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ABSTRACT: Using a molecular dynamics and mean field theory approach which explicitly accounts for free
ions, we study the conformation of polyelectrolyte dendrimers for different generation numbers, spacer lengths,
charge distributions and ionic strengths. We find that, due to local charge neutrality, electrostatic interactions are
strongly screened under all the conditions studied (including salt free conditions). This leads to the cores of the
dendrimers being filled and to a very weak dependence of dendrimer conformations on ionic strength. These
results are contrary the predictions of Debysiickel theory and highlight the limitations of Debyeluckel

theory in modeling the properties of highly charged macromolecular systems. However, our simulations suggest
that some responsiveness to ionic strength may be recovered for more weakly charged dendrimers.

1. Introduction In order to clarify this puzzling discrepancy between theory
and experiment, in this paper, we performed a molecular
dynamics (MD) study of polyelectrolyte dendrimers. The key
difference between our study and the theoretical studies cited
é@lbove?'8 is the way in which Coulombic interactions are handled.
In both refs 7 and 8 free ions are treatabplicitly via the
Debye-Hickel approximation. In this approximation, free ion

Dendrimers are perfectly branched macromolecules where
branching occurs hierarchically, each hierarchy adding to the
generation numbeg of the dendrimer. Since their discovery in
the 1980s, there has been a rapid growth of research in thes
novel materials due to their potential applications in a wide range

of areas, including drug delivery, molecular catalysis, polymer . . .
therapeutics ett:3 Recent interest in these novel macromol- d€grees of freedom are integrated out, leaving the remaining

ecules has focused on polyelectrolyte dendrimers. For example c1arged monomer degrees of freedom to interact via a Yukawa

when complexed with linear charged polymers such as DNA, potential_with a screening lengt ! (the Debye screening
polyelectrolyte dendrimers have been shown to act as “model length) given by
histones*°and therefore have potential applications as nonviral 2 5
vectors for gene deliver§/At the single molecule level, which K" = 4nlg z PiZ 1)
is the focus of this paper, the seminal Monte Carlo simulation :
study of Welch and Muthukum&suggests that polyelectrolyte
dendrimers undergo a transition from a filled core conformation
(i.e., terminal groups delocalized and the core is filled) to a
“hollow core” conformation (i.e., terminal groups localized at
the periphery and the core is hollow) with decreasing ionic
it;SIrllr?IZt i:?lbe}srinrgsélr'gwm?;ﬁ 3';?612:??: ;trﬁﬁ'lgﬁgnfc_?_ugebypulkm and in confined geometriédlt is also extensively used
theoretical siudies have attracted considerable interest.for severaj:n the 3|mulat|on of poneIectronte@lB queyer although
omputationally very efficient, this approximation has several

reasons. F|r_s_t, they suggest th"%t the hollow core confor_manon important limitations when dealing with polyelectrolytes. First,
can be stabilize@nergeticallyusing electrostatic interactions

(for flexible neutral dendrimers, the ideal hollow core conforma- it implicitly assumes a constant free ion background (equal to
tion® has been shown to Entropicallyunstablé®14). Second, the bulk free ion concentration), thus neglecting the tendency

thev indicate that polvelectrolvie dendrimers can be used asof free ions to repartition nonuniformly in order to minimize
ey Ir 1at polyet Y . free energy®2! Second, important nonlinear phenomena such
stimuli responsive materials. Even so, the experimental status

. . - nterion conden ren r his theory.
of these theoretical predictions remains unclear. For example as counterion condensatfrare not captured by this theory

. : 'Both these limitations are likely to be relevant for the high bare
the small-angle neutron scattering (SANS) study by Nisato et o : : )
al15 on g = 8 polyamidoamine (PAMAM) dendrimers (in the charge densities encountered in typical polyelectrolyte den

pH range where these molecules are charged) has found tha fIMers.

the size of these macromolecules is essentially invariant with In order to circumvent these limitations, in this paper we use
y a simulation methodology that treats free i@xplicitly.20.21.23.24

respect to ionic strength over the ionic strength range considered.l.he rest of the paper is organized as follows. In section 2, we

in refs 7 .and 8. provide details of our simulation model. In section 3, we present
and discuss our simulation results and also construct a mean
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Here pi and z are respectively the bulk number density and
valence of theith ion species ands = €%/(4meksT) is the
Bjerrum length of the dielectric medium with permittivigy

The Debye-Hickel approximation has been very successful
in describing interactions between charged colloids, both in the
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wherer denotes the separation between the particle centers. Note
that the normal attractive part of the LJ potential is neglected
by cutting off the potential atyin = 2460 corresponding to the
minima of the standard LJ potential. Note also that we have
assumed the same LJ length for interactions between all particle
pairs (i.e., monomer/monomer, monomer/free ion and free ion/
free ion)26 The simulation energy and length scales are
respectively set by, ; ando and we work in units where_; =
Figure 1. Explicit free ion model employed in this study foiga= 3, o=1.

s = 2, case A dendrimer. Neutral monomers are white, charged  Tg model bonded interactions, we assume that connected

monomers are black and free ions are gray. All particles interact with . . . - .
each other via a shifted Lennard-Jones (LJ) potential; connected nearespeareSt neighbor monomers interact via the finite nonlinear

neighbor monomers interact via a finite nonlinear extensible elastic €xtensible elastic (FENE) potential
(FENE) potential; all charged particles interact with each other via a

i 2
Coulomb potential. 1 K(EO) n (1 B (L)Z) <R
® Veenen) = 2 \o R 3)
0 r>R,
. °
[+ whereK denotes the spring constant aRglis the maximum
L4 bond length allowed. In order to prevent non-physical bond
® crossing, we selRy = 1.50 andK = 30 ;.27

Finally all charged particles in the system interact via
Coulomb interactions

%

VCouI(r) = IBkBT r. (4)
]

wheregq;, g; are the charges (in units of elementary chagpe
carried by particles andj which are separated by a distance
rj. We assume that all charged particles in the system are
® monovalent so that; = £1 (for definiteness, we assume that
charged monomers carry positive charge). The Bjerrum length
Is is defined as the length at which the electrostatic energy equals
the thermal energy and is given hy= €% (4nekgT) wheree is
the dielectric constant of the continuum medium. Since the
Bjerrum length of water at room temperaturégs= 7.1 A, we
fix Iz = 1.250. This yieldso = 5.7 A, which is realistic for
o typical polyelectrolyte dendrimers in watéf. The solvent
e molecules are treated as a continuum and taken into account
only via the dielectric constart Justification for treating the
e e solvent molecules as a dielectric continuum comes from recent
] i ; )
] i ] molecular dynamics (MD) studies of charged nanospheres in
Z:jgd“ég Sze.‘ltSnapshot of @ = 5,5 =1, case A dendrimer with no  gypjicit water28 These simulations indicate that for spheres with
' charge and radii comparable to the LJ beads used in this study,
. the continuum description of electrostatic interactions (via a
g9 (9 = 3 — 6), the number of springs between branched constant dielectric constant) is accurate for separations down
monomerss (s = 1, 2) and ionic strength. We also consider tg almost a single water molecule. Our assumption ¢hit
three different Charged monomer diStribUtionS, i.e., where all equal to that Ofpure solvent (Water in this Case) is Just|f|ed
branched and terminal monomers are charged (case A), whergost hodby the fact that the calculated intramolecular monomer
only terminal monomers are charged (case B) and neutral. Forvolume fractionsp are low ¢ ~ 0.16 fors = 1 and¢ ~ 0.08
PAMAM dendrimers, these cases correspond to low, intermedi- for s= 2). The long-ranged Coulomb forces are calculated using
ate and high pH values respectivéiThe connectivity between  the cell multipole P3M methot. This speeds up the standard
monomers and interactions between particles (i.e., monomers Ewald summation technique from an ord®(N*?) to an order
counterions, salt ions) used in our model are illustrated in Figure O(N log N) calculation.
1. A snapshot from our simulation is shown in Figure 2. Ah single ﬂl)arqu defnstgim?]r Wa_sds_in:)ulat%d in a %u_t_)ic box
. _ with a typical box size of 3@with periodic boundary conditions.
The char_ged_glendrlmers are m_oqleled using a bepdng For simulations on systems with no added salt, the box size
model with implicit solvent and explicit counterions. We assume a5 also varied up to 1é5in order to determine the effect of
our dendrimers are in good solvent, and model the excluded yendrimer and bulk free ion concentrations on single dendrimer
volume interactions between all particles using a purely repulsive conformations. The molecular dynamics (MD) simulations were
shifted Lennard-Jones (LJ) potential given by performed using the ESPResSO package developed at the Max-
Planck-Institute for polymer research in Mai#¥2Ve perform
4e l(g)lz_ (9)64_1] - pls NVT simulations using a Langevin thermostat setting the
vV (n=4{ “lr r 4 =40 2) temperature tksT = 1.2 ;. The time step was set tat =
0

r > 246 0.00Z (0.00% for g = 6 simulations), where = «/maz/eLJ is
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Figure 3. Normalized radial distribution profiles for different particle types §p= 5, s = 1 dendrimers with no added salt for case A (left) and
B (right). Herer is the radial distance from the center of mass of the molecule.

the time unit in our simulation anch = 1 is the mass of the =~ number density of a given type of particle at a radial distance
particles (we assume that all particles in the simulation have r from the center of mass of the dendrimer. It is clear that the
the same mass). counterion profiles (open circles) are not uniform (as assumed
Initial configurations were generated using the following by Debye-Hiickel theory). This is also evident from the
procedure. First, monomers were added one at a time at asnapshot in Figure 2. The counterion profiles are also strikingly
distance o from (but randomly oriented with respect to) different between case A and case B even though the monomer
connected monomers in the previous generation, starting fromprofiles for the two cases are similar. This difference is largely
the g = 0 core and building up layer-wise to the required correlated to differences in charged monomer profiles, the latter
generation number. In the case of overlaps, another attempt isbeing very different for case A and B as one would expect.
made to place the new monomer. We allow a maximum of 5000 The correlation between counterion and charged monomer
attempts per particle. These random self-avoiding walk initial profiles is especially strong for case A though it is somewhat
configurations were then annealed using a short MD run of weaker for case B, presumably because of the lower charge
around 1000 time-steps in order to separate any monomers thaglensity. It is nevertheless still present as can be seen from the
were placed too close to each other (a capped LJ potential wagact that for case B, the smallpeak in the counterion profile
used during this run to avoid generating large forces that canis strongly suppressed and the mean radial position of counte-
break the FENE bonds). Salt ions, if present, are then insertedrions is shifted to higher.
randomly. In the case of high salt concentration, salt ions are  The correlation between counterion and charged monomer
placed randomly but the system is evolved after each insertion profiles is a manifestation of the tendency of counterions to
with a very small integration time (typically 10 time-steps), achieve local charge neutrality, a feature that is also seen in
setting all the particle velocities to zero in case the velocity of polyelectrolyte brushes and staPs?! Local charge neutrality
the fastest particle exceeds a threshold. leads to internal counterion concentrations which are much
Having prepared our initial configuration, each simulation is higher than the bulk values, e.g., for our case A dendrimer, the
run for 10 time-steps (2x 10° in the case of high salt internal counterion concentration i&° ~ 0.2, i.e.,p ~ 2 M
concentration). The first 30% of the simulation is used for compared to a bulk counterion concentrationopf= 0.04 M
equilibration. For the remainder of the run, dendrimer configu- (the latter arises from finite box side of our simulation).

rations were collected every 1@ime-steps for analysis. We The tendency toward local charge neutrality in our systems
calculated the autocorrelation time for the radius of gyration can also be seen in Figure 4 where we plot the fraction of
Ry and found that the slowest relaxing (most correlatpe) 6 counterions lying within a distance R%®f the center of mass

dendrimers decorrelate in less tharf titne-steps. This guar-  of a charged dendrimer as a functiongfor differents and
antees that we have (at least) about tlependent samples  parge distributions under salt-free conditioRs= V/5I3Ry is
for each simulation. The dendrimer configurations collected ine radius of a sphere with the saRgas the dendrimer). We
during the production run were then postprocessed to calculateggeg that except at log, the majority of counterions lie within
radial distribution functions for different types of particles and 1 s of the center of mass. We note that the fraction of
the radius of gyration of the dendrimer. counterions in or around a dendrimer are much higher than the
values corresponding to a uniform distribution of counterions
in the simulation box. For example fgr= 5, s = 1, case A,

3.1. Simulation ResultsWe first examine the conformation the fraction of counterions lying within 1E5is found from
of charged dendrimers in the absence of added salt. In Figuresimulation (with simulation box sizé = 300) to be 77%
3, we plot the radial distribution function of all monomers (solid compared to 5% were the counterions uniformly distributed.
line), charged monomers (filled circles) and counterions (open The tendency toward local charge neutrality suggests that our
circles) for ag = 5, s = 1 dendrimer for case A (left) and B dendrimers are in the so-called “osmotic brush” rediae
(right). We define the radial distribution function as the average where electrostatic interactions are strongly screened and the

3. Results and Discussion
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1.0 1.12 for case B. This compares will3/Ry > 2 from Debye-
Huckel theory for similar system parametérghe filled core
Y conformation that we observe is a consequence of local charge
/ neutrality which, as we have explained earlier, leads to a stronger
than expected screening of electrostatic interactions compared
/ / to Debye-Hiuckel theory. We note that the filled core confor-
—A— s=1, case A . .
/ —v— s=1 case B mation for polyelectrolyte dendrimers has also very recently

—4— s=2,case A been observed in a MD study by Tefhausing explicit
—v— s=2, case B

o
)
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o
o
!

I
~
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h

counterions.

Next, we examine the dependence of dendrimer conformation
5 6 on ionic strength. In Figure 5 we plot the total (open symbols)
g and terminal (filled symbols) monomer concentration profiles
Figure 4. Fraction of “trapped” counterions, i.e., those lying withina for g = 5, case A dendrimers with a spacer lengthsof 1
distance 1.Rof the center of mass of a charged dendrimer as a function (jeft) ands = 2 (right) for bulk ionic strengths opy = 2 x

o;g_fo:/%lefereptsEnd czfe\rge ?IStI’IbU}:IOﬂS upﬁerhsalt—free condr:tlons 104 M and po = 1 M. These are respectively achieved using
Eien_drimeriRg Is the radius of a sphere with the sarRg as the a simulation box size of = 175 with no added salt (i.e., we
use the background counterion concentration to mimic the effect
dominant energetic term is counterion osmotic pressure (we of added salt) antl = 300 with the addition of 3000 salt ion
discuss this point in more detail in section 3.2). pairs. Using eq 1, these ionic strengths correspond to nominal

Interestingly we do not observe a crossover from the osmotic Debye screening lengths af* = 300 A and«~! = 3 A
regime to the “electrostatic regime” (i.e., where electrostatics respectively. DebyeHyiickel theory, therefore, predicts that the
is dominant) when we increase the simulation box dize dendrimer should undergo a transition from filled core to hollow
effectively infinity. For example fog = 5,s=1, case A, even  core conformation as we lower the ionic strength, and there
for L = 1750, the majority of counterions (58%) still lie within  should be a concomitant dramatic increase in dendrimer’size.
1.5R of the center of mass. This is consistent with the Poisson
Boltzmann calculations of Pinctfsi®which show that provided
the charge density is high enough, polyelectrolyte brushes
remain in the osmotic regime (i.e., local charge neutrality valid)
even at infinite dilution.

From Figure 3, it is also clear that the concentration profile
for both case A and B dendrimers is filled core rather than . A :
hollow core. (The filled core profiles are modulated at small IS recovered,"but the variation is much weaker than that predicted
by liquid-like ordering of monomers due to excluded volume PY Debye-Huckel theory. For example, fag= 2,9 =5, Ry
interactions.) In contrast, Debyéliickel theory predicts a  Increases by about 15% going from high salt to low salt
hollow core configuratioh® since the Debye screening length  (specifically Ry = 5.9, 5.2% for the low and high salt
associated with the bulk free ion concentration is comparable concentrations respectively) compared to an increase of about
to dendrimer size in both cases (i.e-} = 3.70 vs Ry = 3.60 70% found using DebyeHuckel theory for similar system
for case A and! = 5.20 vs Ry = 3.40 for case B). We also ~ parameter$.The monomer concentration profiles are also filled
find that terminal groups are more strongly delocalized com- core rather than hollow core at the lowest ionic strength. For
pared to the predictions of Debyéliickel theory. For example  example, fors = 1 ands = 2 we find Ry/Ry = 1.13 compared
from our simulations, the terminal group radius of gyration over to Ry/Ry > 2 found using DebyeHuckel theory for similar
the radius of gyratiorRy/Ry; = 1.13 for case A andRy/Ry = system parameters.

Fraction of trapped counter-ions

o
=]

In fact for s = 1, both the total monomer and terminal
monomer concentration show very weak variation with ionic
strength. For example f&= 1, g = 5, Ry increases by about
4% going from high salt to low salt (specificalijy = 3.63p,
3.5 for the low and high salt concentrations respectively).
On the other hand fas= 2, some dependence on ionic strength

0.5 T I I I I I
03 ¥ o0—o pO = lM ]

v p,=2x10"'M

r/c r/c

Figure 5. Normalized radial distribution profiles for all monomers (open symbols) and terminal monomers (filled symbaisy-fércase A
dendrimers withs = 1 (left) ands = 2 (right) for different ionic strengths.
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0) is only 1.2%gT. We therefore refer to the fractiofy of

064 —4— s=1,caseA
» —v— s=1,case B / counterions as “bound” , reserving the term “counterion
805 i ool I condensation” for situations where the binding is much stronger
% 0.4 . (i.e., manyksT). We see that for all the parameters considered
g8 ] Y in our study, a significant fraction of counterions are bound,
g 0.3 l/ / especially for case A and high. This important feature of
5 024 L’/#/ /§ charged dendrimers is again not captured by Detbyigckel
5 /é/ theory.
8 0.1+ 3.2. Mean Field Theory.In the preceding section, we argued
* 0.0 that the key driving forces controlling the conformation of

5

charged dendrimers are local charge neutrality and the resultant
g (high) osmotic pressure of the trapped counterions. In order to
Figure 6. Fraction of bound counteriorfs as a function of, s, and Cheqk that these argumen_ts_ are quantlta_ltlvely reasonable, in this
charge distribution in the absence of added salt. We define bound S€ction we construct a minimal mean field model for charged
counterions as those lying within a distarig®f a charged monomer.  dendrimers which explicitly accounts for free ions, both in the
absence and in the presence of added salt.

The weak dependence of dendrimer conformations on ionic  As our baseline, we first consider the free energy of the
strength is again a consequence of our dendrimers being in thedendrimer in the absence of charge. For this we use the Boris
osmotic brush regime where the internal counterion concentra-Rubinstein model for neutral dendrim&ra/here the free energy
tion is high. Since the effective screening length is associated of the dendrimer is
with the internal rather than bulk counterion concentration, the
concentration of added l:s)a:(t needs t|c|> exceed the int_ert::al BF, = 3N R 3N . ( R) N 3N2
counterion concentration before we will see any appreciable 0 o, L vo?2 (mr 1 MNe
change in dendrimer size. This fact was first pointed out by 2@+ 1)k @+12s R/ &R’
Pincus!® and it explains why polyelectrolyte brushes are so .
effective in stabilizing charged colloidal dispersions against salt _Heres = 1ksT, N =4s(29 — 1) + s+ 1 s the total number
induced aggregation (we will discuss this point in more detail ©f monomersRis the end-to-end distance of a linear strand
in section 3.2). For the = 1 case in Figure 5, we estimate that emanating from the core of the dendrlm_er (i.e., the rr_1|dpo_|nt of
the internal concentration of delocalized counteriong is 1 the central cross-barfRy? = (g + 1/2)s0” is the Gaussian size
M (we define what we mean by delocalized at the end of this of th(_a linear strand and |s'the excl_uded volume_ parameter.
section). This is the same as the highest concentration of added M€ first and second terms in eq 5 give the entropic contribution
salt we have used and explains why e 1 case only shows (O the free energy due to stretching and compressing the
a very weak dependence on ionic strength. On the other hand’dendnmer respectively while the third term is the excluded

we estimate the internal concentration of delocalized counterions VOlUMe interaction energy between monomers (we assume good
for thes = 2 case to be ~ 0.5 M. This is lower than the solvent conditions so that three and higher body terms can be

w
»H
oA

()

highest concentration of added salt and explains whythe neglected).
case exhibits a stronger degree of of variation with ionic !N the absence of salt, the free energy of the charged
strength. dendrimer is obtained by adding the counterion contribution to

Our simulations suggest that the ionic strength responsive the baseline model and imposing charge neutrality. This yields

behavior predicted by DebyeHiickel theory may be recovered 3N
by moving toward more weakly charged systems (e.g., by BE = BF, + NJIn — 5 - (6)
introducing long neutral spacéts This is reasonable since 0 1 \anR
Debye-Hiickel theory becomes more accurate in this regime.
However it is unclear whether electrostatic interactions are still whereN; is the effective number of delocalized (i.e., unbound)
strong enough in this regime to stabilize the hollow core counterions within the dendrimer. The specific value that we
conformation. We also note that the PAMAM dendrimers use forN; will be discussed in more detail later. The second
studied by Nisato et dP correspond most closely with thse= term on the rhs of eq 6 is the translational entropy of delocalized
1 case in our model. We believe that this explains why counterions within the dendrimer (for simplicity, we have
essentially no variation in dendrimer size with ionic strength neglected any nonideality of the counterions). Note that we have
was found in these experiments. neglected the effect of electrostatics in our model because we
One further limitation of DebyeHyickel theory is that it is argue that these are strongly screened due to local charge
a linearized theory which assumes that Coulombic interactions neutrality. Instead, as first pointed out by Piné@ithye dominant
are everywhere weak. However as discussed in the introduction,role of electrostatics in polyelectrolyte brush systems is to
this assumption is questionable for the high charge densitiespreserve local charge neutrality. This incurs an entropic penalty
encountered in typical polyelectrolyte dendrimers. To illustrate because the neutralizing counterions are effectively trapped
this, in Figure 6 we plot the average fraction of counterions within the dendrimer and are prevented from exploring the
lying within a distancelg of a charged monomerf as a volume outside the dendrimer. This effect gives rise to coun-
function ofg for differents and charge distributions under salt- terion osmotic pressure which swells the dendrimer. The
free conditions. From eq 4, the electrostatic attraction betweendominance of counterion osmotic pressure over explicit electro-
these counterions and the relevant charged monomers is greatestatics in polyelectrolyte brushes (i.e., the “osmotic regime” )
thanksT so that the counterions are effectively bound to the has been confirmed by the Poissdé®oltzmann calculations of
charged monomer. This is analogous to counterion condensatiorPincug® and the microscopic simulations and analytical calcula-
(or Manning condensation) observed in charged fdttwever tions of Jusufi et at®21on charged stars.
in contrast to counterion condensation, the binding in our system Note that in eq 6, we have also neglected the translational
is rather loose since the electrostatic attraction at contaet ( entropy of bound counterions (due to their mobility along the
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7] & s=2,case A 5 will in general be different from the value in the bylk due to
v s=2 caseB salt repartitioning between the dendrimer and the bulk (i.e., the
6] 2 oof cosen 8 Donnan effed®3). To determineNs and R, we equate the
b v s=1,caseB osmotic pressure of the dendrimer to that of the salt ions in the
—g 5] " shneutral bulk (i.e., mechanical equilibrium) and equate the salt chemical
o 4 : potential in the dendrimer to that in the bulk (i.e., chemical
" equilibrium for salt ions).
31 The chemical potential of salt ion pairs in the dendrimer is
found by differentiating= given by eq 8 with respect ts at
2 fixed R (i.e., dendrimer volume)

g pu = pF = n[PTTND a) (3Ns
. N : ST ONg 4R 4R’
Figure 7. Simulation results foRy vs g for s = 1 (filled symbols)

ands = 2 (open symbols) for case A, case B and neutral dendrimers . . S

with no added salt. The solid lines are the predictions of the Flory Equgttmg,usr to the bulk salt chemical potentialo = 2ksT In-
theory (eq 7) using = 1.30° and = 0.4. See text for further details. = (poo®) we find

03) 9)

dendrimer backbone) because while this is important in deter- > 3Ng 3(N;+ Ny
mining the fraction of bound counteriofis(see later), it does Po = 4\71R3. AR
not couple directly to dendrimer size Minimizing the free

energy in eq 6 with respect #®, the equilibrium size of the  This is the usual Donnan equilibrium equation which allows us

(10)

dendrimer is given in terms of the linear expansion faotor( to determineNs. Solving for Ns we find
R/Ry = Ry/Ryo) via the equation
N, =1 [(NZ + N2 = N (11)
5 3 _ 3vN =(g+1/2)SNa3 % s oL\ 0
112 c
87((g + 1/2)] N whereNy = 2pp47R*/3 ando. = R/R, as before.

The osmotic pressure of the dendrimer is found by dif-
ferentiatingF with respect to dendrimer volumé= 47R%3 at
fixed Ng, i.e.,

whereRy is the Gaussian radius of gyration of the dendrimer
which can be readily calculated using the recursive method of
Wallace et af? (see appendix).

Finally, we turn to the choice of the effective number of 9F 1 oF
delocalized counterionbl; in eq 7. In a more sophisticated Im=- N _RZB_R (12)
theory,N; would be determined self-consistently by including 4
terms such as the translational entropy and electrostatic i”teraC‘Equating the resultant expression farto the bulk salt osmotic
t?on energy of bound counterions in the free-energy minimiza- pressure @ksT and substituting eq 11 foNs, we find after
tion2%2tIn this paper, we take a simpler approach where we gome algebra that the equilibrium size of polyelectrolyte

fix N from simulation. Specifically we séti. = yNco(1 — fo) dendrimers in the presence of salt is given by
wheref. is the fraction of bound counterions determined from

simulation (i.e., Figure 6\l is the total number of counterions 5 3 3N (g+1/2)»s

(Neo = 2(2971 — 1) for case ANgo = 2971 for case B and\y o - 8el(q - 1/2)] 2 = N x

= 0 for neutral dendrimers), andis a scaling factor which we (9 sl

use as a fitting parameter. o[(N2 + N2o®)Y2 — Ny (13)

In Figure 7, we plot our simulation results (symbols) Ry _
vsgfors= 1, 2, case A, case B and neutral dendrimers with In the low salt regimeNo < Nc), we recover the salt free result
no added salt. The data was then fitted to eq 7 usiagdy as given by eq 7. On the other hand in the high salt regifet
fitting parameters and the best fits (solid lines) were found for Nc), we recover the result for neutral dendrimers (iles,of eq
v = 1.303 andy = 0.4. Given the minimal nature of the theory, 13 equal to zero): Eq 13 is thus physically reasonable across
the fits to the simulation data are reasonably good. In particular the entire range of salt concentrations. _
for boths = 1, 2, the theory captures the correct trend Rgr Note that for typical polyelectrolyte dendrimers and salt
vs g and the correct order of magnitude for dendrimer swelling. concentrationsiNc is much larger thaiNo so that we are in the

Next we consider the free energy of the charged dendrimer low salt regime where dendrimer size is only weakly dependent
in the presence of salt. This is obtained by adding in the ©n ionic strength. To illustrate this we use eq 13 and values of
contribution of the salt counter- and co-ions to eq 6. Imposing Nc derived from our salt free simulations to calculate the change
charge neutrality as before, the total free energy of the dendrimerof dendrimer size with ionic strength fog = 5, case A
is now given by dendrimers (i.e., Figure 5). Fer= 1 (N; ~ 25) our mean field

theory predictdR = 3.66v for pp = 2 x 104 M (No = 0.002)

In(3(Nc + Ny 3) andR = 3.370 for pp =1 M (Np &~ 12), i.e., an increase of 9%

—0

4R

BF = BFo+ (N + Ny -1+ going from high to low salt. On the other hand, ®r 2 (N¢
NS

~ 41), our mean field theory predicB= 5.5% for pp = 2 x
m( 3N, 03) N ] 8  107*M (No=0.007) andR = 4.867 for po =1 M (No~ 34),
IR i.e., an increase of 14% going from high to low salt. The
predicted increases are in good agreement with the values found
whereNs is the number of salt ion pairs within the dendrimer from simulation (4% and 15% fos = 1, 2 respectively) but
(as in our simulations, we assume the salt to be monovalent).significantly smaller than the increase predicted by Debye
Note that the salt concentratiavithin the dendrimer By (47R3) Huckel theory (typically 70%}.
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Figure 8. Structural units used to calculate the scattering form factor
for ag = 2 dendrimer.

In summary, we obtain quantitative agreement between the

explicit free ion mean field theory and our simulation data. The
mean field model therefore supports our argument that for our
dendrimer parameters (which are typical for polyelectrolyte
dendrimers), we are in the osmotic brush regime where

Polyelectrolyte Dendrimers5965

Expressions foHg, Jy (as well asJo, Ho, Go, which are
respectively the self-term, co-term and propagator for a spacer)
are given in re®? so that it is straightforward to calculag(q)
using eq 14. Finally, the Gaussian radius of gyrafRgafor a
generatiorg dendrimer is obtained by Taylor expandiRg(q)
to second order iy

PY@) = 1-3 R, +0(d) (15)

The resultant analytic expressions Ry are straightforward
but long and are therefore not reproduced here.
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