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ABSTRACT: The structural properties of charged G5 poly(propyleneimine) dendrimers (Astramol) in
D0 solutions have been investigated using small-angle neutron scattering. Upon addition of acid (HCI),
the dendrimers become charged, and the scattered patterns exhibit a single correlation peak indicating
a spatial arrangement of the molecules in the acidified medium due to the electrostatic repulsion. Its
position Q* is shifted toward wider angles by increasing the dendrimers concentration, leading to a scaling
relation Q* ~ ¢%32*001 This relationship indicates that the system has a liquidlike structural arrangement.
The electrostatic interactions can be screened by addition of salt (NaCl). The short-range interactions
between the dendrimer molecules were investigated by systematically varying the salt concentration in
the solution. We demonstrate that the peak intensity decreases monotonically by increasing the salt
concentration. In addition, this system shows a steep upturn in the scattered intensities at low wavevector
reflecting the presence of large-scale structures, likely indicating aggregation of dendrimers or other
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inhomogeneous molecular distribution.

1. Introduction

Dendrimers are new kind of hyperbranched molecule
with complex and controlled architecture.r~2 The un-
usual properties of the molecules have sparked many
potential applications ranging from organic synthesis
to medical sciences.*® The molecules are built by
repetitive reaction steps starting from a central multi-
functional core under systematic introduction of branch-
ing sites. Poly(propyleneimine) dendrimers, which are
abbreviated as DAB-dendr-(NH,),, are characterized by
the parameter “n”, the number of primary (terminal)
amine groups in the outermost shell. The first genera-
tion (n = 4) is synthesized starting from 1,4-diamino-
butane, to which four propyleneimine monomers are
added.”® Stepwise addition of propyleneimine monomers
leads to dendrimers up to the fifth generation (n = 8,
16, 32, 64). The physical—chemical properties of such
dendrimers can differ substantially from the behavior
of linear polymers. It was found that the specific
viscosity of the dendrimer solutions presents a maxi-
mum by varying the molecular weight, while this
guantity is monotonically increasing for linear polymers.
Such a property is typically related to the dendrimer
branched structure, leading to compact molecules as
compared to linear polymers.2910

In polyelectrolyte dendrimers, Young and co-work-
ers!! and Briber and co-workers!? found that the charge—
charge repulsions can be minimized by separating the
charged moieties as far apart as possible, leading to an
expansion of the dendrimer arms and consequently a
rearrangement of the dendrimer’s density profile. Both
studies show a change in the conformational properties
of the dendrimers in solution by varying their pH. Using
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Monte Carlo simulations, Welch and Muthukumar3
have studied the polyelectrolyte aspect of the dendrim-
ers. They demonstrated that the shape of the intra-
molecular density profile of dendritic polyelectrolytes
could be tailored by varying different parameters such
as salt concentration or solvent pH.

In this article we focus on results from charged fifth
generation poly(propyleneimine) dendrimers in solution.
We have systematically varied the degree of ionization
of the dendrimers by adding salt (NaCl) in order to
follow the screening of the Coulombic interactions over
a wide range of ionic strengths. In the Discussion
section, we applied a theoretical model developed by
Borue and Erukhimovich!* based on weakly charged
polyelectrolytes in a poor solvent to describe qualita-
tively our scattering data.

2. Experimental Section

2.1. Materials. Astramol dendrimers are made using di-
aminobutane as a core. They were synthesized by repetitive
reaction sequence of Michael additions of acrylonitrile to the
primary amine groups followed by hydrogenation of nitrile
groups. More details concerning the synthesis are published
elsewhere.”® In the present work, we focus our investigation
on the fifth generation dendrimers, DAB-dendr-(NH;)s4, With
64 amine end groups. These dendrimers have been purified
because they contain a very low amount (<1%) of nitrile end
groups dendrimers, DAB-dendr-(CN)es. This impurity can be
removed in the following way: In a separation funnel 20 g of
DAB-dendr-(NHz)ss dissolved in 10 mL of water is washed
twice with 25 mL of chloroform. Phase separation into two
layers after shaking takes about 6 h. The purified DAB-dendr-
(NHy)es is then obtained by removing water with a rotary
evaporation for several hours. We notice that poly(propylene-
imine) dendrimers are very pure compounds, as is evident from
published analytical data, and they were used as received
without any additional purification.>16

2.2. Small-Angle Neutron Scattering (SANS). The small-
angle neutron scattering measurements were carried out using

© 2002 American Chemical Society

Published on Web 01/03/2002



828 Ramzi et al.

the SANS facility at the Risg National Laboratory in Denmark.
The covered scattering vectors, defined as |Q| = Q = (4x/4)
sin(#/2), vary between 0.025 and 0.225 Al with neutron
wavelength resolution AZ/A = 18%. (4 is the neutron wave-
length, 6 is the scattering angle, and AA is the full width at
half-maximum value of the neutron flux vs wavelength
distribution.) The neutrons are monochromatized by a me-
chanical selector. For each sample, the scattering patterns
were obtained using the spectrometer configuration: 1 =3 A,
D =3 m, and L = 3 m (L is the collimation length and D is
the sample—detector distance).

The dendrimers were dissolved in deuterated water (D0,
Campro Scientific) in a concentration range from 0.5% to 2%
(v/v). The samples were measured at room temperature in
rectangular quartz cells (Hellma) with path length of 2 mm.
The data were radially averaged to reduce the statistical error.
The scattering due to the empty cell and the solvent, as well
as a calculated incoherent background caused by the protons,
was subtracted. Thereafter, the neutron scattering intensity
of the raw data is normalized with the scattering of 1 mm of
water, H,O, used as a standard. The water scattering was also
used to determine the detector efficiencies. Finally, one obtains
the coherent scattering cross section, d=/dQ(Q), in absolute
units (cm™1). For simplicity, d=/dQ(Q) will be denoted as 1(Q).

3. Results and Discussion

The scattering intensity 1(Q) from a homogeneous
solution of monodisperse particles can be expressed as
follows:17:18

1(Q) = KP(Q) S(Q) 1)

where K (cm™1) is the contrast factor, P(Q) is the single
particle form factor describing the intraparticle interfer-
ence (P(Q—0) = 1), and S(Q) is the interparticle
interference (known as the solution structure factor).

The contrast factor is proportional to the particle
volume fraction and depends on the difference of scat-
tering length densities between the particles and the

solvent.
b, b.\?
& _ %) 2)
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where Nj is the Avogadro constant and ¢ the volume
fraction of the particles in solution (v/v). Vy (cm3mol)
is the weight-average molar volume of the particles.
Here Y, and s denote summation of the scattering
lengths b; (cm) of the different atoms in the particles,
and v, and vs are the volumes of the particles and the
solvent molecules, respectively.

For monodisperse spheres of radius R, the particle
form factor is

3[sin (QR) — QR cos(QR)]|?
(QR)’

The radius of gyration Ry of the particles is given by Rq
- 3/5R.

Experimentally, for “dilute” polymer solutions (with
no Coulombic interactions), intermolecular correlations
can be ignored, leading the scattering information from
individual molecules (size and shape). By extrapolating
to zero concentration, P(Q) can be obtained because the
structure factor S(Q) — 1. For nondilute solutions, the
interference term S(Q) can be obtained by dividing the
total scattered intensity by P(Q). In theory, the form
factor corresponding to a given geometry and defined
density distribution can be calculated. The calculation

PQQ) = ®)
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Figure 1. Scattered intensities, in log—log representation,
from dilute solutions in DO prior adding acid as a function of
dendrimers concentration. The scattering data are normalized
by the dendrimer volume fractions. The inset curve shows Ry
plotted vs the concentration obtained from the spherical model.
The figure shows also the fit result of the scattered intensity
from 1.5% dendrimers solution using monodisperse spheres
form factor.

Table 1. Radius of Gyration of the Dendrimers Extracted
from the Fit of the Scattered Intensities Using Guinier
and Monodisperse Spheres Form Factors

Rg (A) sphere Rg (A) Guinier

concentration (%)

1 13.2+0.2 13.3+0.2
15 12.7+0.1 129+0.1
2 126 £ 0.1 128 £ 0.1

of interparticle interference term S(Q) is not very
obvious. For strongly interacting polymers in solution,
for example for polyelectrolytes, the effect is much more
dramatic. In the case of charged particles, the calcula-
tion requires complex models describing the effects of
the long-range Coulombic interactions.

Figure 1 shows a double-logarithmic representation
of the scattered intensity of dendrimer solutions in D,0O
prior to adding the acid given as a function of dendrimer
volume fraction in dilute regime; i.e., the interactions
between the dendrimers are negligible (S(Q) ~ 1). The
intensities were normalized to the solution concentra-
tions in order to allow a direct comparison. The data
were analyzed using either eq 3 or the classical Guinier
approximation P(Q) = exp(—Q?R4?%/3), yielding the ap-
parent radius of gyration Ry of the dendrimers. The
scattering curve obtained from the solution of 1.5%
concentration is fitted quite well over the range of
scattering angles by the model calculation for monodis-
perse spheres without interaction (Figure 1) as well as
the Guinier function. The values of Ry, listed in Table
1, are in good agreement with the previous SANS
experiments.®1® We notice that the slight decrease of
Ry for the three concentrations is due to virial effects.
The inset curve shows Ry plotted vs the concentration.

By adding acid HCI to a dendrimer solution, a distinct
correlation peak appears in the scattering intensity
indicating long-range Coulombic interactions due to the
charges in the dendrimers (Figure 2). The characteristic
scattering vector Q* changes markedly with concentra-
tion. The amount of 10 M HCI present in the solution
is related to the parameter o, called the protonation
degree, defined as the ratio between the number of
protons added and the total number of tertiary and
primary amine groups (62 tertiary and 64 primary) in
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Figure 2. Effect of dendrimer concentration on the scattering
patterns from solutions of charged dendrimers with a = 0.25.
The symbols correspond to ¢ = 0.5% (squares), 1% (circles),
1.5% (triangles up), and 2% (triangles down). The data are
normalized by the dendrimer volume fractions.
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Figure 3. Variation of the peak position Q* against the
dendrimers concentration with a = 0.25. The solid line
represents the fit of the data with a power law.
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the dendrimer. The osmotic pressure of the solution is
higher than the initial solution in pure D,O and the
decrease of the scattering intensity at low Q values,
ignoring the upturn at very low Q, which will be
discussed later in this paper, is essentially due to the
increase of the osmotic compressibility induced by the
protonation of dendrimer molecules. Figure 2 shows the
effect of dendrimer concentration on the scattering
patterns for fixed protonation degree o = 0.25. One
observes that the peak position is shifting to higher Q
values as the dendrimer concentration increases. For
more qualitative analysis, the values of Q* are plotted
as a function of dendrimer volume fraction as illustrated
in Figure 3. A nonlinear least-squares fit to the data
shows that Q* scales as ¢/ with 8 = 0.32 + 0.01.
Quantitatively, the value of the scaling exponent is in
good agreement with the model proposed by Guinier and
Fournet,?° based on the arrangement of particles in
distorted face-centered-cubic lattice (8 = 1/3), and the
experimental results on PAMAM dendrimers.?!

As mentioned by Guinier and Fournet, the peak
position depends on the structure of the particle’s
arrangement and on the particular structure of each
particle.?? Its position can be related to the so-called
“Bragg distance” defined as d* = 27/Q*. In the present
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Table 2. Values of the Peak Position and Their
Corresponding Bragg Distance between the Dendrimers
in Solution at Different Concentrations with a = 0.252

conen (%) Q*(AY)  d*=22/Q*(A) as 1(Q*) (cm™Y)
0.5 0.056 112.2 0 0.066
0.05 0.060
0.25 0.058
1 0.065 96.7 0 0.118
0.05 0.106
0.25 0.103
1.5 0.074 85.0 0 0.155
0.05 0.142
0.25 0.140
2 0.083 75.7 0 0.217
0.05 0.180
0.25 0.175

2 The values of the peak intensities are included as a function
of the neutralization degree os.

study, we notice that the average distance between the
particle centers d* increases from 77 to 120 A upon
decreasing the dendrimer volume fraction from 2% to
0.5%. One remarks that the interparticle distance
values are almost an order of magnitude larger than
the size of the uncharged particles. We emphasize that
the Bragg peak in the acidified system does not origi-
nate from the excluded volume between the dendrimers
as observed in our previous study!® for high-concentra-
tion solutions in pure D,O (i.e., before adding HCI).
In the previous paper,'® we have demonstrated that
the screening of the Coulombic interactions in acidified
solutions can be accomplished by addition of salt (NaCl).
The dimensionless parameter os, defined as the salt
concentration, is called the neutralization degree.??2 The
scattering patterns of a set of dendrimer solutions with
four different concentrations ¢ (0.5%, 1%, 1.5%, and 2%)
have been measured (Figure 4). The protonation degree
is maintained constant o = 0.25, but the added salt
concentrations vary between 0 and 0.5. In Figure 4, the
scattered intensities 1(Q) are plotted as a function of Q.
We first note that all patterns superimpose at high
Q (Q = 0.1 A1) where the intensity reflects essentially
the form factor P(Q) of dendrimers (S(Q) — 1). This
provides the information about the local structure
within the dendrimer molecule and implies that the
internal structure is not influenced significantly by the
intermolecular interactions (neither the excluded vol-
ume nor the Coulombic interactions). This internal
structure remain unchanged up to the spatial resolution
of our scattering experiments r ~ 7/0.1 A-1 = 30 A.
Furthermore, for all solution concentrations (Figure 4),
a very distinct and broad peak is observed in the
scattering intensity in the “salt free” case (as = 0). The
addition of a small amount of salt (NaCl) to the charged
dendrimer solution decreases the peak intensity while
its position is roughly maintained unchanged. However,
a progressive screening of electrostatic forces is observed
when o increases, but the Bragg distance d* does not
change with ionic strength. Table 2 summarizes the
Bragg peak values Q* and their corresponding Bragg
distances d* at different dendrimer concentrations ¢.
The values of the peak intensity 1(Q*) are also included
as a function of the neutralization degree as. Those
values cannot be extracted accurately from the scattered
intensities for larger amount of added salt (os > 0.25)
because of the broadness of the peak. When enough salt
is added, the scattering intensity at zero angle 1(Q—0)
remains smaller than that of dendrimer solutions in
pure D,0O, and no peak is observed in the scattering
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Figure 4. Effect of the addition of salt NaCl to the scattering patterns from charged (a = 0.25) dendrimer solutions at different
concentrations ¢ (0.5%, 1%, 1.5%, and 2%). The symbols correspond to as = 0 (squares), 0.05 (circles), 0.25 (triangles up), 0.35
(triangles down), and 0.5 (diamonds). The filled squares represent the scattering intensity of the dendrimers in pure D,O (o. = 0,

os = 0).

patterns. Such an effect might be due to the increase of
the osmotic compressibility by adding a large excess of
salt, caused probably by the increase of the total
concentration of the solution. One notices that the data
of the acidified solutions with large amount of salt
cannot be well fitted by the previous models, i.e.,
Guinier function and monodisperse spherical form fac-
tor. Thus, the radius of gyration cannot be determined
correctly from these data.

The constancy of the peak position upon adding salt
has been reported by several authors?—2° with, however,
differing interpretation, as we discuss below. For Q <
Q*, the scattering intensity is very sensitive to the
addition of salt, and for Q > Q¥*, I(Q) preserves a level
of scattering close to the value in the absence of salt as
expected by most theoretical models for electrostatic
interactions in the semidilute range of concentration.
It is finally interesting to note that there is a sort of
“isosbestic” point located at roughly Q = Qcross = 0.065
A-1 for solution concentration of 2% (Qcress = 0.042,
0.056, and 0.061 A1 for concentrations of 0.5%, 1%, and
1.5%, respectively) where all the intensities are inde-
pendent of the salt concentration. Similar results have
been obtained in various polyelectrolyte system.3° So far,
no theoretical model has been formulated to explain this
observation, although it is common to several different
polyelectrolyte systems.27:31

Our results concerning the effect of salt on the peak
position discussed above differ from those reported by

many authors.32735 For example, the SAXS results of
Wang and Bloomfield3® on DNA system show a peak
position that is strongly dependent on the added salt
concentration. Their interpretation given for this de-
pendence is related to the occurrence of a kind of
transition, from hexagonal packing to a uniform distri-
bution, of the molecules upon adding salt. One notices
that the effect of salt on the peak position is still not
very well understood. Different systems, and sometimes
even similar systems, show different behaviors when
changing the solvent quality, for example, leading to
different interpretations and speculations. Some studies
on PAMAM dendrimers have shown the same results
as those in the present work.2!

One can evaluate the effect of added salt to a charged
dendrimer solution via the structure factor Sg(Q) by
dividing the total intensity 1(Q) by the dendrimer’s salt
free form factor P(Q), assuming that the form factor to
first approximation is unaffected by the addition of salt.
Figure 5 illustrates such effect for the lowest and the
highest dendrimer concentrations ¢ = 0.5% and 2%. As
a first approximation, we used the scattered intensity
from the solution in pure DO, i.e.,a =0and as =0, as
the dendrimer’s form factor.3¢ With no salt added, the
pair correlation function of a protonation degree o =
0.25 dendrimer solution shows a well-developed first-
order maximum. However, introduction of salt dramati-
cally alters the scattering profile.
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Figure 5. Concentration dependence of the structure factor
Seait(Q) extracted from the SANS scattered intensities from
0.5% and 2% charged (oo = 0.25) dendrimers solutions. The
symbols correspond to as = 0 (squares), 0.05 (circles), 0.25
(triangles up), 0.35 (triangles down), and 0.5 (diamonds).

According to polyelectrolyte theory,®”—3° salt adds to
inverse Debye lengths via K¢ = Ky? + K¢?, where the
total screening length K1 is composed of the screening
parameter K~ for the added salt and K, for the
counterions released from the polyions. As a result, the
screening structure factor peak diminishes in height and
broadens as effective interactions are screened. A
substantial jump in the low Q intensity also occurs as
os increases. This is a classic feature of polyelectrolyte
solutions and is caused by the increase in the osmotic
compressibility within the systems as mentioned in the
previous paragraph. Since the low Q scattering is
described by S(Q) = kg T(dIT/dg)r 1, it becomes clear why
the scattering intensity at Q — 0 becomes severely less
depressed, and the system tends to return to the typical
dilute solution behavior without charges. These trends
appear to be universal features of polyelectrolyte solu-
tions, having been observed for linear as well as spheri-
cal polyions.3°

It is important to notice that a starting of an upturn
in the scattering data has been observed at low Q as
shown in Figure 6. Typically, the low Q upturn and an
intensity maximum are two features commonly ob-
served in SAXS and SANS measurements on linear
polyelectrolytes.?52840-48 Reports of this upturn, reflect-
ing some kind of large-scale inhomogeneity, are, on the
other hand, rather rare for spherical polyions.*®5° While
the Q* can be attributed to macroion ordering, the low
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Figure 6. SANS scattered intensity plotted vs Q for 2%
charged dendrimer solution with a = 0.25 before adding salt
(as = 0). The figure illustrates the upturn in the scattering
intensity at low Q.

Q upturn is not well understood, and there is still a lack
of understanding of its physical meaning. Part of
difficulty in interpreting this feature is due to the fact
that it occurs at Q values typically at the lower limit of
SAXS and SANS measurements. It is important to
notice the presence of the upturn at low Q in the
scattered intensities of the charged systems represented
in Figures 2, 4, and 5. The upturn was not included in
those figures because the SANS measurements were
carried out only on a few solutions.

Some previous investigations®! have taken the upturn
at low Q as evidence of incipient macroscopic demixing
promoted by hydrophobic interactions in aqueous solu-
tions. Recent static light scattering?®°2 studies on aque-
ous polyelectrolyte solutions have shown that large-scale
structures are present. These structures were demon-
strated to be much larger than the size of single chains
and were therefore attributed to multichain domains.
Similar studies have been carried out on polyelectrolyte
solutions of DNA using SANS. It was reported that this
behavior at low Q could be related to the presence of
local inhomogeneities in the solution.®® The nature of
the low Q data and the physical interpretation of the
upturn still constitute a challenging problem.

Another model has been developed by Férster et al.28
in which they explain the low Q upturn observed in
aqueous semidilute solutions of quaternized poly(2-
vinylpyridine) with low salt fraction. It was proposed
in this model that temporal and disordered domains of
high polymer concentration freely diffuse within an
ordered and transient polyelectrolyte network. This
model was inspired from the isotropic model of de
Gennes et al.53 in which they have introduced a second
length scale, which, however, according to the experi-
ments are of wrong size.

Roij, Dijkstra, and Hansen>* proposed a so-called
“volume term” model to explain the phase separation
in charge-stabilized colloidal suspensions. The system
is assumed to be composed of highly charged spherical
polyions and microscopic co-ions and counterions dis-
solved in water. They demonstrate that a fluid—fluid
(or gas—liquid) phase separation for sufficiently low
ionic strength may occur in charge-stabilized colloidal
particles in which the particle—particle interaction is
purely repulsive rather than attractive. It was pointed
out also that the increase of the scattered intensity at
low Q is due to a fluid—fluid phase separation caused
by an enhancement of the density fluctuations near the
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critical point. Langmuir®® was the first who suggested
the possibility of a fluid—fluid phase separation of
suspensions or solutions of charged polyions.5® His
approach purely qualitative was based on the behavior
of the osmotic pressure, evaluated within Debye—
Huckel theory for simple electrolytes.56

In the “two-state structures” model, Ise has inter-
preted the low Q upturn by the presence of ordered
domains of a higher polymer density within a less dense
disordered solution.*?4> Similar behavior has been
observed experimentally on charged latex dispersions,
and microscope images of charged lattices show the
existence of an order—disorder tow-state solution struc-
ture,5” confirmed by ultrasmall-angle X-ray scattering
(USAXS) measurements.46:50

More recently, Schmitz and Bhuiyan®® have demon-
strated that a phase separation in “two-state” colloidal
systems occurs because of the contribution of both
attractive and repulsive interactions as in the Sogami—
Ise theory.5® The attractive term was attributed to the
electrostatic osmotic pressure. Such model provides
other explanation of the origin of the heterogeneities
observed experimentally in colloidal suspensions.

Borue and Erukhimovich have developed a model
based on weakly charged linear polyelectrolytes in a
poor solvent.'* This model, which considers the poly-
electrolyte solution as a three-component system com-
posed of macroions, counterions, and solvent, is based
on the random phase approximation (RPA) formalism
of a semidilute solution. The polyelectrolyte chains
follow the “electrostatic blobs” approach as described by
many authors.53:60.61 Consequently, the local conforma-
tion within the blobs is weakly influenced by the
electrostatic interactions but dominated by the subunit—
solvent interactions. Because of lack of more appropriate
models available for the polyelectrolyte dendrimers, we
will attempt to analyze our data with this model, being
aware that some fitting parameters might become quite
unrealistically. Using the RPA approach, the calculated
scattering function, which has been used by many
authors®? in the analysis of the SANS data, is given by

C X° +s
Anlgra® (C +s) (x> + 1) + 1

S(Q) = (4)

where C is a scaling constant, x is the reduced scattering
vector, t is the reduced temperature, s is the reduced
charge concentration, and ro represents the character-
istic scale of the electrostatic screening related to the
parameter x by

X=rQ )

with

A8mly L\
ro= a2 g ©)

with a being the segment length, Ig the Bjerrum length,
o the charge density, and ¢ the polymer volume fraction.
The reduced charge concentration s is related to the
Debye screening length «~! as

s =«°ry 7

The reduced temperature t depends on the solvent
quality: t > 0 for good solvent and t < O for poor solvent.
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Figure 7. Fit results of the scattered patterns of Figure 2
using Borue and Erukhimovich model. The symbols correspond
to ¢ = 0.5% (squares), 1% (circles), 1.5 (triangles up), and 2%
(triangles down). The low Q values are excluded in the fit.

Table 3. Parameters Extracted from Borue and
Erukhimovich Function Fit of the Scattered Intensities
from an Acidified Solutions at a Protonation Degree o =

0.25
concn (%)  C (barns) a(A) 1 (A) h (A3)
0.5 137 + 23 1.40 +0.10 40+ 6 586 + 144
1 113 £ 12 1.37 £ 0.06 32+3 895 + 24
15 80+t7 1.30 + 0.04 25+1 868 + 18
2 55+ 4 1.13+0.03 19+1 763 £ 19
It is given by
0\ h
=2l (5 ®

where h is the third virial coefficient.

Using eq 4, we show in Figure 7 the fit results of the
scattered intensities from acidified dendrimer solutions
with a = 0.25 at four concentrations: ¢ = 0.5%, 1%,
1.5%, and 2%. The variables C, a, «, and h were taken
as adjustable parameters. One notices that Borue and
Erukhimovich model fits quite well our data if the low
angle values are ignored while the fits become poor if
we include Q values below Q ~ 0.03 A~L. In this case,
the calculated curves describe the experimental data in
shape, position, and height of the peak, indicating the
dominance of the long-range electrostatic interactions
in charged dendrimer molecules. The results of the fit
are listed Table 3. It is important to notice that the
values of these fitted parameters, as mentioned above,
might be unrealistic since the model of Borue and
Erukhimovich is originally appointed to study weakly
charged polyelectrolytes, i.e., linear chains. We will
anyway discuss the parameters in some detail: The
screened Debye length shows reasonable concentration
dependence, decreasing from 40 A at 0.5% to 19 A at
2.0%. The third virial coefficient shows a monotonic
decrease in the 1-2% range, which seems reasonable,
however, with a peak value near 1%. This is unexpected
and could reflect the limitation of the model.

4. Conclusion

In this work, small-angle neutron scattering has been
performed on solutions of generation G5 of poly(propy-
leneimine) dendrimers in D,O. The dendrimers were
acidified by adding acid (HCI), and the scattering
intensities exhibit a single correlation peak indicating
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a spatial arrangement of the molecules in the acidified
medium due to the electrostatic repulsion. Its position
scales with the dendrimers volume fraction with an
exponent of 0.32 + 0.01, indicating that the system has
a liquidlike ordering. These electrostatic interactions
can be screened by addition of salt (NaCl). The peak
intensity in the scattered intensities decreases mono-
tonically by increasing the salt concentration. Further-
more, the scattered intensity from acidified dendrimer
solutions containing an excess of salt does not reach the
scattering from the neutral solution (initial solution in
pure D,0). This could be due to the increase of the
osmotic compressibility of the neutralized solution, after
adding an excess of salt, caused by an increase of its
total concentration (i.e., dendrimers and salt concentra-
tion in the solution).

In addition to the peak discussed above, there is a
distinct upturn of scattered intensity in the very small
Q range (typically, Q < 0.03 A~1). Similar behavior has
been observed in the SANS data in other systems, for
instance, flexible polyelectrolytes (PSSNa)?> and polysac-
charides.?” This upturn indicates the presence of struc-
tures larger than single molecules leading to multiden-
drimer domains.

A model used to explain the physics of such systems
must explain all these features (i.e., presence of the
correlation peak and the upturn at low Q). Unfortu-
nately, no current model meets this challenge, and only
if the data at lowest angles are ignored can the
calculated intensity derived from the model of weakly
charged polyelectrolytes in a poor solvent fit our scat-
tering data.
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