem 
plate is an anionic polymer, such as poly(styrene sulfonic 
acid) or a salt thereof. In another preferred embodiment, the 
aromatic monomer is a substituted or unsubstituted aromatic 
compound, such as an aniline or a phenol. In yet another 
preferred embodiment, the complex of the polymeriZed 
aromatic monomer and the template forms in solution or the 
complex forms on the assembled hematin. The complex 



US 2002/0183470 A1 

forming on the assembled hematin can contact one or more 

layers of hematin or the polyelectrolyte. 

[0051] In another embodiment, the present invention 
includes a method of forming assembled hematin, by alter 
nately depositing layers of hematin and a polyelectrolyte 
onto an electrically charged substrate. Preferably, the poly 
electrolyte is a cationic polymer, and more preferably is a 
poly(dialkyldiallylammonium salt) or a (trialkylallylammo 
nium salt), such as poly(dimethyldiallylammonium chlo 
ride). 
[0052] Assembled hematins of the present invention can 
be prepared, for example, by dipping a charged substrate, 
such as a negatively-charged hydrophiliZed glass slide, into 
about 0.1 mM to about 100 mM hematin having a pH from 
about 6 to about 12 at about 0° C. to about 50° C. for about 
1 minute to about 100 minutes. The substrate is Washed With 
deioniZed Water and dried With a stream of gas, such as 
nitrogen or argon. The substrate With a single layer of 
hematin is dipped into about 0.1 mM to about 100 mM 
polyelectrolyte having a pH from about 6 to about 12 at 
about 0° C. to about 50° C. for about 1 minute to about 100 
minutes. The substrate is Washed With deioniZed Water and 
dried With a stream of gas, such as nitrogen or argon. The 
process can then be repeated, from about 1 to about 100 
times, to produce multiple alternating layers (or bilayers) of 
hematin and the polyelectrolyte on the substrate. For a 
positively-charged substrate, the order of dipping into hema 
tin and a polyelectrolyte is reversed. 

[0053] PolymeriZations catalyZed by assembled hematins 
of the present invention can be carried out, for example, in 
a buffered solution, ranging from about pH 1 to about pH 12, 
at about 0° C. to about 50° C. An aromatic monomer and a 
template are added to the buffered solution, such that the 
ratio of aromatic monomer to template repeat unit is about 
5 to 1 to about 1 to 5. The concentration of aromatic 
monomer is about 0.01 M to about 1 M. A quantity of 
assembled hematin, including about 2 to about 100 bilayers 
of hematin and polyelectrolyte, is added to the solution. A 
solution of a peroxide, in an amount suf?cient to polymeriZe 
the aromatic monomer, is added dropWise over about 5 
minutes to about 200 minutes. The reaction is maintained for 
about 1 hour to about 200 hours. The progress of the reaction 
can be monitored spectrophotometrically. 

[0054] A peroxide, as used in the present invention, is an 
organic or inorganic compound that includes a —O—O— 
bond, such as ROOR, Where R is as de?ned above. Prefer 
ably, one R is hydrogen, to give ROOH. Even more pref 
erably, the peroxide is hydrogen peroxide, HOOH. 

[0055] Suitable substrates for assembled hematin are any 
solids that can maintain an electrical charge. Examples of 
substrates include glasses (e.g., pyrex and glass slides), 
plastics (e.g., poly(vinyl chloride) and poly(ethylene)), 
ceramics, metals, and the like. Preferred substrates are glass 
slides, Which have been hydrophiliZed With an aqueous 
alkali solution, such as Chem-solv, under ultrasonication. 

[0056] The present invention Will noW be further 
described by the folloWing nonlimiting examples. 

EXAMPLE 1 

Synthesis of PEG-Hematin Complex 
[0057] The PEG-hematin complex Was obtained through 
the coupling of polyethylene glycol (PEG) chains to a 
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hematin molecule through ester linkages as shoWn in FIG. 
1. The PEG-hematin complex Was prepared by the addition 
of a mole equivalent of PEG (19 mg) to hematin (200 mg) 
in the presence of activators N,N‘-carbonyldiimidaZole (0.05 
g) and 1,8-diaZabicyclo[5.4.0]undec-7-ene (DBU) (0.047 g) 
in DMF. The mixture Was alloWed to stir for 48 hours then 
Was quenched by the addition of a large volume of deioniZed 
Water. The unreacted reagents Were removed by extraction 
With ethyl acetate. The Water layer Was subsequently lyo 
philiZed to yield PEG-hematin as a reddish-broWn solid. 

[0058] The complex Was characteriZed using NMR and 
FTIR spectroscopy. The average extent of modi?cation of 
the acidic groups of hematin Was determined using UV-vis 
spectroscopy. The UV-vis spectra of the PEG-hematin 
exhibited a decrease in the Soret band (420 nm), a porphyrin 
centered J'lZ-J'IZ transition, in comparison to hematin, Which 
Was used to calculate the amount of hematin present in the 
sample. HoWever, the energy and spectral bandWidths of 
PEG-hematin Were indistinguishable from hematin, Which 
indicated that the modi?cation of hematin by poly (ethylene 
glycol) does not affect the heme structure. Based on this 
assumption, the average concentration of hematin in the 
PEG-hematin sample Was subsequently determined to be 
67% by Weight. 
[0059] An FTIR spectrum of PEG-hematin indicated the 
presence of an ester functionality by the appearance of a 
doublet at 1646 and 1651 cm'1 (similar to diethyl phthalate) 
accompanied by the complete disappearance of the peak at 
1712 cm'1 for the acid carbonyl of hematin (FIG. 2). The 
strong peak at 1100 cm'1 corresponded to the ether linkage 
of the glycol moiety. 

[0060] An 1H NMR spectrum of PEG-hematin in DMF-d7 
shoWs the disappearance of the peak at 10.2 ppm, Which Was 
assigned to the carboxylic proton of hematin (FIG. 3a). This 
clearly indicated that the carboxylic acid hydroxyl moiety 
Was transformed into an ester. The large broad peak at 3.8 
ppm Was assigned to the poly (ethylene glycol) protons. 
HoWever the spectra could not be Well resolved in the region 
of 2-4 ppm due to the interference of the peaks assigned to 
the residual protons in deuterated DMF. In order to get a 
better resolution of the spectrum, the solvent system Was 
changed to deuterated Water. The spectrum in D20 could not 
be used to distinguish the absence of the carboxylic acid 
proton due to proton exchange With D20. HoWever, com 
parison of the spectrum of PEG-hematin and the spectrum of 
poly(ethylene glycol), in D20 shoWed the changes in the 
position of the PEG peaks of PEG-hematin in comparison to 
PEG alone. It Was found that PEG exhibited a major peak at 
3.8 ppm, Which Was assigned to the bulk of the polymer 
chains, While the adjoining peaks (triplets) Were assigned to 
the end groups of the polymer. When a PEG-hematin 
derivative Was formed, the peak at 4.0 ppm shifted up?eld 
and merged into the main peak. This Was accompanied by 
considerable broadening and a shift of the peak at 3.8 ppm 
to 3.6 ppm (FIG. 3b). It Was postulated that methylene 
protons 0t to the hydroxy group of PEG, on being attached 
by an ester linkage to hematin, shifted up?eld While meth 
ylene protons [3 to the hydroxy groups of PEG Were affected 
by the inhomogeneous paramagnetic environment, leading 
to broadening. These observed changes strongly indicated 
the formation of an ester bond betWeen PEG and hematin. 

[0061] The activity of the PEG-hematin Was assessed 
through the oxidation of pyrogallol (0.5%) to purpurogallin 










