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ABSTRACT: This study presents a kinetic model of the chelation of iron ions by generation 4
hydroxyl-terminated polyamidoamine (PAMAM) with ethylenediamine core (G4-OH). The
coordination processes of iron ions from ferric chloride, FeCly, and ferrous bromide, FeBr,, to
G4-OH dendrimers were analyzed using ultraviolet—visible (UV—vis) spectroscopy, proton
nuclear magnetic resonance ('H NMR) spectroscopy, and liquid chromatography—mass
spectrometry (LC—MS). In the visible region, a charge-transfer was observed when the
dendrimer was added to a ferric chloride solution. This phenomenon is a ligand-to-metal
charge-transfer (LMCT) between the free electron group of the dendrimer’s internal amines
and the dehalogenated iron ion that takes 2 h to complete at room temperature. Analysis of
potential rate laws and diffusion effects led to a second-order kinetic model for this reaction.
By measuring the rate coefficients as a function of temperature (22—37 °C), an apparent
activation energy of 41.5 kJ /mol was obtained using the Arrhenius method. The results of this
study will fuel research of PAMAM dendrimers for environmental, pharmaceutical, and
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materials applications.

1. INTRODUCTION

Dendrimers, hyperbranched molecules composed of mono-
mers that radiate from a central core, are emerging as an impor-
tant class of polymers targeting applications in environmental
remediation, nanoparticle synthesis, and nanomedicine.' * Ty-
pically spherical, dendrimers are available in a range of sizes and
have shown potential to serve as gene delivery agents, catalytic
fauhtamrs, vaccines, anticancer, antibacterial, and antiviral
agents. ’ Perhaps the most popularly studied dendrimers are poly-
amidoamine (PAMAM) dendrimers. PAMAM dendrimers are
among the least toxic dendrimers and are made from inexpensive,
readily available materials.”® Initial efforts in the application of
PAMAM dendrimers focused on generations 1—3, which have
flat ellipsoidal shapes. However, higher generation dendrimers
(4 and up), which are starburst shaped, were logical extensions
and are particularly appealing for modern applications."”

PAMAM dendrimers’ key property is their ability to chelate
metal ions from solutions. This attribute has primarily been
exploited in the synthesis of metal-nanoparticles; ' however,
recently dendrimer-based chelation has gained interest. For
example, metal-intoxication is a serious environmental concern
as toxic metals are increasingly deposited into water, soil, and,
inevitably, air and food. In fact, accumulation of iron, copper,
and zinc in the body has been linked to neurodegenerative and
psychological diseases such as Alzheimer’s, Parkinson’s, depres-
sion, memory loss, seizures, and dementia."’ Additionally, a life-
saving treatment for sickle-cell disease and thalassemia, the two
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most common hemoglobinopathies, is blood transfusion, a

treatment that has several detrimental side effects, including iron
overload. Consequently, strategies to efficiently and selectively
chelate heavy metal ions are an active area of research.

Current chelation therapies are limited by their (1) large,
prohibitive size, (2) inability to withstand the body’s acidity,
(3) toxicity and the potential to deplete the body’s metals to
dangerously low levels, and (4) inability to get into the brain and
permeate the blood—brain barrier.*'' PAMAM dendrimers have
many attractive properties for both biological and environmental
chelation. For example, studies have shown many PAMAM den-
drimers to be nontoxic or only mildly toxic and likely candidates
for oral administration.”® Additionally, they have shown poten-
tial to surpass tradﬁmnal chelating agents for removal of tl)‘ﬂ(.
metal ions from water'* and to serve as fluorescent sensors.'

Hydroxyl and amine-terminated PAMAM dendrimers are,
perhaps, the most popularly studied for metal complexation
applications. PAMAM with OH termmal groups are especially
nontoxic due to alack of surface amines.'® Encapsulation of metal
ions by generation 4 hydroxyl-terminated PAMAM (G4-OH;
Figure 1) involves coordinating each metal ion with one of the
dendrimer’s 62 tertiary amine sites.'” Although there has been
investigation of the surface properties and dynamics of PAMAM
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Figure 1. Generation 4 polyamidoamine with an ethylenediamine core and hydroxyl termination (referred to as G4-OH).

dendrimers, there is little information available on the metal (LC—MS) and hydrogen nuclear magnetic resonance spectros-

chelation kinetics. Such information is essential for the use of copy ("H NMR). The effect of temperature on the chelation

PAMAM dendrimers in separation processes. kinetics is determined by fitting the rate constants to the
In the current work, chelation processes are kinetically mod- Arrhenius equation.

eled using transient ultraviolet—visible (UV—vis) spectroscopy

data (generally involving a 40:1 Fe metal ion-to-dendrimer 2. EXPERIMENTAL SECTION
molecular ratio, allowing for some unsaturation of the tertiary

amines). Kinetic rate constants are obtained from fitting to a 2.1. Materials. G4-OH with ethylenediamine core was pur-
second-order rate law, which was validated by analysis of other chased from Sigma-Aldrich. Reagent grade iron III chloride,
rates laws and diffusion considerations. Chelation results are con- FeCls, of 97% purity (Sigma-Aldrich) was dissolved in deionized
firmed by time-resolved liquid chromatography—mass spectrometry (DI) water before use. Iron 1l bromide, FeBr;, of 98% purity
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(Sigma-Aldrich) was dissolved in DI water for UV—vis spectros-
copy orin 99.9% purity deuterated dimethyl sulfoxide (DMSO),
(CD5),S0 (Cambridge Isotope Laboratories, Inc.), for 'H NMR
spectroscopy. Reagent grade sodium hydroxide, NaOH (Sigma-
Aldrich), was used for pH adjustments.

2.2. Ultraviolet—Visible Spectroscopy. The as-received
dendrimer solution was added to 90 vol % DI water, sonicated,
and used as the reference. Ferric chloride was dissolved in DI
water to form a concentration of 0.5 M, having a pH of 4. Upon
addition of the aqueous dendrimer solution, the pH increases to
5. This solution was added to the aqueous dendrimer solution at
a 40:1 molar ratio of iron to dendrimer. UV—vis spectroscopy
measurements were taken using a Nanodrop spectrophotometer,
which uses approximately 2 L. per measurement. UV —vis mea-
surements were taken at selected time intervals, during which
the sample is continuously stirred at 250 rpm. This procedure
was performed at 22, 27, 32, and 37 °C. A Scientific Industries
Inc. Enviro Genie was used for magnetic stirring and temperature
control. The absorbance is related to the concentration through
the Beer—Lambert law:

A = €C (1)

where C represents concentration, | represents path length, A
represents absorbance, and € represents molar absorptivity. The
chelation process was analyzed as a second-order reaction, and
rate constants were determined from a second-order rate law
plot. The molar absorptivity, which is unknown, is assumed to be
constant with respect to temperature. The rate constants were fit
to an Arrhenius plot to determine the activation energies. Results
from various wavelengths were compared to find an average and
standard deviation. Follow-up experiments were performed to
test the effect of each reactant on the rate by using lower reactant
concentrations.

The pH of ferrous bromide was adjusted to enhance the
quality of the UV—vis measurements. Sodium hydroxide was
added to the aqueous ferrous bromide solution until a pH of 7
was achieved.

2.3. Nuclear Magnetic Resonance Spectroscopy. 'H NMR
spectroscopy was performed using a Bruker 250 MHz/52 MM
NMR spectrometer. Methanol was removed from the dendrimer
solution under vacuum, and the dendrimer was dissolved in
deuterated DMSO. Because the paramagnetic nature of ferric
chloride precludes its use in NMR, ferrous bromide was used. "H
NMR measurements were taken approximately 20 min after
addition of ferrous bromide and sonication. The 40:1 iron-to-
dendrimer ratio was maintained.

2.4. Liquid Chromatography—Mass Spectrometry. An Agilent
liquid chromatography/mass selective detector VL series with
electrospray ionization (ESI) fragmentation was used. Acetonitrile
and water were the mobile phase solvents. Iron solutions were
added to the dendrimer solution and stirred for 80 min at 250 rpm
before dilution. The 40:1 iron-to-dendrimer ratio was maintained.

3. RESULTS AND DISCUSSION

3.1. Fe—Dendrimer Coordination and Charge-Transfer.
G4-OH is a clear solid, whose UV—vis spectrum exists in the
ultraviolet region at low intensities. Ferric chloride has a peak in
the ultraviolet region, which decreases in absorbance (Figure 2A)
immediately after dendrimer addition. This absorbance decrease
is accompanied by an immediate color change from a pale-yellow
color to a very pronounced golden color. In the region between
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Figure 2. Full UV—vis spectrum of chelation at T = 22 °C for
(A) aqueous ferric chloride before and 100 min after dendrimer addition,
and (B) aqueous ferrous bromide before and § h after dendrimer addition.

380 and 600 nm, there is a monotonic absorbance increase lasting
over 2 h at room temperature. However, most of the change is
completed within the first 80 min. Researchers have observed
UV—vis absorbance increases in PAMAM chelation of platinum,
attributing them to ligand-to-metal charge-transfer (LMCT).'”"®
This phenomenon can be interpreted as a transfer of electrons
from the HOMO of the tertiary amine to the metal center LUMO,
causing the compound to adopt its unique color. The chelation
rate was modeled using the progress of this LMCT band.
Dendrimer chelation of iron from ferrous bromide (Figure 2B)
is somewhat longer, lasting about 8 h at room temperature. As
soon as the dendrimer is added, the solution’s color changes from
brown to a dark-forest green. Minutes later, the color adopts a
golden-brown color, comparable to that seen with ferric chloride.
This rapid color change, as was similarly observed for dendrimer
chelation of iron from ferric chloride, may suggest a two-stage
process in which the final stable complex forms through an inter-
mediate. The LMCT band is seen through the UV region lasting
until 600 nm in the visible region. Previous studies have deter-
mined that the LMCT spectral growth is enhanced under neutral
or slightly basic conditions.'”"” The pH here was adjusted to 7 to
improve solubility, allowing for cleaner UV—vis measurements.
Sun et al.*” report that at a pH of 5, about 30% of the tertiary
amines on the G4-OH are protonated. In the corresponding amine-
terminated dendrimer, however, virtually all of the tertiary amines
are reported to be protonated at this pH.>""** The tertiary amines
in the hydroxyl-terminated dendrimer have a pK, of 6.3,
whereas the tertiary amines within the amine-terminated dendrimer
haveapK, of 6.85.” Therefore, it is expected that, at the pH used
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Figure 3. NMR spectra of G4-OH (A) alone and (B) after mixing with
aqueous ferrous bromide for 20 min (T = 22 °C).

for the ferric chloride experiments, coordination would be sup-
pressed by protons at a portion of the sites. However, the
increased size that results from protonation may promote
coordination rates by making the structure more susceptible to
solvents.'” The inhibition from protons might also explain why
the two-step color change is not seen with ferric chloride. One
source™ also suggested the possibility of amide oxygens and
nitrogens assisting in the chelation. Because these groups have a
pK, different from that of the tertiary amines, their involvement
in binding might also explain a longer time.

Because of the paramagnetic nature of ferric chloride, ferrous
bromide was used for NMR spectroscopy (Figure 3). Several
peaks, all within the region of 1 and 4 ppm, as was reported by
Gomez et al,™ are detected. Gomez et al. assign all of the peaks to
carbon-bonded hydrogens; the right-most peak (2.3 ppm) repre-
sents those closest to the amide carbon, while the left-most peak
(3.5 ppm) represents those closest to the terminal hydroxyls, and
the other three peaks signify those that have a neighboring
nitrogen atom.”* When ferrous bromide is added to the dendri-
mer, no sharp peaks can be seen. There is a broadening and
flattening of the peaks, indicative of bonding between the iron and
the internal amines of the dendrimer. Ooe et al.*® had observed a
similar development as a result of hydrogen bonding of the tertiary
amine groups of generation $ triethoxybenzamide (TEBA) den-
drimers. In the case of Gomez et al.,25 addition of Pd ions to G4-
OH results in no peaks until reduction with BH, .

Liquid chromatography reveals a major peak at about 5 min
and a minor peak at 2.5 min after elution of ferric chloride
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Figure 4. Liquid chromatogram of (A) aqueous ferric chloride and (B)
aqueous ferrous bromide before and after the addition of the dendrimer
(T =22 °C).

(Figure 4A). The mass spectrum (Figure 5A) reveals that the
major compound in both of these peaks has a molecular weight of
153.1 m/z. The expected hydrolysis reaction of the iron com-
pounds is an acid—base exchange between the water and halogen
ions.

FeCly 4+ 6H,0 — Fe(OH,), + 3CI~ (2)

Several sources detail that as many as six oxygen groups could
bind to the Fe*" ion, depending on the pH.*”** If some hydrogen
atoms had been fragmented from circulation within the mass
spectrometer, it could result in a molecular weight of 153 g/mol.
In the case of ferrous bromide (Figure 4B), a similar result is seen
at 2.5 min after elution in the liquid chromatogram. The major
compound here is 105.1 m/z (Figure SB), again, most probably
hydroxylated iron, Fe(OH);, or hydrated iron, Fe(OH,)s.
This peak, as well as the two ferric chloride peaks, is reduced
in size after the dendrimer is added to the solution. G4-OH has a
molecular weight of 14277 g/mol, and, therefore, it cannot be
analyzed. With the system used, it is expected to take well over
10 min to elute in a liquid chromatogram.

3.2. Analysis of Diffusion Limitations. The validity of em-
ploying a kinetically limited model to the concentration profile is
evaluated by first analyzing whether diffusion limitations success-
fully describe the results. The dendrimer is modeled as a perfect
sphere with the binding sites evenly distributed through shells as
a function of the dendrimer’s radial direction. The rate of entry of
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Figure 5. Mass spectra of (A) aqueous ferric chloride—dendrimer
mixture at § min after LC—MS injection and (B) aqueous ferrous
bromide—dendrimer mixture at 2.8 min after LC—MS injection.

metal ions into this sphere (W) is defined as a product of the
molar flux (N,) and the surface area (477R%). In this case, the rate
of entry is diffusion-limited.

dc
W = 47R*N, = fDE (3)

D, here, represents the diffusion coefficient of metal ions in
solution adjusted for counterbalanced halide anions. The initial
mass of ions in the solution can be identified as the product of the
initial concentration and the volume. The mass at any other time
would be determined by integrating the above equation for rate
of entry.

My = C()V (4)

m(t) = ‘/';W dt ()

These equations can be combined to give us a mass profile that is
a function of diffusivity.”’

m(f) = i i Lef[)nlm/‘}lz (6)
iy ﬂ’—z n=1 nl

This model is applied to the concentration profile of ferric
chloride for the first 80 min after dendrimer addition. On the
basis of the literature,™*" a radius of 2.25 nm is used. A diffu-

sivity constant of 2.33 x 10 "® em®/sat T =27 °C is calculated.
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Figure 6. LMCT band of Fe III—dendrimer at (A) T = 22 °C and
(B) T =37 °C at various times after mixing,

This value is much smaller than the ion diffusivity of chlorine in
water at T = 25 °C 0f 2.03 x 10 em’/s calculated by Cussler.”'
Cussler’s calculations involve differentiating between the diffu-
sion of the various ions in a compound (such as Na" and CI™ in
sodium chloride) when they are solvated in water. The diffusion
coefficients of lithium, sodium, and potassium are relatively close
in magnitude to chlorine. It is postulated that the aqueous iron
compounds involved are in a similar range. Hence, the diffusion
coefficient calculated is much too small for the process to be
diffusion-limited within the first 80 min of chelation. This result
justifies the use of kinetic models for data analysis.

3.3. Rate Law Determination. Ferric chloride of unadjusted
pH is used for the rate law determination due to its greater post-
chelation solubility. The temperature dependence of the LMCT
increase is demonstrated in Figure 6. The effect can be most
clearly seen around 460 nm, which is close to the center of the
LMCT band. At 460 nm, the absorbance of the spectrum of ferric
chloride alone is at its lowest point.

Abrieflook at the absorbance as a function of time (Figure 7A)
reveals a minutely exponential relationship. This effect is ob-
served at every temperature and wavelength within the LMCT
band. After about 100 min, the graph becomes almost flat, which
suggested the end of the reaction due to chelation of all iron ions.
At first glance, it may be tempting to assign a first-order rate
law to the reaction. However, when the experiment is repeated
using one-half the concentration of ferric chloride but the
same concentration of dendrimer, the time for chelation to finish
increases by over 4 fold. The same effect is seen when dendrimer
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Figure 7. (A) Absorbance at 460 nm as a function of time at T = 27 °C
and (B) inverse absorbance at 460 nm as a function of time at T =27 °C.

concentration is halved and iron concentration is unchanged.
When the concentration of dendrimer is decreased by a factor
of 2, the ratio of iron-to-dendrimer reaches 80:1, and, because
the dendrimer contains 62 internal amine groups, this ratio could
also assist in the drastic reduction in chelation rate.

It is evident, therefore, that both dendrimer and iron con-
centration effect the rate law. Indeed, the inverse-absorbance,
plotted as a function of time (Figure 7B), is also linear, suggesting
a second-order rate law.

3.4. Activation Energy Determination. The absorbance as a
function of time data is now used to obtain rate constants and an
activation energy. The absorbances are first normalized with
respect to the absorbance of pure ferric chloride (Ay) and the
absorbance obtained upon completion (Ay).

A(t) — Ag
AQO —AU

X= (7)
X is the fractional conversion, which, for a second-order
reaction, can be related to the rate constant linearly.

M-X .
hlm = C{}(.M - ].)kt (8)

M, here, is the stoichiometric ratio of amine binding sites to iron
molecules, 62/40. Arrhenius-like behavior can be seen in the
comparison of rate constants of different temperatures (Table 1).
There is modest variation between the wavelengths, a result of
the respective change in molar absorptivity.

Table 1. Rate Constants (L/mol/min) Calculated at Various
Temperatures for the Different Wavelengths, Including the
Standard Deviations at Each Temperature

temperature standard

(°C) 430 nm 460 nm 490 nm 520 nm 550 nm 580 nm deviation

22 0.026 0.019 0018 0018 0016 0015 0.004
27 0.031 0022 0022 0021 0021 0021 0.004
32 0.034 0.024 0023 0022 0019 0019 0006
37 0.075 0046 0.046 0.044 0.039 0034 0.014
1000/T (1000/K)
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Figure 8. Arrhenius plot of rate constant (calculated from absorbance at
550 nm) as a function of temperature. Results indicate an activation
energy of 41.5 kJ/mol.

When applying a linear fit to the Arrhenius plot (Figure 8),
activation energies within the order of magnitude of 10000 J/
mol are calculated. The activation energy varies moderately
with wavelength, being higher at the start and end of the
LMCT band.

The average activation energy between six wavelengths (from
430 to 580 nm) within the LMCT band is 41.5 kJ/mol with a
standard deviation of 5.0 kJ/mol. Yamomoto et al.'” had done a
similar experiment using K,PtCl, in which the chelation takes up
to 10 days with most happening within the first 18 h. If a similar
calculation is performed on this Pt data, an activation energy of
39.4 kJ/mol is found. Because of the similarities between iron
and platinum, it is expected that activation energies be relatively
close. However, it is understood that the difference in pH and
in solvation properties would cause some deviation between
the two.

B CONCLUSION

Addition of G4-OH dendrimer to aqueous ferric chloride and
ferrous bromide is characterized by a slow, steady charge-transfer
between the lone pair of electrons on the amine group and the
iron acceptor. In both cases, the iron chosen for chelation is
dehalogenated and either hydroxylated or hydrated. The chela-
tion of iron is best modeled as a second-order reaction, depen-
dent on the concentrations of both the metal and the dendrimer.
The activation energy is approximately 41.5 kJ/mol with a
standard deviation of 5.0 kJ/mol.
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