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We investigate a series of poly(amidoamine) starburst dendrimers (PAMAM) of different generations in acidic,
aqueous solutions using small-angle neutron scattering (SANS). While the overall molecular size is found to
be practically unaffected by a pD change, a strong generational dependence of counterion association is revealed.
Upon increasing the dendrimer generation, the effective charge obtained from our SANS experiments only
shows a small increase in contrast to the nearly exponential increase predicted by a recent atomic simulation.
We also find that with the same degree of molecular protonation the specific counterion association, which
is defined as the ratio of bound chloride anions to positively charged amines in solutions, is larger for higher-
generation PAMAM dendrimer. The associated counterion density also increases upon increasing generation
number.

I. Introduction

Dendrimers are polymers with a tree-like structure that
combine properties of both polymers and hard-sphere colloids.
They are spherical in shape like most colloids, but they also
possess some internal degrees of freedom due to their polymer-
like nature, which results in a rich and complex structures and
dynamic behaviors.1 In addition to the fundamental scientific
interest in understanding the consequences of this polymer-
colloid duality, dendrimer science is driven by the potential use
of dendrimers as novel biomedical agents.2 It became obvious
that the key parameter for optimizing dendrimers for biomedical
applications is understanding, controlling, and optimizing their
intra- and intermolecular structure in aqueous environments with
various acidity and ionic strength. However, a quantitative and
pertinent physical description of the dendrimer behavior in
solution is still lacking not only experimentally but also
theoretically with many contradicting predictions.1

PAMAM dendrimers were the first type of dendrimer to be
commercialized,3 and due to both their availability and their
promising potential for biomedical applications, solutions of
PAMAM dendrimers in water have been the focus of intense
research.4 The vast majority of theoretical and experimental
studies to date have focused on the changes of single-molecule
structure of dendrimers as a function of different environmental
variables.5-10 However, less is known about the interdendrimer
interactions in solutions, and this is a critical point for biomedical

applications, since they require concentrated solutions. Ad-
ditionally, there is no clear understanding of the role counterion
association plays in modifying the structure and interaction of
charged PAMAM in solution. Only recently, computational
studies investigated the specific counterion association in these
dendrimer solutions, but there is so far no experimental studies
addressing this complex problem.11

Previously, we presented a method for investigating den-
drimer structure in an aqueous environment with changing
acidity using small-angle neutron scattering (SANS) along with
a model built from statistical mechanics.12 As an example,
generation 4 PAMAM dendrimer was chosen for this study. In
comparison to the predictions of various computational works,
two quantitative disagreements were found in our experimental
results: First the molecular size, characterized by the radius of
gyration RG, was seen to be essentially independent of molecular
protonation when the pD value is adjusted within the range from
10 to 5. Moreover, we found that the number of associated
counterions was significantly larger than the value predicted by
MD simulations which incorporate the counterions explicitly.
It is natural to relate the observed conformational invariance to
the packing of associated counterions, which is mediated by
the unique structural openness at the molecular level. However,
there is still lack of study of the counterion association effect
in dendrimers systematically with different generations.

Recently, there has been also considerable attention given to
study the structural properties of PAMAM dendrimer using
optical probe techniques.13,14 It has been found that, within a
certain pH range, a fluorescence emission from PAMAM
dendrimer solutions was observed with a surprisingly strong
generational dependence. This effect has been conjecturally
attributed to the different degree of charged interacting groups
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among the constitute components of dendrimer and associated
counterion.14 At present, the exact physical mechanism remains
unclear.

In this report, we are aiming to explore the effect of dendrimer
generation on counterion condensation via a systematic study
of the generation 3-6 (G3-6) dendrimer in aqueous solutions
by small-angle neutron scattering. It is found that for any
generation, upon increasing the molecular protonation, the
molecular size, quantified by the radius of gyration, RG, is
essentially independent of the variation of the pD of the solutions
although there seems to be some changes in the intra-dendrimer
structure. A strong dependence of counterion association with
the dendrimer generation is also observed which results in a
moderate increase of the effective charge as the generation
number increases. This observation is intrinsically different from
recent computer simulation which predicts an exponential
increase of effective charge as a function of the generation
number.15

II. Materials and Small-Angle Neutron Scattering

The PAMAM dendrimers used in this work were purchased
from Dendritech Inc., Midland, MI.16 Deuterium chloride
(catalog number DLM-54-25) and deuterium oxide (catalog
number DLM-6-10X1) were obtained from Cambridge Isotope
Laboratories, Inc., Andover, MA.16 The samples were prepared
by dissolving PAMAM dendrimer in solutions of DCl and D2O;

the preparation of the samples studied in this investigation is
described in a separate reference.12 The total amount of amines
contained in each sample is kept at a constant value by fixing
the dendrimer concentration at 0.0225 g/mL. The METTLER
TOLEDO S20 SevenEasy pH meter16 was used to extract the
pD, which is converted by the reading of the pH meter according
to a generally accepted relation pD ) pH + 0.41.12 Furthermore,
the deuteron concentration is corrected from the measured
deuteron activity.17

The concentration of acid added is represented by the acidity
scale factor R, which is defined as the molar ratio of acid to
primary amines

where n is the dendrimer generation. The samples are prepared
with different R values ranging from 0 to 1.8, with the
corresponding pD values ranging roughly from 10.4 to 5. Right
after sample preparation, the SANS measurements were carried
out using the NG3 SANS spectrometer at the NCNR NIST.
The wavelength of the incident neutron beam was chosen to be
6.0 Å, with a wavelength spread ∆λ/λ of 15%, to cover values
of the scattering wave vector Q ranging from 0.0045 to 0.45
Å-1. The measured intensity Iexp(Q) was corrected for detector

Figure 1. SANS spectra selected from the series of G3, G4, G5, and G6 PAMAM dendrimers in D2O solutions with a fixed dendrimer weight
fraction of 0.0225 g/mL for four different R values (0, 0.2, 0.8, and 1.6, respectively) and the theoretical model fits (red lines).

R ≡ [DCl]
[-NH2]

) [DCl]

2n+2[PAMAM]
(1)

PAMAM Dendrimers in Aqueous Solutions J. Phys. Chem. B, Vol. 112, No. 47, 2008 14773



background and sensitivity and for the scattering contribution
from the empty cell and placed on an absolute scale using a
direct beam measurement.18 All the experiments were carried
out at a controlled temperature of 23.0 ( 0.1 °C.

In this study, Iexp(Q) is modeled by the following integral
equation

where Imodel(Q) is the theoretical intensity distribution, δ(Q) the
width of the resolution function at Q, and Qm is the mean Q
value.18 We only briefly outline the major elements of Imodel(Q)
with details reported in ref 12.

In our approach, the coherent scattering of PAMAM solutions
is modeled by the factorization approximation which is valid
for describing the small-angle scattering intensity distribution
obtained from the colloidal systems consisting of monodispersed
spherical particles:19 The Imodel(Q) is in principle proportional
to the scattering contrast between dendrimers particle and the
solvent, the normalized form factor P(Q), and the structure factor
S(Q). P(Q) is given by the fuzzy ball model12

The convolution of a hard sphere with radius R and a Gaussian
with variance σ2, given in the first term on the right-hand side
of eq 3, is used to approximate the dense core nature and the
diffuse interface of the PAMAM molecule.12,31 The second term
is introduced to incorporate the scattering contribution from the
intradendrimer density fluctuations dominating the high Q
region, with ab giving the ratio of its contribution to P(Q)
normalized to the first term.

S(Q) is obtained by numerically solving the Ornstein-Zernike
integral equation (OZ) for a one-component system in combina-
tion with the hypernetted chain (HNC) closure,20 which has been
demonstrated to give an accurate description of the spatial
arrangement of the charged colloidal suspensions by standard
NVT canonical ensemble Monte Carlo simulations.21 The
effective inter-dendrimer interaction is approximated by the
screened Coulombic interaction potential (Yukawa potential)
along with a hard-sphere repulsive potential incorporated into
our OZ-HNC approach. The effective diameter for a dendrimer
is chosen as 2RG, consistent with the previous findings.12 The
essential physical quantities characterizing the charged PAMAM
solutions, such as the effective charge carried by a single
PAMAM dendrimer and the ionic strength, are converted from
the fitted potential parameters based on the generalized one-
component macroion approach (GOCM).22,23 The deuteron
concentration used in this work is corrected from the measured
deuteron activity based on the theory originally proposed by
Pitzer.17

III. Results and Discussion

Figure 1 gives the SANS scattering intensity distributions
obtained from generation 3 to 6 (G3-G6) PAMAM solutions
as a function of the acidity scale factor R. Qualitatively similar
features are observed: For R ) 0 the SANS curves present a

plateau at small wave vectors reflecting noninteracting PAMAM
dendrimer in solution. An interaction peak arises with increasing
values of R, reflecting the enhanced interdendrimer Coulomb
repulsion as a consequence of the protonation of the amines.
The interaction peak remains unchanged within a broad range
of R values from 1 to 1.8, which has also been observed in G4
solutions, and its possible reasons are discussed in ref 12. In
some cases (mostly for G3), I(Q) shows an slight upturn for Q
< 0.01 Å-1, characteristic of some aggregate as previously
observed for these PAMAM.24,25

The measured pD as a function of R is presented in Figure
2. A steady decrease of pD as R increases from 0 to 1.8 is clearly
seen, which is independent of the dendrimer generation and
consistent with previous titration experiment.26,27

In molecular dynamic investigations the radius of gyration
RG is commonly calculated to parametrize the variation of the
molecular conformation due to protonation of the amines. In
our model, RG is parametrized by the following mathematical
expression:12

where R is the radius of the analogous homogeneous sphere
and σ the parameter characterizing the soft shell region. Both
quantities are extracted from model fitting.12

As shown in Figure 3, only a slight increase in RG is found
with increasing R for all four generations of PAMAM den-
drimers studied (about 7% for G3, 4% for G4, 5% for G5, and
5% for G6) within the studied pD range. Quantitatively, these
results are not consistent with an extensive number of compu-
tational studies which have repeatedly concluded that charging
the amines in PAMAM dendrimer should result in a substantial
increase in RG.28 However, a similar experimental observation
has been reported for G8 PAMAM dendrimer before.29 In our
case, by taking into consideration the structure factor explicitly,
the value of RG can be determined in a more quantitatively
rigorous manner compared to a rather limiting high Q data fit
with a form factor P(Q) model, such as the approach adopted
in ref 29. However, it is not possible for the mean-field model
used in our SANS data analysis to provide any atomic-level
mechanism to interpret the disagreement between our SANS
experimental results and the MD predictions. It has been

Iexp(Q) ) ∫0

∞ Imodel(z)

√2πδ(Q)2
exp[- (z - Qm)2

2δ(Q)2 ] dz (2)

P(Q) ) { 3

(QR)3
[sin(QR) -

QR cos(QR)] exp(-Q2σ2

4 )} 2

+ abPfluc(Q, RG) (3)

Figure 2. pD value of PAMAM dendrimers of generation 3, 4, 5, and
6 in D2O solutions with concentration of 0.0225 g/mL as a function of
R using DCl.

RG ) � 3
10

(2R2 + 5σ2) (4)
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conjectured that this observed insensitivity of RG to molecular
protonation in G8 PAMAM solutions was due to the extremely
strong steric crowding between branches in higher generation
of dendrimers.1 However, our findings for different generations
of PAMAM dendrimers clearly indicate that this insensitivity
is a common feature shared by lower generation dendrimers as
well and suggest that packing constraints alone cannot account
for this effect in small dendrimers with a much more open
molecular architecture. A possible explanation from thermody-
namical mean-field calculations9,30 suggests that the repulsion
among charged amines of PAMAM dendrimers is further offset
by extra screening introduced by the high internal counterion
concentration due to the confinement effect. This direct analogy
with the behavior observed for charged diamine molecule is
responsible of a weak dendrimer molecular size dependence with
charge. This point is also backed by the recent titration
experiments,26,27 which conclude that proton-amine binding
constant, and repulsions among protonated amines are signifi-
cantly modulated by the microenvironment within the dendrimer
interior.

Despite a nearly constant RG, a dependence of the intramo-
lecular structure on protonation is found and can be observed
most clearly by plotting the ratio σ/R as a function of R (Figure
4). On the basis of the fuzzy ball picture,12 protonation of the
PAMAM amines results in a transformation of the dendrimer
molecular density profile from a more diffusive density distribu-
tion in the neutral state to a more uniform, hard-sphere-like
configuration when the amines are progressively charged. This
was previously observed in G4 PAMAM solutions, and here
similar results are obtained for G5 and G6 PAMAM as well. It
is sensible to attribute this observed change in the molecular
density profile to the combined effect of protonation of amines
and counterion condensation enhanced by the unique intramo-

lecular structure. There seems to be a similar change upon
charging the G3 dendrimers. However, due to its relatively small
size, the quality of the SANS spectrum obtained from the G3
solutions does not allow us to extract conclusive assertion, and
therefore the trend of the pD-dependent transformation observed
for the higher dendrimer generation is much less obvious for
G3. Moreover, the evolution of the molecular density profile
of G4-6 dendrimer as a function of protonation is characterized
by the same quantitative feature: despite the expected difference
in the intramolecular architecture for dendrimers of different

Figure 3. Variation of the intradendrimer structure factor P(Q) parameters R, σ, radius of gyration RG, and the corresponding calibration curves
as a function of R. In the four generations studied in this work, as indicated by the empirical fitting, SANS model fitting reveals a moderate
expansion of RG when the solutions are increasingly acidified.

Figure 4. Variation of the value of σ/R as a function of R for the
different PAMAM generations. Despite of the overall insensitivity of
RG to the changes of pD of solutions, the progressively increase of the
molecular protonation triggers a transition of the intramolecular density
profile from a diffusive profile to a more uniform one, as indicated by
a decrease value of σ/R. The smaller size of G3 PAMAM results in a
lower signal-to-noise ratio in the measurements and consequently more
uncertainty in the resulting fitting parameters.
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generations,31 the ratio of σ/R becomes nearly identical once
they are fully charged.

The total number of protonated amines, namely the structural
charge in the language of colloidal science, can be obtained by
applying the constraint of macroscopic charge neutrality (Figure
5). For all the generations studied, with increasing R, the
molecular protonation increases nearly linearly at low R up to
R values of ∼1.8. The number of charged amines for all
generations PAMAM falls onto a single curve when normalized
by the total number of amines present (Figure 5, bottom panel).
This observation suggests that the pairing between the deuteron
and the amine is not affected by the expected difference in
intramolecular microenvironment for dendrimers of different
generations. The curve shows the expected slope of 0.5 because
approximately half of the amines are primary, which are known
to have a higher pKa and therefore acquire charge before the
tertiary amines become charged.26,27

The effective charge carried by a single dendrimer molecule
is the difference between the number of charged amines and
the number of associated chlorides and is directly extracted from
the SANS intensity fit. For all the generations studied, two
distinct regimes are observed in the R-dependence of the
effective charge (Figure 6). At low R values (R < 1), where
only the primary amines are charged, the effective charge
increases linearly. At larger values of R (R > 1), the tertiary

amines start to be protonated, but the effective charge shows
only a very weak dependence on R. Over the entire range of R
studied in this report, the effective charge shows a generational
dependence, with larger dendrimers acquiring a higher effective
charge. However, this generational effect is less substantial for
higher generation of dendrimers. The increase in effective charge
from G5 to G6 PAMAM at R > 1 is smaller compared to the
difference in effective charge between G4 and G5 PAMAM,
and the largest difference is observed between G3 and G4.
Despite the large number of the protonated amines per dendrimer
molecule, the effective charge of a dendrimer saturates only at
about 24, 30, 35, and 40 for G3, G4, G5, and G6 dendrimer,
respectively, instead of increasing exponentially as predicted
by a very recent computational work.15 The invariance of the
effective charge at R > 1 implies that when tertiary amines are
charged, each charged tertiary amine group can only attract one
counterion inside a dendrimer. At present, it is still not clear
whether this is due to the effect of the space limit or the specific
binding effect.

Further, a strong generational dependence of counterion
condensation is observed: Upon increasing the degree of
molecular protonation, a progressive increase amount of chloride
association is observed (Figure 7). It is not surprising that, going
from lower generation charged dendrimer to the higher one,
the average number of associated counterions per molecule
increases due to the linear increase of the total structural charge
with the same degree of molecular protonation as shown in
Figure 5.

With the values of the molecular parameters obtained from
SANS model fitting, we can estimate the density of associated
chloride ion in a dendrimer: It is noticed that there are 2(n+3) -
2 amines, including both primary and tertiary ones, in a
PAMAM dendrimer of generation n. It has been shown, by our
current model fitting results and the computational work,7 that
RG increases almost linearly upon increasing n. Hence, for a
given generation n, the molecular volume of a dendrimer is
expected to be proportional to n3. Assuming the intramolecular
space occupied by a single primary amine and tertiary one is
identical, the internal volume per amine VA is therefore
proportional to n3/ [2(n+3) - 2], which is 0.44, 0.51, 0.49, and
0.42 for G3, G4, G5, and G6, respectively. From our estimation
the amine density is found to reach a minimum at G4 dendrimer
and increase when n > 4. The calculated number of associated

Figure 5. Top panel: numbers of the structural charge, namely the
total charged amines, as a function of R for G3 to G6 PAMAM
dendrimers in D2O solutions are given in the top panel. The values
are calculated from the macroscopic charge neutrality incorporating
the correction of the deuteron activity. Error bars are smaller than
the symbol size. Bottom panel: charged amines for different
generations normalized to their respective total number of amines
as a function of R. It is evident that all the calibrated curves collapse
into one single master curve. The degree of molecular protonation
is seen to increase almost linearly with a slope of about 0.5 within
the range of 0 < R < 1.8.

Figure 6. Effective charges carried by a dendrimer molecule
obtained from the SANS model fittings as a function of R. The
effective charge steadily increases at low R and show a weak
dependence on R for R > 1.
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counterions per amine (Figure 7, bottom panel), defined by us
as specific counterion condensation, is clearly shown to increase
steadily with advancing dendrimer generation. As an example,
for G6 PAMAM at R ) 1.8, the specific counterion condensa-
tion is greater than 0.9; however, this ratio only reaches 0.5 for
G3 PAMAM. The counterion density, which is proportional to
the ratio between the specific counterion condensation and n3,
keeps increasing upon increasing the dendrimer generation.

This generational dependence of specific counterion conden-
sation and associated counterion density is certainly not
intuitively predictable, and computation-wise it remains as a
controversial issue at present: For example, Goddard et al.7

predict a decrease in specific counterion condensation with
increasing dendrimer generation. However, a increasing trend
is seen by other simulation works, such as the one from Buzza
et al.,9 which is intrinsically different from Goddard’s conclusion.

On the basis of the evidence provided by titration experi-
ment26,27 and thermodynamical mean-field theory,9,30 we pro-
pose a hypothesis for this generation-dependent characteristic
in counterion association: Given the same level of molecular
protonation, the number of the chlorides associated with
dendrimers increases steadily with each advancing generation.
Here we argue the possible reason for this observation is due
to their unique intramolecular structure: For PAMAM den-
drimer, it has been shown that the molecular density profile is
significantly modified by the backfolding of the constituent

branches.1 Therefore, it is consistent with the intuitive expecta-
tion that local density inhomogeneity is being developed
simultaneously within the dendrimer interior. The amines, once
being charged, are therefore able to form the inhomogeneously
distributed potential wells to encapsulate the oppositely charged
counterions, which is commonly found in many polyelectrolyte
systems.32 Because of the hierarchical nature of the structure,
it is reasonable to say that this spatial inhomogeneity is
developed in a generation-dependent manner. This speculation
is not without any physical basis: As mentioned in the previous
paragraph, it has been pointed out by titration experiments that
the localization of the counterion association is greatly mediated
by the interaction between the confined chlorides and the
dendrimer local microenvironment, which has been known to
be generational variable.26,27 Consequently, the generational
dependence of specific counterion condensation is manifested.
Moreover, our report of this strong generational dependence of
the association of chlorides with charged amines is consistent
with predictions made by recent MD simulations.9,10

IV. Conclusions

We used a combined experimental and theoretical approach
to investigate the structural changes in a generational series of
PAMAM in acidified, aqueous solution, and we extracted the
relevant molecular parameters. Along with a discernible change
in the intramolecular density profile from a diffuse structure at
neutral pD to a hard-sphere-like conformation in acidic environ-
ments, we find that there is no significant change in the radius
of gyration RG upon protonation of the dendrimer, which
contradicts the predictions of most of MD simulations but is
consistent with a previous SANS experiment for G8 PAMAM
dendrimer29 and mean-field calculations.9,30 It is instructive to
note that our findings from the SANS experiment of lower
generation dendrimers suggests that the weak dependence of
molecular size on protonation is an intrinsic structural nature
of PAMAM dendrimer, instead of attributing it to the geometric
constraint which is only pronounced in higher generation
dendrimer.

We also found that the degree of counterion condensation is
characterized by a strong generational dependence: The specific
chloride condensation, defined as the average number of chloride
associating one single charged amine, is seen to be higher for
larger generation PAMAM dendrimers. The generation depen-
dence of the effective charge differs from the recent computer
simulation prediction15 despite the agreement of the effective
charge value at charged G4 dendrimer between our results and
the simulation.
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(25) Pötschke, D.; Ballauff, M.; Lindner, P.; Fischer, M.; Vögtle, F.
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