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ABSTRACT: Solutions of the poly(propylene imine) dendrimers DAB-dendr-(PA)s, and DAB-dendr-(PA)ea
in methanol are investigated with small angle neutron scattering over the range of dendrimer mass fraction
0.01 =< x = 0.80. The single particle scattering function, P(q), is used to calculate the structure factor,
S(q), of the dendrimer solutions and to evaluate the radius of gyration of the dendrimers in dilute solution
giving Ry (DAB-dendr-(PA)s;) = 12.4 + 0.2 A and R; (DAB-dendr-(PA)ss) = (15.6 & 0.2) A. In each case
the segment density in dilute solution is 0.35 £+ 0.03 g cm~3, leaving a large fraction of the dendrimer
volume accessible to solvent. We define the “dilute solution regime” for dendrimers to extend to a
concentration where the swollen dendrimer volume fraction first equals the value 0.64, which comes at
a dendrimer weight fraction of x = 0.25. At this concentration, the spatial arrangement of the dendrimers
can be described as a random close packing. For higher concentrations, the experimental scattering
functions appear to be self-similar up to a mass fraction of x ~ 0.60. These observations are consistent
with a model of concentrated dendrimer solutions which assumes that individual dendrimers collapse to
maintain a volume fraction ¢ ~ 0.64, which is the volume fraction of random close packing of hard spheres.

Preliminary small X-ray scattering data give further evidence of the dendrimer collapse.

1. Introduction

Dendrimers are a new class of polymeric materials
that can produce molecules with narrow molecular
weight and physical size distributions. Dendrimers are
very uniform when compared to other molecules in this
class of polymers, such as hyperbranched and dendri-
graft polymers. Hyperbranched polymers are commonly
made by polymerizing trifunctional monomers in a
single reaction step yielding materials with large poly-
dispersity.! More recently, dendrigraft polymers have
appeared, which are synthesized by grafting several
linear polymers on a linear chain, and repeating the
grafting step on the graft chains.?2 Although they can
yield a more narrow distribution than hyperbranched
polymers, these grafted polymers are not as highly
branched as hyperbranched materials. Dendrimers
achieve the objectives of a high degree of branching and
a narrow molecular weight distribution by using specific
chemical pathways to give molecules with relatively few
topological defects®# and are typically more uniform
than linear polymers.

Dendrimers have the highest degree of perfection in
a new class of highly branched polymers that has
recently taken on an increased interest in macromo-
lecular science. The precision of dendrimers is apparent
when they are compared to other molecules in this class
of polymers such as hyperbranched and dendrigraft
polymers. Hyperbranched polymers are commonly made
by polymerizing trifunctional monomers in a single
reaction step, yielding materials with large polydisper-
sity.! More recently, dendrigraft polymers have ap-
peared, which are synthesized by grafting several linear
polymers on a linear chain and repeating the grafting
step on the graft chains.? Although they can yield a more
narrow distribution, these grafted polymers are not as
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highly branched as hyperbranched materials. Dendri-
mers achieve the objectives of a high degree of branching
and a narrow molecular weight distribution by using
specific chemical pathways to give molecules with few
topological defects.34

Since the first report of dendrimers by Tomalia et al.,®
researchers in the field of dendrimer science have
focused primarily on their synthesis and chemical
modification. At present, a large variety of dendrimers,
dendrimer chemistry, and sophisticated chemical modi-
fications are known. Recently, work that is focused on
characterization of dendrimers and dendritic materials
has started to attract broader interest. Interestingly,
this situation is also true for other highly branched
polymers with only a few studies that show the variety
of properties of hyperbranched polymers, dendrigraft
materials, and dendrimers.6=® The results seem to
indicate that the behavior of these molecules must be
rationalized in a theoretical framework that includes
the topological parameters of the polymer.

In this respect, it is interesting to compare the
properties of star polymers that may also have a fairly
perfect topology and spherical shape.1° It is theoretically
and experimentally well established that star polymers
take an ordered spatial arrangement above the overlap
concentration, and even form a crystalline order when
the number of arms exceeds a certain threshold value.112
No such phenomenon is seen for linear or lightly
branched polymers.

We consider dendrimers to be an excellent reference
material to study the effect of branching and topology
on physical properties. In this report, we focus on the
equilibrium dimensions of dendrimers in solution, cov-
ering the range of concentration from very dilute solu-
tions to the bulk. In contrast to flexible linear chains,
the phenomenology of concentrated dendrimer solutions
is still a matter of speculation. Little is known about
dendrimer—dendrimer interactions in concentrated so-
lutions. For example, it is not clear whether the overlap
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concentration, c*, as seen in solutions of neutral linear
polymers, exists in dendrimer solutions. Thus, even a
definition of “dilute” and “concentrated” regimes is
lacking. This paper addresses some of these basic issues
and defines language appropriate to classify dendrimer
solutions.

Small-angle neutron scattering (SANS) experiments
have been carried out with solutions of dendrimers in
methanol over the range of mass fraction, x, between
0.01 and 0.80. Full and half generation poly(propylene
imine) dendrimers, from generation 0.5 to generation
5, are currently available in quantity. Two generations
of poly(propylene imine) dendrimers, DAB-dendr-(PA)s;
and DAB-dendr-(PA)es, Were used.’3715 These dendri-
mers are terminated by primary amines (PA) and are
grown from a tetrafunctional core of diaminobutane
(DAB), resulting in 32 terminal PA units for DAB-
dendr-(PA)s,, and 64 terminal PA units for DAB-dendr-
(PA)sa.

2. Experimental Section

2.1. Materials. The poly(propylene imine) dendrimers were
synthesized by DSM Research (Geleen, The Netherlands)
according to reported procedures.’*~16 The theoretical molec-
ular weights of the DAB-dendr-(PA)s;; and DAB-dendr-(PA)s4
are 3514 and 7168, respectively.” The glass transition tem-
peratures are reported in the literature to be Tq(DAB-dendr-
(PA)s2) = —87 °C and Ty4(DAB-dendr-(PA)ss) = —84 °C. Both
generations of the dendrimer are colorless, viscous liquids in
bulk and are freely soluble in methanol.

2.2. Sample Preparation. The dendrimers DAB-dendr-
(PA)s2 and DAB-dendr-(PA)ss were used as received from DSM
Research. The partially deuterated solvent CD3sOH (Aldrich
Chem.) was used throughout the study. It is used instead of
CDs0D to prevent exchange of deuterium with the hydrogen
of the terminal primary amines. All solutions were prepared
gravimetrically to give mass fractions in the range 0.01 < x <
0.80 for both generations (mass fractions studied: 0.01, 0.02,
0.03, 0.05, 0.10, 0.20, 0.30, 0.35, 0.40, 0.60, 0.80). A total of 12
h was allowed for dissolution before the solutions were
transferred to quartz cells for the SANS experiments. The
solutions of DAB-dendr-(PA)es appeared hazy by visual inspec-
tion. This impurity is likely to be the half-generation den-
drimer that remained from the previous step.'® After the
solutions were centrifuged within the quartz cells at ap-
proximately 1200 times the force of gravity for 4 h, the
solutions appeared clear and a trace of white residue was
visible at the bottom of the cell and accounted for only a
inconsequential fraction of the total solid. The residue was
below the level of the neutron beam when these cells were used
for the scattering experiments. Neat dendrimer DAB-dendr-
(PA)s2 was also measured to yield a value for the incoherent
scattering of the dendrimer. All SANS measurements were
carried out at a temperature T = 30.0 °C, using a circulating
bath with a known temperature range of less than +0.1 °C.

2.3. Small Angle Neutron Scattering. The scattering
experiments were performed at the 30m SANS facility (NG7;
NIST/Exxon/U. Minn.) at the National Institute of Standards
and Technology (Gaithersburg, MD).1°2° The spectrometer was
operated at a sample to detector distance of 110 cm, with a
wavelength of A = 6 A, and a wavelength spread of AJ/A =
0.15. With this configuration, a wide range of the scattering
vector, g, was covered (0.05 A1 < q < 0.55 A~%; with q = (4n/
A) sin(6/2), 0 being the scattering angle). Two-dimensional
intensity data were corrected for detector efficiency, back-
ground scattering, and the empty cell. A correction was also
applied that corrects for the dependence of the path of a
scattered neutron in the scattering sample on the scattering
angle, and the depth at which the scattering event occurred.?
The data were converted to absolute scattering intensities by
use of an H,O standard and the experimental transmission
values. By circular averaging of two-dimensional data sets of
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Figure 1. Natural log of reduced absolute scattering intensity,
In(1/¢°), of solutions of DAB-dendr-(PA)ss in CD3;OH as a
function of the scattering vector g? for mass fractions in the
range 0.01 < x < 0.03 as indicated in the figure (¢°, volume
fraction of bulk dendrimer). Also shown are reduced intensity
data that are extrapolated to x—0.

the absolute intensities, the data were put in the final form of
the absolute scattering intensity, I, as a function of the
scattering vector g. The conversion of the data, as well as the
corrections, was carried out on a uVAX 4000 computer with
the software provided by the Cold Neutron Research Facility
at NIST.?2 The incoherent scattering was subtracted from the
data based on the appropriate fraction of scattering measured
for pure solvent and for bulk dendrimer DAB-dendr-(PA)s,.
Data analysis and error estimation are reported elsewhere. %20

2.4. Small-Angle X-ray Experiments. SAXS experiments
were carried out at the Advanced Polymers PRT beamline
(X27C; SUNY Stony Brook/NIST/GE/Allied Signal/Montell) at
the National Synchrotron Light Source, Brookhaven National
Laboratory. A double-multilayer monochromator with an
energy resolution (AE/E) of 1% was used to obtain photons
with a wavelength 1 = 1.304 A. A three pinhole collimation
configuration defined a beam size of 0.1 mm, and a sample to
detector distance of 1.05 m was used. This resulted in a
measurable scattering range of 0.01 A1 < g < 0.42 A1, Beam
monitors before and after the sample were used to normalize
scattering intensities to the incident flux and to correct for
transmission through the sample. Two-dimensional data sets
were collected with Fuji Image Plates with a resolution of 0.2
mm (Agq ~ 0.001 A-1). The SAXS solution cells had a path
length of 4 mm and were equipped with thin mica windows of
6 um thickness. Background intensities caused by scattering
from the window of the detector vacuum chamber, solution
cell, and beam stop were determined by separate measure-
ments and subtracted from the sample data.

3. Results and Discussion

3.1. Low Concentration Solutions. SANS of den-
drimer solutions of mass fractions x = 0.01, x = 0.02,
and x = 0.03 was measured for both generations to
characterize the average dimensions of the dendrimers.
The measured scattering was used to calculate an
experimental single particle scattering function, or
experimental form factor, P(Q)exp, Of the dendrimers.
This form factor is used for analysis across the concen-
tration regimes.

Data of absolute scattering intensity, 1(q), of DAB-
dendr-(PA)ss dendrimers are shown in Figure 1 as a
function of the scattering vector g shown as a Guinier
plot. To emphasize the effect of concentration on the
scattering function, the intensity data are divided by
the volume fraction of dendrimer, ¢°. The values of ¢°
are calculated for each mass fraction, x, according to the
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following relationship:23

x/p°
(X/p%) + (1 = X)/py)

The solvent density, ps = 0.867 g cm~3, and the den-
drimer bulk density, p° is 1.01 g cm~3. Also shown in
Figure 1 are the values of the reduced scattering
intensity, 1(q, x—0)¢° "1, that are extrapolated to a mass
fraction x—0. This extrapolation was carried out by
applying a nonweighted least-squares fit to the 1(q) ¢°~1
data in the range 0.01 < x < 0.03, and results in the
experimental form factor of the dendrimer, P(q)exp (the
experimental standard deviation of the reduced scat-
tering intensities, as well as the standard deviation of
the values for 1(q, x—0), are covered by the size of the
symbols of Figure 1).

The data at low-q in Figure 1 demonstrate that the
reduced scattering intensity depends on the dendrimer
mass fraction even at low concentrations. The values
of the scattering intensity at low-q are depressed; the
extent of this depression gradually increases with x. The
observed deviation from the single particle scattering
at low mass fraction of the dendrimers reflects the
presence of a contribution from the interparticle struc-
ture factor, S(q), to the scattering intensity 1(g). A more
detailed discussion of S(q), which represents the inter-
particle interactions and spatial correlations of the
scattering molecules, will be deferred to the discussion
of the high concentration regime. The uppermost line
in Figure 1 is an extrapolation to g = 0. The downward
slope of the line demonstrates that the second virial
coefficient, A,, is positive which is characteristic of a
good solvent. The molecular weight of the dendrimers
is too low to be reliably measured by SANS and cannot
be used to estimate the chemical “perfection” of the
dendrimers, but such a perfect structure will not be
necessary to measure Ry changes.

The radius of gyration of the dendrimers in dilute
solution, R;, is calculated from the scattering intensi-
ties by fitting to the Guinier approximation2* with the
functional form

¢° = )

2
I(q)=a+bexp{—q3Rg} 2)

by a nonweighted nonlinear least-squares analysis.
Since this analysis is based on the functional form of
the form factor, the influence of structure factor con-
tributions to the data will be apparent in the fitted
values of Rg.

The values for the radii of gyration are found to be
R, (DAB-dendr-(PA)s2) = 12.4 + 0.2 A and R;(DAB-
dendr (PA)es) = 15.6 + 0.2 A, where the uncertamtles
of the values represent the standard deviation from the
fits to the 1(q, x—0) data. These values are in reasonable
agreement with the results of X-ray scattering in
methanol solution” and a SANS study?® of the dendri-
mers in D,0, when we consider that those studies did
not correct for effects of S(q) on the calculated value of
RJr We note that Ry is relatively insensitive to solvent,
an observation that will be expanded in a future paper.2®
A recently published paper has also considered interac-
tions of dendrimers with ionic groups present.?’

In Figure 2, the extrapolated SANS data (1(g, x—0)¢°1)
for DAB-dendr-(PA)z, and DAB-dendr-(PA)e4, are shown
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Figure 2. Kratky plot of the extrapolated SANS data (lI(q,
x—0)/¢°) for DAB-dendr-(PA)s, and DAB-dendr-(PA)ss, nor-
malized by the theoretical molecular weight, M. The experi-

mental values of R are used for the plot.

in a Kratky plot of the form 192R;2¢°"IM~1 vs ng
using the experimental values for Ry, and reducing the
data by the theoretical molecular weight M¢. A peak is
observed at ng ~ 1.8 for both generations, which is a
common feature of the scattering function of spherical
particles and particles with relatively high internal
segment densities. Star scattering functions were first
calculated by Benoit,?® and a full review was given by
Burchard.?® For uniform spheres, the position of the
peak is expected at ng ~ 1.7. The characteristic peak
in the Kratky plot is also observed for poly(amido amine)
(PAMAM) dendrimers, as was shown by Bauer et al.30-31
for generations G7 and G10. A detailed analysis of the
internal structure and the polydispersity of is not
necessary to the analysis of the high concentration
interactions of dendrimers and is addressed in separate
publications.32

In the present paper, the average segment density of
the dendrimer is calculated from experimental values
for Rg+ under the assumption of uniform segment den-
sity. Under this condition, the radius of the dendrimer
in dilute solution, R™, can be calculated by using the
relation R™? = 5/3R;2. The average density of the
segments in the volume occupied by the dendrimer in
solution, p*, is given as

M,

+
(47/3)NR*?

3)

with Na being Avogadro’'s number. On the basis of the
experimental value for Rg+, the segment densities in
dilute solution are p*(DAB-dendr-(PA)s;) = 0.344 +
0.026 g cm~2 and p*(DAB-dendr-(PA)ss) = 0.345 + 0.021
g cm~3 (the uncertainties are based on the standard
deviation of the values of R;).

The fractional volume in the dendrimer that is oc-
cupied by solvent can be calculated from the density as
CT =1 — p*lp°. This leads to C* = 0.66 + 0.04 for each
generation and demonstrates the large volume inside a
dendrimer accessible to solvent. Another way to express
this observation is to calculate a hypothetical volume,
or under the model of a uniform sphere, a hypothetical
radius, R°, that the dendrimer would have at the bulk
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Figure 3. Absolute scattering intensity, I, from solutions of
dendrimers in CD3;OH, as a function of the scattering vector q
(the experimental standard deviation of the intensity, covered
in most cases by the size of the symbols, is indicated by error
bars) is shown for several values of the mass fraction of
dendrimer, indicated in the figure: (a) dendrimer DAB-dendr-
(PA)s2; (b) dendrimer DAB-dendr-(PA)ga.

density. Using eq 3 and p° = 1.01 g cm~2 gives R°(DAB-
dendr-(PA)s;) = 11.1 + 0.19 A and R°(DAB-dendr-
(PA)ss) = 14.1 + 0.26 A. These values will be used in
later discussions as estimates for limiting sizes of
dendrimers that collapse with increasing concentrations
to bulk density.

3.2. Concentrated Dendrimer Solution. Scatter-
ing Intensity. At very high dendrimer concentration,
i.e.,, X = 0.60, the dominant amount of scattered inten-
sity is incoherent due to the large fraction of hydrogen
in the dendrimers. This leads to experimental uncer-
tainty for the quantity of incoherent scattering that
must be subtracted from the solution scattering inten-
sity. This issue must be addressed carefully in the data
analysis.

The scattering pattern exhibited by the solutions
changes with increasing concentration of the dendri-
mers. In Figure 3, the absolute scattering intensity from
the DAB-dendr-(PA)z; and DAB-dendr-(PA)e4 solutions
is shown as a function of g for the range of mass fraction
0.01 = x = 0.80 (some data sets are omitted for clarity).
The results for the different generations are qualita-
tively similar. A peak in the scattering intensity as
function of q appears at a mass faction of x = 0.10. The
intensity of the peak has its maximum value at x ~ 0.20
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Figure 4. Normalized scattering intensity of the dendrimer
solutions, 1/lmax, plotted as a function of the normalized
scattering vector g/gmax (values of the mass fraction x are
indicated): (a) dendrimer DAB-dendr-(PA)s;; (b) dendrimer
DAB-dendr-(PA)ea.

and decreases at higher mass fractions. Also, the
position of the peak in the scattering function, qmax, IS
dependent on the dendrimer concentration, shifting to
larger values of q with increasing mass fraction. This
behavior is similar for both generations up to a mass
fraction of x = 0.80.

The peak still appears in the scattering for a mass
fraction as high as x = 0.80, but the relative intensity
is very small. If the intensity data are normalized by
the value of the maximum intensity Inh.x and the g
values are normalized by that of the peak position, i.e.,
Omax. the resulting plots of 1/1lnhax VS 9/ Qmax are shown
in Figure 4. The scattering functions for the dendrimer
solutions are very similar in the range 0.20 < x < 0.60;
in particular the data in the range 0.30 < x < 0.60 have
a peak of the same shape and width. The relative
intensity of the peak is also similar, but this value is
somewhat uncertain for data of mass fraction x = 0.60,
due to the uncertainty of the incoherent scattering as
was mentioned previously. This suggests that solutions
in the range 0.30 < x < 0.40, and perhaps as high as x
= 0.60, belong to the same concentration regime.

Structure Factor. The scattering patterns shown in
Figures 3 and 4 result from a contribution by interpar-
ticle interactions that leads to spatial correlations for
high number densities of the molecules. To analyze the
scattering data in the high concentration range, we
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extract the contributions arising from the interparticle
correlations, i.e., the structure factor S(g), from the
experimentally observed small angle scattering. The
function S(q) is related to the pair distribution function
by a Fourier transformation and contains the informa-
tion of the spatial arrangement of the scattering units.
For a dispersion of identical particles, the scattering
intensity can be expressed as

(@) = ¢F°P(q)S(q) (4)

where ¢ is the volume fraction of the particles and f is
the scattering amplitude of the isolated scattering
particle at zero angle.?* By applying this relationship
to dendrimer solutions, we make use of the so-called
“decoupling approximation”; i.e., we assume that the
intraparticle scattering can be separated from intermo-
lecular interaction effects. Equation 4, in combination
with the decoupling approximation, is commonly applied
for the treatment of scattering data, and is used
extensively in the field of dispersed colloids and poly-
mers.1° By rearrangement of eq 4, it is obvious that the
structure factor can be calculated from the scattering
data by division of 1(q) by ¢ and the particle form factor,
P(q). It is necessary to assume that P(q) does not change
with concentration.

In section 3.1, we have shown that the scattering
intensities from the dilute solutions in the range 0.01
< x = 0.03 can be extrapolated to I(g, x— 0) to give an
experimental form factor. The extrapolated data are
fitted in a semi-phenomenological approach to an equa-
tion of the functional form of eq 2 to give an apparent
form factor P(Q)app for DAB-dendr-(PA)s,; and DAB-
dendr-(PA)es. Following the notation of eq 4, we use

P(@)app = (0, x — 0) = F°P(q) (5)

to reduce the scatter in the data for the calculation.
Using the volume fraction of dendrimer from eq 1, ¢°,
we compute an apparent structure factor, S(q, X)app,
according to the expression

1(q, X)

¢’°P(q)app ©

S(qv X)app =

This procedure is only exact if the form factor of the
particle, which is determined in the limit x—0, remains
unchanged at the concentration of the experiment. This
assumption is expected to be valid for dilute and
moderately concentrated dendrimer solutions, but may
become less justified at higher dendrimer concentra-
tions. For clarity, we omit the notation of the mass
fraction, x, and write S(q)app instead of S(q, X)app. The
calculations of the structure factors are given in Ap-
pendix 1.

On the basis of the radius R* of dendrimers in dilute
solution, one can calculate the concentration at which
these molecules would fill the volume of the solution.
The structure factors of the dendrimer solutions (see
Figures 7 and 8 in the Appendix) show a strong excluded
volume effect, causing a locally ordered but noncrystal-
line arrangement in concentrated solution. This requires
that the dendrimers as a whole do not interpenetrate
freely, indicating at least partial dendrimer-dendrimer
exclusion. This finding can be rationalized by either of
the two models. One approach is to picture the den-
drimers to consist of an inner volume, or core, which is
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purely noninterpenetrable and is surrounded by a shell
of a certain thickness that can be occupied by segments
of different dendrimers. In this model, the dendrimers
could keep the same size in concentrated solution as
they have in dilute solution. This can be referred to as
partial interpenetrating dendrimers. The second model
pictures a dendrimer that exclude all segments of
different dendrimers from the volume it occupies. Here,
the dendrimers are completely noninterpenetrable, and
therefore they have to shrink at high concentrations due
to packing arguments, leading to a concentration-
dependent radius of the dendrimers. This can be re-
ferred to as noninterpenetrating dendrimers. This case
is analogous to the model of partial interpenetrating
dendrimers in the limit of an infinitely thin interpen-
etrable shell.

The structure factors calculated in this section cannot
conclude if interpenetration of the segments of different
dendrimers is completely prohibited or not. However,
other experiments can be used to build the case. By
direct visualization using cryo—electron micrographs,
dendrimer solutions show no indication of dendrimer—
dendrimer interpenetration.33 Also, we will show small-
angle X-ray data indicating that dendrimers are indi-
vidual entities, even at high concentration, thus sup-
porting the model of noninterpenetrating dendrimers.
This model is assumed in the following discussion of the
experimental structure factors of the dendrimers solu-
tions.

Intermolecular Spacing. The values of qmax are
related to a mean value of the distance between the
centers of the dendrimers, A, as

27

max

A =122

(7)

which, strictly speaking, is derived for the case of
uniform spherical particles on a face-centered cubic
lattice.?* In the preceding section, it was shown that the
dendrimers under study do not form a crystalline
arrangement in solution. Nonetheless, this relation is
employed commonly to discuss the interparticle spacing
in uniform, densely packed but noncrystalline systems.
For example, this relation gives useful values for the
center-to-center distance of densely packed particles
such as star polymers.3435 In the case of dendrimers,
the uniformity of the molecular shape and size makes
the use of eq 7 reasonable. The notation Aapp is used to
indicate the inherent assumptions. Figure 5 shows
Aapp/2 plotted as a function of the mass fraction of
dendrimer, x, for both generations.

We note that the shape of the experimental structure
factors extracted from scattering data, and the positions
of the peaks do not strongly depend on the values of Ry
used to estimate the form factor. We tested this by using
model form factors calculated with Ry values ranging
from the dilute solution value down to the hypothetical
limiting size that the dendrimer would occupy if it
collapsed to a sphere with bulk dendrimer density. The
measured values of Ay, do not change significantly.

It is interesting to calculate the mass fraction xgcp Of
dendrimers necessary to achieve random close packing
of their dilute solution radii, R*. This concentration is
shown in Figure 5 by the dashed vertical lines. Also
shown, with horizontal dashed lines, are the values of
Aapp/2 that are equal to the dilute solution dendrimer
radii and the hypothetical limiting size, R°, that the
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Figure 5. Plot of the apparent mean distance between the
centers of DAB-dendr-(PA), dendrimers, Aapp, VS the mass
fraction dendrimer, x. Also shown are dotted and broken lines
that indicate reference values as described in the text. Key:
(a) dendrimer DAB-dendr-(PA)sz; (b) dendrimer DAB-dendr-
(PA)sa.

dendrimers would occupy if they collapsed to a density
equal to the density of bulk dendrimers. The curves in
Figure 5 represent a calculation of the variation of Agpp/2
for repulsive particles exhibiting random close packing.
The observation that the dendrimer spacing, Aapp/2,
crosses the intersection of R™ and xkcp and decreases
to approach the value of the dendrimer radius at bulk
density, suggests that they resemble repulsive spheres
dispersed in random close packing.

The fact that the values Aapp/2 are smaller than the
radius of the dendrimer in dilute solution for mass
fractions x greater than 0.24 means that either inter-
penetration occurs or the dendrimers collapse, leading
to Rapp < R*. This result holds over the range of
concentration from 0.24 to 0.6 (see Figure 5), which is
the range in which the normalized scattering intensities
are self-similar, as shown in Figure 4. In the limit of
high mass fraction, the values of Ray, approach the
value R° that is the hypothetical size for individual
dendrimers having a density equal to the neat den-
drimer bulk density.

Under the assumption that dendrimers collapse to
this bulk density we can calculate the dendrimer
solution concentration where the volume fraction of
dendrimers, ¢, would equal the random close packed
volume fraction, xicp = 0.64. Using these values of p°,
and R°, for the solvent CD3OH, the RCP mass fraction
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Figure 6. Semilogarithmic plot of the small-angle X-ray
scattering intensity, I, of solutions of DAB-dendr-(PA)ss in CHs-
OH, normalized by the mass fraction, as a function of the
scattering vector q (mass fractions, x, are indicated).

is 0.67. For higher concentrations, we can speculate that
if the dendrimers still do not show significant interpen-
etration, they must shrink more or undergo a change
in shape in order for concentrations to be greater than
0.64. A tempting view is the limit of a “soap bubble like”
picture, where the dendrimer-dendrimer interface be-
comes more and more continuous with increasing
number density, leading to smaller cavities that can be
preferentially occupied by solvent molecules. At some
point, the cavities vanish, and the solvent is solely
incorporated in the dendrimer, using its remaining
solvent capacity. This leads, in the limit of bulk den-
drimer, to a continuous interface between the dendri-
mers.

Intramolecular Form Factor. It has been shown
for poly(amido amine) dendrimers that the uniform size
and shape of dendrimers in solution give rise to higher
order features in the scattering function which are well
described by the theoretical scattering function of a
uniformly dense sphere.”30731 The g values of the
maxima and minima of these higher order peaks are
directly related to the size of the sphere.2* Higher order
features remain also at high concentrations, as long as
the molecules are still spherical and uniform. These
features can be used to calculate the radius of the
molecules in the high-g range if the structure factor has
reached a constant value, S(g) = 1, and does not affect
the scattering function. This has been demonstrated
with latex-dispersions, for which the higher order peaks
of a crystallized dispersion are identical to the features
of dilute dispersions.3¢ Hence, in the range of concentra-
tion where the dendrimers collapse, on the basis of the
model of random close packing, the higher order fea-
tures of the dendrimer scattering can persist and the
change in size should result in a shift of the peak
positions of the higher order features to higher values.

Due to the large amount of incoherent scattering,
these higher order features cannot be resolved by SANS.
Instead, small-angle X-ray scattering (SAXS) can be
used to overcome this limitation in a study of DAB-
dendr-(PA)ss in CH30OH in the range of concentration
0.05 < x < 0.50.%7 In the absence of the large incoherent
background, and with the high flux provided by a
synchrotron beam, we resolve the higher order features
for the dendrimer solutions. In Figure 6, the high-q
range of the experimental X-ray scattering intensity is
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shown, normalized by the mass fraction of the dendri-
mers in a semilogarithmic plot. A higher order feature
around g = 0.03 A1 can be clearly identified for the
low concentrations. We point out that the occurrence of
the higher order peak at x = 0.05 demonstrates that
the maximum is not due to oscillations in interparticle
the structure factor. It is due to the single particle form
factor and demonstrates that the size and shape of the
dendrimers are spherical with low polydispersity. This
higher order feature remains for concentrations up to x
= 0.50. For the concentration x = 0.17, the position of
the maximum remains virtually unchanged from the
dilute solution limit, indicating that the dimensions of
the dendrimers are also the same. For the concentra-
tions x = 0.33 and x = 0.50 the location of the maximum
shifts to higher values of g, demonstrating that the size
of the dendrimers changes in high concentration den-
drimer solutions. Equally important, the existence of
higher order features in high concentrated dendrimer
solutions indicates that the molecules are still individual
entities, and remain nominally spherical under these
conditions. This suggests that no significant dendrimer—
dendrimer interpenetration occurs, and it is in accord
with the ideal model of noninterpenetrating collapsing
dendrimers in high concentration solutions.

A recent scanning force microscopy study of arbores-
cent polystyrenes by Sheiko et al. has shown that
ordered monolayer films of these cascade-branched
polymers can be achieved that consist of individual
molecules.®® In case of a high branching density, the
molecules deform to an elipsoidal shape during the
monolayer formation, but recover to a spherical geom-
etry when annealed above their glass transition tem-
perature. The radius of the cascade-branched polymers
corresponds well to the radius of bulk density particles.
In the case of poly(amido amine) dendrimers, TEM
micrographs also show no indication of interpenetra-
tion.33 A comparison of various branched structures in
dilute solution by small angle scattering techniques has
revealed that repulsion is generally observed and it
gains strength with increasing branching density and
uniformity of the molecules.®” A comparison of these
observations with the results of the present report
suggests that a high branching density leads to a strong
tendency of the molecules to avoid interpenetration.

In the case of star polymers of high functionality,
osmotic repulsion is strong enough to force the molecules
to form ordered arrangements in the vicinity of the
overlap concentration.1® However, the absence of inter-
penetration also for systems that lack any solvent, as
observed in the monolayer films of annealed arborescent
graft polystyrene, may indicate that the driving force
to avoid intermixing of highly branched molecules is
different from the case of star polymers. Sheiko et al.
argue that the conservation of entropic elasticity could
be the reason for the suppression of interpenetration.38
Presently, this view is consistent with our studies.
However, a theoretical framework is lacking and more
experimental work is needed to further elucidate the
phenomenology of highly branched macromolecules.

4. Conclusions

We can suggest an idealized view of poly(propylene
imine) dendrimers DAB-dendr-(PA)s3; and DAB-dendr-
(PA)es in solution that is consistent with a model of
noninterpenetrating collapsing dendrimers. We can see
varied behavior at different concentrations and describe
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the two ranges. The notations are for dissolved compact
molecules such as dendrimers and should not be con-
fused with similar terms used for other dispersions such
as colloids.

Dilute Solution, X =< Xgjcp. We can define the
“dilute solution regime” for dendrimers to be the range
where the dendrimer volume fraction ¢+ is smaller than
the threshold value ¢rcp = 0.64, i.e., the dendrimer
mass fraction x is smaller than xgcp. Dendrimers in
dilute solution behave as a dispersion of soft spheres;
these are uniform and have spherical shape. The
dimensions can be expressed by the radius of gyration
R;’, or, under the valid assumption of uniform segment
density, by the outer radius of the spherical dendrimer
in dilute solution, R*. The structure factor for the
scattering from the dendrimer solution appears at very
low concentration. No significant interpenetration oc-
curs between the segments of different dendrimers. For
¢t < 0.64, the size of the dendrimer is not strongly
affected by the concentration of dendrimers in solution.

Concentrated Solution, X = Xicp. At concentra-
tions larger than xgzcp, the size of the molecules de-
creases as their number density increases. The den-
drimers collapse in an amount that yields a constant
volume fraction of ¢ ~ 0.64. We refer to this picture as
“random close packing of collapsing dendrimers.” We do
not have evidence that this RCP behavior continues to
higher mass fractions than would be required to cause
the RCP dendrimers to collapse to bulk density. At those
concentrations we speculate that the dendrimers would
deform from their spherical shape and fill the voids
between the spheres much like “grapes” shrinking and
deforming to become “raisins”.

Although we have shown, on the basis of preliminary
results from small-angle X-ray scattering, that the
dendrimer collapse can be followed by the first higher
order peak of the dendrimers, a more extensive SAXS
study is needed to study the collapse of dendrimers at
high concentration. In addition, SANS experiments that
use the contrast match technique with solutions of
deuterated dendrimers mixed with nondeuterated den-
drimers should allow direct observation of the collapse
of dendrimers.
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Appendix

The apparent structure factors for the dendrimers
DAB-dendr-(PA)s; and DAB-dendr-(PA)ss, calculated
from the neutron scattering, are shown in Figure 7 for
the range of mass fraction 0.05 < x < 0.30 (the data of
S(0)app are offset by a constant for clarity; the error bars
indicate the value of the experimental uncertainty of
S(q)app, as calculated from the standard deviation of I1(q)
and P(q)app by using the Gauss law of error propagation).
At high-q values, the apparent structure factors of
dendrimer solutions with mass fractions x < 0.30
approach the value 1 within the experimental uncer-
tainty, with the exception of the data of x = 0.30 for
DAB-dendr-(PA)ss. Reaching the theoretical value of a
structure factor in the high-q limit confirms the validity
of the analysis with its inherent assumptions. For the
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Figure 7. Apparent structure factor, Sap, for dendrimer
solutions of different mass fractions x < 0.30, plotted vs the
scattering vector q and offset by a constant for clarity; the
values of the mass fraction are indicated. Key: (a) dendrimer
DAB-dendr-(PA)s;; (b) dendrimer DAB-dendr-(PA)ea.

low-g limit, we find that the value of S(q—0)app is @
decreasing function of x, and approaches zero at mass
fractions x = 0.20.

For the mass fraction x > 0.30, the calculated
structure factors no longer reach the value of 1 in the
high-g limit, as shown in Figure 8. This is expected to
occur at high mass fraction, because the decoupling
approximation becomes poorer. Also, the use of the
particle form factor P(q)app is N0 longer exact, since the
size of the dendrimer is a function of concentration. The
other features of S(0)app, i-€., being zero in the low-q limit
and having a maximum, remain unchanged for the
solutions with large dendrimer content. The peak posi-
tion is insensitive to the P(q)app that is used.

Currently, no theoretical approach or simulation
exists that considers highly concentrated dendrimer
solutions, i.e., dendrimer—dendrimer interactions or
S(q) of dendrimer solutions. Therefore, further analysis
will be based on a comparison with results from hard
sphere systems and solutions of star polymers. We
emphasize that the dendrimers themselves are not
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Figure 8. Apparent structure factor of dendrimer solutions
of x = 0.30, plotted as in Figure 7. Key: (a) dendrimer DAB-
dendr-(PA)sz; (b) dendrimer DAB-dendr-(PA)sa.

considered to be hard spheres. From the amount of
flexibility, reflected by the amount of swelling in solu-
tion as described in section 3.1, the dendrimers are
better described as soft spheres with an unknown
amount of fuzzyness at the outside. However, we expect
hard spheres and star polymers to be suitable reference
systems for dendrimer solutions, since the dendrimers
are distinct spherical molecules with a negligible poly-
dispersity.67

For an ensemble of monodisperse particles, the value
of the structure factor in the zero-q limit, S(g—0), is
directly proportional to the isothermal compressibility
and reflects the nature of the effective pair potential .3
This correspondence is experimentally well established
by various scattering techniques, for example with
dispersions of spheres and star polymer solutions.?14°
The presence of adhesive interactions between the
scattering particles (for example “sticky spheres”) leads
to a pronounced upturn of S(q) at low-q values, whereas
in the case of a hard-sphere potential or repulsive
interactions, the values of S(q) approach zero in the
low-q limit.*142 The low-g limit of the apparent structure
factors of dendrimer solutions, shown in parts a and b
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of Figure 7, indicates that the pair potential of the poly-
(propylene imine) dendrimers DAB-dendr-(PA)s, and
DAB-dendr-(PA)s4 in methanol is repulsive.

The structure factor is the Fourier transformation of
the pair distribution function, thus it contains the
information about the spatial arrangement of the scat-
tering particles. In Figure 7b and Figure 8b it is shown
that S(q)app exhibits a maximum for the dendrimer
DAB-dendr-(PA)ss. This maximum is comparably weak
for the dendrimer DAB-dendr-(PA)s;, but still detectable
(see Figure 7a and Figure 8a). Also, the value of the
momentum transfer where the maximum in S(q) is
found, gmax, shifts to larger values of g with increasing
dendrimer content of the solution. The presence of a
peak indicates that the dendrimers have spatial first
neighbor correlations. From the height of the peak it
follows that no long-range order is formed, since the
threshold value for crystalline materials, S(Qmax) ~ 2.7,
is never reached. Instead, the maximum value of the
peak is S(gmax) ~ 1.2 for the generation 4 dendrimer,
and S(gmax) ~ 1.4 for the generation 5 dendrimer. These
values are comparable to those from hard-sphere dis-
persions of homogeneous or Gaussian scatterers and to
those from star polymers at the overlap concentration
that have a functionality f below the threshold f; where
crystalline ordering occurs.”-43-44
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