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ABSTRACT: Poly(amidoamine) (PAMAM) dendrimers of generations GO, G1, G2, G3, G4, and G6 are
investigated by potentiometric (acid—base) titrations. The data are interpreted with a site binding model,
which offers the possibility to model the titration curves for all generations of the dendrimers and to
describe all dendrimers within a common parameter set. These parameters involve the microscopic
ionization constants for each group in the fully deprotonated state and nearest-neighbor pair interaction
parameters. From this model we can further obtain all microscopic ionization constants as well as
conditional microstate probabilities. The protonation of PAMAM dendrimers first involves protonation
of primary amine groups at the outer rim of the dendrimer at high pH, while the tertiary amine groups
in the dendrimer core protonate at lower pH. The last group to protonate at low pH is a central tertiary

amine.

1. Introduction

Since their discovery in the late 1970s, dendrimers
give much impetus for research because of their unique
properties as well as their potential applications as
metal complexing agents,2 nanoreactors for particle
synthesis,® light harvesting devices,! or as gene vec-
tors.>8 Their unusual properties have been studied by
numerous authors.” 2% Their conformation has been
investigated in solution mainly by scattering’~° and
spectroscopic methods,1911 while in the adsorbed state
on surfaces with AFM2 and reflectometry.’® Their
charging behavior was studied by electrochemical
techniques,#~16 NMR,17:18 and capillary electrophore-
sis.’® From the physicochemical point of view, two types
of dendrimers are studied best, namely poly(propyle-
neimine) (PPI1) dendrimers®141517.18 and poly(amidoam-
ine) (PAMAM) dendrimers (see Figure 1).7810-12 |n both
cases, these dendrimers can accumulate positive charge
by protonation of the primary amines at the rim and
the tertiary amines in the interior. Their charge is thus
pH dependent, whereby they are positively charged at
low pH and neutral at high pH.

The microscopic charging mechanism of these den-
drimers is not immediately obvious and has prompted
quite some discussion in the literature,101214.1517,18,.21
The charging behavior of PPl dendrimers has been
studied in substantial detail by potentiometric titra-
tions™ and N NMR.” The conclusion of these studies
was that these dendrimers protonate in two steps with
an intermediate plateau at a degree of protonation of
2/3. During the first step occurring around pH 10, the
odd shells protonate, which includes the outermost
primary amine groups and the odd shells of tertiary
amine groups (i.e., third, fifth, etc.). In the second step
around pH 5, the even shells containing the tertiary
amine groups protonate (i.e., second, fourth, etc.). Oth-
ers have suggested that in the PPl dendrimers the
primary and tertiary amines protonate almost indepen-
dently, leading to two distinct protonation steps.!® Since
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Figure 1. Chemical structure of the poly(amidoamine) (PAM-
AM) dendrimers for generations GO, G1, and G2.

in a larger dendrimer the numbers of primary and
tertiary amine groups are almost the same, this model
would incorrectly predict an intermediate plateau at 1/,
and not at 2/3 as observed experimentally.

The charging mechanism of PAMAM dendrimers was
suggested to involve two independent protonation steps

10.1021/ma0300241 CCC: $25.00 © 2003 American Chemical Society
Published on Web 04/29/2003



4202 Cakara et al.

of the primary and tertiary amine groups,?! while others
have surmised that PPl and PAMAM dendrimers
should protonate similarly.?2 We shall demonstrate that
the protonation mechanism of PAMAM dendrimers is
very different from the PPl dendrimers and for higher
generations indeed involves the almost independent
protonation of primary and tertiary groups, which is
consistent with the observed intermediate plateau at
1/,. However, this picture is only partially correct for
lower generations, since the two innermost tertiary
groups interact strongly and protonate in two distinct
steps. These results are obtained by means of a micro-
scopic site binding model, which is based on a cluster
expansion of the free energy of protonation.1417.1822.23
The substantial advantage of this model is the small
number of parameters necessary to parametrize the
microscopic protonation equilibria. Thus, by analyzing
several molecules within the homologous series, we can
determine these parameters reliably. Once these pa-
rameters are known, we can address the microscopic
protonation mechanism of the dendrimers and derive
microscopic ionization constants, microstate probabili-
ties, and other microscopic properties.

2. Site Binding Model of Protonation Equilibria

Protonation equilibria of polyprotic acids or bases can
be described with a site binding model analogous to the
classical Ising model.1417:1822.23 Tg each protonation site
i one assigns a state variable s; (i = 1, 2, ..., N), such
that s; = 1 if the site is protonated and s; = 0 if the site
is deprotonated. The protonation microstate is then
specified by the set of state variables {si, S, ..., SN},
abbreviated as {sij}. Neglecting the intermolecular in-
teractions in a dilute solution, the free energy of a
particular microstate relative to the fully deprotonated
state can be written as an expansion

BFE({si}) . 1
ST = —ZpKisi + E%EijSisj + ... (1)

where the sums run over all the sites, pK; is the
microscopic ionization constant of the site i given all
other sites are deprotonated, and j; are pair interaction
parameters. The pair interactions obey the symmetry
relation €;; = ¢j; and €;; = 0. Consideration of higher order
interactions is not necessary here. The pair interactions
are mainly electrostatic, and their magnitude decreases
quickly with increasing distance between the ionizable
groups. The set of so-called cluster parameters pK; and
eij fully define the model, and particularly due to
symmetry their number can remain moderate even for
complex molecules.

The probability of a given microstate can be evaluated
a322,23

p({s) = = ane 7T @)

where we have introduced the activity of protons ay
(where pH = —log ay), the inverse thermal energy f,
the total number of bound protons

N
n=>s; ©))

and a normalization constant
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"= zar;e BF({si}) (4)
Si

This normalization constant can be interpreted as a
partition function.

The average degree of protonation of an individual
site m can be evaluated by averaging the state variable
sm over all microstates, namely

Om = Zsmp({si}) (5)

The average degree of protonation of the entire molecule
can be obtained from the average of all site protonation
curves, hamely

1N
0=—Y» 0 6
Nmzlm (6)

This expression can be rewritten in terms of more
familiar quantities by realizing that the partition func-
tion E given in eq 4 can be expressed as

N —
== YK} (7)

n=

where

1]

Rn = ;e*ﬁ':({si})én'zs- (8)
s

is the cumulative association constant. (The Kronecker
symbol is denoted as ¢ with J;; = 1 and vanishes
otherwise.) The commonly used macroscopic stepwise
dissociation constants can be expressed in terms of the
cumulative constants as pK, = log Kn/Kn-1. Equation 7
is also being referred to as the binding polynomial. The
probability of a particular macrostate is then given by

P.(ay) = 2 'K.ap 9)

and the macroscopic titration curve can be expressed
as

) Aglogz 1N P () (10)
=— =—¥YnP,(a
N da, N& "

or equivalently

0=———— (12)
Knad
K=

This function is directly measurable by classical poten-
tiometric titration. Equivalently, by fitting eq 11 to
experimental data, all cumulative association constants
(or equivalently all macroscopic pK values) can be
determined.

Microscopic ionization constants can be calculated
once all the cluster parameters pK; and e specifying
the microscopic equilibria are known. These ionization
constants commonly refer to the protonation reaction,
where one particular site is being protonated. If we label
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this site with j, the association equilibrium can be
written as

Als} + H=A{s/} (12)

where s; = si' for all i = j but s = 0 and sj' = 1. Using
the free energy eq 1, the microscopic pK value for the
reaction given by eq 12 follows as?3

pIA(A{Si} = pkl - zE”SJ T e (13)
J

This relation reflects the group additivity concept for
the estimation of pK values.?® In the present approach,
the microconstants represent secondary parameters,
which can be easily evaluated once the primary cluster
parameters are known.

One can further evaluate the microstate probabilities
within a macrostate. The microstate probabilities can
be split into a product as

p{si}) = 7,({si})Pn(a) (14)

where Pn(an) is the macrostate probability and z,({si})
is the conditional probability to find a particular mi-
crostate within its macrostate n (cf. eq 3) given by

T ({s}) = K, e D (15)

As this quantity is pH-independent, it is easily inter-
preted as the mole fraction of a particular microstate
within a macrostate n.

The cluster parameters can be determined by fitting
the macroscopic titration curves based on the site
binding model. In contrast to the macroconstants, the
number of cluster parameters remains the same for all
dendrimer generations. Once these parameters are
known, the microconstants and microstate probabilities
can be calculated. For moderately sized molecules (N <
25) the model was evaluated numerically by direct
enumeration of all states. For larger molecules, the
model was also solved exactly employing a transfer
matrix technique. A detailed description of this tech-
nique is given elsewhere.?*

3. Experimental Section

The potentiometric titrations were carried out with a
Wallingford titrator, which is a fully computer-controlled
instrument with four automatic burets containing 0.25 M HCI
(Merck Titrisol), 0.25 M CO,-free KOH (Baker Dilut-It), 3.0
M KCI (Merck, p.a.), and pure water. All solutions were
prepared with water from a Milli-Q A10 UV/UF (Millipore)
system, from which the residual CO, was eliminated through
boiling. The double-wall potentiometric plexiglass cell is ther-
mostatized to 25 °C and continuously flushed with moist CO,-
free nitrogen. The potential between a separate glass electrode
and an Ag/AgCl reference electrode is measured with an high-
impedance voltmeter (Microlink PH4-S) after the drift criterion
of <0.1 mV/min has been achieved. Further details on the
Wallingford titrator are given elsewhere.'#

A typical run starts with the titration of acidified solution
with KOH and is then back-titrated with HCI. The instrument
maintains a constant ionic strength during such a titration.
The overall ionic strength of the sample can be increased
thereafter. Thus, a whole sequence of acid—base titrations at
different ionic strengths can be carried out automatically
within a single titration experiment.

Blank titrations are used to calibrate the glass electrode in
a pH range between 3 and 11 at ionic strengths in the range
0.1-1.0 M. The exact base concentration and the activity
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Table 1. Cluster Parameters of the Site Binding Model of
the PAMAM Dendrimers

I(M) pK®  pROM  pRaIM P ¢ A

0.1 9.00 6.00 6.70 0.15 2.85 0.14
0.5 9.20 6.50 7.00 0.15 2.85 0.07
1.0 9.30 6.70 7.30 0.15 2.85 0.06

coefficients were determined by a least-squares fit. Starburst
polyamidoamine (PAMAM) dendrimers (Dendritech Corp.,
Midland, MI) are titrated at total concentrations of amine
groups of 10 and 20 mM. By taking the difference between
the titration curves of the sample and the blank, the charging
curve of the dendrimers is obtained. The titration curves are
normalized with the known concentration of the dendrimers
and reported as the overall degree of protonation 6 as a
function of pH. The estimated errors are +0.01 for § and +0.02
for pH. The overall performance of the system was checked
with titrations of ethylenediamine and acetic acid. The result-
ing ionization constants were in accord with literature values®®
within the expected error. The dendrimer concentrations were
determined from the titration curves and were within 2% of
the values expected from the sample dosage.

4. Results

Potentiometric titration curves of PAMAM dendrim-
ers at ionic strengths 0.1, 0.5, and 1.0 M in KCI for the
different generations GO, G1, G2, G3, G4, and G6 are
presented in Figure 2. The solid lines are model calcula-
tions to be discussed below. The titration (or charging)
curves show the characteristic dependence with the
ionic strength for a polybase, which is becoming more
acidic with decreasing ionic strength.1422 It was further
verified that the titration curves were fully reversible
and independent of the dendrimer concentration within
experimental error, indicating that dendrimer—den-
drimer interactions are negligible.

The titration curves undergo a characteristic transi-
tion with increasing generation number. This transition
is more clearly illustrated in Figure 3, where we plot
the titration curves for the different generations at fixed
ionic strength of 0.5 M. The smallest dendrimer GO has
six ionizable sites (four primary and two tertiary amine
groups; see Figure 1 and Table 1) and shows three
protonation steps and two intermediate plateaus at
0 = *ls and 5/. On the other hand, the largest dendrimer
G6 with 510 ionizable sites shows two protonation steps
and an intermediate plateau at 6 = %/,. The differences
between titration curves of the smaller dendrimers are
substantial, while the titration curves of the dendrimers
G4 and above are minor and reflect the large molecule
limit. This limit, where the titration curves becomes
independent of molecular weight, is characteristic for
polyelectrolytes.

Modeling and Interpretation. The experimental
data have been quantified in two different ways. First,
by describing them in the classical way in terms of
macroscopic equilibria and, second, by using the site
binding model presented in section 2.

Determination of Macroconstants. The macro-
scopic ionization constants have been determined by a
least-squares fit of the experimental titration curve (cf.
eq 11). The resulting macroconstants pK, are sum-
marized in Tables 2 and 3. For GO there were six
constants determined, while for G1 there are 14. While
these numbers can be obtained with reasonable confi-
dence, this classical picture has two disadvantages. First
of all, it becomes impractical with increasing generation
number, as the number of macroconstants increases
quickly. Furthermore, it does not lead to insight into
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Figure 2. Potentiometric titration curves at different ionic strengths in KCI of PAMAM dendrimers of generations GO, G1, G2,
G3, G4, and G6. Solid lines are calculations with the site binding model.

Degree of protonation 6

Figure 3. Potentiometric titration curves of PAMAM den-
drimers of generations GO, G1, G2, G3, G4, and G6 at at ionic
strength 0.5 M in KCI. Solid lines are calculations with the
site binding model.

Table 2. Comparison of Macroscopic lonization
Constants pK, of the PAMAM Dendrimer GO from Direct
Fit of the Titration Curves and Calculated from the Site

Binding Model at Different lonic Strengths

0.1 M 0.5M 1.0M
fit model fit model fit model

9.70 9.59 9.83 9.78 9.89 9.87
9.26 9.17 9.47 9.36 9.55 9.45
8.74 8.82 8.99 9.01 9.10 9.10
8.31 8.39 8.61 8.59 8.73 8.68
6.68 6.67 7.13 7.03 7.34 7.32
3.15 3.21 3.65 3.57 3.91 3.87

O WNER (DS

the microscopic protonation mechanism of the molecule.
Both disadvantages can be overcome with the site
binding model discussed now.

Site Binding Model. The experimental titration
data were further described with the site binding model
discussed in section 2. The cluster parameters are
illustrated in Figure 4. Since the ionizable amine groups
are relatively far apart, we assume pair interactions
only. Nearest-neighbor interactions act along bonds,
namely one containing the amide bond with an interac-

Figure 4. Definition of the cluster parameters of the site
binding model. The circles denotes the ionizable amine groups
connected with amide links, with the exception of central
ethylene links.

Table 3. Comparison of Macroscopic lonization
Constants pK, of the PAMAM Dendrimer G1 from Direct
Fit of the Titration Curves and Calculated from the Site

Binding Model at Different lonic Strengths

0.1 M 0.5M 1.0M
n fit model fit model fit model
1 9.95 9.85 10.02 10.78 10.16 10.15
2 9.70 9.50 9.87 9.72 9.76 9.79
3 9.25 9.25 9.47 9.47 9.76 9.54
4 9.19 9.05 9.34 9.27 9.28 9.34
5 8.78 8.86 9.08 9.08 9.21 9.15
6 8.68 8.65 8.92 8.88 9.07 8.95
7 8.30 8.41 8.57 8.64 8.60 8.72
8 7.96 8.07 8.29 8.30 8.47 8.39
9 7.10 7.06 7.43 7.44 7.50 7.68
10 6.36 6.35 6.91 6.81 7.21 7.00
11 5.95 5.96 6.33 6.43 6.39 6.61
12 5.55 5.61 6.17 6.08 6.56 6.27
13 5.10 5.18 5.52 5.66 5.59 5.84
14 3.07 3.20 3.51 3.57 3.66 3.86

tion parameter ¢ and the ethyl chain in the center of
the dendrimer with an interaction parameter ¢'. As we
shall see, a nonzero next-nearest-neighbor interaction
parameter ¢ between the primary amine groups must
be introduced, similarly as in the description of the
charging behavior of carboxylated dendrimers.16

The microconstant of the primary amine groups is
denoted by pK®. For the tertiary groups, two different
microconstants must be distinguished due to different
chemical environments. The microconstant of the in-
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nermost tertiary amines is denoted by pK(!"), while for
all others the same value of pK(') will be used.

While these parameters cannot be uniquely deter-
mined from a single titration curve, they can be obtained
by a simultaneous fit of GO and G1 data. The interaction
parameters are ¢ = 0.15 and ¢ = 2.85. At this point we
have set €' = 0. The ionization constants increase with
the ionic strength, and the values are given in Table 1.
While a slight decrease of the interaction parameters
with increasing ionic strength could be found, the data
can be equally well described by assuming these pa-
rameters to be ionic strength independent. This ap-
proach was adopted here for simplicity.

For the dendrimers G2, G3, G4, and G6 we observe
that a good fit cannot be obtained without introducing
an interaction between the primary amines €. While
the data for all dendrimer generations can be obtained
with the same cluster parameters, one further observes
that € increases with increasing generation number.
We have found that this dependence can be modeled as

¢ = Ak — 1) (16)

where k is the generation number (k > 1) and A is ionic
strength dependent and is given in Table 1. For GO and
G1 (k = 0, 1) we have €' = 0, and this interaction is
negligible. From Figures 2 and 3 one can see that this
five-parameter model describes all experimental data
at a given ionic strength to good accuracy.

The interaction parameter for the amide bond € = 0.15
has not been reported in the literature before, but its
value is well comparable with the corresponding value
of 0.18 for an alkyl chain with the corresponding
number of carbon atoms, as in hexamethyleneamine.??
The interaction parameter ¢ = 2.87 is somewhat larger
than the value of 2.13 reported for ethylenediamine.?2
This increase is probably caused by the presence of the
amido side chains coordinating the nitrogen atoms. Note
that ¢ decreases within increasing ionic strength, while
€ and €' are virtually ionic strength independent. This
difference can be understood by realizing that the
nearest-neighbor interactions parametrized by ¢ and ¢’
act mainly along the hydrocarbon backbone, while the
interactions between the primary amines parametrized
by €' act through the solution, and thus one observes
stronger effects of the ionic strength due to effects of
screening.?%22 The trend in the increase of ¢ with the
generation number is similar to the sequence of confor-
mations observed by small-angle scattering.® The neg-
ligible interaction between the primary amine groups
for GO and G1 reflects the open structure of these
denrimers, while its increase for higher generations is
in line with the increasingly compact structure of the
larger dendrimers.

The microscopic ionization constants of the amine
groups are generally lower than the corresponding
values for allphatlc amines but show the same trends
otherwise. For primary amine groups, pK( in the range
9.4—9.7 has been reported, while for tertiary amine
groups pK(" lies around 7.5.2

As shown in Tables 2 and 3, the site binding model
can equally well predict the fitted macroconstants pKp
obtained from eq 8. This feature illustrates that the
classical description in terms of the macroscopic equi-
libria is inherent to the site binding model. In contrast
to the classical picture, however, the site binding model
is capable of quantifying the protonation behavior
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Figure 5. Microscopic protonation mechanism for the PAM-
AM dendrimer GO: (top) macrostate probabilities as a function
of pH; (bottom) microstate probabilities and microconstants.

within an entire homologous series with a limited
number of parameters.

Microscopic Protonation Mechanism. With the
site binding model one can further address the micro-
scopic protonation mechanism in detail. Once the model
parameters have been determined, we can calculate the
site-specific titration curves, microstate probabilities,
and all microconstants (cf. eq13). Let us now illustrate
these results for dendrimers GO and G1 in detail and
then qualitatively discuss the microscopic protonation
mechanism of the large dendrimers. For illustration
purposes, we consider the results at an ionic strength
0.1 M.

Figure 5 illustrates the microscopic protonation mech-
anism of dendrimer GO. The macrostate probabilities
are illustrated in Figure 5a, and the microstates with
the corresponding conditional probabilities and micro-
constants are given in Figure 5b.

The microscopic protonation pattern can be described
as follows. The primary amines protonate independently
with a microscopic ionization constant pK(®) = 9.00. A
prominent state is formed when all primary amine
groups are protonated and both tertiary amines depro-
tonated (n = 4). This species reflects the plateau at 6 =
4ls in the macroscopic titration curve. When decreasing
the pH further, one tertiary group protonates. This
process is controlled by the microscopic ionization
constant pK(“') — 2¢ = 6.40 and leads to the microstate
where all primary groups and one tertiary groups are
protonated (n = 5). The plateau at 6 = 5/ in the
macroscopic titration curve reflects this species. The
final protonatlon step is controlled by the microconstant
pK(M — 2¢ — ¢ ~ 3,55,

Figure 6 illustrates the microscopic protonantion
mechanism of dendrimer G1. Again, Figure 6a shows
the macrostate probabilities and Figure 6b the most
probable microstates. The microscopic protonation pat-
tern is now somewhat more complicated, but the trends
are similar to the GO dendrimer. All primary groups
protonate independently with a microconstant pK() =
9.00, leading to a prominent microstate where all
primary groups are protonated (n = 8). The next
protonation step mainly involves the protonation of the
innermost tertiary amine and is controlled by the
microconstant pK(!") =~ 6.70. With the exception of the
other central tertiary amine group, the remaining
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Figure 6. Microscopic protonation mechanism for the PAM-
AM dendrimer G1: (top) macrostate probabilities as a function
of pH; (bottom) microstate probabilities and microconstants.
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Figure 7. Schematic microscopic protonation mechanism for
a large PAMAM dendrimer.

groups protonate almost independently, as this process
is controlled by two very similar microconstants, namely
pKIM — 2¢ ~ 570 and pKM) — 3¢ =~ 555. Once this
process is terminated, one obtains a prominent mi-
crospecies where all amine groups are protonated with
the exception of one central tertiary group. In this
configuration, this group has a microcostant of pK()
— 2¢ — € = 3.55, and its protonation controls the last
protonation step.

With these results at hand, we can propose a proto-
nation mechanism of a large dendrimer, as illustrated
in Figure 7. In the first protonation step, the primary
amines will protonate independently with a microcon-
stant pK® around 9.0. The result is a stable microspe-
cies where all primary amines are protonated and all
tertiary amines deprotonated, which leads to the inter-
mediate plateau of the macroscopic titration curve close
to 0 = 1/,. The tertiary groups protonate almost inde-
pendently with a microconstant around 5.8. This process
leads to the stable microspecies where all groups are
protonated, with the exception of one central tertiary
group. This group has a microcostant around 3.5. For
large dendrimers, however, this last protonation step
contributes very little to the overall charge.

This protonation pattern is rather distinct from the
charging behavior of poly(propyleneimine) (PPI) den-
drimers.*417 While the ionizable groups in these den-
drimers are also primary and tertiary groups, there are
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two main differences with respect to their protonation
behavior. The first difference concerns the distance
between the amine groups, which is much smaller in
the PPI dendrimers, and thus their mutual interactions
are stronger and play a much more important role than
in the PAMAM dendrimers. The second difference
concerns the microscopic ionization constants of the
primary and tertiary amine groups. While the tertiary
groups are more acidic than the primary groups in both
types of dendrimers, the differences between the proton
affinities of these two groups is substantial. While these
values are rather comparable in the PPI dendrimers,
they lie rather far apart in the PAMAM dendrimers.
These features lead to the characteristic onionlike
protonation pattern for the PPI dendrimers. In a first
protonation step, not only the primary amines protonate
but also all tertiary amines residing in odd shells. This
process leads to a stable microstate, where all odd shells
are being protonated, and causes an intermediate
plateau at 6 = ?/3. In the second step, the tertiary amine
groups in the even shells protonate. This picture has
been derived from potentiometric titrations!* and con-
firmed with >N NMR.%7

5. Conclusion

Poly(amidoamine) (PAMAM) dendrimers of genera-
tions GO, G1, G2, G3, G4, and G6 were investigated by
potentiometric titrations, and the data were analyzed
in terms of classical macroscopic protonation equilibria
and a site binding model. While both descriptions are
equivalent, the site binding model offers further the
possibility to model the titration curves of the higher
generation dendrimers and to describe all dendrimers
within a common set of parameters. These parameters
involve the microscopic ionization constants for each
group in the fully deprotonated state and nearest-
neighbor pair interaction parameters. On the basis of
this parametrization of the site binding model, we can
predict all microscopic ionization constants as well as
conditional microstate probabilities.

From this analysis we deduce the following micro-
scopic protonation mechanism of PAMAM dendrimers.
At high pH, the primary amine groups at the outer rim
of the dendrimer protonate, while the tertiary amine
groups in the dendrimer core only protonate at lower
pH. The last group to protonate is one of the central
tertiary amine groups. This study demonstrates that by
analyzing macroscopic titration data of a homologous
series of polyprotic molecules the detailed information
about microscopic protonation equilibria can be ob-
tained.
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