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Highly Concentrated Solutions of Polyamidoamine (PAMAM)
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ABSTRACT: Steady shear flow properties of an extensive family of dendrimers were examined for the
first time in medium to high concentration solutions. For this, the first seven generations of
ethylenediamine (EDA) core—polyamidoamine (PAMAM) dendrimers, having molecular weights from
about 500 to almost 60 000 in 30 to 75 wt % solutions in ethylenediamine (EDA) were used. It was
found that these dendrimer solutions exhibited typical Newtonian flow behavior as manifested by direct
proportionality of the shear stress to the shear rate (i.e., constant viscosity with respect to both shear
stress and shear rate) over the entire range of shear stress and shear rate studied. In addition to this,
there was no abrupt change in the slope of the shear viscosity vs molecular weight relationship, indicating
that these dendrimers do not interpenetrate to form transient quasi-networks of the “entanglement”-
type typically found for long-chain linear or randomly branched macromolecules, nor do they engage in
“sticking” interactions characteristic for the suspensions of idealized spherical particles. This rheological
behavior is without precedence among high molecular weight synthetic polymers, and it is proposed that
it is solely driven by the unique dendrimer macromolecular architecture which above a certain critical
generation results in globular, nanoscopic spheroids whose outer surfaces close upon themselves and
become impenetrable for other dendrimers or large molecules. The shear viscosity vs volume fraction
dependencies showed that these dendrimers are draining to solvent molecules, but to a lesser extent
than the corresponding random-coil type linear macromolecules of comparable molecular weights. These
findings are consistent with a “dense-shell” model of dendrimer intramolecular morphology which can
also explain their ability to encapsulate small molecular weight species in their “soft and spongy” interiors.
From a typical Arrhenius-type temperature dependence of these dendrimer solutions viscosities and from
the dependencies of their flow activation energy on molecular weight, it seems that the smallest Kinetic
unit involved in the dendrimer flow is the dendrimer molecule itself. Strong dependence of the dendrimer
solution viscosity on concentration and temperature, as well as its independence on repeated loading,
indicates substantial dendrimer flexibility and ability to deform. On the basis of these results and the
supporting computer modeling calculations, it is proposed that the Newtonian flow behavior and the
lack of an abrupt change of slope in the zero-shear viscosity vs molecular weight relationships represent
characteristic “fingerprint” properties for dendrimers in general and that these properties distinguish
these unique macromolecules from all other traditional classes of macromolecular architecture. It is
also proposed that the critical degree of branching may be used as a defining structural criterion for

distinguishing true dendrimers from their low molecular weight simple branched precursors.

Introduction

Dendritic polymers in general, and among them
dendrimers in particular, have attracted outstanding
scientific attention in recent years.! However, although
the chemistry of these materials has matured to the
level at which a large number of compositionally dif-
ferent families have been successfully synthesized and
some are even commercially available, their full ap-
plication potentials (particularly in materials science
and engineering) will not be realized before the under-
standing of their physical properties is considerably
more advanced. Toward this goal, some of the most
intriguing but yet unresolved issues relate to dendrimer
intramolecular morphology and interdendrimer interac-
tions. Undoubtedly, these properties will directly pre-
determine many macroscopic features and potential end
uses of these new and unique polymers and are,
therefore, not only of fundamental scientific importance
but also of great practical value.

Dendrimers are a special type of highly branched
macromolecules which are comprised of two or more
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treelike dendrons emanating from either a single central
atom or atomic group, referred to as the core.? Ideally,
a generalized structure of a tridendron dendrimer for
example, can be represented as shown in Figure 1. The
dendrons are built of branched repeat units, or branch
cells, which are connected in a mathematically precise
(i.e., geometrically progressive) architectural arrange-
ment that gives rise to a series of regular, radially
concentric layers of branch cells, called generations,
organized around the core. As a consequence of such
precise molecular organization, dendrimers can be
prepared with an unusually high degree of synthetic
control and structural monodispersity (including their
molecular shapes and sizes?) even at truly “polymeric”,
high molecular weights which can reach into several
hundreds of thousands to a million.1?2

Experimental determination of exact shapes of den-
drimers has turned out to be not an easy matter to
resolve, primarily because most of the commonly used
techniques reach their reliability limits in the size
domain of lower dendrimer generations.® However,
early computer modeling studies of ammonia—core
polyamidoamine (PAMAM) tridendron dendrimers* pre-
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Figure 1. Schematic representation of a tridendron den-
drimer including three basic building blocks of dendritic
structure: the core branch cell, the interior branch cells, and
the surface branch cells.

dicted that with increasing generation number these
molecules develop through a continuum of shapes
(referred to as “molecular morphogenesis”®) which range
from fairly open “dome-shaped” or extended “platelike”
structures at lower generations to “closed” spheroids at
higher generations. This transition was observed be-
tween generations 2 and 5 by molecular dynamics
calculations based on a force field acting on all atoms
in equilibrated structures which showed a stepwise
decrease in the ratio of the longest to shortest principal
moments of inertia of these molecules (1,/1x) from about
4.5 at generation 1 to 1.3 at generation 4, where the
value of 1 would correspond to a perfect sphere.* It was
suggested that this shape change should result from
steric congestion created by tethering of the dendron
focal point while the terminal groups are amplified
exponentially as a function of generation number.* A
more recent study of the same type of dendrimers,®
based on the moment of inertia values obtained by a
Metropolis Monte Carlo molecular dynamics simula-
tion,” showed a continuous decrease in the asphericity
as a function of increasing generation number from 0.46
at generation 0 to 0.15 at generation 6, where the value
of zero would correspond to an ideal sphere. Thus, it
seems that dendrimers may never reach ideal sphericity
even if grown from a pointlike core, such as a nitrogen
atom in the case of ammonia—core PAMAMSs but also
that their deviations from this ideal shape should not
be too large to prevent these unique molecules from
being considered near-ideal spheroids.

Rheological flow behavior is one of the most important
and characteristic macroscopic properties of fluids. In
principle, it depends on (a) the molecular features, such
as size, shape, density and flexibility and (b) the specific
nature of the intermolecular interactions. Therefore, in
addition to providing important engineering parameters
for various applications and/or processing of materials,
rheology may also represent a powerful analytical tool
for determination of many fundamental molecular-level
structural properties.® In fact, some of this information,
particularly when relating to the nature of intermolecu-
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lar interactions, may be difficult or even impossible to
obtain in any other way.® However, in the field of
dendrimer research rheology has not yet been applied
to its full potential. Some information exists in the
literature on dilute solution viscometry of various den-
dritic materials, but even this has been limited mostly
to the relationships of intrinsic viscosity and hydrody-
namic size on molecular weight or generation.»%10 The
only exceptions to this are some preliminary data that
we published from this study?1? and a paper on the
bulk rheology of polybenzyl ether dendrimers by Hawker
and co-workers.'3

Here, we report on the results obtained from a
rheological study of the first seven generations (i.e.,
generations 0 through 6) of Starburst ethylenediamine
(EDA) core—polyamidoamine (PAMAM) dendrimers,? in
the medium (i.e., from about 30 wt %) to high (i.e., to
about 75 wt %) concentrated solutions in ethylenedi-
amine (EDA) solvent. This concentration range was
chosen in order to maximize the intensity of interden-
drimer interactions that may be present in these
systems and EDA was selected because it represents a
good solvent for these dendrimers. In addition, we also
describe the first direct comparison of one physical
property of an extensive dendrimer family (i.e., the
viscosity—molecular weight relationship) with the same
property of the corresponding compositionally identical
linear polymer of comparable molecular weights.

Ethylenediamine (EDA)—core PAMAM dendrimers
differ from their ammonia-core counterparts in that a
single nitrogen core atom of the ammonia—core is
replaced by a somewhat more elongated >N—(CH;),—
N < unit and a fourth dendron is added to the overall
structure, as illustrated in Figure 2. However, although
these structural differences may be expected to distort
the overall molecular shapes of EDA—core PAMAM
dendrimers into slightly more ellipsoidal forms than
those of their ammonia—core counterparts, they do not
seem large enough to affect significantly many of their
macroscopic properties, such as rheological flow behav-
ior of interest to this study.

Various results from small angle neutron'4 and X-ray
scattering? studies, size exclusion chromatography, and
dilute solution viscometry measurements!®2910 have
shown that dendrimers occupy the lower part of the
nanoscopic size domain, ranging in molecular diameters
from about 1 to about 15 nm, as shown in Table 1.2 In
fact, as the result of highly controlled growth during
the synthesis (see Figure 2), dendrimer sizes increase
with increasing generation in regular intervals of about
1 nm per generation. Thus, it follows from the available
data that particularly at higher generations, dendrimers
provide a unique combination of (a) high molecular
weights typical for classical macromolecular substances,
(b) molecular shapes similar to idealized spherical
particles, and (c) nanoscopic sizes that are larger than
those of the small molecular weight compounds but
smaller than those of typical macromolecules.’> As
such, dendrimer solutions indeed represent unique
fluids which combine structural properties of true
macromolecules with spherical shapes of suspension
particles within the nanoscopic size domain that have
not been available for rheological study before.

Experimental Section

Dendrimers and Their Solutions. The first seven gen-
erations (i.e., generations 0 through 6) of ethylenediamine
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Figure 2. Preparation of Starburst, ethylenediamine (EDA) core—poly(amidoamine) (PAMAM) dendrimers. Starburst is a

registered trademark of Dendritech Inc.

Table 1. Selected Characteristics of EDA Core PAMAM Dendrimers

dendrimer radius, AP

no. of mol hydrodynamic radius, radius of gyration, Rg/Rn® bulk density,f

generation surface groups? wt? Rh (by DSV)© Ry (by SANS)d SANS/DSV glcms3

0 4 517 1.178

1 8 1430 10.1 1.196

2 16 3256 14.4 1.214

3 32 6909 175 16.5 0.943 1.219

4 64 14215 25.0 19.7 0.788 1.224

5 128 28826 329 243 0.739 1.220

6 256 58048 30.3

7 512 116493 35.8

a Nominal values calculated for ideal dendrimer growth. P At 25 °C; in 0.1 molar citric acid in water; at pH = 2.7. ¢ DSV = dilute
solution viscometry. Values were calculated from experimental intrinsic viscosity data of ref 9. ¢ SANS = Small angle neutron scattering.
Data from ref 14. ¢ For nondraining “hard spheres”, Rg/Rn = 0.775; for free-draining random coils, Rg/Rn = 1.143. f At 20 °C. Maximum

error: +0.68%.

(EDA) core—polyamidoamine (PAMAM) dendrimers, obtained
from Dendritech, Inc. (Midland, MI) were used in this work.
These dendrimers were prepared by the well-known “excess-
reagent” divergent growth method involving a reiterative
reaction sequence consisting of (a) Michael addition reaction
of methyl acrylate (MA) to amines and (b) amidation reaction
of the resulting methyl ester precursors with ethylenediamine
(EDA), as illustrated in Figure 2 and described in detail
elsewhere.®16 The samples used in this work were obtained
as methanol solutions and were thoroughly dried before testing
until no detectable amounts of solvent could be found by
thermogravimetric analysis (TGA). In the dry state, the first
three generations (i.e., generations 0 through 2) were viscous
liquids, while higher generations (i.e., generations 3 through
6) were amorphous solids. Selected molecular characteristics
of these PAMAM dendrimers are summarized in Table 1.

The dendrimer/EDA solutions were prepared from dry
dendrimers and twice distilled EDA (T, 118 °C, obtained from
Aldrich). For all generations, the highest concentration solu-
tion (i.e., 75 wt %) was prepared first and the less concentrated
ones were then obtained by diluting the stock. The lowest
concentration solutions were about 30 wt %, and the maximum
error involved in the weight measurements was less than 0.01
g (i.e., less than 0.1% in weight concentration).

Steady Shear Rheometry. Steady shear rheometry of all
dendrimer solutions was performed using a Carri-Med CSL-
100 stress-controlled cone-and-plate rheometer, with version
5.0 software for data acquisition. The cone diameter was 4
cm, and the cone angle was 2°. The precision of the viscosity
readings ranged from +1 P for the highest to + 1 x 10~* P for
the lowest viscosities recorded. Measurements were performed
over a shear stress range from 10 to 10° dyn/cm? (correspond-
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Table 2. Zero-Shear Viscosities of EDA Core PAMAM Dendrimer EDA Solutions as a Function of Concentration and

Temperature
viscosity, P
concentration,
wt % 10°C 15°C 20 °C 25°C 30 °C 35°C 40 °C
Generation 0
29 0.10 0.09 0.07 0.07 0.06 0.06 0.06
37 0.21 0.18 0.15 0.13 0.11 0.10 0.09
50 0.70 0.55 0.45 0.38 0.32 0.29 0.25
60 2.15 1.64 1.29 1.03 0.87 0.78 0.74
75 18.97 12.23 8.28 5.86 4.47 3.31 2.68
Generation 1
30 0.18 0.16 0.14 0.12 0.11 0.10 0.09
40 0.64 0.51 0.42 0.36 0.31 0.27 0.25
50 2.68 2.05 1.65 1.33 1.12 0.96 0.85
60 12.79 8.67 6.18 4.56 3.50 2.79 2.33
75 340.9 191.5 113.6 69.82 44.93 30.06 21.18
Generation 2
30 0.32 0.28 0.24 0.21 0.19 0.17 0.16
40 1.15 0.95 0.81 0.70 0.63 0.57 0.56
51 5.42 4.10 3.23 2.57 2.09 1.91 1.88
57 26.72 18.38 13.02 9.38 7.16 5.82 5.06
75 560.3 329.3 198.1 124.1 81.72 54.79
Generation 3
40 - 1.46 1.19 0.97 0.84 0.75 0.69
50 -- 6.62 5.08 4.21 3.50 3.15 2.87
60 -- 36.23 25.42 18.43 14.02 11.01 9.50
75 -- 1083 621.6 371.1 229.2 147.4 99.99
Generation 4
30 0.64 0.53 0.46 0.40 0.35 0.32 0.29
40 3.42 2.68 2.16 1.79 1.51 1.30 1.17
50 12.54 9.75 7.75 6.15 5.03 4.25 --
58 64.76 45.74 33.45 24.85 19.26 15.82 14.59
75 4617 2524 1462 864.9 541.0 355.9 242.2
Generation 5
30 1.01 0.81 0.68 0.58 0.50 0.46 0.43
40 5.49 4.23 3.37 2.87 -- -- --
50 22.61 17.06 14.13 12.14 10.11 8.70 7.67
60 129.4 86.63 60.46 44.21 36.63 28.02 22.16
75 5274 2871 1641 971.1 600.3 384.0 257.2
Generation 6
30 1.58 1.34 1.13 0.97 0.85 0.75 0.69
40 7.67 5.95 4.73 3.90 3.31 2.94 2.82
50 45.30 33.04 24.49 18.26 14.00 11.13 9.44
59 205.1 137.2 95.39 68.38 49.96 37.75 29.53
75 7523 4185 2405 1450 921.3 601.1 409.5

ing to almost six decades of the shear rate range from 1 x
107210 1.5 x 10%s71). Shear stress was applied in logarithmic
increments over 20 min of measurement time. Since amine
terminated PAMAM dendrimers are highly hygroscopic, all
measurements were performed in a nitrogen atmosphere,
using an attached trap to prevent evaporation of the solvent.®
Temperature control was accurate to +0.2 °C, and the PAMAM
dendrimer stability under these experimental conditions was
verified by repeated rheological testing, 3C NMR and size
exclusion chromatography (SEC) before and after shear stress-
ing, and thermogravimetric analysis (TGA).

Computer Modeling. Computer-generated molecular mod-
els were constructed using the Builder module in version 4.0.0
of the Molecular Simulations, Inc. (MSI) Insight molecular
modeling software. Dendrimers were built by successively
adding methyl acrylate and ethylenediamine fragments to
“growing” structures of appropriate size (i.e., dendrimer
generations) in a manner analogous to the divergent growth
strategy used in the actual synthesis. Energy minimization
was allowed to run to the default cutoff value of the MSI
software (derivative = 0.01) after the addition of each small
molecular fragment. Subsequent molecular dynamics runs
were carried out on the energy minimized structures at 300
K for 50 ps. In all cases the potential energy profiles reached
a plateau level well before the calculation cutoff time. All
energy minimization and molecular dynamics calculations

were carried out using the consistent valence force field (CVFF)
available in MSI's Discover software and a Silicon Graphics,
Inc. (SGI) Indigo workstation which was run under version
5.3 of SGI's IRIX operating system.

Results and Discussion

Steady Shear Flow of EDA—Core PAMAM Den-
drimer Solutions in EDA. Steady shear flow of 34
different solutions of the first seven generations of EDA-
core PAMAM dendrimers (i.e., from generation 0 through
generation 6) in ethylenediamine (EDA) solvent was
investigated using a cone-and-plate rotational rheom-
eter at seven different temperatures which ranged from
10to40°Cin5°Cintervals.® Ateach temperature and
for each dendrimer generation (except for generation 3,
as shown in Table 2), five different solution concentra-
tions ranging from about 30 to 75 wt % in increments
of about 10 wt % were examined. As examples of the
results obtained, shear stress vs shear rate plots for the
two limiting cases of this study: generation O (molecular
weight of about 500) at the lowest solution concentration
(i.e., 29 wt %) and generation 6 (molecular weight of
almost 60 000) at the highest solution concentration (i.e.,
75 wt %), are shown in Figure 3. The corresponding
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Figure 3. Shear stress vs shear rate relationships of generation 0 and 6 ethylenediamine (EDA) core—poly(amidoamine) (PAMAM)
dendrimers in ethylenediamine (EDA) solvent at indicated temperatures. Key: (A) generation 0, 29 wt % solution; (B) generation

6, 75 wt % solution.

responses of all other dendrimer solutions varied be-
tween these two extremes with respect to both den-
drimer generation and solution concentration, but all
exhibited the same linearity of this rheological function.

As illustrated in Figure 3, over the entire range of
evaluated shear stresses or shear rates, all of the
examined PAMAM dendrimer/EDA solutions showed
linearity between the shear stress (o) and shear rate
(y) and showed constant viscosity () with respect to
both shear stress and shear rate. To illustrate the
latter, a plot of viscosity vs shear rate for 40 wt %
solutions of all seven PAMAM generations at 25 °C is
shown in Figure 4, while a complete list of viscosity
values determined for all examined dendrimer solutions
at all concentrations and temperatures is given in Table
2.

It can be seen from these figures that the flow
behavior of all of these dendrimer solutions was typical
of Newtonian fluids and fundamentally different from
either that of the vast majority of high molecular weight
chain polymers (both in solutions and in bulk!’) or that
of the suspensions of spherical particles,®19 which both
generally show “shear-thinning” above some critical
shear rate (or shear stress), molecular weight, and/or
concentration.?® This clearly indicates that the reasons
responsible for non-Newtonian flow behavior of chain
polymers and suspensions of spherical particles must
be absent from dendrimer solutions even at molecular
weights as high as 60 000 and solution concentrations
as high as 75 wt %. For the chain-type polymers of
comparable molecular weights (including linear, ran-
domly or regularly branched, cyclic, star-shaped, and
H-shaped ones29), these reasons are generally associated
with the establishment of “entanglement”-type interac-
tions and the resulting formation of transient quasi-
networks.'” On the other hand, for the suspensions of
spherical particles, they originate from the tendency of
individual particles to aggregate into doublets or mul-
tiparticle agglomerates depending on concentration.?!
Hence, it follows from these results that, even at high
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Figure 4. Viscosity vs shear rate relationships for the 40 wt
% solutions of the first seven generations (i.e., generations 0
through 6) of ethylenediamine (EDA) core—polyamidoamine
(PAMAM) dendrimers in ethylenediamine (EDA) solvent at
25 °C.

molecular weights (i.e., generations) or solution concen-
trations, dendrimers do not undergo either of these two
types of interactions nor do they cause any significant
disturbance of the solvent flow, which would result in
deviations from Newtonian flow behavior.2* This find-
ing is in complete agreement with the recently described
small-angle X-ray scattering (SAXS) study, which showed
no indication of interdendrimer correlation at concen-
tration of 26 wt % in methanol, another good solvent
for these EDA—core PAMAM dendrimers.3
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Figure 6. Comparison of zero shear viscosity vs molecular
weight relationships for neat ethylenediamine (EDA) core—
polyamidoamine (PAMAM) dendrimers (®) and linear poly-
amidoamine (M). Data were taken from oscillatory shear
measurements at 95 °C. Molecular weights for linear PAMAM
were obtained by size exclusion chromatography in water/citric
acid buffer relative to linear poly(ethylene oxide) standards.
All linear PAMAM samples had most probable molecular
weight distributions, My/M,, ranging between 1.8 and 2, and
weight average molecular weights were used for this plot. M
= 14500 is the critical molecular weight for the onset of
entanglement couplings in linear PAMAM.

It should be also noted that in another clear agree-
ment with this, all examined dendrimer solutions
showed viscosities which were considerably lower (i.e.,
by at least an order of magnitude or more) than the
viscosities that are usually found for similar solutions
of chain-type macromolecules of comparable molecular
weights and concentrations.11:1217.2223  Because the
same difference was also observed when the behavior
of bulk PAMAM dendrimers was compared to that of
the linear polymer of the same chemical composition
and comparable molecular weights (see Figure 6), it
follows that spheroidal® nanoscopic dendrimers flow

much more easily than their chain-type counterparts,
suggesting intriguing potentials for their use in polymer
processing and various other flow-related applications.

Shear Viscosity vs Molecular Weight Relation-
ships of EDA—Core PAMAM Dendrimers in EDA
Solutions and in Bulk. Figures 5 and 6 show shear
viscosity vs molecular weight relationships for EDA—
core PAMAM dendrimers in EDA solutions and in bulk,
respectively. In addition, Figure 6 also includes the
corresponding relationship between the zero-shear vis-
cosity and weight average molecular weight of linear
PAMAM in bulk. The results of Figure 6 were obtained
by dynamic oscillatory shearing at 95 °C and under
experimental conditions where neither PAMAM den-
drimers nor the corresponding linear polymer showed
any indication of thermal, thermo-oxidative, or mechan-
ical instability.® To the best of our knowledge, this is
the first direct comparison of one physical property of a
linear polymer and its corresponding dendrimer coun-
terparts where both have the same chemical composi-
tion and comparable molecular weights. The synthesis
and other properties of this linear PAMAM will be
described elsewhere.?*

Several interesting features of the dendrimer viscos-
ity—molecular weight relationships can be observed
from these figures. First, while as expected linear
PAMAM showed typical behavior of a high molecular
weight polymer,?® including the characteristic break in
the slopes of the linear portions of the log 7, vs log M,
dependence at M, of about 15000, no such break
appeared for dendrimers either in solutions (Figure 5)
or in bulk (Figure 6). Therefore, since this break has
been found for a variety of different macromolecular
topologies, including linear, randomly or regularly
branched, cyclic, multiarm star-shaped, or H-shaped
polymers?® and is traditionally associated with the
critical chain length for entanglement formation,? these
results further support the conclusion that dendrimers
do not engage in such interactions.

Second, it can be also seen from Figure 6 that the
slope of the linear polymer log 7, vs log M,, relationship
changed from about 0.7 at lower molecular weights to
about 4.5 above the critical molecular weight for en-
tanglement formation (M), in agreement with expected
semiflexible character of the PAMAM chain segments.?3
However, in a clear contrast to this, the corresponding
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log # vs log M relationship for bulk dendrimers was a
smooth curve with local slopes gradually decreasing
with molecular weight from about 1.9 between genera-
tions 3 and 4 (i.e., molecular weights between about
7 000 and 14 000, respectively) to about 0.7 between
generations 6 and 7 (i.e., molecular weights between
58 000 and almost 120 000, respectively). In solutions
(Figure 5), the shape of this dendrimer function re-
mained the same, but the extent of curvature was
clearly dependent on concentration and temperature,
increasing with increase in both of these parameters.
A similar log » vs log M relationship was also obtained
by Hawker and co-workers for polybenzyl ether den-
drimers in bulk,® with the main difference being that
in that case the change in local slopes was even more
dramatic and ranged from over 5 at lower molecular
weights (i.e., between 1000 and 3000) to about 1.1 above
a molecular weight of about 11 000.

Furthermore, this shape of dendrimer viscosity vs
molecular weight relationship was distinctly different
not only from the typical shape of the corresponding
relationships for various chain-type polymers regardless
of their molecular topology?® but also from the steep
linear relationship (i.e., slope > 10) obtained for the
suspensions of spherical microgels which had compa-
rable but nevertheless somewhat larger particle sizes
than those of the dendrimers examined in this work (i.e.,
the hydrodynamic radii of these spherical microgels
ranged from about 7 to about 28 nm).2° Consequently,
it appears that the viscosity—molecular weight relation-
ship may represent a unique, characteristic “fingerprint”
property of dendrimers, which is independent of their
particular state (i.e., solutions or bulk) and/or chemical
composition (i.e., polybenzyl ethers or PAMAMS). In-
stead, it seems to reflect their small (i.e., nanoscopic)
sizes, compact molecular shapes, and lack of interden-
drimer interactions. Three main features of this rela-
tionship seem to include (a) a smooth, monotonically
increasing curved shape with decreasing local slopes as
a function of molecular weight (i.e., generation), (b) a
limiting value of this slope approaching unity at high
dendrimer generations, and (c) significantly lower vis-
cosity values than those of the corresponding chain-type
polymers of comparable molecular weights.

Third, it is indeed intriguing to note from Figure 6
that the part of the PAMAM dendrimer log # vs log M
relationship between generations 6 and 7 in bulk
appears as an almost exact extension of the correspond-
ing linear polymer dependence at molecular weights
below the critical molecular weight for entanglement
formation. Not only do the two portions of these
dependencies have identical slopes, but also even the
respective viscosity values were very close to a single
linear relationship with respect to molecular weight.
However, whether this is just a coincidence or another
consequence of unique dendrimer molecular architec-
ture is impossible to judge on the basis of these data
only.

Computer Modeling of Dendrimer Shapes. Parts
a and b of Figure 7 show “frozen-in-time” computer-
generated models of energy minimized pairs of PAMAM
molecules of generations 1 and 4, respectively, which
have been subjected to up to 50 ps of molecular dynam-
ics at 300 K. In running these molecular dynamics
calculations, the potential energy profiles leveled off
after approximately 30—40 ps. The pairs of structures
displayed in parts a and b of Figure 7 are representative
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examples obtained (i) between 40 and 50 ps through the
dynamics runs and (ii) at the ends of the molecular
dynamics calculations (at 50 ps). It should be noted,
however, that the structures used herein for illustration
represent only a few of the vast number of possible
configurations. Averaged over time (particularly over
much longer time periods which would correspond to
the time scale of rheological measurements such as
those performed in this work), the overall configuration
of the dendrimer structures of Figure 7b would not be
expected to contain any open “clefts” or “channels” as
may appear from this figure. The size bar indicated in
Figure 7 was obtained from a set of “molecular rulers”
constructed from all-trans polymethylene chains of
known or measurable dimensions.

The generation 4 PAMAM dendrimer models of
Figure 7b strongly suggest that the outer surface of
these dendrimers is “closed” upon itself or at least
“dense” enough to act as an impenetrable barrier to
other neighboring dendrimers or their parts. In con-
trast, Figure 7a illustrates that at lower generations this
situation is essentially reversed and that intermolecular
interpenetration of these molecules must be expected.
In fact, representative structures of generation 1 PAM-
AM molecules clearly appear to be open “platelike” or
“domelike!! entities which may readily permit a branch
from a given molecule to penetrate into the interior of
its nearest neighbor. In the case of PAMAMSs of Figure
7a, this tendency is further enhanced by the expected
establishment of intermolecular hydrogen bonds be-
tween the interior amide groups of two interpenetrating
molecules or between the primary amine units of one
molecule and the amide carbonyl oxygens of another.
Clearly, this may represent an additional driving force
for interpenetration of the low generation PAMAMSs,
resulting in their relatively high viscosities with respect
to the molecular weights. Conversely, in the case of
polybenzyl ethers,!2 it would be expected that zz-stacking
interactions between the aromatic rings may create a
similar situation.

In contrast to this, however, upon closure of the
dendrimer outer surface at higher generations, attrac-
tive intermolecular forces resulting from physical in-
terpenetration should diminish and perhaps disappear
at high enough generations. This would result in
entanglement and/or aggregation free dendrimer solu-
tions and/or bulks, which, in turn, would be expressed
as experimentally observed Newtonian flow and viscos-
ity vs molecular weight relationships. It would then be
because of this reason that the flow of dendrimer
systems (i.e., solutions as well as bulk dendrimers) is
fundamentally different from that of the corresponding
chain-type macromolecules (of comparable molecular
weight and/or chemical composition) and suspensions
of idealized spheres (of comparable sizes), as shown in
the preceding sections. In fact, this would be essentially
an architecturally determined dendrimer property and
therefore specific for dendrimer’s unique type of mac-
romolecular organization.

Critical Degree of Branching. The hypothesis that
described generationally dependent flow behavior of
dendrimers may be their characteristic architecturally
driven property? independent of particular chemical
composition and state, arises from observation that both
PAMAM and polybenzyl ether dendrimers showed
analogous features of the respective rheological rela-
tionships. Furthermore, because the slopes of the log
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Figure 7. Computer-generated models of ethylenediamine (EDA) core—poly(amidoamine) (PAMAM) dendrimer precursors of
generation 1 (a) and fully developed dendrimers of generation 4 (b) after 50 ps of molecular dynamics.

7 vs log M relationships for both of these dendrimer
families and for both PAMAM solutions and the bulk
state showed similar decreases with generations and a
tendency toward a common value of unity at high
molecular weights (i.e., generations), it appears that the
molecular level features that are responsible for this

dendrimer behavior must be related to some critical
generation size. From the computer modeling experi-
ments described in the preceding section, this growth
stage seems to be the generation at which the outer
dendrimer surface begins to “close” upon itself and
inhibit interdendrimer interactions (i.e., interpenetra-
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Figure 8. Critical degree of branching (CDB): a possible defining structural criterion for a dendritic macromolecule. Z represents

the end groups.

tion involving neighboring dendrimers or their parts).
In an attempt to pinpoint that particular “critical”
generation at which this major structural transforma-
tion may onset during the course of dendrimer forma-
tion, Figure 8 shows a generalized schematic represen-
tation of the divergent dendrimer growth process. Of
course, a similar analysis should also hold for the
convergently prepared dendrimers.

It can be visualized from Figure 8 that the develop-
ment of dendrimer structure during the course of the
synthesis involves a transition from simple branched
molecules (structures A and B of Figure 8) into fully
developed true dendrimers (structures C and D of the
same figure). A fully developed dendrimer is a molecule
consisting of at least two dendrons emanating from a
single, common core and containing all three funda-
mental building blocks which include the core branch
cell, the surface branch cells, and the interior branch
cells (see structure C of Figure 8). The transition from
simple branched molecules to fully developed dendrim-
ers occurs, therefore, at a synthesis stage which may
be designated as the critical degree of branching (CDB)
at which the resulting molecules contain for the first
time in their synthetic history all three basic building
blocks of the fully developed dendritic structure.? As
can be seen from Figure 8, in the PAMAM dendrimer
family the onset of this structural transition in molec-
ular complexity (from B to C in Figure 8) coincides with
the generation at which the stepwise decrease in the
I,/1; aspect ratio was observed* (i.e., generation 2) and
where the resulting molecules start changing their
shape from open “dome”-like or “plate”-like to globular
spheroids resulting in the closing of dendrimer outer
surface upon its interior.?

From this, it follows that the lower generation den-
drimer precursors should be quite open for intermolecu-
lar interpenetration (compare with Figure 7a) which,
in the PAMAM case, should result in considerable
intermolecular hydrogen bonding. In contrast to this,
with an increase in generation the probability of such

interactions would decrease and perhaps even disappear
when the dendrimer outer surface effectively closes
upon itself (i.e., apparently at about generation 4 as
judged from Figure 7b and previous computer modeling
results). Essentially, this would represent a reversed
situation from what is normally found in typical chain
polymers, where the probability of entanglements in-
creases with an increase in the polymer chain length.
Therefore, while the lower molecular weight members
of a dendrimer homologous series would be expected to
interpenetrate and interact more, resulting in the
steeper slopes along the low molecular weight part of
the log 7 vs log M relationships, the degree of interpen-
etration should decrease with increase in generation,
leading to a corresponding decrease in the log # vs log
M slope upon the “closure” of the dendrimer outer
surface. Clearly, this is consistent with the trend that
has been experimentally observed for both PAMAM (see
Figures 5 and 6) and polybenzyl ether dendrimers
(compare with ref 13). It is also consistent with the
results of a recent SAXS study which indicate that
generations 5 through 10 PAMAM dendrimers behave
as particles with “rather sharp boundaries”.?

In other dendrimer families, a similar structural
analysis should reveal the generational stages at which
the CDB criterion is satisfied. Thus, while the transi-
tion to a complete dendrimer hierarchy of branch cells
may provide a general architectural criterion for dis-
tinguishing dendrimer precursors from true dendrimers,
the generational CDB value at which this criterion is
satisfied in a particular family of these molecules will
be determined by the chemical composition and will be
specific for that family. Acceptance of this structural
criterion (i.e., the CDB) in considerations of highly
branched dendritic compounds may help avoid contin-
ued confusion concerning the definition of dendrimer
structure.

Dependence of Dendrimer Solution Viscosity on
Concentration. Figure 9 shows a comparison of the
shear viscosity—concentration relationships obtained for
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Figure 9. Comparison of the viscosity vs concentration
dependencies of ethylenediamine (EDA) core—polyamidoamine
(PAMAM) dendrimers in ethylenediamine (EDA) solutions
with the model behavior of idealized “hard-sphere” suspensions
at 20 °C and ¢p, = 0.2 maximum packing fraction. “Hard
sphere” models include the following: (O) Mooney model, 7,
= exp {[7]¢/(1 — dlgp)}; (O) Eiler model, - = {1 + (1/2)[5]$/(1
— ¢lpp)}?; (O) Krieger—Dougherty model, 7 = {1 — ¢/¢p} Lilep,
where 7 is relative viscosity, [#] is intrinsic viscosity, and ¢ is
volume fraction of the solute. Dendrimer solutions are repre-
sented as indicated in the figure.

EDA solutions of the first six generations (i.e., genera-
tions 0 through 5) of examined PAMAM dendrimers
with the theoretical predictions of three frequently used
models of idealized suspensions of “hard-spheres” (i.e.,
the Krieger-Dougherty,?” Eiler,?8 and Mooney?® models,
respectively). For this comparison, the respective solu-
tion volume fractions were obtained using experimen-
tally determined bulk densities of dendrimers (listed in
Table 1),12 while the theoretical curves were calculated
based on the value of 0.0175 P for the viscosity of the
EDA solvent.®

It can be seen from this figure that although the
observed behavior of these dendrimer solutions clearly
deviated from that expected for the suspensions of
nondraining “hard-spheres” of uniform densities, it was
in fact approaching it with an increase in the dendrimer
generation. This indicates an increase in the dendrimer
nondraining character with generations and is consis-
tent with the experimentally observed decrease of the
ratio of dendrimer radius of gyration and hydrodynamic
radius (Rg/Rn) from 0.94 for generation 3 to 0.74 for
generation 5, as shown in Table 1. The deviation of the
generation 5 value from 0.775 that is theoretically
expected for idealized nondraining “hard spheres”3°
probably results from dilute solution measurements and
may reflect difficulties in the precise determination of
intrinsic viscosities of strongly “polyelectrolytic” PAM-
AM dendrimers.® However, despite this reservation, it
still seems that the available data support the conclu-
sion that with increase in generation dendrimers tend
to develop from “softer”, more draining molecules toward
“hard”, nondraining spheroids. This is consistent with
the proposed concept of generationally dependent “clo-
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sure” (i.e., densification) of the dendrimer outer surface
upon its interior, and the resulting dendrimer impen-
etrability to other dendrimers, their parts, or other large
molecules.3! This is also consistent with the SAXS data
which showed hard sphere-type scattering functions for
dendrimer generations 5 through 10,2 as well as with
the recent theoretical prediction of the relationship
between the dendrimer hydrodynamic radius and the
radius of gyration.32

However, the observed deviations from idealized
“hard-sphere”-type behavior (particularly for lower gen-
erations, see Figure 9) are nevertheless considerable
enough to indicate that a certain degree of “softness”
exists within these dendrimer molecules. This suggests
that the source of dendrimer “softness” must be in their
interior which, in higher generation dendrimers (i.e.,
above the CDB), is relatively “spongy” with respect to
the surrounding “denser”, congested surface, as pro-
posed by the “dense-shell” model for dendrimer in-
tramolecular morphology.’? This type of molecular
morphology implies that there must be considerable
“cargo space” inside these molecules wherein they can
accept small molecular weight solvents or other organic
and/or inorganic guests. This can explain numerous
experiments which clearly demonstrated unprecedented
dendrimer ability to serve as nanoscopic “encapsu-
lators”,332-b “hoxes”,33¢ “containers”,334-9 or “molecular
sponges”,339h and it also agrees with the results of recent
SAXS studies which showed that dendrimers act as
particles “with rather sharp boundaries”.® In addition
to this, such dendrimer intramolecular morphology
would also imply their ability to expand on solvation
(particularly in good solvents and with increasing
solvent power34) or with an increase in temperature, as
well as to deform at higher solution concentrations or
when exposed to external stress. The latter was clearly
manifested in this study by the observed independence
of dendrimer solution viscosity on repeated loading (see
Experimental section).

To avoid potential confusion with various conflicting
views that have been expressed in the literature on this
subject matter, it is important to note that the “dense-
shell” model of dendrimer intramolecular morphology
does not support or dispute in any way any of the
previously proposed theoretical and/or computer-gener-
ated ones. Its presentation of a dendrimer molecule
results solely from experimentally determined proper-
ties of real dendrimers and is, consequently, more
descriptive and less elaborate, but perhaps physically
realistic. Therefore, it does not imply much about fine
details of the dendrimer structure, such as the exact
thickness of the dense dendrimer shell at each genera-
tion or the exact location of the end-groups (which has
been and still is one of the “burning” issues among
dendrimer scientists). In fact, it does not require that
all end groups must necessarily reside at the outer
molecular surface,?® and it readily permits a certain,
generationally dependent amount of “bending back” of
the outer segments into the dendrimer interior.36:37
However, this does not seem likely to occur to a very
high extent at higher dendrimer generations and is
probably sterically restricted to only few outermost
branch cell layers.3® It can be roughly estimated that
the “soft” and “spongy” interior probably does not extend
further than only a few (perhaps two to four) genera-
tional layers away from the dendrimer core. Thus, in
a sense, the “dense-shell” model is between the de
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Figure 10. Temperature dependence of the solution viscosities of generations 0 (A) and 6 (B) ethylenediamine (EDA) core—
polyamidoamine (PAMAM) dendrimers in ethylenediamine (EDA) solvent at indicated solution concentrations.

Gennes—Harvet “extended arms model”3 and the Muth-
ukumar—Lescanek kinetic “bending back” model,%¢ and
it seems to be consistent with the theoretical “density
well” model proposed by Mansfield and Klushin,'# as
well as with a number of various experimental observa-
tions described or referred to in this work.

Dependence of Dendrimer Solution Viscosity on
Temperature. The dependence of dendrimer solution
viscosity on temperature is illustrated for generations
0 and 6 in Figure 10, while all numerical values for
these and other examined solutions are listed in Table
2.

It can be seen from this figure that within the
temperature range studied (i.e., from 10 to 40 °C) these
dendrimer solutions exhibited very good linear relation-
ship between In » and 1/T, in agreement with the kinetic
rate theory of flow as represented by the Arrhenius—
Frenkel—Eyring-type equation (In n = A + AE,/RT).%*
This finding is not surprising because (a) the temper-
ature range studied was clearly rather narrow and
because (b) in all examined cases it was well above the
glass temperatures (Tg) of the respective solutions. As
determined by differential scanning calorimetry (DSC)
these Ty4s depended on dendrimer generations and
solution concentrations, and ranged between below
—100 °C, for the 50 wt % solution of generation 6
dendrimer and lower concentration solutions of this and
lower generation PAMAMSs, and —45 °C, for the 75 wt
% solutions of generation 5 and 6 dendrimers. There-
fore, in all cases the temperature range studied was
more than 50 °C above the respective Tg values, so that
effects of the proximity of T4 on the flow properties could
be considered negligible. On the other hand, the
dependence of solution viscosity on dendrimer size and
temperature was rather strong (see data of Table 2),
indicating that these molecules may undergo consider-
able deformation with solution concentration and tem-
perature (i.e., exhibit a surprising degree of flexibility
and/or pronounced free volume effects). This is clearly
consistent with the proposed “soft” and “spongy” char-
acter of the dendrimer molecular interior and with their
deformability on exposure to external stress.

Activation Energy of Flow of Dendrimer Solu-
tions. The observed linearity of In 5 vs 1/T relation-
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Figure 11. Activation energy of steady shear flow as a
function of dendrimer molar fraction for ethylenediamine
(EDA) solutions of ethylenediamine (EDA) core-polyamido-
amine (PAMAM) dendrimers of indicated generations (G)
within the temperature range 10—40 °C.

ships of these dendrimer solutions indicates that within
the examined temperature range their “apparent” ac-
tivation energy of flow (E,) was constant and indepen-
dent of temperature. Therefore, the E, values could be
calculated from the slopes of these relationships to give
the dependence of E, on dendrimer solution concentra-
tion, as shown in Figure 11.

It can be seen from this figure that the obtained
dependence was linear in all cases (i.e., for all dendrimer
generations) and that all lines had a common origin at
0% dendrimer concentration. This intercept gives about
2.6 kcal/mol for the activation energy of flow of pure
ethylenediamine solvent, which seems quite reasonable
since for most solvents E, is usually between 1.5 and
3.5 kcal/mol.*® On the other hand, this linear depen-
dence of E, on concentration differs from the corre-
sponding relationships that are typically found for the
solutions of linear and/or randomly branched chain
polymers, where a break in E, vs ¢ slope is normally
observed.*! Since the appearance of this break may be
associated with establishment of entanglement cou-
plings,*? the observed linearity of E, vs ¢ in dendrimer
solutions seems to represent yet another manifestation
of dendrimer impenetrability to other dendrimers or
their parts.
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Figure 12. Activation energy of steady shear flow as a
function of generation for ethylenediamine (EDA) solutions of
ethylenediamine (EDA) core—polyamidoamine (PAMAM) den-
drimers of indicated concentrations.

In addition to this, the steep increase of activation
energy of flow with solution concentration observed for
practically all dendrimer generations studied (see Fig-
ure 11) is consistent with what would be expected for
polymers that have large number of polar groups,
rheologically semirigid segments and high degree of
regular branching. However, the fact that there are no
breaks in the slopes of E, vs ¢ relationships indicates
that there is only one type of rheological unit involved
in the dendrimer flow. Consequently, this seems to
suggest that entire dendrimer molecule constitutes this
individual rheological unit (i.e., that dendrimer flow
occurs predominantly through “molecular” level mo-
tions).

Figure 12 shows dependence of the apparent activa-
tion energy of flow on the dendrimer generation (i.e.,
molecular weight). It can be seen from this figure that
with increase in concentration, E, increased with mo-
lecular weight at lower generations, but relatively
quickly reached a plateau value at about generation 2
or 3. This may be associated with the onset of “closure”
of outer dendrimer surface above the critical degree of
branching (CDB) stage and with the consequent reduc-
tion of intermolecular hydrogen bonding, which would
be expected to result in the observed decrease in the
rate of E, change with generation.

Conclusions

The results obtained in this study show that den-
drimers exhibit highly specific shear flow behavior
which is unprecedented among the high molecular
weight polymers and appears to be solely driven by their
unique macromolecular architecture. In particular, this
behavior includes the following main features. First,
the flow of dendrimer solutions appears to be perfectly
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Newtonian even at very high molecular weights and
solution concentrations. Second, both in solutions and
in the bulk state, dendrimers exhibit characteristic
viscosity vs molecular weight relationships which seem
to be independent of their chemical composition and
clearly and significantly different from both high mo-
lecular weight chain-type polymers and suspensions of
idealized spherical particles. Third, the pronounced
susceptibility of dendrimer solution viscosity to tem-
perature indicates that these macromolecules exhibit a
surprising degree of inherent flexibility. Fourth, den-
drimer solution viscosities are independent of repeating
loading, and fifth, the dependence of the activation
energy of flow of dendrimer solutions on dendrimer size
(i.e., generation) indicates that their entire molecules
represent the smallest rheological units involved in that
flow.

From these features, it seems that the following
conclusions can be drawn about the physical nature of
dendrimer molecules and their interactions. First, they
indicate that fully developed dendrimers do not engage
in interdendrimer interactions, which, in turn, suggests
that their outer molecular surfaces are impenetrable to
other dendrimers, their parts, or other large molecules.
This has been also confirmed by the results of small-
angle X-ray scattering studies which showed no inter-
ference resulting from interdendrimer correlations,® and
it is consistent with the demonstrated entrapment of
linear macromolecules prepared in the “confined envi-
ronment” of the dendrimer molecular interior.3* Fur-
thermore, this conclusion is also supported by the
molecular modeling studies and dendrimer structural
analysis performed in this work, which indicate that the
molecular reason responsible for this dendrimer prop-
erty is the “closure” (or “densification”) of the dendrimer
outer surface, which occurs above a certain generation
that is related to the critical degree of branching (CDB).

Second, the dependence of dendrimer solution viscos-
ity on concentration shows that while these molecules
resemble “soft” (partially draining) spheroids, their
“hardness” increases with generation. Combined with
the observed dendrimer ability to expand on solva-
tion,%1234 this “softness” seems to originate from the
interior of their molecules. It may also be a probable
reason for the somewhat surprising dendrimer flex-
ibility, as manifested by the pronounced sensitivity of
the solution viscosities to temperature. Conversely, the
stability of dendrimer solutions to repeated loading
suggests that dendrimers possess an appreciable ability
to deform under stress, probably through a high degree
of cooperation between their interior segments. This
intramolecular segmental cooperativity may also ex-
plain why entire dendrimer molecules appear to act as
individual rheological units in the flow of dendrimer
solutions.

On the basis of these results and conclusions, it is
proposed that the architecturally unique dendrimer
molecules behave as if consisting of a “soft” and “spongy”
interior surrounded by a well-defined “dense” outer
shell.*2 While this shell imparts dendrimer impenetra-
bility to other dendrimers or large molecules and the
absence of interdendrimer interactions, as reflected
through Newtonian flow behavior and specific viscos-
ity—molecular weight relationships, the interior pro-
vides a “cargo space” which can accommodate solvent
molecules or other small molecular weight organic or
inorganic “guests”. It is also proposed that Newtonian
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flow behavior and the absence of interdendrimer inter-
penetration may represent distinguishing “fingerprint”
properties characteristic of all fully developed dendrim-
ers, which set them apart from all other known classes
of macromolecular architecture.?® Fully developed den-
drimers may be defined by the critical degree of branch-
ing (CDB) which may serve as a criterion for distin-
guishing dendrimers from their lower molecular weight,
simple branched precursors.

Acknowledgment. This work was supported, in
part, by grants from Dendritech, Inc., Midland, Ml, and
the U.S. Army Research Laboratory Collaborative Re-
search Program on Dendritic Polymers. Very helpful
discussions with and suggestions by Professor Herbert
Morawetz, Associate Editor of Macromolecules, Profes-
sors Hans-Georg Elias, Dale Meier, and Marc Mansfield
and Dr. Ralph Spindler of Michigan Molecular Institute,
as well as Dr. Gary Hagnauer and Dr. Nora Back Tan
of ARL, are gratefully acknowledged. We also acknowl-
edge the assistance of Mr. Jordan Weitz, an under-
graduate summer intern from Massachusetts Institute
of Technology (MIT), in preparing the computer-gener-
ated models which appear in Figure 7.

References and Notes

(1) See for example: (a) Dvornic, P. R.; Tomalia, D. A. Curr.
Opin. Colloid Interface Sci. 1996, 1, 221. (b) Tomalia, D. A;;
Naylor, A. M.; Goddard, W. A., 11l1. Angew. Chem., Int. Ed.
Engl., 1990, 102, 119. (c) Tomalia, D. A.; Durst, H. D. Top.
Curr. Chem. 1993, 165, 193. (d) Newkome, G. R.; Moorefield,
C. N.; Vogtle, F. Dendritic Molecules. Concepts, Synthesis,
Perspectives; VCH Verlag: Weinheim, Germany, 1996.

(2) Dvornic, P. R.; Tomalia, D. A., Dendritic Polymers. Divergent
Synthesis, Starburst Poly(amidoamine) Dendrimers In Poly-
meric Materials Encyclopedia; Salamone, J. C., Ed., CRC
Press: Boca Raton, FL, 1996; Vol. 3, pp 1814—1830.

(3) Prosa, T. J.; Bauer, B. J.; Amis, E. J.; Tomalia, D. A;
Scherrenberg, R. J. Polym. Sci., Part B: Polym. Phys. 1997,
35, 2913.

(4) Naylor, A. M.; Goddard, W. A,, 111; Kiefer, G. E.; Tomalia, D.
A. J. Am. Chem. Soc. 1989, 111, 2339.

(5) Lehn,J. M. Angew. Chem. 1988, 100, 91; Angew. Chem., Int.
Ed. Engl. 1988, 27, 89.

(6) Mattice, W. L. Masses, Sizes, and Shapes of Macromolecules
from Multifunctional Monomers. Chapter 1 in Reference 1d.

(7) Mansfield, M. L.; Klushin, L. I. 3. Phys. Chem. 1992, 96, 3994.

(8) Rohn, C. L. Analytical Polymer Rheology; Hanser Publish-
ers: Munich, Germany, 1995.

(9) Uppuluri, S. Ph.D. Thesis, Michigan Technological Univer-
sity, Houghton, MI, 1997.

(10) Mourey, T. H.; Turner, S. R.; Rubinstein, M.; Frechet, J. M.
J.; Hawker, C. J.; Wooley, K. L. Macromolecules 1992, 25,
2401.

(11) Dvornic, P. R.; Uppuluri, S.; Tomalia, D. A. Polym. Mater.
Sci. Eng. 1995, 73, 131.

(12) Uppuluri, S.; Tomalia, D. A.; Dvornic, P. R. Polym. Mater.
Sci. Eng. 1997, 77, 116.

(13) Hawker, C. J.; Farrington, P. J.; Mackay, M. E.; Wooley, K.
L.; Frechet, J. M. J. 3. Am. Chem. Soc. 1995, 117, 4409.

(14) Amis, E. J.; Topp, A.; Bauer, B. J. Presented at the 29th ACS
Central Regional Meeting, Midland, MI, May 28—30, 1997.

(15) (a) Dvornic, P. R.; Tomalia, D. A. Macromol. Symp. 1994, 88,
123. (b) Dvornic, P. R.; Tomalia, D. A. J. Serb. Chem. Soc.
1996, 61, 1039.

(16) (a) Tomalia, D. A.; Dewald, J. R.; Hall, M. J.; Martin, S. J.;
Smith, P. B., Prepr. 1st Soc. Polym. Sci. Jpn. Int. Polym. Conf.
1984, 65. (b) Tomalia, D. A.; Baker, H.; Dewald, J. R.; Hall,

Macromolecules, Vol. 31, No. 14, 1998

M. J.; Kallos, G.; Martin, S. J.; Roeck, J.; Ryder, J.; Smith,
P. B. Polym. J. (Tokyo) 1985, 17, 117. (c) Tomalia, D. A.;
Baker, H.; Dewald, J. R.; Hall, M. J.; Kallos, G.; Martin, S.
J.; Roeck, J.; Ryder, J.; Smith, P. B. Macromolecules 1986,
19, 2466.

(17) See, for example: Tirrell, M. Rheology of Polymeric Liquids.
Chapter 11 In Rheology. Principles, Measurements and
Applications; Macosko, C. W., Ed.; VCH Publishers: New
York, 1994, Chapter 11, pp 475—514.

(18) (a) Woodcock, L. V. Mol. Simul. 1989, 2, 253. (b) Woodcock,
L. V. Ann. N.Y. Acad. Sci. 1981, 37, 274. (c) Angel, C. A,
Clarke, J. H. R., Woodcock, L. V. Adv. Chem. Phys. 1981, 48,
397.

(19) (a) Krieger, I. M. Adv. Colloid Interface Sci. 1972, 3, 111. (b)
de Kruif, C. G.; van lersel, E. M. F.; Vrij, A.; Russell, W. B.
J. Chem. Phys. 1985, 83, 4717. (c) Castle, J.; Merrington, A ;
Woodcock, L. V. Prog. Colloid Polym. Sci. 1995, 98, 111.

(20) Antonietti, M.; Pakula, T.; Bremser, W. Macromolecules 1995,
28, 4227.

(21) Mewis J.; Macosco, C. W. Suspension Rheology. In Rheology.
Principles, Measurements and Applications; Macosko, C. W.,
Ed.; VCH Publishers: New York, 1994; Chapter 10, pp 425—
474,

(22) Baird, D. G.; Ballman, R. L. J. Rheol. 1979, 23, 505.

(23) Dvornic, P. R. Macromolecules 1984, 17, 1348.

(24) Uppuluri, S.; Tomalia, D. A.; Dvornic, P. R. To be published.

(25) See, for example: (a) Berry, G. C.; Fox, T. G. Adv. Polym.
Sci. 1968, 5, 261. (b) Kumar, N. G. J. Polym. Sci., Macromol.
Rev. 1980, 15, 255. (c) Aharoni, S. M. J. Appl. Polym. Sci.
1977, 21, 1323. (d) Graessley, W. W. J. Chem. Phys. 1967,
47, 1942,

(26) Dvornic, P. R.; Tomalia, D. A. Sci. Spectra 1996, No. 5, 36.

(27) Krieger, I. M. Adv. Colloid Interface Sci. 1972, 3, 111.

(28) Eilers, H. Kolloid-Z. 1941, 97, 913; 1943, 102, 154.

(29) Mooney, M. J. Colloid Sci. 1951, 6, 162.

(30) (a) Aharoni, S. M.; Crosby, C. R., Il1l; Walsh, E. K. Macro-
molecules 1982, 15, 1093. (b) Aharoni, S. M.; Murthy, N. S.
Polym. Commun. 1983, 24, 132.

(31) Wege, V. U.; Grubbs, R. H. Polym. Prepr. 1995, 36 (2), 239.

(32) Mansfield, M. To be published.

(33) (a) Tomalia, D. A.; Naylor, A. M.; Goddard, W. A., I11. Angew.
Chem., Int. Ed. Engl. 1990, 102, 119. (b) Ottaviani, M. F.;
Bossmann, S.; Turro, N. J.; Tomalia, D. A. 3. Am. Chem. Soc.
1994, 116, 661. (c) Jansen, J. F. G. A,; de Brabander-van der
Berg, E. M. M.; Meijer, E. W. Science 1994, 266, 1226. (d)
Newkome, G. R.; Moorefield, C. N.; Keith, J. M.; Baker, G.
R.; Escamilla, G. H. Angew. Chem., Int. Ed. Engl. 1994, 33,
666. (e) Balogh, L.; Swanson, D. R.; Spindler. R.; Tomalia,
D. A. Polym. Mater. Sci. Eng. 1997, 77, 118. (f) Beck Tan,
N.; Balogh, L.; Trevino, S. Polym. Mater. Sci. Eng. 1997, 77,
120. (g) Dvornic, P. R.; de Leuze-Jallouli, A. M.; Owen, M.
J.; Perz, S. V. Silicones in Coatings Il; Orlando, FL, 1998.
(h) Dvornic, P. R.; de Leuze-Jallouli, A. M.; Owen, M. J.; Perz,
S. V. Polym. Prepr. 1998, 39 (1), 473.

(34) (a) Stechemesser, S.; Eimer, W. Macromolecules 1997, 30,
2204. (b) Uppuluri, S.; Tomalia, D. A.; Meier, D.; Dvornic, P.
R. To be published.

(35) de Gennes, P. G.; Hervet, H. J. Phys.—Lett. 1983, L-351.

(36) Lescanec, R. L.; Muthukumar, M. Macromolecules 1990, 23,
2280.

(37) Wooley, K. L.; Klug, C. A.; Tasaki, K.; Schaefer, J. J. Am.
Chem. Soc. 1997, 119, 53.

(38) Valachovic, D. E.; Bauer, B. J.; Amis, E. J.; Tomalia, D. A.
Polym. Mater. Sci. Eng. 1997, 77, 230.

(39) Glasstone, S., Laidler, K. J., Eyring, H. The Theory of Rate
Processes; McGraw-Hill: New York, 1941.

(40) Van Krevelen, D. W. Properties of Polymers, 3rd ed.; Elsevi-
er: Amsterdam, 1990; pp 507—512.

(41) Vinogradov, G. V., Malkin, A. Ya. Rheology of Polymers; Mir
Publishers: Moscow, 1980; p 121.

(42) Tager, A. A., Dreval, V. E. J. Polym. Sci. Part C 1968, 23,
181.

MA971199B



