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Kinetics of b-haematin (synthetic malaria pigment) formation from haematin have been studied in the
presence of aqueous benzoic acid and derivatives of benzoic acid. Formation of the b-haematin product
is demonstrated by X-ray diffraction and IR spectroscopy. Reactions were followed by determining the
fraction of unreacted haematin at various time points during the process via reaction of extracted
aliquots with pyridine. The kinetics can be fitted to the Avrami equation, indicating that the process
involves nucleation and growth. Reaction kinetics in stirred benzoic acid are similar to those previously
observed in acetic acid, except that benzoic acid is far more active in promoting the reaction than acetic
acid. The reaction reaches completion within 2 h in the presence of 0.050 M benzoic acid (pH 4.5,
60 ◦C). This compares with 1 h in the presence of 4.5 M acetic acid and 4 h in the presence of 2 M acetic
acid. The reaction rate in benzoic acid is not affected if the stirring rate is decreased to zero, but very
vigorous stirring appears to disrupt nucleation. The rate constant for b-haematin formation in benzoic
acid has a linear dependence on benzoic acid concentration and follows Arrhenius behaviour with
temperature. There is a bell-shaped dependence on pH. This suggests that the haematin species in which
one propionate group is protonated and the other is deprotonated is optimal for b-haematin formation.
When the reaction is conducted in para-substituted benzoic acid derivatives, the log of the rate constant
increases linearly with the Hammett constant. These findings suggest that the role of the carboxylic acid
may be to disrupt hydrogen bonding and p-stacking in haematin, facilitating conversion to b-haematin.
The large activation energy for conversion of precipitated haematin to b-haematin suggests that the
reaction in vivo most likely involves direct nucleation from solution and probably does not occur in
aqueous medium.

Introduction

Haemozoin is a microcrystalline cyclic dimer of ferriprotopor-
phyrin IX (Fe(III)PPIX) in which the propionate side chain of one
protoporphyrin coordinates to the iron(III) centre of the other.1

The dimers hydrogen bond to their neighbours via the second
propionic acid group, forming infinite chains through the crystal.
This substance is found in two important blood-eating pathogens,
namely Plasmodia species2,3 (the causative agents of malaria) and
Schistosoma mansoni4 a causative agent of intestinal schistoso-
miasis. Haemozoin is also found in Haemoproteus columbae,5 a
protozoan bird parasite, Echinostoma trivolvis a helminth that
infects snails6 and in the gut of Rhodnius prolixus7 the insect vector
of Chagas disease or American trypanosomiasis. It is believed to be
a haem detoxification product. We have previously demonstrated
that at least 95% of the haem released in Plasmodium falciparum
by digestion of host haemoglobin is incorporated into this highly
insoluble biomineral-like material.8 Important antimalarial drugs,
including chloroquine and quinine, are believed to interfere with
this pathway.9–12

Haemozoin is chemically and structurally identical to a syn-
thetic haematin product called b-haematin.13 This has facilitated
the study of this solid and the effects of antimalarials on its forma-
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tion. There are several methods for preparing b-haematin.3,10,14,15

The simplest involves heating a freshly precipitated suspension of
haematin in an aqueous organic acid such as acetic, propionic or
benzoic acid.3,10

The mechanism of haemozoin formation is still not well under-
stood. Initially it was proposed that an enzyme, a so-called haem
polymerase, catalyses its formation.9 However, no such enzyme has
ever been isolated. Subsequent proposals were that the process
is spontaneous10 or autocatalytic.11 Current thinking is that
haemozoin formation is a form of biomineralisation and is brought
about either by lipids,16,17 histidine rich protein18 or both,19 which
either catalyze its formation or initiate an autocatalytic process.
Definitive evidence remains lacking. A detailed understanding of
the chemical kinetics of b-haematin formation, even under non-
physiological conditions, may aid in elucidating the fundamental
mechanism of this crystal nucleation and growth process and
establish factors either limiting or promoting its formation. Such
knowledge is essential if we are to understand the requirements
for haemozoin formation in vivo.

We have previously reported two studies on the kinetics of b-
haematin formation in acetate solution.20,21 These investigations
are to our knowledge the only comprehensive studies of the
kinetics of b-haematin formation. In the more recent study,21

we demonstrated that conversion of haematin to b-haematin
conforms to Avrami kinetics, with a rate constant that is dependent
on temperature, stirring rate, acetate concentration and pH. The
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kinetics suggested a process in which amorphous haematin is
rapidly precipitated and then slowly converted to b-haematin by
dissolution and re-deposition of the less soluble, microcrystalline
phase. This is consistent with Ostwald’s rule of stages.22 It was
further suggested that acetate might act as a phase transfer
catalyst.

Preliminary studies in our laboratory have suggested that
benzoic acid is far more active in promoting b-haematin formation
than acetate. Given that the presence of the benzene ring permits
introduction of substituents, the physical properties of benzoic
acids can be manipulated relatively easily. This system may then
permit greater insight into the process of b-haematin formation to
be obtained. We report the results of such a study here.

Experimental

Materials

Bovine haemin was purchased from Sigma-Aldrich, South Africa
and used without further purification. All other materials were of
analytical grade or of the highest purity commercially available.
Stock solutions of benzoic acid and substituted benzoic acids
were prepared by weighing out the acids, adding water and slowly
adjusting the pH with a concentrated solution of NaOH until the
desired pH was attained. Solutions were then made up to volume
with water in a volumetric flask and the final pH checked.

Kinetics experiments

A typical kinetic experiment was conducted in the following way:
0.030 g of haemin was weighed out and placed in a glass cell,
temperature regulated by a thermostated water bath at 60 ◦C. This
was determined prior to the kinetic experiment by measuring the
temperature in the reaction cell with water in it and adjusting the
water bath temperature to attain the desired temperature in the
cell. The haemin was then dissolved in 2.6 ml of 0.1 M NaOH, to
which 0.26 ml of 1 M HCl was subsequently added to neutralize
the NaOH. After 2–5 min of temperature equilibration, 7.14 ml
of 0.070 M benzoic acid solution, pH 4.5, was added to start
the reaction. The reaction mixture was stirred gently using a
magnetic stirrer. All experiments were conducted in this way, but
parameters were varied one at a time. These included temperature,
concentration of benzoic acid, pH and stirring rate. In addition,
experiments were conducted in which 0.003 g of b-haematin was
added after neutralization of NaOH with HCl to test the effect of
seeding. Studies with substituted benzoic acids were carried out
in the same manner. In all cases, the mass of haematin starting
material and total reaction volume was kept constant.

The kinetics were routinely monitored using a new pyridine-
based assay that we have recently described and fully validated
elsewhere.23 Briefly, a 0.005 ml sample was removed from the
reaction mixture at regular intervals. This was typically every 5 or
10 min, but sometimes longer in the case of very slow reactions. In
cases where the experiment was conducted unstirred, the reaction
mixture was briefly stirred to produce a homogeneous suspension
before the sample was removed. The sample extracted from the
reaction mixture at each time point was placed in an Eppendorf
tube and 2.00 ml of 5% (v/v) aqueous pyridine (pH 7.5, 0.020 M
HEPES) was immediately added to the sample. This has the effect

of quenching the reaction and dissolving any unreacted haematin,
without affecting the b-haematin present. Haematin immediately
forms a low spin pyridyl complex (probably a bis-pyridyl complex)
with a distinctive visible spectrum. After vigorous mixing, followed
by 15 min of settling, careful transfer of the supernatant to a
cuvette permitted quantitation of the remaining haematin by
visible spectroscopy. Measurements were performed at 405 nm
on a Varian Cary 100 UV-visible spectrophotometer.

X-Ray diffraction, IR spectroscopy and scanning electron
microscopy

In one set of experiments, the mass of haemin used was 0.200 g
and all volumes were scaled up proportionally. The reaction
was carried out in 0.050 M benzoic acid, pH 4.5 at 60 ◦C. In
repeat experiments the reaction was run for 0, 60, 75 or 120 min
and filtered using a 0.45 lm cellulose acetate filter disc. The
samples were gently ground with an agate mortar and pestle
to avoid preferred orientation effects. X-Ray powder diffraction
measurements were performed on the samples without further
drying. These measurements were conducted on a Huber Imaging
Plate Guinier Camera 670 in the 2h range 4–30◦ using Cu-Ka
radiation (k = 1.5418 Å) operating at 20 mA and 40 kV, with a step
resolution of 0.005◦. In one case, a sample obtained after 120 min
incubation was dried in a desiccator over P4O10 and silica gel for
48 h. The dried material was gently ground and used for X-ray
powder diffraction measurements, IR spectroscopy and scanning
electron microscopy (SEM). IR was performed on KBr discs
obtained by grinding 0.002 g of sample with 0.200 g of dry KBr
and pressing under 10 ton in−2 to produce a 16 mm diameter disc.
The spectrum was recorded between 2000 and 1000 cm−1 using
a Perkin-Elmer FT-IR Spectrum 100 spectrometer. Samples for
SEM were sprinkled on Al stubs coated with a mixture of graphite
and glue. The samples were then coated with gold-palladium.
SEM was performed by the University of Cape Town electron
microscopy unit on a LEO S440 scanning electron microscope.

Analysis of kinetics data

Analysis of the kinetics data was carried out by non-linear least
squares fitting, usually to the Avrami equation (eqn (1)):24

m/m0 = exp(−ztn) (1)

where m is the mass of haematin remaining, m0 is the initial mass
of haematin, z is an empirical rate constant, t is the reaction time
and n is the Avrami constant. Here, the ratio m/m0 is given by
(At − Af)/(A0 − Af), where At is the absorbance at time t, Af is
the absorbance at the end of the reaction and A0 is the absorbance
at the beginning of the reaction. This relationship holds since
the absorbance at 405 nm is brought about by coordination of
pyridine to haematin only. The value of n is indicative of the
geometry of crystal growth and the nature of the nucleation process
and is expected to be an integer between 1 and 4. As noted in a
previous study,21 strong correlations between z and n are observed
in the fitting procedure if both n and z are allowed to refine freely.
This results in large errors in the fitted values of z. However, as n
must take an integer value, trial fits can be performed using each
possible integer value (1, 2, 3 and 4). Our procedure was therefore
to find the value of n by determining which allowed value gave
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the best fit to the data. This value was found to be 4 in almost
all experiments. The value of n was then fixed at this integer value
and z was obtained by further refinement, resulting in acceptably
small errors in the rate constant.

A few experiments were carried out in 4.5 M acetate solution,
rather than in solutions of benzoic acid and its derivatives.
Procedures used were identical to those previously reported by
us.21

Results

Comparison of b-haematin formation in benzoic and acetic acid
media

The reaction product obtained from incubation of haematin in
0.05 M benzoic acid (pH 4.5, 60 ◦C, 120 min) was characterized
by X-ray powder diffraction and IR spectroscopy (Fig. 1(A) and
(B)). For comparison, the XRD pattern and IR spectrum of b-
haematin prepared in 4.5 M acetic acid (pH 4.5, 60 ◦C, 60 min)
are also shown and are clearly identical. The d-spacing values
corresponding to the eight most prominent peaks in the XRD
pattern of b-haematin obtained from haematin† in benzoic acid
are given in Table 1, where they are compared to those reported
for b-haematin by Bohle et al.13 They are virtually identical. These

† HO–Fe(III)PPIX or H2O–Fe(III)PPIX depending on pH.

Fig. 1 XRD patterns (A) and IR spectra (B) of b-haematin prepared from
a suspension of haematin in 0.050 M benzoic acid (thin line) and 4.5 M
acetic acid (thick line) at pH 4.5 and 60 ◦C. The sample was incubated
for 2 h in the benzoic acid system and 1 h in the acetic acid system. XRD
patterns recorded with Cu-Ka radiation (k = 1.5418 Å).

Table 1 Observed d-spacing for major XRD peaks of b-haematin pre-
pared in benzoic acid compared with those reported by Bohle et al. for
b-haematin formed by dehydrohalogenation of haemin in dry methanol13

d/Å

This work Bohle et al.a

12.1 12.0
8.03 8.02
7.30 7.32
5.60 5.63
5.00 4.99
4.59 4.55
4.13 4.08
3.60 3.65

a From Fig. 2 in ref. 13.

results therefore definitively identify the reaction product from the
benzoic acid medium as b-haematin.

The pyridine based assay described in the Experimental section
was routinely used to monitor the progress of b-haematin forma-
tion in this study. In a previous study on the kinetics of b-haematin
formation in acetic acid solution,21 we used IR spectroscopy to
monitor the reaction. This is far more tedious and difficult, as it
requires samples to be filtered, dried for 48 h and very carefully
weighed. Uniform KBr discs then have to be prepared and the
IR absorbance band corrected for background absorbance in
order to be able to monitor the relative amount of b-haematin
formed at given intervals during the reaction. Despite the obvious
advantages of the pyridine assay, it is necessary to demonstrate that
the results obtained are the same. For this reason, we followed the
reaction kinetics in 4.5 M acetic acid, pH 4.5 at 60 ◦C using the
pyridine assay and compared the data to those previously obtained
under identical conditions using the IR method. The results are
compared in Fig. 2. It is clear that both methods give identical
results, but with less data scatter in the pyridine assay.

Fig. 2 Kinetics of b-haematin formation in 4.5 M acetic acid (pH 4.5,
60 ◦C) monitored by (�) a pyridine assay or (�) IR assay. The IR data is
from previous work.21 The original IR data were displayed as percentage
b-haematin formation. These have been converted to percentage haematin
remaining (100 − % b-haematin formed) and then normalized (×1.04/100)
to a scale such that the starting value corresponds to the initial fitted
absorbance in the pyridine assay (1.04). This normalization procedure
allows direct visual comparison of the data. The best fits of the Avrami
equation to the two sets of data are shown for both the pyridine assay (—)
and the IR assay (---) with the Avrami constant n = 4.

5026 | Dalton Trans., 2006, 5024–5032 This journal is © The Royal Society of Chemistry 2006
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As we have previously shown in the presence of acetic acid,21 the
kinetics of b-haematin formation conform to the Avrami equation
(eqn (1)). This is a semi-theoretical equation describing a process
involving nucleation and growth.24 It contains two variables, a rate
constant (z) and a so-called Avrami constant (n), which depends
on the geometrical characteristics of the growth process. In the
case of sporadic (random) nucleation in which the process occurs
at the interface of two different phases (in this case haematin and b-
haematin), n is an integer that can take on only three values. These
values are 2, 3 or 4, corresponding to linear, discoid or spherical
growth from the nucleation sites. An example of the analysis of
kinetics performed in benzoic acid (pH 4.5, 0.050 M, 60 ◦C) is
shown in Fig. 3(A). This demonstrates that the best fit is obtained
with n = 4, which leads to the best correlation coefficient and to
smaller and more random deviations of the data around the fitted

Fig. 3 Best fits of the Avrami equation to the kinetic data for b-haematin
formation in 0.050 M benzoic acid, pH 4.5, 60 ◦C using three permitted
values of the Avrami constant n for sporadic nucleation (A), viz. n = 4
(—), n = 3 (. . .) and n = 2 (---). In this case, when the data are fitted to the
Avrami equation with n = 4 the value of r2 is best (0.9943, cf. 0.9851 for n =
3 and 0.9541 for n = 2). A plot of residuals (inset) shows random deviations
for data fitted to the Avrami equation with n = 4 (×) and larger systematic
deviations with n = 3 (�) and n = 2 (�) further confirming the conclusion
that n = 4. The arrowheads marked (i)–(iv) refer to the XRD patterns in (B)
which were obtained after the corresponding reaction times (0, 60, 75 and
120 min). These show the developing diffraction pattern of b-haematin in
undried samples. The broad diffraction feature marked by an arrowhead
in (B) arises from liquid water in the moist sample. As we have previously
pointed out, this corresponds to the radial distribution function of oxygen
atoms in water (2.9 Å, giving rise to a broad feature close to 2h = 30◦).21

Diffraction patterns were obtained with Cu-Ka radiation (k = 1.5418 Å).
The development of the diffraction pattern is in good qualitative agreement
with the kinetic data obtained using the pyridine assay.

line. By contrast, when n is fixed at 3 or 2 correlation coefficients
are smaller and deviations are systematic and larger.

To further demonstrate that the observations obtained using the
pyridine assay indeed correspond to formation of microcrystalline
b-haematin formation, we also monitored a reaction by XRD. In
this case, samples were reacted for varying lengths of time and then
filtered and washed. XRD powder patterns were obtained for the
filtered, but otherwise undried products. The degree of conversion
to b-haematin (Fig. 3(B)) that is observed is in good qualitative
agreement with the results of the pyridine assay (Fig. 3(A)).

The kinetics of b-haematin formation in 0.05 M benzoic acid are
compared with those in 4.5 M acetic acid in Fig. 4. In both cases
the pH (4.5), temperature (60 ◦C) and stirring rate are identical.
It is apparent that the reaction is virtually complete in 120 min
in benzoic acid, which is about double the time required to reach
completion in acetic acid. However, given that the concentration
of acetic acid is 90 times higher than that of benzoic acid, it would
seem that benzoic acid is far more active in promoting b-haematin
formation than acetic acid.

Fig. 4 Comparison of the kinetics of b-haematin formation in (�)
0.050 M benzoic acid and (�) 4.5 M acetic acid. In both cases, the pH is
4.5 and the reaction temperature is 60 ◦C. Solid lines are best fits of the
data to the Avrami equation with n = 4.

Effect of stirring rate on b-haematin formation in benzoic acid

We have previously shown that stirring rate significantly affects
the kinetics of b-haematin formation in the presence of 4.5 M
acetic acid.21 In the absence of stirring in acetic acid medium, the
reaction requires considerably longer to reach completion and the
value of the Avrami constant changes from 4 to 2. It is therefore
surprising that in the presence of 0.05 M benzoic acid there is no
change in the reaction kinetics when the process is carried out
unstirred (Fig. 5(A)). In order to test whether this observation
is an artefact of the assay method, the reaction in 4.5 M acetic
acid was repeated using the pyridine assay. This confirmed our
previous observations using IR spectroscopy, namely that the
reaction is slower and that n = 2 in the unstirred acetic acid
medium. Contrary to the insensitivity to lack of stirring in benzoic
acid, when this medium is stirred very vigorously the reaction
no longer conforms to Avrami kinetics (Fig. 5(B)), unlike the
process in acetic acid medium. Instead, the reaction conforms to a
modified Gompertz equation (eqn (2)).25 The Gompertz equation
is an empirical equation that has more commonly been used to
describe various biological phenomena such as tumour growth.26

This journal is © The Royal Society of Chemistry 2006 Dalton Trans., 2006, 5024–5032 | 5027
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Fig. 5 Effects of stirring on b-haematin formation in 0.050 M benzoic
acid. In (A) the reaction kinetics in an unstirred suspension (�) are
compared with those in a suspension stirred at a moderate rate (�)
corresponding to our standard reaction conditions. There is no significant
change in the reaction rate constant or Avrami constant. Solid lines
through the data are best fits to the Avrami equation with n = 4. In
(B) the effect of vigorous stirring is shown. The data no longer conform
to the Avrami equation, as the best fit to this equation with n = 4 (---) is
poor. By contrast, the data fit very well to the Gompertz equation (—).

This equation mathematically models the behaviour of the system,
but the fitted parameters (l and k) are descriptive and empirical,
providing no direct insight into the microscopic mechanism.

At = A0 − (A0 − Af ) exp
[
− exp

{(
l

A0 − Af

)
(k − t) + 1

}]
(2)

The most notable difference in the kinetics between the vigor-
ously and moderately stirred reactions is a prolonged induction
phase in the former case. Shear forces arising from vigorous
agitation have been reported to be able to disrupt crystal nucleation
processes27 and this is the most likely explanation for the current
observation. An expected consequence of this would be a decrease
in the number of nucleation sites, resulting in fewer, but larger
crystals. Scanning electron microscopy (Fig. 6(A) and (B)) appears
to indicate a small, but noticeable increase in crystallite size in
the vigorously stirred sample. This may lend some support to the
proposal that nucleus destruction is increased by vigorous stirring.

Effects of reaction conditions

Unlike acetic acid, the rate constant obtained under conditions
where the reaction follows the Avrami equation has a linear
dependence on benzoic acid concentration (Fig. 7(A)). As with
acetic acid, the kinetics follow Arrhenius behaviour (Fig. 7(B)).
The apparent activation energy obtained from the Arrhenius plot

Fig. 6 Scanning electron micrographs of b-haematin produced from
haematin in (A–C) 0.050 M benzoic acid and (D) 4.5 M acetic acid. The
sample in (A) was produced at the normal moderate stirring rate, while that
in (B) was produced with vigorous stirring. Both are shown at the same
magnification (white scale bar = 1 lm), demonstrating larger crystallites in
the more vigorously stirred sample, consistent with fewer nucleation sites.
The images in (C) and (D) are at a low magnification (white scale bar =
0.1 mm) and demonstrate that the crystallites shown in (A) form part
of large conglomerated fragments. The fragments produced in acetic acid
look identical (D). There is no change in the overall appearance of these
fragments during the reaction. They are seen to consist of small crystals
only at high magnification.

is 334 ± 17 kJ mol−1, essentially identical to that obtained in
acetic acid medium (331 ± 13 kJ mol−1).21 This value appears
to be unreasonably large, being comparable to, or even larger
than those obtained for igneous rocks.28,29 However, Thomas and
Jennings30 have pointed out that the activation energy obtained
using rate constants obtained from the Avrami equation are only
meaningful if the rate constant is expressed in a form that has units
of time−1. Where n > 1, the nth root of the rate constant should
be used in the Arrhenius plot. When this approach is used, a far
more reasonable activation energy of 84 ± 4 kJ mol−1 is obtained.

The rate constants for b-haematin formation in 0.05 M benzoic
acid show a bell-shaped dependence on pH, similar to that
observed in 4.5 M acetic acid medium (Fig. 7(C)).21 We interpret
this behaviour in the same way as we did for the process in acetic
acid. Namely, because only one of the two propionic acid groups of
the porphyrin is ionized in b-haematin, under conditions in which
both groups are predominantly un-ionized (lower pH) or both are
ionized (higher pH), the reaction rate is slow. The rate is maximal
under conditions in which one propionic acid is predominantly
ionized and the other predominantly un-ionized.

An experiment was also performed to ascertain whether seeding
of the reaction with pre-formed b-haematin (10% by mass) has any
effect on reaction rate. Under the conditions of the experiment, no
significant effect was seen. This agrees with earlier observations in
acetic acid medium.21

b-Haematin formation in substituted benzoic acids

Avrami kinetics were observed with all of the acids studied and
in all cases the Avrami constant was found to be close to 4.
Effects of temperature and concentration of 4-nitrobenzoic acid
on b-haematin formation were investigated. As for benzoic acid,

5028 | Dalton Trans., 2006, 5024–5032 This journal is © The Royal Society of Chemistry 2006
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Fig. 7 Dependence of rate constant (z) for b-haematin formation on
reaction conditions in benzoic acid. The dependence on benzoic acid
concentration (A) was determined at pH 4.5 and 60 ◦C. The Arrhenius
plot (B) was constructed from rate constants measured in 0.050 M benzoic
acid at pH 4.5 and temperatures ranging between 37 and 70 ◦C. The effect
of pH (C) was measured in 0.050 M benzoic acid at 60 ◦C. The solid line
fitted through the pH data is a best fit to an equation representing two
pKa values, with only the monoprotonated species capable of forming the
product. The fitted pKa values are poorly determined because of the small
number of data points, but correspond to 3.0 ± 0.8 and 3.4 ± 0.9.

Arrhenius behaviour was observed. The activation energy was
found to be somewhat higher than for benzoic and acetic acid
(98 ± 1 kJ mol−1 using log z1/4 in the Arrhenius plot). Despite the
higher activation energy, the reaction was found to be faster in the
presence of nitrobenzoic acid at all temperatures above 37 ◦C. A
linear dependence of the rate constant on nitrobenzoic acid was
observed.

Rate constants for b-haematin formation were compared in
media containing one of eight different benzoic acid derivatives.
The reaction was performed at 60 ◦C, pH 4.5 in all cases and
the acids were present at 0.02 M concentration except for 4-
methoxybenzoic acid. The latter acid has too low a solubility
to reach this concentration at pH 4.5. Consequently, the de-
pendence of the rate constant for b-haematin formation on the
concentration of this acid was studied in the concentration range
0.005–0.007 M. An extrapolated value was used for comparison

Table 2 Molar refractivities (MR) of the benzoic acid substituents
studied in this work

Substituent MRa

H 1.03
NH2 5.42
CN 6.3
CHO 6.9
NO2 7.36
OCH3 7.88
SO2NH2 12.28
SO2CH3 13.50

a From ref. 37.

with the data for the other acids at 0.02 M. The log of the
rate constants for b-haematin formation were found to have a
linear dependence on the para substituent Hammett constant
for 4-amino-, 4-methoxy-, 4-cyano- and 4-nitrobenzoic acids,
benzoic acid and 4-carboxybenzaldehyde (Fig. 8). In the case of
4-methylsulfonylbenzoic acid and 4-carboxybenzenesulfonamide
the rate constants lie well below the correlation line. This appears
to be a steric effect, as comparison of the molar refractivities of
these substituents indicates that they are much larger than the
other substituents (Table 2).

Fig. 8 Dependence of the log of the rate constant for b-haematin forma-
tion on the Hammett constants for benzoic acids with para substituents.
There is a straight-line dependence for the compounds shown with solid
circles. The two open circles represent benzoic acids with substituents
substantially larger than those represented by solid circles. All of the
rate constants were obtained at pH 4.5 and 60 ◦C with the benzoic
acid derivatives present at 0.020 M concentration, except for the OCH3

derivative which is not sufficiently soluble at this pH. For this derivative,
an extrapolated rate constant was used.

Discussion

Although the kinetics of b-haematin formation in benzoic acid
and substituted benzoic acid media are similar to those in acetic
acid medium, there are several marked differences:

Firstly, the reaction rates in benzoic acids are apparently much
faster than in acetic acid. At 60 ◦C and pH 4.5 the reaction is
virtually complete within 100 min in the presence of 0.05 M
benzoic acid and within 60 min in the presence of 0.02 M 4-
nitrobenzoic acid. By contrast, under the same conditions, 4.5 M
acetic acid is required for the reaction to reach completion within
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60 min. At a concentration of 2.0 M acetic acid, the reaction
requires about 4 h to reach completion.21

Secondly, absence of stirring markedly changes the rate of
reaction and the geometry of crystal growth in acetic acid medium,
but has no effect in benzoic acid medium. We have previously noted
that in acetic acid the formation of b-haematin appears to occur
via transformation of precipitated particles of haematin, rather
than by precipitation of b-haematin from the bulk solution.21 A
similar process appears to occur in the presence of benzoic acid,
as SEM shows a similar overall appearance of the precipitate
at low magnification (Fig. 6(C) and (D)). The process of b-
haematin formation from haematin involves loss of water from
the structure. We previously speculated that stirring is required in
acetic acid medium to ensure that the concentration of acetic acid
is maintained in putative small channels through which water is
extruded from the particles during the reaction. If this were indeed
the case, then it would appear that haematin precipitates in a more
open form in benzoic acid solutions, allowing rapid diffusion in
and out of the precipitated particles. However, any such channels
are too small to be seen by SEM, as haematin appears to be
perfectly smooth to a resolution of about 40 nm.

Thirdly, vigorous stirring has no effect on b-haematin formation
in acetic acid medium, but appears to destroy crystal nuclei in
benzoic acid medium. This further indicates that a more open
structure of haematin precipitates in benzoic acid as the nuclei
are seemingly affected by shear forces, while in acetic acid they
are not. An alternative explanation for these observations is
that crystal growth in benzoic acid may occur from the surface
of haematin particles, while in acetic acid it occurs from sites
distributed throughout the material. It would be interesting to
examine haematin precipitates at higher resolution, perhaps by
atomic force microscopy, in order to attempt to observe whether
channels do exist in haematin as well as to try to observe nucleation
sites directly.

In two earlier studies, we suggested that the role of acetic acid in
b-haematin formation may be to act as a phase transfer catalyst.20,21

At first sight, it appears contradictory that carboxylic acids
promote b-haematin formation because the product itself involves
coordination of the haem-propionate groups of the porphyrin
to the iron centre and one might expect other carboxylates to
compete with this process. However, a possible explanation for
this seeming contradiction is that at the pH at which b-haematin
formation occurs, haematin is neutral and thus exhibits low
solubility. Replacement of the neutral coordinated axial water
molecule with an anionic carboxylate ligand (such as acetate)
would result in a negatively charged complex that would be
expected to be more soluble.‡ We thus suggested that this
might facilitate dissolution and subsequent re-precipitation as
b-haematin. In acetic acid medium at pH 5 there is evidence
that haematin is indeed solubilised.10 However, in the current
study we could find no evidence of haematin solubilisation by
0.05 M benzoic acid. Nor could we detect any spectroscopic
evidence of interaction of benzoic acid with dissolved haematin in
40% aqueous DMSO where it is monomeric.31 Most importantly

‡ In a separate study on Fe(III)PPIX dimerization in aqueous solution, we
have found that the pKa of the coordinated axial H2O molecule is 7.1 ±
0.2 so that deprotonation of this ligand is unlikely to play any role in the
kinetics described in the present study.

however, if coordination of the carboxylate to Fe(III) were central
to the catalytic effect of these acids then the more electron donating
the acid, the faster the reaction should be. Thus, the rate constant
would be expected to decrease with increasing Hammett constant,
the exact opposite of what is observed. In order to account for this
observation, it could be argued that in addition to the haematin
being in the correct protonation state for b-haematin formation,
the carboxylic acid also needs to be deprotonated in order to
coordinate to the Fe(III) centre. This would make the stronger acids
better phase transfer catalysts as they are more highly ionized at
the pH of the experiment. If this is the case, simple modelling
shows that the pH maxima for the rate constants of b-haematin
formation would be expected to shift to lower pH as the pKa of
the acid decreases (Fig. 9(A)). However, there is no relationship
between the position of the maximum rate constant and the pKa

(Fig. 9(B)). In the light of these findings, it would appear unlikely
that the acids act by forming complexes with haematin.

Fig. 9 The predicted dependence of rate constant on pH is shown (A) for
a hypothetical system. In this model, compound I has two protonation sites
(cf . haematin) and must be present in the mono-protonated form, while
compound II (cf . the carboxylic acid) must be deprotonated in order to
react. For I, pKa1 is set at 2.5 and pKa2 at 4.5, while for II the pKa values
are set at 5.2, 4.7, 4.2, 3.7, 3.2 and 2.7. As the pKa of II is systematically
lowered, the maximum of the bell shaped curve moves to lower pH and the
maximum value of z increases. The dependence of the position of the peak
maximum on pKa is shown in the inset. Such an effect could potentially
explain the observed increase in rate constant with decreasing pKa of the
acid (and hence more positive Hammett constant). This is because the rate
constant at a given pH (represented by the vertical line at pH 4.5) increases
as the pKa of II decreases (modelling the effect of decreasing pKa of the
acid). However, experimentally no dependence of the pH maximum of the
bell-shaped curve on pKa is observed (B). This appears to rule out this
hypothesis.
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If carboxylic acids do not catalyze b-haematin formation by
forming carboxylate complexes with the haematin Fe(III) centre,
the question arises as to what their role is. A noteworthy property
of carboxylic acids and carboxylates is their ability to form
strong hydrogen bonds. Indeed, hydrogen bonding is known to
persist even in the vapour phase.32 This suggests their possible
role in b-haematin formation (Scheme 1). Haematin is capable
of forming hydrogen bonds to both of its propionate groups as
well as to the axial water molecule ligated to the Fe(III) centre.
We have previously shown21 that the haematin precipitate formed
at the beginning of the process is amorphous. This suggests that
a complicated and random network of hydrogen bonding may
exist in the solid, connecting the propionates, axial water ligands
and probably solvent water molecules. In order to convert to
b-haematin, these hydrogen bonds must all be disrupted. The
porphyrin rings must reorient themselves, form reciprocal dimers
and a chain of new, well ordered hydrogen bonds must form
between one of the two propionic acids of each dimer molecule.
This massive disruption of hydrogen bonding probably makes a
significant contribution to the activation energy of the process.
The carboxylic acid may thus have the role of aiding in the
disruption of this hydrogen bonding network and facilitating the
reorganization. Such an explanation can also account for the
much greater activity of benzoic acid relative to acetic acid. The
benzene ring in benzoic acid can, in addition to hydrogen bonding,
form p–p interactions with haematin, disrupting p-stacking of
the porphyrin, a further interaction that needs to be overcome in
rearranging haematin to form b-haematin. Such p–p interactions
are expected to be strengthened by electron withdrawing groups,
as they lessen electrostatic repulsion between the p clouds. This
explanation thus also accounts for the observed trend in activities
of the substituted benzoic acids.

Scheme 1 A speculative representation of the process of b-haematin
formation shows the possible role of benzoic acid in the reaction. Haematin
(I) is amorphous and capable of forming numerous hydrogen bonds (---),
both to other haematin molecules as well as water molecules included in
the solid. It is also capable of p-stacking as indicated. Benzoic acid can
disrupt both hydrogen bonding and p-stacking by itself hydrogen bonding
and forming p–p interactions with haematin (II). This may then allow the
rearrangement of haematin molecules necessary for forming b-haematin
(III).

Finally, it is of interest to speculate about the significance
of these findings for haemozoin formation in vivo. The most
notable difference between the natural process and this and other
studies on b-haematin formation is that in the former haematin is
released in a continuous process owing to enzymatic digestion of
haemoglobin. In the present case and other in vitro investigations,
the process starts with a bolus of precipitated haematin. It is
evident that a considerable kinetic barrier exists for conversion
of solid haematin to b-haematin and it is unlikely that this
barrier can be lowered sufficiently to permit rapid formation of
b-haematin under physiologically reasonable conditions. In this
respect, haematin precipitation can probably be considered a dead-
end process in vivo. The formation of haemozoin probably requires
direct nucleation of this thermodynamically more stable solid from
solution. This suggests that one role of histidine rich protein, a
protein capable of binding multiple haematin molecules33,34 and
produced in large quantities in malaria parasites, may simply
be to buffer haematin concentrations in the parasite. It is also
interesting to ask whether the parasite regulates haemoglobin
digestion in order to ensure that the rate of haem release does not
exceed the parasite’s capacity to incorporate it into b-haematin.
An old report does indeed suggest that haemoglobinases in the
parasite food vacuole are inhibited by haematin.35 If true, this
may explain the observation of vesicles containing undigested
haemoglobin in parasites treated with chloroquine.36 Inhibition
of haemozoin formation may result in just a small increase
in haematin concentration, which could then feed back on
haemoglobin digestion. These speculations should be subjected to
experimental test. The actual formation of haemozoin is likely to
occur in an environment where hydrogen-bonding to the solvent
is decreased. New evidence in our laboratory suggests that this
probably occurs in a lipid environment.
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