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ABSTRACT: We study the properties of terminally charged dendrimers under systematic variation of the
length of flexible spacers, accompanied by explicit counterions in an athermal solvent using Monte Carlo
simulations based on the bond fluctuation model. In our study, both the full Coulomb potential and the
excluded volume interactions are taken into account explicitly with the reduced temperature, 7, as the main
control parameter. Our calculations confirm that counterions get localized in the molecules’ interior and, in
particular, condense on the terminal groups as 7 is lowered. This, in turn, affects the conformational
properties of the molecules that swell at intermediate 7 due to dominating repulsion between the terminal
groups and shrink in the limit of high and low 7, respectively. Like for neutral dendrimers, we find a
substantial decrease in monomer densities with the radial distance from the dendrimers’ center of mass and
backfolding of the terminal groups toward the molecules’ interior. By means of the radius of gyration tensor,
we conclude that the mean instantaneous shape of dendrimers is spherical for all 7 inspected.

I. Introduction

Research on charged dendrimers is inspired by a fair range of
promising applications of these highly branched molecules in
technology, materials engineering, biomedicine and pharmacy.
Dendrimers have already been used to deliver oligonucleotides to
the cell,'"? they enhance cytosolic and nuclear availability as
indicated by confocal microscopy as well as cell uptake and
transfection efficiency of plasmid DNA.? Guest—host nanode-
vices such as gold/PAMAM (polyamidoamine-dendrimers) na-
nocomposites are potentially very useful agents for improving the
imaging and radiation treatment of cancer. It has been shown
that the modulation of the surface charge and composition
changes the in vivo biodistribution characteristics and toxicology
of the nanodevices.*

Physical properties of charged dendrimers, their molecular
conformation and structure have been the subject of experimental
studies as well.™® For instance, small-angle X-ray scattering
(SAXS) and conductivity measurements have been made for
dilute solutions of PAMAM molecules with univalent and
divalent counterions.” Among others the latter have shown that
divalent counterions are more strongly condensed on the den-
drimers and thus more effective in reducing their charge. As
indicated by small- dngle neutron scattering (SANS), SAXS, and
transmission electron microscopy (TEM) PAMAM dendrimers
are useful for forming gold nanoclusters within their interior.”'°
A number of EPR and UV—vis spectroscopy measurements have
demonstarated that at various temperatures and pH divalent
metal ions can be distributed both inside and outside the
molecule."""'? Furthermore, apart from dendrimers’ ability to
encapsulate smaller molecules, with the use of optical reflecto-
metry, atomic force microscopy (AFM), light scattering, SANS,
and electrophoretic mobility measurements a number of recent
works have been devoted to their adsorption properties on silica
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surfaces and latex particles as well as to formations of defined
supramolecular assemblies based on ionic interaction in aqueous
solution."*~

It is generally accepted that explicit treatment of counterions is
necessary for the theoretical explanation of the structure and
conformations of llnedr })olyelectrolytes”_“ as well as terminally
charged dendrimers.*>~* In particular computational studies in-
dicate that condensation of ions on dendrimers occurs with increa-
sing strength of the electrostatic interactions and is accompanied by
subsequent swelling and shrinking of the molecules.*"**~*® Coun-
terions themselves penetrate not only the dendrimers’ periphery but
also the interior, and for very strong electrostatic couph ;S their
density practically overlaps with that of terminal groups.*®* It has
been shown that ions tremendously affect interactions between
likely charged dendrimers that can even become attractive.*”*
Furthermore, some of the latest studies with explicit counterions
have concentrated on such crucial issues as structural properties of
charged half-generation PAMAMs, complexes comprised of
charged dendrimers and linear polyelectrolytes, self-organization
in solutions of charged dendrimers, the effect of chargeable mono-
mers and valency of salt on the molecules’ conformation and dyna-
mics of counterions in dendrimer polyelectrolyte solutions.*~>°

Because of high computational costs of simulating charged
dendrimers a number of important studies on dendrimers’ proper-
ties in solvents of various ionic strengths have been carried out using
the Debye—Hiickel approximation.”® The Brownian dynamics
method applied within this kind of approach has led to interesting
results concerning dynamic properties (self-diffusion, rotational
mobility, dendrimer elastic motions, etc.) of dilute solutions of
charged dendrimers and adsorption of the molecules onto oppo-
sitely charged flat surfaces.”® The very first approach to examine
charged dendrimer-linear polyelectrolyte complexes has been made
as well.®'~* Furthermore, the structure of flexible chain dendri-
mers with long spacers comprising some fraction of charged mono-
mers has been studied by a combination of the Flory-type analysis
and numerical self-consistent-field calculations.®
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Figure 1. Schematic 2D picture of dendrimers. The terminal groups
(counterions) are shown with the red (yellow) spheres. Condensed
counterions are indicated by dashed circles.

In this work, we study the effect of spacer length variation on
terminally charged dendrimers in good solvent with explicit coun-
terions that model PAMAMSs in aqueous environments at neutral
pH values.*"**>* In particular, we investigate the interplay between
charge effects and spacer-length scaling. The latter has been demon-
strated for neutral dendrimers in our previous work.®® To investi-
gate spacer length variations large molecules up to 2146 flexible
units are simulated using the bond fluctuation model (BFM). To
the best of our knowledge this is the first application of the BFM to
such highly branched polyelectrolytes, which proves efficient and
enables a systematic inspection of large molecules on the coarse-
grained level.

The remaining part of the article 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
I1II. Finally, our conclusions and remarks are given in Section IV.

I1. Model and Simulations

In the present work, we carry out Monte Carlo simulations using
the bond fluctuation method on a cubic lattice.””* We benefit from
the advantages of this algorithm, which by definition secures the
excluded volume condition and prevents the bonds from crossing. It
is suited for simulations of linear chains as well as molecules with a
highly branched architecture of their skeleton. In particular, for the
latter molecules, the algorithm enables proper moves both for mono-
mers constituting linear parts of the molecules and for the branches.

The systems of interest contain single dendrimers with movable
centers and counterions. In the simulations, a cubic box of the
size L* = 500 x 500 x 500u° (where u s the lattice unit) is used with
periodic boundary conditions under all three dimensions. The
molecules are modeled as treelike collections of beads connected by
the BFM lattice bonds so as to form the macromolecular skeleton.
(For a 2D schematic representation of dendrimers, see Figure 1.)

Before actual simulation runs, dendrimers of generation G =
5, 6, spacer length S = 1, 2, 4, 8, and branching functionality /=
3 are generated by a divergent growth process in the ascending
order of the internal generation number 0 < g < G starting from
the core of two bonded monomers. Thus, the molecules consist of

N =2445(2°-1) (1)
monomers,
Nl _ 2G+1 (2)

of which are the terminal groups that carry positive charges of
valence z = 1. To guarantee charge neutrality of the systems,
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additional N, free beads mimic counterions that bear negative
charges z = —1. Thus, there are N;,, = N + N, movable elements
in the system, and the electrostatic interaction between the
charges is the total Coulomb energy

Eo(rj) _zz

E(ry) =—5

3)

rij

where r;;1s the distance between the ith and jth ions with valences
z;and z;. The energy unit is defined as

e

0= o (4)
where e stands for the electric charge and ¢ stands for the permit-
tivity of the solvent. The long-range nature of the Coulomb interac-
tions is treated by the Ewald summation method with the minimum
image convention for the real-space term, k = 5/L, ko = 6 for the
sum in the reciprocal sgace and for a conducting external medium.
(See Appendix A.)*" We calculate thermodynamic averages at
the reduced temperature 7 = kpT/0, where T is the absolute
temperature and kg is the Boltzmann constant. The model can be
converted to real units by the inverse relation

T =T (5)

between 7 and the Bjerrum length, A = ¢*/ekyT. For instance,
the choice of u 2 2 A corresponds within the BFM with the bond
length, a ~ 5 A, which in turn corresponds reasonably to real
dendrimers.”! In water at room temperatures where g ~ 7 A, eq 5
yields then 7 ~ 0.3.

Configurations are sampled using the BFM model. (For
details, see ref 66.) A new configuration is accepted or rejected
according to a probability of the Metropolis type’”

p = min[l,exp(— AE/7)] (6)

with AE = E,, — Eog. (Enew and Egyq are energies after and
before a random reconfiguration, £ = E./d.) In our studies, the
systems were equilibrated for a maximum of 10’ MCS (Monte
Carlo steps; one MCS consists of N, random selections of
monomers to be moved in a randomly chosen, one of the six
directions by a single lattice unit), whereas averages were calcu-
lated for 10° to 10* equilibrium configurations stored every 10°th
MCS.

II1. Results

A. Counterion Condensation. The phenomenon of counter-
ion condensation has been introduced by Manning in his
studies on an infinite cylindrical polyelectrolyte with linear
charge density.”>” % It refers to effective renormalizing the
linear charge density by a fraction of counterions that get
localized very near the molecule but do not recombinate.
Obviously, this phenomenon is more difficult to be handled
for the complex shapes of molecules, in particular, for the
present case, where only the terminal groups are charged.

The tendency of counterions to concentrate around the
terminal groups in our simulated systems can be demon-
strated by the end-group—counterion pair correlation func-
tion, ge., as shown in Figure 2. Sharp peaks observed in ge.
correspond to pronounced condensation. Note that our
simulations show that at given 7 and G, condensation is
more significant for shorter spacers. The disappearance
of the peak for higher temperature signals delocalization of
the counterions. Besides this “strong” condensation effect of
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Figure 2. End-group—counterion pair correlation function for G = 5,
fixed 7, and variable spacer length.
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Figure 3. Fraction f; of condensed counterions versus 7.

counterions at the charged groups, there is a “weak” locali-
zation of counterions due to the dendrimer as a whole (being
essentially a spherical charge on larger distances). This effect
will be discussed in Section ITID in more detail. Note that the
peak in the pair correlation function for lower temperatures
is not shifted, except at the lowest temperature where practi-
cally all counterions are localized.

To quantify the amount of condensed counterions, we
adapt the simplest criterion for condensation based on the
distance between ions and charged beads. More specifically,
throughout the article, it is assumed that an ion is condensed
when its distance from at least one end bead is less than /6,
which is comparable to the average bond length of the BFM.
Although this kind of approach is connected to some arbi-
trariness in choosing the actual radius of condensation, it is
widely used in studies on polyelectrolyte systems and has
proven to be reasonable for both lattice and off-lattice
simulations.*!***74¢73 For a general comparison of various
methods, we refer to the work by K. Grass and C. Holm.”
Note that our observation of the nearly constant peak
position of the correlation functions in Figure 2 confirms
this approach. In Figure 3, we plot the normalized fraction
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Figure 4. Mean total Coulomb energy per monomer E/Ny, versus .
The solid (dotted) lines correspond to G = 5 (G = 6).

fe={(N)/ N, of condensed counterions on the terminal groups
as a function of 7, where (N.) denotes the mean absolute
number of condensed counterions. It is seen that f; increases
monotonically with decreasing 7 from nearly zero in the
high-temperature limit to some finite values in the other ex-
treme, which in turn proves that the phenomenon of con-
densation takes place. We note that using the Bjerrum
length, Az = u/7, for the cutoff would sharpen the decay of
f«(r) in Figure 3 (decreasing even the range for higher
temperatures where less counterions are condensed).

At the lowest 7 = 0.05, nearly 90% of counterions are
condensed for S'= 1, whereas only ~50% are condensed for
S = 8. Furthermore, as indicated by Figure 3, an increase in
the generation number, G, leads to a small increase in f; for
fixed 7 and S. Thus, we confirm that the phenomenon of ion
condensation on the terminal groups is of generic nature and
independent of the models used. Similar behavior of counter-
ions with varying strength of electrostatic interactions has been
found by both molecular dynamics and Monte Carlo simula-
tions of terminally charged dendrimers with single spacers,
S = 1.* Note that ion condensation is accompanied by a
monotonic decrease in the mean total Coulomb energy, E, as
displayed in Figure 4. It is worth noticing that the states with
almost perfect condensation have negative energies.

B. Radius of Gyration. To analyze the size of charged
dendrimers, we consider the mean square radius of gyration

N

(RY) = <;/Z<rf —rcm>2> (7)

i=1

where r;and r,, are 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 shorthand notation, R, = ((Rf,))”z.
For neutral dendrimers, mean-field approximation of excluded
volume effects leads to spacer length scaling, as we have shown

in our previous work.®® In particular, we can write

Ry/S” ~ (nG*)'/? (8)

where v = 3/5denotes the Flory exponentand n = N/S'is the
number of spacer chains. The extension of spacers Rg ~ S”
and self-density S/R? ~ S'73" set the characteristic length
scale and monomer density of dendrimers of given genera-
tion, G, respectively. In ref 66, we have found very good
agreement of spacer length scaling with the results for Ry as
well as for the density profiles. Moreover, we have explicitly
shown the independence of the average extension of spacers
of the generation of the dendrimer.

For the charged dendrimer, we expect deviations from eq 8
due to electrostatic interactions, which tend to swell the
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Figure 5. (a) Aspect ratio, R,/R,, between the radius of gyration of
charged and neutral dendrimers versus 7. (b) Mean radius of gyration of
spacers, R, versus spacer length, S, at the considered 7. The solid
(dotted) lines correspond to G = 5 (G = 6).

dendrimer. In Figure 5a, we show the rescaled radius of
gyration, Ry/R,, as a function of 7. In accordance with
previous studies on terminally charged dendrimers,*-4!-44
R, displays a nonmonotonous behavior with respect to
7. In the limit of both high and low temperatures, R,
becomes comparable to the radius of gyration, Ry, of the
uncharged molecule. (See ref 66.) Actually, it is seen that
the molecule shrinks to comparable sizes in the extremes
of very high and very low 7, whereas at intermediate
temperatures, it swells up. The maximal extension of the
charged dendrimer as compared with the neutral dendri-
mer with the same G and S drops from around 1.3 for S=8§
to 1.2 for § = 1. Because deviations of the curves for
various spacer lengths and generations in Figure 5a are in
the range of 10%, we can only approximately assume the
relation

Ry = A7) Ry (9)

Combining eqs 8 and 9 yields

Ry/S" = A(r)(nG*)"? (10)

The right-hand side of the above equation is independent
of S because the number of spacer chains is defined only by
the functionality and the number of generations, G. There-
fore, roughly speaking, like neutral dendrimers with flexible
spacers, a spacer chain can be considered to be a nearly
unperturbed flexible polymer chain in a good solvent, and
the swelling of the dendrimer is realized by deformation on
larger scales. This is explicitly shown in Figure 5b, where we
plot the radius of gyration of the spacers as a function of
spacer length at various temperatures and generations.
Therefore, small swelling ratio is dominated by rearrange-
ment of spacers of dendrimers.
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Figure 6. Rescaled radial monomer density p,, versus the rescaled
distance from the dendrimers’ ¢c.m. at various 7 for G = 5.

We note that spacer length invariance is not sufficient for
spacer-length scaling because electrostatic effects including
the effect of counterions can depend on G and S, which is in
fact the case. (See for instance Figure 3.) Therefore, eq 9 has
to be considered to be an empirical conclusion. Perturbation
calculations of the electrostatic effects might help to under-
stand this behavior in more detail.

C. Spatial Distribution of Monomers and Terminal Groups.
In the previous section, we have shown that the spacer length
scaling is nearly obeyed. (See eq 9.) Therefore, we analyze the
spatial distribution of monomers in terms of the self-density
of spacers. Figures 6 and 7 show the radial monomer density
profiles, pn,, as a function of the distance from the dendri-
mers’ c.m. at the considered reduced temperatures, 7.

In general, our simulations confirm the so-called dense core
picture of terminally charged dendrimers. Actually, it is seen
that for each 7, 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 to
a local minimum, followed by a broad maximum/plateau
within the actual dendritic domain. Finally, on the periphery,
Pm decreases to zero.

Note that according to our above arguments concerning
the scaling properties of R, the values of p,, and r are
rescaled, as for neutral dendrimers we have previously
considered,®® which also leads to a reasonable collapse of
the profiles on master curves. Therefore, for fixed G, the
rescaled monomer density, p.,/S' 2", as a function of the
rescaled radial distance, r/S”, from the dendrimers’ center
displays excluded volume, spacer-length scaling to a large
extent, and the charge might be considered to be a weak force
that leads to swelling of the uncharged dendrimer.

In Figures 8 and 9, we show that the radial density of
terminal groups, p., grows from small but finite values close
to the core to maximal ones in the dendritic domain and
subsequently decreases to zero. The plots clearly demon-
strate that the terminal groups fold back into the dendritic
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Figure 7. Rescaled radial monomer density p,, versus the rescaled
distance from the dendrimers’ c.m. at various 7 for G = 6.

0.06

0.03

0.06

0.03

0.06

0.03

0.09

0.06
0.03 . 0.03
0 ' ' 0
0 5 10 15

v

/S

Figure 8. Rescaled radial density of terminal groups, pe, versus the
rescaled distance from the dendrimers’ c.m. at various 7 for G = 5.

interior. They penetrate not only the periphery but also, first
of all, the molecules’ domain. Note that for p., we have again
applied the analogous rescaling procedure, as for p,,, which,
however, does not result in such a good collapse of the data.®®
In the case of terminally charged dendrimers, some devia-
tions from scaling in the region between 0.1 < 7 < 0.7 are
present.
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Figure 9. Rescaled radial density of terminal groups, p., versus the
rescaled distance from the dendrimers’ c.m. at various 7 for G = 6.

By comparing the shape of the distribution of the terminal
groups as a function of temperature, one can observe a
tendency for terminal groups to stretch toward the sur-
face of the monomer cloud at intermediate temperatures. In
contrast, the distribution of all monomers changes only
weakly with temperature. This indicates an “unfolding” of
the terminal spacers with increasing effect of electrostatic
interactions as the minimum response of the molecule. These
observations confirm our conclusion that charging of terminal
groups influences the conformational properties of dendri-
mers rather weakly.

D. Spatial Distribution of Counterions. It is generally
accepted that the above presented changes in the dendrimer’s
size are due to counterion-imposed screening of electrostatic
repulsion between the terminal groups. Specifically, as t
decreases, ions condense, causing more screening. The non-
monotonous behavior of R, is therefore a result of the subtle
interplay between the repulsion that promotes extended
conformations of dendritic branches and condensation that
weakens this tendency. In Figure 10, we display the counter-
ion radial density, p., plotted versus the rescaled radial
distance, r/R,, from the dendrimer’s c¢.m. In fact, ions
penetrate all of the dendrimer volume. In accordance with
strong condensation at the lowest temperatures, p. is very
high within the dendritic interior, where it reaches the
maximum at r &~ R,. We thus find that counterions are well
localized in the space occupied by the dendrimer. Obviously,
this tendency weakens as 7 increases, and, in the extreme of
high 7, ions are distributed all over the space. (See also
snapshots shown in Figure 12.) Note that as presented in
Figure 11, because of greater dendrimer volume for longer
spacers, p. is substantially reduced at given 7.

A quantitative measure of the strength of counterion
localization in the dendrimer volume is also the normalized
fraction, f;, of counterions located at the distance less than R,
from the dendrimer’s c.m. (See Figure 13.) As shown in
Figure 13a, f; drops from around 0.4 down to nearly 0 with
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Figure 10. Radial counterion density, p., versus the rescaled distance
from the dendrimers’ c.m. at various 7.

I
1e-05 — l I ' =10 6¢-06
4e-06
5¢-06
2e-06
| | | |
0 0
0 10 20 30 0 10 20 30
r r

Figure 11. Radial counterion density, p., versus the distance from the
dendrimers’ c.m. at various S for G = 5.

increasing 7. More interestingly, at fixed 7 and S, the fraction
of trapped ions increases for the higher generation, G = 6,
whereas for fixed 7 and G, it decreases with longer spacers.
(See Figure 13b.)
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Figure 12. Snapshots of dendrimer/counterions configurations for
G = 6 and 7 = (a) 0.05, (b) 0.7, and (c) 10. The terminal groups
(counterions) are shown with red (yellow) spheres.
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Figure 13. (a) Mean fraction of counterions, f,, located at the distance less
than R, from the dendrimer’s c.m. versus z, (b) Mean fraction of coun-
terions, f;, located at the distance less than R, from the dendrimer’s c.m.
versus S at fixed 7. The solid (dotted) lines correspond to G = 5 (G = 6).

Apart from the spatial distribution of counterions, it is ins-
tructive to demonstrate the mean overall charge density, p., =
Pe — pe, Which is presented in Figure 14. At the lowest 7, pq, is
nearly zero because of the almost perfect condensation of coun-
terions on the molecule. In fact, in this case, counterions are
localized on the terminal groups following their distribution.
Subsequently, as 7 is increased, p., gradually becomes domi-
nated by the contribution from the terminal groups themselves.
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Figure 14. Overall charge density, pep,, versus the rescaled distance from
the dendrimers’ c.m. r/R, at various 7. The horizontal dashed lines
correspond to pe, = 0.

E. Instantaneous Shape. The instantaneous shape of a poly-
mer molecule usually breaks spherical symmetry. A linear chain,
for instance, displays a prolate ellipsoidal shape.”*”* Note that it
is important to distinguish between the shape observed with and
without orientational averaging because only the latter can
become aspherical in an otherwise isotropic environment. This,
for instance, can play a role in such phenomenon as viscous flow
or diffusion of dendrimers, which in turn may be important for
applications. The question of dendrimers’ shape has been
directly dealt with by TEM measurements of individual den-
drimer molecules of poly(amidoamine) (PAMAM), and from
the stained images, it has been concluded that to a first approx-
imation, dendrimers of generations between G = 7 and 10 are
spherical in shape, although a more detailed inspection suggests
that they are rather polyhedronlike objects.”® Moreover, some
simulation studies complement the experiment and indicate
asymmetric shapes of dendrimers of low generations, G, and
nearly spherical shapes of molecules of higher G.”7 %

The instantaneous shape of polymers can be quantitatively
analyzed by means of the radius of gyration tensor’*”7%!

N
R/W = (1/N) Z(rﬂi - rcm,,u)(rvi - rcm,v) U,V

1
=X,),z (11)

where r,; and rp ,, are the coordinates of the ith monomer and
of the center of mass of the molecule in the laboratory frame of
reference, respectively. From the definition (eq 11), it follows
that R, is real and symmetric; therefore, it can be diagonalized
by a linear transformation to the principial axis system, in
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Figure 15. Shape anisotropy, a, versus 7. The solid (dotted) lines
correspond to G = 5 (G = 6). The dashed horizontal lines show « for
neutral dendrimers of corresponding generations with S = 1.
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Figure 16. Form factor for fixed G and S at various 7.

which the eigenvalues /,, I,, and /. of R, are real and positive.
These eigenvalues correspond to semiaxes of 3D ellipsoides that
within this kind of approach represent polymers. More speci-
fically, two invariants (/; and /») of R, out of the three

L =Tr(Ry) = L+ 1, +1. = R,
L = ],\‘Iy + LI+ [yIz> I; = leylz (12)

where R, stands for the radius of gyration, are used to define
the so-called relative shape anisotropy’*7":8!

a=1-3L/I (13)
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Figure 17. Form factor for fixed G and S at various 7 for 3 < ¢R, < 6.
The vertical dotted line refers to gR, = 3.62.

which takes values between 0 and 1. In particular, a = 0, 1/4,
and 1 for spherical, oblate, and extremely elongated ellip-
soides, respectively. Note that the calculation of the ensem-
ble averages of the above quantities requires that R, is
diagonalized in every stored equilibrium conformation.

In Figure 15, we show the average relative shape anisotro-
py, a, as a function of the reduced temperature, 7. Although
a is smaller for the molecule of higher generation G = 6,
generally speaking in the whole range of 7, both of them
are rather isotropic in shape because « is of the order of 1072,
For given generation, the dependence of @ on spacer length
is rather minor, and the actual value of a is determined
by the generation itself. Therefore, we conclude that it is
rather the generation number and not the spacer length
that controls the instantaneous shape of terminally charged
dendrimers. The molecules we inspect in our studies are
spherical.

F. Form Factor. Scattering techniques such as SANS®3+82:83
and SAXS*™™® are used to study dendrimers’ conformations
experimentally. In the case of dilute solutions, they provide
scattering dominated by the contribution of a single molecule.
More specifically, it is the form factor P(g) of single dendrimers
that can be both measured in experiments and calculated in
simulations. This quantity is defined as

N N ] ..
P(q) —$<ZZM> (14)

A rij
T dry

where ¢ is the magnitude of the scattering vector and r;is the
distance between beads i and j, whereas the angular brackets
denote ensemble averaging.

Macromolecules, Vol. 43, No. 9, 2010 4425

Our simulation results concerning P(q) for various S and
7 are shown in Figure 16. In particular, for dendrimers
with spacers S = 4 and 8§, they are in qualitative agreement
with those recently obtained from SANS experiments with
charged G4 PAMAM molecules in aqueous solutions.®

The striking feature of dendrimer form factors is the appe-
arance of oscillations in the high ¢R, range, which are typical
both for neutral and charged molecules of higher genera-
tions and show up because of dendrimers’ sharper boun-
daries 3330848788 Of particular interest is the position of the
first minimum of the scattering curves that yields the overall
size of dendrimers. Our data presented in Figure 17 show that
the positions of the first minimums hardly depend on 7 and
appear at gR, ~ 3.62, which is the characteristic value for the
location of the first minimum of the form factor of a uniform
sphere with the radius of gyration, R,. The plots we present do
not reveal oscillations of higher order, indicating a rather open
structure in contrast with a dense sphere or shell.

IV. Conclusions

We have used the bond fluctuation model to investigate
terminally charged dendrimers with flexible spacers with long-
range electrostatic interactions and explicit treatment of coun-
terions over a wide range of temperatures. Our model has been
chosen to mimic dendritic polyelectrolytes such as PAMAM at
neutral pH values where only the terminal groups are dissociated.

We have shown that the presence of charged end groups does
not lead to strong deviations in comparison with the properties of
neutral dendrimers within the range of temperatures we have
studied. The size of terminally charged dendrimers displays
nonmonotonous behavior as a function of temperature with a
maximum volume swelling factor of about two. At very low
temperature, counterion condensation at the terminal groups
leads to effective neutral behavior of the dendrimer, whereas at
large temperatures, electrostatic interactions contribute only
weakly to the free energy of the molecules. We found that the
swelling effect is dominated by temperature, and effects of
generation and spacer-length play only a minor role. As a
consequence, spacer-length scaling as predicted and observed
for neutral dendrimers is approximately obeyed for terminally
charged dendrimers as well. In accordance with this conclusion,
the averaged extension of spacer chains is nearly invariant with
respect to variation of generation and temperature. Swelling of
terminally charged dendrimers is mainly due to unfolding of the
branched structure, in particular, of the terminal spacer rather
than stretching of spacers. Larger deviations from spacer-length
scaling, however, can be found for the distribution of terminal
groups, which tend to be more localized on the surface of the
molecule at intermediate temperature due to electrostatic inter-
actions. The present study indicates that the sensitivity of the
dendrimers’ size with respect to temperature or strength of
dielectric medium can be described in a scalable way independent
of the spacer length. This opens the possibility of synthesizing
dendrimers of various size with a predictable behavior.

As for neutral dendrimers, terminally charged dendrimers
display a dense-core distribution of monomers and backfolding
of terminal groups into the interior of the molecules’ volume. The
instantaneous shape of the dendrimers displays only weak
anisotropy. The scattering factors indicate an onset of oscillating
behavior at high values of the scattering vector for generation six,
which, however, should not be mistaken as a form factor of a
dense sphere or shell.

In conclusion, our results indicate the dominance of excluded
volume effects in athermal solvent and that charge effects might
be described as a correction to neutral behavior. Swelling effects
can even be weakened in the presence of salt. This can be a
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fortunate situation when considering interactions of terminally
charged dendrimers with other charged objects because simple
mean-field and scaling arguments developed for neutral dendri-
mers can be applied to understand the dendrimers’ behavior in
this case. Stronger charging of dendrimers such as charging
branching points may be necessary to observe a behavior
dominated by electrostatic effects.

Acknowledgment. Support from the Deutsche Forschungs-
gemeinschaft (DFG) contract number SO-277/2-1 is gratefully
acknowledged. Part of the calculations were carried out at the
Center for High Performance Computing (ZIH) of the TU
Dresden.

Appendix A: The Ewald Sum

The total interaction energy of a solution of N 10ns with
valences z; and positions r; in the cubic box of size L® with
periodical boundaries is given by®-"

where 0 = ez/su, e, ¢, and u stand for the electric charge,
permittivity of the solvent, and length unit, respectively. The first
sum in eq 15 is over all integer vectors, k, and the prime indicates
that for k = 0, terms with i = j must be skipped. In other words,
except for self-interactions, both the interactions between the
charges in the central box and those between them and their
replicas contribute to E. The sum eq 15 is conditionally con-
vergent, which means that its value depends on the order the
terms are added.

The Ewald formula for a neutral, periodic system of charges
surrounded by a conducting medium is based on the addition of
contributions from the replicas in the order of their distance from
the central box. The final result is given by

_\/L—Z

=1

(i)

Jj=1

- zizj erfe(kry)

1<i<g<N Tij
N 1 1 ( nZkQ)
- Zexp| - 2L
2 2.2
2L = k L%k

where

2

(16)

erfe(x \/_/ exp(— %) dt (17)

is the complementary error function and « is a parameter whose
value is determined by the numerical accuracy. Therefore, the
calculation of E involves summation of the pairwise short-range
potential in the real space and one over Fourier space, respec-
tively. In practice, some cutoff r. on the real-space potential
together with periodic boundaries and truncation, |k| < kax, in
the sum over Fourier vectors are imposed such that both
contributions produce errors of the same order. In typical, «
and r.areset to 5/L and L/2, respectively, which leads to k., ~ 5.
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