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ABSTRACT: We study the properties of weak dendritic polyelectrolytes of generation G= 5 with flexible
spacers of various lengths and explicit counterions in an athermal solvent using Monte Carlo simulations
based on the bond fluctuationmodel. The calculations are performed formolecules under neutral and low pH
conditions. At neutral pH we assume that only the terminal groups of the dendrimers bear positive charges,
while at low pH both the terminal groups and the branching units are charged. In our study, the full Coulomb
potential and the excluded volume interactions are taken into account explicitly with the reduced temperature
τ as the main simulation parameter. We observe an interplay of condensation of counterions, trapping of
counterions inside the dendrimer’s volume and evaporation of counterions into the surrounding solution
giving rise to a nonmonotonous electrostatic swelling of the dendrimer with temperature. Decreasing pH
leads to higher swelling and stronger spacer-length dependence. At low pH spacer length-scaling cannot be
applied and longer spacers shift the maximum of the swelling to lower temperature. To explain the swelling
effect we apply a Flory-type argument where both trapped but noncondensed counterions and uncompensated
charges due to evaporation of counterions are taken into account. This model properly reflects the swelling
behavior with respect to temperature, pH and spacer-length variation, but quantitatively underestimates the
swelling effect. We further investigate the pH-effects on density and charge profiles of the dendrimer.

I. Introduction

Dendrimers are chemically synthesizedmolecules whose prop-
erties are nowadays studied most intensively. These molecules
consist of subsequent generations of linear chains (called spacers)
arranged in a hierarchical, treelike structure. Starting with the
central core as the initiator they can be made iteratively genera-
tion by generation by attaching new spacers to the two-functional
ends (branching points) of the outermost, terminal chains.

The interest in dendrimers is mainly based on their potential
applications in various fields ranging from materials engineering
to biomedicine and pharmacy. To name but a few, dendrimers
have been used to deliver oligonucleotides to the cell.1,2 They
enhance cytosolic and nuclear availability as indicated by con-
focalmicroscopy as well as cell uptake and transfection efficiency
of plasmidDNA.3Guest-host nanodevices such as gold/PAMAM
(polyamidoamine dendrimers) nanocomposites are potentially
veryuseful agents for improving the imagingandradiation treatment
of cancer.4

Of a particularly increasing interest of both theoretical and
experimental research are properties of weak dendritic polyelec-
trolytes. These molecules are not fully charged in solution, and
their charge can be modulated by changing the solution pH. For
instance, PAMAM and poly(propyleneimine) dendrimers ac-
quire positive charge because they have primary amine groups
at the terminal units and tertiary amine groups at the branching
points which become protonated as the solution pH-value is
lowered from around 7 down to 4, respectively.5-10 In other
words, in physiological conditions only the terminal groups of
PAMAMs bear positive charges, whereas in more acidic envi-
ronments both the terminal groups and branching groups do.

Whether or not the above chargemodulation has a pronounced
effect on conformational and structural properties of charged
dendrimers has been the subject of scientific deliberation for over
a decade. For instance, simulation studies indicate that the
dendrimer size increases as pH decreases from neutral to low,
although the actual value of the swelling parameter depends on
the applied model. Within the Debye-H€uckel approximation
which treats free ions implicitly the radius of gyration was shown
to increase by as much as 70%,11 whereas other approaches with
explicit ions lead to a much weaker dependence of dendrimer
conformations on ionic strength.9,10,12,13 The latest, detailed mole-
cular dynamics simulations andmean field theory14,15 predict swell-
ing of about 4%which is in excellent agreement with small-angle
neutron scattering (SANS) measurements on PAMAMs.5,16

It is therefore apparent from previous studies that the
degrees of freedom of counterions have to be taken into
account explicitly for dendritic polyelectrolytes due to the
importance of ion valence and trapping in the dendrimer
volume, ion condensation and their effect on conformational
changes of dendrimers.17,18 Actually, as the strength of
electrostatic interactions increases both under neutral and
low pH conditions counterions penetrate not only the mole-
cule periphery but, in the first place, its interior.15,19-26 This
leads to the reduction of the dendrimer effective charge,
screening of electrostatic repulsion between charged mono-
mers and nonmonotonous behavior of dendrimer size. Last
but not least ions also play a crucial role in the formation of
complexes comprised of charged dendrimers and linear poly-
anions and in self-organization in solutions of charged
dendrimers,27-33 though many important aspects of com-
plexation such as dendrimer overcharging by linear poly-
electrolytes have been revealed within the Debye-H€uckel*Corresponding author.
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approach as well.34-37 Obviously, it is dendrimer-DNA bind-
ing38-48 in the first place, which being of immense interest in
biosciences inspires theoretical investigations.

In this paper, we continue our coarse-grained simulation study
on the effect of spacer length variation on charged dendrimers and
investigate the interplay between charge effects and spacer-length
scaling using the bond fluctuation model as the most effective
simulation tool to explore universal properties of flexible poly-
mers.26,49 In this work we focus on the pH-dependence of the
properties of weak dendritic polyelectrolytes such as PAMAM.
Following the experimental observation we implement the most
relevant cases: neutral pH-values correspond to charaging of
terminal groups only, while at low pH (about 4 for the case of
PAMAM) all branching points and terminal groups are charged.

The remaining part of the paper is organized as follows. In
section II, we outline the model and the simulation method. The
results of our simulations are presented and discussed in section III.
Finally, our conclusions and remarks are given in section IV.

II. Model and Simulations

As in our previous work, we use the bond fluctuation method
(BFM) on a cubic lattice.50,51 Details of the implementation for
dendrimers can be found in our previous works26,49

We are simulating single dendrimers and explicit counterions
in a cubic box of size L3 = 500 � 500 � 500u3 (where u is the
lattice unit) with periodic boundary conditions in all three dimen-
sions. The molecules are modeled as a treelike macromolecular
skeleton. An 2D schematic representation of dendrimers at low
and neutral pH is shown in Figure 1.

Dendrimers of generation G= 5, spacer length S = 1, 2, 4, 8
and branching functionality f = 3 are generated by a divergent
growth process in the ascending order of the internal generation
number 0 e g e G starting from the core of two bonded mono-
mers. The number of monomers is given by

N ¼ 2þ 4Sð2G - 1Þ ð2.1Þ
The number of branching points including the terminal groups is

Nb ¼ 2Gþ2 - 2 ð2.2Þ
and the number of terminal groups is given by

Nt ¼ 2Gþ1 ð2.3Þ
Branchingand terminal groups cancarrypositive chargesof valence
z=1. For each charged group, one counterion is introduced to the
simulation box, which bears a negative charge z= -1.

Neutral pH is simulated by charging the terminal groups only.
This results in Nt counterions. Low pH is simulated by charging
terminal groups and all branching points. Thus, we have to add
Nb counterions to the system.

The electrostatic interaction between the charges is the total
Coulomb energy defined as

EðrijÞ ¼ EcðrijÞ
δ

¼ zizj

rij
ð2.4Þ

where rij is the distance between the ith and jth ions with valences
zi and zj. The energy unit is defined as

δ ¼ e2

εu
ð2.5Þ

with e standing for the electric charge and ε for the permittivity of
the solvent. The long-range nature of the Coulomb interactions is
treated by the Ewald summation method with the minimum
image convention for the real-space term, κ= 5/L, kmax = 6 for

the sum in the reciprocal space and for a conducting external
medium, see.26,52,53 We calculate thermodynamic averages at the
reduced temperature τ = kBT/δ, where T is the absolute
temperature and kB is the Boltzmann constant. The model can
be converted to real units by the inverse relation

τ ¼ u

λB
ð2.6Þ

between τ and the Bjerrum length

λB ¼ e2

εkBT
ð2.7Þ

Within the BFM for instance, the choice of u ≈ 2 Å corresponds
to a bond length a≈ 5 Å, which in turn, concurs reasonably with
real dendrimers.54 In water at room temperature, one obtains
λB ≈ 7 Å and eq 2.6 yields τ ≈ 0.3.

Configurations are sampled using the bond fluctuation model
including the standard Metropolis method.26 In our studies, the
systems were equilibrated for a maximum of 107 MCS (Monte
Carlo steps). OneMCS consists ofN random selections ofmono-
mers to be moved in a randomly chosen, one of the six directions
by a single lattice unit strictly ensuring excluded volume and bond
constraints. Averages were calculated for 103-104 equilibrium
configurations stored every 103th MCS.

III. Results

A. Counterion Condensation. In this section, following
Manning’s idea developed for infinite cylindrical polyelec-
trolytes,55-58 we focus on low temperature condensation of
counterions on charged dendrimers.

Figure 1. Schematic 2D picture of dendrimers under low (a) and
neutral (b) pH conditions. The charged monomers (counterions) are
shown with the red (yellow) spheres. Condensed counterions are
indicated by dashed circles.
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The tendency of counterions to concentrate around the
charged groups in our simulated systems can be analyzed
using the pair correlation function between charged groups
and counterions, gchgc. The results are displayed in Figure 2.
Sharp peaks in gchgc correspond to pronounced ion conden-
sation. The disappearance of the peak at higher temperatures
signals delocalization of counterions. Generally, counterion
condensation is more significant for shorter spacers. The
effect of pH is more pronounced at higher temperatures. In
particular for τ=1and S=1 condensation can be observed
for low pH, but not for neutral pH.

In order to quantify the amount of condensed counterions
we adapt the simplest criterion for condensation based on the
distance between ions and charged beads. In the followingwe
assume that an ion is condensed when its distance from at
least one charged unit is less than

√
6, a distance comparable

with the average bond length in the BFM. This approach is
widely used in studies on polyelectrolyte systems and has
proved reasonable both for lattice and off-lattice simula-
tions.20-23,59 A comparison of various methods has been
given by Grass and Holm.59 We note that the peak-position
of the correlation functions in Figure 2 is nearly constant. A
fact which confirms this approach. In Figure 3 we plot the
normalized fraction fc = ÆNcæ/Nb (fc = ÆNcæ/Nt) of con-
densed counterions as a function of τ, where ÆNcæ denotes
the mean absolute number of condensed counterions. It is
seen that fc increases monotonically with decreasing τ from
nearly zero in the high temperature limit to some finite values
in the other extreme, which in turn proves that the phenom-
enon of condensation takes place. We note that using the
Bjerrum length, λB=u/τ, for the cutoff would sharpen the
decay of fc(τ) in Figure 3. In this case and at low temperatures
practically all counterions will be condensed.

At the lowest τ= 0.05 nearly 90% of counterions are
condensed for S=1, whereas it is about 50% for S=8,
which reflects a general tendency that ions are more loosely
tied to the charged units of dendrimers with longer spacers.

As indicated by Figure 3 a decrease in pH leads to some
increase in fc. For small spacers this effect is most pro-
nounced. For longer spacer lengths, the influence of pH on
condensation is rather minor.

We conclude that lowering pH increases counterion con-
densation effects, which are well pronounced at low tem-
perature for short spacer length. For longer spacers, the
effect of pH on condenstion becomes marginal.

B. Electrostatic and pH-Driven Swelling. In principle, the
radius of gyration Rg can be experimentally obtained using
scattering techniques.60-65 Although, it seems to be rather
difficult, in particular for charged systems, to obtain exact
values of Rg, some authors5,16 report a weak change in
dendrimers’ size under variation of pH. The presence of
electrostatic interactions and the related trapping of coun-
terions inside the molecule tends to swell the denderimer’s
size. This can be analyzed directly by calculating the mean
square radius of gyration:

ÆRg
2æ ¼ 1

N

XN
i¼ 1

ðri - rcmÞ2
* +

ð3.8Þ

where ri and rcm denote the position vectors of the ith
monomer and of the center of mass (c.m.) of the dendrimer,
respectively. In the following we use the short-hand notation
Rg = ÆRg

2æ1/2. For neutral dendrimers the mean-field ap-
proximation of excluded volume effects lead to spacer length
scaling as we have shown in our previous work.49 In partic-
ular, we can write

Rg0=S
ν ∼ ðnG2Þ1=5 ð3.9Þ

where ν=3/5 denotes the Flory exponent and n=N/S is the
number of spacer chains. The index “0” denotes the un-
charged state which corresponds either to very high tem-
peratures or high salt concentrations in the experiment.
When spacer scaling is valid, the extension of spacers RS ∼ Sν

and their self-density S/RS
3 ∼ S1-3ν set the characteristic

length scale and monomer density for dendrimers. In ref 49,
we have found a very good agreement of spacer length
scaling with the results for Rg0 as well as for the density
profiles. Moreover, we have explicitly shown the indepen-
dence of the average extension of spacers of the dendrimer
generation number.

In Figure 4a, we show the rescaled radius of gyration
Rg/Rg0 as a function of τ for low and neutral pH-values. In
both cases Rg displays a nonmonotonous behavior with
respect to τ, becoming comparable to Rg0 in the limit of high
and low temperatures. Decreasing pH, increases swelling
and the location of the swelling maximum shifts slightly
toward higher values of the temperature. The maximum
volume swelling,Q=(Rg/Rg0)

3, observed in our simulations

Figure 2. Pair correlation functions between charged groups and coun-
terions forG=5 at various temperatures and spacer lengths. The open
symbols correspond to low pH-values, while the filled ones represent
neutral pH.

Figure 3. Fraction fcof condensed counterions versus τ. Theopen (filled)
symbols correspond to the dendrimer under low (neutral) pH conditions.
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corresponds to the case of the longest spacers and low pH
where we obtainQ=3.2. Themaximum value at neutral pH
corresponds to Q=2.

We can define the pH-driven swelling ratio rpH=Rgl/Rgn,
where the indices “l” and “n” denote low and neutral pH,
respectively. The results are displayed in the inset in
Figure 4a. Our simulations clearly show that the pH-driven
swelling ratio of dendrimers reveals some dependence on S
and τ. Themaximumof rpH=1.25 occurs for long spacers as
indicated in the inset of Figure 4a and by the arrow inside the
plot. Thus, pH-variation can almost double the character-
istic volume of the dendrimer under good solvent conditions.

The electrostatic swelling observed in our simulations is
larger than that obtained in experiments.5,16 We note, how-
ever, that our simulations are performed in the absence of
salt. Higher salt concentrations such as physiological condi-
tions can diminish this effect considerably.

For low values of the pH the deviations between the curves
for various spacer-lengths in Figure 4a are essential. At
neutral pH spacer length scaling can be assumed at least
approximately, see ref 26, since the deviations of the curves in
Figure 4a are on the order of 10%only. InFigure 4 b)we plot
the radius of gyration of spacers as a function of spacer
length at various temperatures. Spacer size is nearly inde-
pendent of τ but varies slightly with pH-value, a weak
stretching of the spacer chains at low pH can be observed.
This cannot explain the swelling behavior displayed in
Figure 4 a). Thus, in general the swelling of the dendrimers
due to excluded volume and charge effects is due to “unfolding”
of the dendrimer and not due to stretching of spacers.

Our simulatons clearly show that the swelling compliance of
the dendrimers is increased due to the presence of flexible
spacers. This concerns in particular the response to changes
in pH.

In order to understand the interplay between excluded
volume effects and charges we extent an approach which was
proposed earlier by Giupponi, Buzza, and Adolf.15 Follow-
ing ref 15, we consider first the swelling effect caused by the
confinement of counterions which are neither condensed nor
far outside the dendimer’s volume. Let us call theses coun-
terions “residual counterions” and denote their number by n.
More precisely, n is the number of residual counterions
trapped within a distance 2Rg from the center of mass of
the dendrimer. Our choice of the trapping distance is based
on the observation that the radial counterion density practi-
cally drops to zero at r/Rg≈ 2; see Figure 10. The number of
residual counterions as a function of τ is plotted explicitly in
Figure 5a. The osmotic pressure exerted by the residual
counterions is approximated by an ideal gas law. The gen-
eralized Flory-type free energy per dendrimer with an exten-
sion R is given by

F

kT
¼ N

ðGSÞ2R
2 þ v0N

2

R3
þ n ln

3n

4πR3

� �
ð3.10Þ

The first term corresponds to the Gaussian elasticity of
treads (paths from the core to the terminal groups) and the
second term denotes the mean excluded volume interaction,
where v0 is the excluded volume parameter. We have chosen
dimensionless units with the segment length set to unity. The
third term corresponds to the free energy of an ideal gas of
the residual counterions. Without the effect of counterions
minimization of the free energy leads to the result for neutral
dendrimers, Rg0, and to spacer scaling as has been shown in
ref.49 Including the counterion pressure the minimization
problem for the free energy with respect to R leads to a
polynomial equation of order five. Since we know that the
swelling due to counterions is a rather small effect, see

Figure 4. (a) Aspect ratio Rg/Rg0 between the radius of gyration of
charged and neutral dendrimers versus τ. The arrow indicates the pH-
driven maximum swelling for long spacer molecules. The inset shows
the aspect ratioRgl/Rgn between the radius of gyration of dendrimers at
lowandneutral pHversus τ, respectively. (b)Mean radiusof gyrationof
spacersRgS versus spacer length S at the considered τ. The open (filled)
symbols correspond to the dendrimer under low (neutral) pH conditions.

Figure 5. (a) Number of residual counterions vs the dimensionless
temperature τ. (b) Swelling behavior of the dendrimer as predicted by
the mean field theory assuming counterion residual pressure as driving
force. The rhs of eq 3.11 is displayed vs τ.
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Figure 4a, we apply a first order perturbation approximation
which leads to the following result

Rg

Rg0
¼ 1þ nR3

g0

v0N2

 !1=5

¼ ð1þΔCIÞ1=5 ð3.11Þ

whereRg0 denotes the extension of the corresponding neutral
dendrimer. Here, we have defined the contribution of the
residual counterions to swelling by ΔCI. The dependence on
τ and pH is expressed by the number of residual counterions,
n. We note that spacer-length scaling is broken in this result.
First, R0

3/N2 does not depend on the number of spacers
only, but scales as S-1/5. Second, also n depends on S, see
Figure 5a, and this actually dominates the overall behavior.

In Figure 5b, we display the result of the rhs of eq 3.11with
a value of v0 read off for neutral molecules we have studied
before.49 The plots show qualitative similarities with the
behavior of Rg/Rg0 given in Figure 4a. Clearly, the nonmo-
notonous swelling behavior as a function of temperature is
also displayed for the residual counterions and also the
impact of spacer length. Moreover, the pH dependence
qualitatively agrees. However, the absolute amount of swell-
ing is underestimated.

Another source of swelling are counterions which escape
the gyration volume of the dendrimer and thus lead to a
residual, uncompensated charge inside the dendrimer. Let us
denote the number of “evaporated” counterions (which is
equal to the number of residual charges) bym. For simplicity
we assume an electrostatic energy of the dendrimer corre-
sponding to a homogeneously charged sphere given by

E=kBT ¼ 3

20π
m2λB

R
ð3.12Þ

The unscreened electrostatic interaction then leads to a
generalization of eq 3.10 according to

F

kT
¼ N

ðGSÞ2 R
2 þ v0N

2

R3
þ n ln

3n

4πR3

� �
þ 3m2λB

20πR
ð3.13Þ

The generalized result for the swelling of the dendrimer in a
first order approximation is then given by

Rg

Rg0
¼ ð1þΔCI þΔRCÞ1=5 ð3.14Þ

with

ΔRC ¼ m2Rg0
2

20πN2v0τ
ð3.15Þ

where we have used eq 2.6. In Figure 6a, we have plotted the
total number of residual charges,m. It displays amonotonous
increase with increasing temperature. Clearly, in the limit of
very high temperature, all counterions are delocalized and the
residual charge is equal to the total charge of the dendrimer. In
Figure 6b, we show the direct contribution of the residual
charges to the swelling behavior in the absence of counter-
ion pressure. By comparing with Figure 5b, we see that
electrostatic repulsion of residual charges is the smaller
contribution, but becomes important at higher tempera-
tures. Note that residual charges have a stronger impact
for smaller spacer-length. In Figure 6c, we display the total
contribution of residual counterions and charges to swel-
ling. The effect of residual charges slightly increases the
swelling at higher temperatures.

Although the swelling predicted by the Flory-type argu-
ment remains much lower as compared to the simulation

results in Figure 4a, the curves displaymany common features.
In detail, we observe a significant shift of the swelling
maximum with spacer length. Increasing the spacer length
shifts the maximum to lower values of temperature and
increases its absolute value. This effect is most pronounced
for low pH. However, at higher temperatures (right to the
maximum) the swelling dependence on spacer length is
inverted: dendrimers with smaller spacers show a slightly
higher degree of swelling. The last result can be directly
interpreted by the effect of residual charges, which be-
comes important at higher temperatures. We note that
these details are perfectly reflected by the Flory result
given in Figure 6c.

Quantitative agreement between swelling and the Flory-
type approach cannot be established. Apparently, the swell-
ing predicted by the Flory-argument is much weaker than
directly observed.A possible reason for the failure of the Flory-
type argument is the well-known overestimation of both the
(Gaussian) elasticity (entropy reduction due to swelling) and
the mean-field excluded volume interactions.66 While in
combination both effects might cancel to a certain amount
and lead to satisfying agreement with the simulation data,
additional contributions (such as counterion pressure and
electrostatic interactions) which are rather correctly treated
in their absolute value are, therefore, relatively underesti-
mated. This might explain the much weaker swelling effect
predicted by the Flory approach in contrast to the agreement
with many other details such as the effects of pH, tempera-
ture and spacer length, compare Figures 4a and 6c, as well as
the location of the maxima of the swelling curves. To correct
for this effect, one might introduce a numerical prefactor
which enhances the additional contributions to an equal
amount. In fact, using a prefactor of about 20 for the residual
counterion and for the residual charge good quantitative
agreement between the Flory model and the simulated swell-
ing behavior can be obtained, see Figure 7. Here, we display
the ratio between the rescaled result of eqs 3.14 and the
directly observed swelling ratio. We note here that this states
a general problem when using a Flory-type argument involving
additional components for the free energy. Finite extensibility of

Figure 6. Residual charge and its contribution to the electrostatic
swelling of the dendrimer as a function of temperature. (a) Number
of residual charges, m. (b) Contribution of the residual charges to
swelling. (c) Total contribution of the residual counterions and residual
charges to swelling.
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spacer chains should be less important because of the rather
weak extension of spacer chains, see Figure 4b, under the
conditions of our simulations.Taking into account higher order
virial coefficient would even increase the conformational
part of the free energy.67

C. Spatial Distribution ofMonomers and Terminal Groups.
Weanalyze the spatial distribution ofmonomers in terms of the
self-density of spacers. InFigure 8,we show the radialmonomer
density profiles Fm as functions of the distance from the
dendrimers’ c.m. at the considered reduced temperatures τ.

Generally, our simulations26,49 confirm the so-called
dense core picture of charged dendrimers both under low
and neutral pH conditions as well as for neutral dendrimers.
No matter the solution pH there is a high concentration of
monomers close to the c.m. that corresponds to the dense
core of the molecules. At larger distances the monomer
density drops sharply down to a local minimum followed
by a broad maximum/plateau within the actual dendritic
domain. Finally, on the periphery Fm goes down to zero.

In our previous work we have found excellent agreement
with spacer length scaling for neutral dendrimers49 and

reasonable agreement for terminally charged dendrimers
(neutral pH).26 From this we have concluded that charging

Figure 7. Ratio between the rhs of eq 3.14 with the prefactor of 20 for
the residual counterion and for the residual charge and the aspect ratio
Rg/Rg0 plotted in Figure 4a.

Figure 8. Rescaled radial monomer density Fm versus the rescaled
distance from the dendrimers’ c.m. at various τ. The black (blue) lines
correspond to the dendrimer under low (neutral) pH conditions.

Figure 9. Rescaled radial density of terminal groups Fe versus the re-
scaled distance from the dendrimers’ c.m. at various τ. The black (blue)
lines correspond to the dendrimer under low (neutral) pH conditions.

Figure 10. Radial counterion density Fc (a-d) and overall radial
density Fb of branching groups (e-h) versus the rescaled distance from
the dendrimers’ c.m. at various τ. The black (blue) lines correspond to
the dendrimer under low (neutral) pH conditions.
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might be considered as a weak force that leads only to a
perturbation of the properties of neutral dendrimers which
are still dominated by excluded volume effects. As can be
observed from Figure 8, this is somewhat changed at low pH
values. In particular, at the temperatures τ=1 and τ= 5
rather large deviations between the two pH-states can be
found. Although there are some deviations in spacer-length
scaling we have to note that there is essentially a collapse of
data. This concurs with the observation of nearly constant
extension of spacers, see Figure 4. Thus, also at low pH-
values swelling takes place by “unfolding” of the molecule.

In Figure 9 we show the scaled radial density of terminal
groups Fe as a function of the rescaled distance. Spacer-
length scaling can be observed at very low and very high
temperature, where the dendrimer behaves nearly as neutral,
see Figure 4. Substantial difference between the profiles for
different pH conditions can be again observed between τ=0.4
and τ = 1. In particular, for the shortest spacer length one
observes a pronounced peak of the distribution at low pH
which indicates a localization of terminal groups at the
dendrimers periphery. In this temperature range the distri-
bution of terminal groups depends sensitively on pH.Lowering

the pH-value swells the molecules and the terminal groups
concentrate on the periphery. We have also evaluated the
structure factor of themonomers. However, the effects of pH
are rather weak here and the reader is therfore referred to our
previous work.26

D. Spatial Distribution ofCounterions. In Figure 10a-dwe
display the counterion radial density Fc plotted versus the
rescaled radial distance r/Rg from the dendrimer’s c.m. for
low and neutral pH-values. It is seen that in both cases ion
trapping in the dendrimer volume occurs. Since the absolute
number of counterions at neutral pH is smaller so is their
counterion density in the area of interest at given τ and S.

Interestingly, the counterion profiles are significantly
different in shape. At neutral pH they are bell-shaped with
a broad maximum well in the domain. At low pH the maxi-
mum is shifted toward the vicinity of the core where at lower
temperatures and longer spacers it even peaks. We note that
ion distribution at low pH follows closely the distribution of
branching units Fb, see Figure 10e-h. On the other hand, for
neutral pH, the ion distribution follows the distribution of
terminal groups. Thus, the ion distribution follows mainly
the distribution of the charged groups.

Counterions are well localized in the space occupied by the
dendrimer at lower temperatures. This tendency weakens as
τ increases and, in the extreme of high τ, ions evaporate from
the dendrimer and are distributed all over the space, see also
snapshots in Figure 11. Note that, as presented in Figure 12,
due to greater dendrimer volume for longer spacers, Fc is
reduced substantially at given τ.

A quantitative measure of counterion trapping in the
dendrimer’s volume is the normalized fraction ft of counter-
ions located at the distance less than 2Rg from the dendri-
mer’s center of mass. As shown in Figure 13a for both pH
conditions ft drops from around one down to nearly zero
with increasing τ. Thus, our calculations indicate that at the
lowest temperature practically all counterions are localized
around the dendrimer center of mass within a sphere of
radius 2Rg. The pH effect on trapping counterions inside the

Figure 11. Snapshots of dendrimer/counterions configurations at (a) low
and (b) neutral pH-values for S = 8, τ = 0.4. The terminal groups
(counterions) are shown with red (yellow) spheres.

Figure 12. Radial counterion density Fc versus the distance from the
dendrimers’ c.m. at various S. The black (blue) lines correspond to the
dendrimer under low (neutral) pH conditions.
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molecule is relatively weak. Although there is a tendency to
increase the trapping with lowering pH the effect of tem-
perature is dominating as can be seen in Figure 13b. There is
only a weak effect of spacer length on the counterion
trapping.

Themeanoverall charge densityFch= Fb-Fc (Fch= Fe-Fc)
obtained for dendrimers under low and neutral pH conditions

is shown in Figure 14.Generally speaking at sufficiently high
temperatures the shape of Fch follows that of the overall
density of the corresponding dendrimer groups bearing
charges, i.e., either the branching groups or terminal ones,
see Figures 9 and 10. However, with lowering temperature
the counterion density Fc in the dendrimer domain increases
and the overal charge density Fch reveals some tendency to
change its sign in the vicinity of the core. For the charged
branching points this is particularly the case for S=1 for
which Fch is first positive in the core, decreases sharply to a
shallow, negative minimum and subsequently takes small
but positive values again. On the other hand, for terminally
charged dendrimers Fch is negative in the core and subse-
quently becomes positive further from it.

IV. Conclusions

We have used the bond fluctuation model to investigate the
effect of pH for weak dendritic polyelectrolytes with flexible
spacers and explicit counterions over a wide range of reduced
temperatures. Our model has been chosen to mimic such mole-
cules asPAMAMswhichbecomepositively charged aroundpH7
due to protonation of the terminal primary amines and whose
charge further increases by protonation of the tertiary amines in
the branching groups at pH-values below 5.

Charging of the dendrimer leads to swelling. The degree of
swelling, which can be characterized by the change of the radius
of gyration with respect to the uncharged state depends non-
monotonously on temperature displaying a pronounced max-
imum. The maximum volume degree of swelling of dendritic
polyelectrolytes increases when pH is dropped from 7 to below 5.

In order to understand the swelling effect we have considered
twodriving forces: The osmotic pressure of noncondensed counter-
ions which are trapped within the dendrimer’s volume and which
we call residual counterions. Uncompensated charges of the
dendrimer which result from evaporation of counterions into
the solution give rise to long-range electrostatic repulsion.

We have used a Flory-type argument to quantify the contribu-
tion of the two swelling forces. Given the fact that the swelling is
rather low, we applied a first order approximation to solve the
nonlinear equation for the swelling equilibrium. This model
displays the main aspects of the swelling behavior such as the
dependence on temperature, pH and spacer length. However,
quantitatively the electrostatic swelling effect is underestimated
when using the excluded volume constant calculated from the
data for the uncharged dendrimer (which displays very good
agreement with the Flory-type prediction and corresponding
spacer-length scaling). A possible origin for the discrepancy can
be the well-known overestimation of Gaussian elasticity and
mean-field excluded volume interaction. Other contributions to
the Free Energy, which are quantitatively more accurate are thus
relatively underestimated. Scaling-up counterion and electro-
static contributions by a factor of about 20 we obtain good
quantitative results for the swelling effect. However, we note that
even with free fitting parameters for both contributions a perfect
agreement between the Flory-type prediction and the simulated
data cannot be achieved.

Decreasing the pH-value leads to (higher) swelling of the
dendrimer with a shift in the swelling-maximum toward higher
temperatures. The effect is most pronounced for long spacers
where the volume swelling is increased up to a factor of almost 2
when lowering the pH-value. The swelling due to protonation is
due to unfolding of the dendrimer, and the terminal groups tend
to concentrate on the periphery.

It should be pointed out that our results are presented as
functions of the reduced temperature (inverse Bjerrum length)
and not of the absolute temperature. Therefore, by definition,

Figure 13. (a) Mean fraction of counterions ft located at the distance
less than 2Rg from the dendrimer’s c.m. versus τ. (b) mean fraction of
counterions ft located at the distance less than 2Rg from the dendrimer’s
c.m. versus S at fixed τ. The open (filled) symbols correspond to the
dendrimer under low (neutral) pH conditions.

Figure 14. Overall charge density Fch versus the rescaled distance from
the dendrimers’ c.m. r/Rg at various τ. The black (blue) lines correspond
to the dendrimer under low (neutral) pH conditions. The horizontal
lines refer to Fch = 0.
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variations in the former can be experimentally realized by
variations either in the absolute temperature or in the dielectric
permittivity of the solvent. Changes in one of these parameters in
experiments would affect the actual value of the reduced tem-
perature and the properties of the dendrimers accordingly. We
note that the nonmonotonous behavior of dendrimers’ swelling
with respect to the reduced temperature is similar to that of
charged polymer brushes.68 Also in this case noncondensed but
trapped counterions exert an osmotic pressure which swells the
brush.

To conclude, long, flexible spacers lead to increased volume
response of dendritic weak polyelectrolytes with respect to
changes in pH. The interplay between pH, spacer length and
temperature can be applied to systhesize tailor-made dendrimers
which display optimal pH-controlled swelling/shrinking effects in
a desired temperature range.
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