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Abstract. This work illustrates that macrocycles can be used as crosslinking agents for curing epoxy resins, provided that
they have appropriate organic functionalities. As macrocycles can complex metal ions in their structure, this curing reaction
allows for the introduction of that metal ion into the resin network. As a result, some characteristic physical properties of the
metallomacrocycle could be transferred to the new material. The bisphenol A diglycidyl ether (BADGE, » = 0) and hemin
(a protoporphyrin IX containing the Fe(III) ion, and an additional chloride ligand) have been chosen. The new material has
been characterized by differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), Fourier Transform In-
frared (FT-IR), Nuclear Magnetic Resonance (NMR), Transmission Electron Microscopy (TEM), and magnetic susceptibility
measurements). Fe(III) remains in the high-spin state during the curing process and, consequently, the final material exhibits
the magnetic characteristics of hemin. The loss of the chlorine atom ligand during the cure of the resin allows that Fe(III)
can act as Lewis acid, catalyzing the crosslinking reactions. At high BADGE # = 0/hemin ratios, the formation of ether and
ester bonds occurs simultaneously during the process.
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1. Introduction being typical ligands in these complexes [10-12].
Cross-linked epoxy resins are nowadays standard Dicarboxylate ferrocene has also been used [13].
options for a variety of applications due to their me-  Macrocycles can be used as crosslinking agents for
chanical and thermal stabilities as well as their ver-  curing the BADGE, n = 0 epoxy resin, allowing for
satility [1]. The properties of a cured epoxy polymer  the introduction of a metal ion into the network struc-
depend on the type of epoxy resin and curing agent, ture, as we have recently demonstrated [14], hemin
as well as curing conditions. Epichlorohydrin and  (a protoporphyrin IX containing the Fe(IIl) ion, and
bisphenol A diglycidyl ether (e.g., BADGE, n=0) an additional chloride ligand) being used. As cross-
are among the most common epoxy monomers [2].  linking agents, metallomacrocycles can offer the ad-
The epoxy ring can react with amines [3, 4] or car-  vantage of a complexed ion, while the organic func-
boxylic acids [5—-8], among others. However search-  tionalities of the macrocycle may be used for the
ing for better mechanical and thermal properties, suc-  curing process.

cessfully achieved, has left other potential abilities The aim of this work is to illustrate how the intro-
of these systems almost unexplored. duction of complexed Fe(IIl) ion into the network
By using transition metal complexes, with diamine  structure of the BADGE, n = 0 resin transfers the
derivatives as typical ligand in them, as controllable  magnetic properties of the ion to the new material.
curing agents [9], metal ions have been incorporated = Hemin has many potential applications as catalyst for
into commercial epoxy resins, diamine derivatives  reactions related to energy and environment, includ-
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ing the electrochemical reduction of uranium [15], ni-
trite [16, 17], nitric oxide [18-20], hydrogen perox-
ide [21], carbon dioxide [22], and oxidation of per-
oxynitrite [23]. Hemin is also able to catalyze the
oxygen reduction reaction [24]. Platinum is the most
widely used electrocatalyst in fuel cells of low tem-
perature; however, its scarcity and high cost hinders
the development of this technology. The metallo-
macrocycles, for example cobalt or iron porphyrins,
have been considered as the most promising alterna-
tive, and has devoted a lot of work to improve their
activity [25]. Hemin is an electrocatalyst with great
potential for use in fuel cells or sensors that also are
of great interest to many automakers and portable
devices due to the high efficiency of energy conver-
sion and low carbon dioxide emissions [26].

2. Experimental

The thermosetting system used consists of epoxy
resin of bisphenol A diglycidyl ether, BADGE, n =0
(Resin 332 from Sigma Chemical Company, St. Louis,
USA) with a molecular weight of 340.41 g/mol, and
hemin (Fe (III) PPIX ) (Sigma Aldrich, St. Louis,
USA) with a molecular weight of 651.94 g/mol. They
are commercial products and were used without fur-
ther purification. The resin was stored in a desiccator
protected from light to prevent oxidation and car-
bonation while hemin was stored in the refrigerator
at a temperature between 2—8 °C. The optimum molar
ratio 6:1 (BADGE, n = 0/hemin) have been used [14].
These compounds were carefully and homogeneous-
ly mixed at room temperature. For differential scan-
ning calorimetry (DSC) the samples (about 8 to
10 mg) were introduced in aluminum pans on a
DSCQ20, TA instruments, Eschborn, Germany. Meas-
urements of thermogravimetric analysis (TGA) were
performed on a TGA/DSC1 of Mettler Toledo,
Columbus, Ohio, USA. FT-IR Analysis was per-
formed on VARIAN FT-IR 670, Palo Alto, California,
USA. Measurements of magnetic susceptibility were
performed on a PPMS 6000 model PM90-L equip-
ment (San Diego, USA) in the temperature range
2.3-292K and in magnetic fields up to 9 T. NMR
analysis was performed on Varian Inova 750, Palo
Alto, California, USA. TEM measurements were
performed on a JEOL JEM-1011, Peabody, Massa-
chusetts, USA.
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3. Results and discussion

3.1. Thermal analysis

Reasons for choosing the molar ratio 6:1 as optimal
rate for this system have been given elsewhere [14].
Additionally, the glass transition temperature (7) is
also a function of the reaction stoichiometry. Obvi-
ously, different amounts of hemin involve different
crosslinking densities. More linear structures (lower
T,) are obtained for lower hemin contents, whereas
higher hemin ratios are associated with an increase
in T,. The highest T, value is obtained for the 6:1
(mol/mol) molar ratio (Table 1) which supports the
choosing of that ratio 6:1 as the optimal rate for this
€poxy system.

TGA curves of the pure hemin and cured resin are
shown in Figure 1. The samples suffered significant
weight loss in the interval 0-900 °C, the shape of the
curves being different for the two samples.

A simple profile is observed for the epoxy resin which
decomposes at 336 °C (results not shown) while the
pure hemin shows a multistage decomposition pro-
file with four weight loss steps, the temperature of
each stage being clearly recognized. Weight loss per-

Table 1. Glass transition temperature for the different
(BADGE, n=0)/hemin molar ratio

(BADGE, n = 0)/hemin T,

molar ratio [°C]

4:1 106.9

5:1 108.4

6:1 109.8

7:1 94.3

8:1 99.6

9:1 99.7
110 " [ 110
1004 — 3;44? L 100
90 N\ 37300 L 90
801 Migreaee L 80
70 R A2C 708 L 70
60+ > 784°C - 60
T 50 L 50
= 40 L 40

S 30 - 30 §m
2 201 L 20
10 L 10
0 L o
giis TGA hemin 10
-20 1 # TGA (BADG n = Oyhemin [ ~20
—30+ 227°C DSC (BADG n = O)hemin [ —30
-40 . 3 . : —40
0 200 400 600 800 1000

Temperature [°C]

Figure 1. Thermogravimetric curves of the epoxy system
(red line), hemin (black line) and DSC curve of the
epoxy system (blue line). Heating rate of 10 °C/min,
under nitrogen flow (50 ml/min).
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centages of 5, 15, and 15% are observed at the inter-
val of temperatures 150-300, 330-440, and 440—
700 °C, respectively. According to Liang et al. [26]
the first stage weight loss can be attributed to the re-
moval of the chlorine atom coordinated to the iron
atom in the porphyrin ring. This loss, at the rather low
temperature of 150 °C, plays a very important role
in this epoxy system since the Fe(Ill) can act as acid
catalyst, thus promoting both reactions of esterifica-
tion and etherification (see FTIR and NMR com-
ments below).

The second stage corresponds primarily to the de-
composition of the organic groups bound to the
macrocycle, such as: —CH;, —CH=CH,, and
CH,CH,CO,H. The third stage is due to weight loss
that occurs during the carbonization process of the
hemin, including dehydrogenation and decomposition
of the macrocycle. The weight loss from 700 to 800°C
also is due to a partial loss of nitrogen atoms of the
inner ring of hemin. However, there is a plateau be-
tween 500-700°CC where hemin retains the inner
ring with 4 nitrogen atoms.

After curing, the epoxy-hemin system displays a dif-
ferent behaviour since the weight loss is found above
373 °C. This temperature is in the middle of the in-
terval of the second stage observed for hemin and sug-
gests that the weight loss is probably associated to
the decomposition of the same organic groups. This
temperature is also close to the second signal (second
minimum) of DSC thermograms (Figure 1). BADGE,
n =0 starts to decompose around 300 °C, while an
DSC endothermic signal at 348 °C is observed for
pure hemin (See Figures 2 and 3). None of these sig-
nals are in the thermogram of the mixture.
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Figure 2. Dynamic experiment for the epoxy resin BADGE
n=0
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Figure 3. Dynamic experiment for the hemin

3.2. Microscopic images

Figure 4 shows TEM images for pure hemin where
it can seen two phases: amorphous and other crys-
talline with rhombohedral structure and Figure 5
shows the TEM photographs of the material cured at
230°C. Unreacted hemin crystals can be still seen on
the crosslinked structure of the material.

Figure 6 shows the TEM images of the cured system
at 380 °C, where the material begins to decompose.
The network begins to release hemin due to the de-
composition of the organic groups in the periphery
of the ring.

3.3. Infrared spectroscopy

The IR spectrum of metalloporphyrins differs consid-
erably from those of the corresponding porphyrins
because the metal produces an increase in its sym-
metry and reduces the absorption bands. Most metal-
ligand vibrations are in the far-infrared and depend on
the metal. Table 2 shows the vibration bands of the
pure hemin.

The band observed at 347 cm™! for pure hemin (Fig-
ure 7), which corresponds to the vibration of the Fe-
Cl bond, disappears completely for the cured resin
which indicates that the chlorine atom is liberated
during the reaction in agreement with thermogravi-
metric analysis. Consequently, the Fe(IlI) can act as
Lewis acid catalyzing the crosslinking reactions of
the resin.

Figure 8 compares the FTIR spectra obtained for the
epoxy system BADGE, n = 0/hemin at different molar
ratios of resin. All spectra are adjusted for the car-
bonyl signal. The most noticeable fact is that the sig-
nal at 1100 cm™! (highlighted with an arrow), associ-
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Figure 5. TEM images of the epoxy sample cured until the temperature of 230 °C. Crossbar lengths: a) 2000 nm, b) 10 um,
¢) 500 nm, d) 2000 nm
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Figure 6. TEM images of the epoxy sample cured until the temperature of 380 °C. Crossbar lengths: a) 100 nm, b) 200 nm,
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“ BN 100 nm

¢) 100 nm, and d) 50 nm

Table 2. Vibration bands for the pure hemin

Frequency

Vibration bands

VoH-

33002500 cm™
2700-2500 cm™
3580-3500 cm™

For dimeric bonds is a broad band, usually centered on 3000 cm™!
Shoulders
There is a thin band for free species

Vc=0-

1725-1680 cm™ Dimeric bonds of saturated carboxylic acids

don + veoo: These vibrations are coupled in acids resulting in two bands at 1440-1210 cm™
1440-1395 cm™! dou

1315-1210 cm™! Veoo

YoH:

960-880 cm™! Vibrational motion out of the plane of the hydrogens
YN-Fe:

989 cm™! Vibrational motion of N-Fe

Yc-n:

770710 cm™! CH bond of the pyrrole

YFe-CI*

347 cm™! Vibrational motion of Fe—Cl
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Figure 7. Far-infrared spectra of the hemin (red line) and the epoxy system BADGE, n=0/hemin (blue line)
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Figure 8. a) FTIR spectra of the epoxy system BADGE, n=0/hemin for different molar ratios epoxy/hemin. b) Zoom of the

Figure (a) in the range 1950-450 cm™".

ated with C—O—C aliphatic ethers, neither appears in
the uncured resin nor in the cured resin at the ratio
of 4:1. However its intensity grows with the increase
of this ratio. It may be concluded that at high tem-
peratures and molar ratios above 6:1, a epoxy-hy-
droxyl reaction occurs (i.e., etherification; Figure 9)
which is responsible for the asymmetrical dynamic
shoulder observed in DSC experiments (Figure 10).
However it is present for the ratio 6:1 and it is even
more intense for the ratio 9:1. This confirms that the
appearance of the asymmetric shoulder in the thermo-
grams of samples with excess epoxy is due to the
etherification reaction (Figure 9a) [14]. The signals at
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1610 and 1510 cm™!, assigned to the C=C and C—C
bonds of benzene rings of the resin, do not exhibit
significant changes during the polymerization al-
though they increase with the proportion of resin.
Similar comments apply to bands in the range of
2965-2873 cm™! which are due to the stretching vi-
bration of C—H in the methylene groups and to the
stretching vibration of aromatic and aliphatic CH.

Figure 11 shows a significant increase of the trans-
mittance at 3450 cm™' that can be assigned to the hy-
droxyl groups formed during the polymerization.
This increase is accompanied by a decrease in inten-
sity at 915 cm™', assigned to the signal of epoxy
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H,0

Figure 9. Reactions for the epoxy system BADGE, n=0/hemin: (a) esterification and (b) etherification
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Figure 10. Dynamic experiments of the epoxy system at dif-
ferent (BADGE, n=0)/hemin ratios, n:1 (n=4, 6
and 9)

groups. The intense band of the pure hemin at
1698 cm™!, corresponding to the carboxylic acids,
decreases while a new band at 1719 cm™!, associated
with the formation of ester groups, increases.

3.4. Kinetic studies

In a previous paper [14] we have calculated the kinetic
parameters using Kamal model. This model is used
for describing the isothermal experiments, but the sta-
tistical criteria do not allow setting exact power expo-
nents. In recent years, the use of Kamal model for ki-
netic studies has been the object of a wide discussion
[27-33]. Besides, the overall reaction order varies
over a wide range [27, 34-35]. Vyazovkin and Sbir-
razzuoli have proposed that isoconversional methods
are most appropriate to describe the complex curing
kinetics. Furthermore, the isoconversional method
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does not require the knowledge of the rate equation
Ala), as it only assumes that for a given degree of con-
version, o, the reaction process has the same mech-
anism, independently of the curing temperature. The
isoconversional method can determine the activation
energy for each degree of conversion, allowing to
check whether the activation energy is kept constant
for the curing reaction.

Dell’Erba and Williams [36] have proposed that the
consumption of the epoxy groups can be expressed by
the following phenomenological Equation (1):

dx

& = k) =Aexp(—%>f(x) (1)
where x is the conversion of epoxy groups, 7 is the
time, & is a parameter which depends of temperature,
and £ is the activation energy.

The time required to reach a particular conversion at
a given temperature can be obtained by the Equa-
tion (2):

Int,=In A~ + InF(x) + )
where F(x) = fz f(x)"'dx is an unknown function that
depends only on the conversion. Therefore, a set of
parallel lines should be obtained when plotting In#
versus T for different conversions. Figure 12 shows
the isotherm data at the interval 130-160 °C, confirm-
ing the validity of Equation (2) for the BADGE, n =
0/hemin system. The activation energy calculated
from the slope of the lines is 95+7 kJ/mol. This value
is close to the obtained previously [14] by Kamal ki-
netic method and, consequently, it can be accepted
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Figure 11. a) FTIR spectra of the epoxy system at 6:1 (BADGE, n=0)/hemin) ratio. As reference, the FTIR spectrum of
BADGE, n=0 is also shown. b) Zoom of the Figure (a) in the range 1900-450 cm'.

that this model adequately represents the kinetic be-
havior of this system.
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Figure 12. Isoconversional method for the system BADGE
n=0/hemin
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3.5. Magnetic measurements

It has been shown that the nature of the ligand affects
the electronic state of the five d electrons in Fe(IIl)
complexes [37] and, depending on the ligand, energy
ordering of the various electronic states of Fe(III)
complexes can change. With strong field ligands
(e. g., cyanide) d electrons are in a low-spin config-
uration “T, (S = 1/2), while weak field ligands (e.g.
chloride, fluoride or water) cause the d electrons re-
main unpaired in ®A1, high-spin state (S =5/2). Ina
pyridine-chloroform mixture, dissolved hemin is in a
thermal equilibrium between low- and high-spin
states [38, 39], while solid hemin is mostly in the
high-spin one [40]. State spin influences binding
affinity and the connecting structure between Fe(I1I)
and the porphyrin ring. The difference between a low
and high spin states is also important from the point
of view of their biological functions.
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Figure 13. 'H NMR spectrum (HDQfilter) of hemin. Tentative assignments of peaks are: a) methyl groups, b) vinyl o-CH
and propionyl a-CH, and c) cis and trans vinyl B-CH; and propionyl 3-CH, peaks and d) signals for the porphyrin
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Figure 14. "H MAS NMR spectrum of hemin (red) and the resin cured with hemin (blue). Intensities of the signals of both

spectra are in arbitrary units

The NMR solid spectra of the cured resin could help
to elucidate in which spin state is the Fe(IlI). The 1H
NMR spectrum of the pure hemin in solid state (Fig-
ure 13) resembles the one published by Villiers et al
for ferriprotoporphyrin IX [Fe(III)PPIX] in aqueous
solution which is characteristic of a five coordinate,
high-spin Fe(III) [40, 41].

Some signals of the hemin are clearly distinguished
in the final product but the high BADGE, n=
0/hemin ratio prevents for a more detailed assign-
ment of the signals (Figure 14). This makes almost
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impossible to differentiate between high and low
spin states of Fe(III) and a direct measurement of the
magnetic susceptibility is required. The strong sig-
nals around 0-5 ppm belong to the protons of the
cross-linked resin. The ratios of the hemin signals
are maintained [40, 42—43].

The magnetic susceptibility (y) of BADGE, n=
0/hemin was studied by applying a DC current (Fig-
ure 15). The inverse of the susceptibility, ¥', as a
function of temperature (see insert) is linear, thus
obeying the Curie-Weiss law.
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Figure 15. DC susceptibility and inverse susceptibility (insert) of BADGE, n = 0/hemin as a function of temperature

From the linear fit of experimental results to Equa-
tion (3), values of 16.1 and 0.045 were obtained for
the Weiss temperature, 0, and the Curie constant, C,
respectively:
X1'=Cc(T-9) (3)
The Curie constant is related to the effective mag-
netic moment, L, by Equation (4):

o Megr = Mpgvs(s+1)

_ Nuggis(s+1)

¢ 3y

4
where g is the Bohr magneton, g is the Landé factor
(= 2), kg is Boltzmann constant, and A is the number
of magnetic atoms per unit volume. The calculated
value is pegr = 5.99up, which perfectly agrees with

the theoretical value (pesr= 5.92uB) for S = 5/2 and
with experimental values (per = 5.92-5.97up) pub-
lished for pure hemin [44, 45]. This agreement sug-
gests that the Fe(Ill) remains in the high-spin state
during the hemin-epoxy crosslinking reaction. At
low temperatures (7' < 20K), the susceptibility in-
creases which can be associated with the strength-
ening of the magnetic short-range interactions, com-
patible with the positive value of Weiss paramagnet-
ic temperature. For pure hemin, above 150K (para-
magnetic region), the susceptibility obeys the Curie-
Weiss law with a value of 31.76 K for the Curie-
Weiss temperature [46].

The modified resin with hemin, in the absence of fric-
tion, e.g., on the water surface, is attracted by a mag-
netic field (see Figure 16).

Figure 16. Behavior of the epoxy material in the presence of a magnetic field a) at # = 0, b) after a few minutes
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4. Conclusions

The loss of the chlorine atom ligand during the cure
of the resin allows that Fe(III) can act as Lewis acid
catalyst for the crosslinking reactions. Consequently,
at high BADGE, n = 0/hemin ratios, the formation of
ether and ester bonds occur simultaneously during the
process.

On the other hand, the Fe(I1l) ion remains in the high-
spin state during the epoxy/hemin crosslinking reac-
tion. As a result, the material exhibits the magnetic
characteristics of hemin.
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