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Introduction. The influence of polymer branching
on solution properties has long been of experimental and
theoretical interest, as a minor degree of branching can
appreciably alter properties such as solubility and
viscosity.12 Polymer branching can occur randomly or
regularly. Dendrimers, consisting of a core molecule
surrounded by dendrons, are an example of regular
branching.3~¢ The uniform and high degree of branching
in dendrimers results in well-defined structures. Theo-
retical models and computer simulations can predict the
structure and explore the density profile within the
dendrimer.”~10 Experimental studies can determine
dendrimer size and the apparent density, typically by
scattering techniques, although intrinsic viscosity and
pulsed field-gradient nuclear magnetic resonance
(PFGNMR) measurements are also used.}'=15 These
studies show that dendrimers have a globular structure,
which is not spherical at lower generation but becomes
increasingly spherical above the third generation.

The dependence of dendrimer radius on molecular
weight follows a power-law relationship. The power-law
scaling exponent for dendrimers with a trifunctional
core and dendrons is typically found to be about
three,'112 which is often interpreted as representative
of the dendrimer molecular dimension (i.e., globular)
and as evidence for a compact, space-filling nature. The
scaling exponent can alternatively be considered in the
context of branching, although such an interpretation
of experimental results is not common.

In this paper, diffusion rates of trifunctional poly-
(ether amide) dendrons and dendrimers at low genera-
tions are measured by PFGNMR. Examples of a second
generation poly(ether amide) dendron and dendrimer
are shown in Scheme 1. The hydrodynamic radii are
calculated from the diffusion rates using the Stokes—
Einstein equation. The relationship between hydrody-
namic radius and molecular weight is then used to
determine a scaling exponent. An existing statistical
branching model*¢17 is employed to predict the exponent
for poly(ether amide) dendrimers. Comparison between
the experimentally derived and model-predicted expo-
nents supports the establishment of the scaling expo-
nent as an indicator of dendrimer branching behavior.
The model-predicted exponent for tetrafunctional den-
drimers provides further evidence for this newly estab-
lished relationship.

Theoretical branching models for randomly and regu-
larly branched polymers have been developed'6—18 and
are reviewed by Yamakawa.l® An isotropic branching
model which considers only random-flight chains was
developed by Kataoka® and by Kurata and Fukatsul”
to predict the unperturbed dimension of the branched
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polymer. An isotropically branched polymer consists of
a core of f functionality, from which all future branch
generations of the same functionality grow in all direc-
tions. This type of branching is realized in dendrimers.
A two-dimensional representation of a fourth-generation
trifunctional dendrimer is shown in Scheme 2 to il-
lustrate and define the terms used here. The model is
summarized below.

A branching factor, q, is defined as the ratio of the
mean-square statistical radius of a branched polymer
[$2[J to a linear polymer [$2[j as

q = [B°[Ys°H (1)

In dilute solution, the square root of [$2[}lis proportional
to the radius of gyration Rg;.!° The g-factor for an
isotropically branched polymer of identical branch
lengths is given by6

3p-2 6
5 +— Z Ps (2)

p p3 all pairs

qiso =

where ps is the number of branches separating any given
pair of branches. The sum is taken over all but adjacent
branch pairs. The total number of branches p and the
number of branch points m are respectively given by’

p=Ff—-1m+1 (3a)
Cf(f-1)k-2
m="——7 (3b)

where Kk is the generation, and f is the number of
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Table 1. 'H Self-Diffusion Rates and the Calculated
Hydrodynamic Radii for Poly(ether amide) Dendrons
and Dendrimers; Branching Factors, giso, for
Trifunctional Isotropically branched Polymers Are
Calculated for Generations 0—3

k MW (g/mol) sample Do (x10711m2?s) Ry (A) Qliso
1 381.42 G;—Boc 18.7 £ 0.8 4.78

2 795.80 G,—Boc 12.2 +0.3 7.35

3 1680.60 G3z—Boc 7.92 +£0.13 11.3

0 210.14 Go-A 175+ 0.5 511 0.778
0 465.46 Go—B 124+ 0.2 7.21 (0.778)
1 1171.20 G1—B 9.34 £ 0.17 9.57 0.605
2 2498.40 G,—B 6.70 + 0.26 13.3 0.442
3 5153.00 G3;—B 5.10 £ 0.23 17.5 0.305
0 760.02 Go—C 9.71+0.21 9.22 (0.778)
1 146507 G;-C 791+035 113  (0.605)
2 2793.00 G,—C 6.27 + 0.58 14.3 (0.442)

branches radiating from the branch point. The radius
of gyration of a branched polymer Ry is then related
to that of a linear polymer by (Rg,0iso>%). Rg, varies as
MPO5 for a Gaussian chain?!® to give

Rg,b U BV, Mqiso (4)

The radius of gyration for an isotropically branched
polymer of a given functionality and generation can thus
be predicted from this statistical model. Small-angle
neutron scattering results have indicated that the
dendrimer radius of gyration is relatively insensitive to
changes in temperature and solvent quality.'3

Experimental Section. Synthesis and purification
of trifunctional poly(ether amide) dendrons and den-
drimers have been reported previously.?® Here, the
trifunctional core molecules are denoted Gy—A, Gy—B,
and Go—C, where A, B, and C are trimesic acid, 1,3,5-
tris[N-(3-carboxypropyl)aminocarbonyl]benzene, and
1,3,5-tris[N-(10-carboxydecyl)aminocarbonyl]benzene, re-
spectively. The only difference between cores B and C
is the alkyl chain length. The dendrons are designated
G1/2i3—Boc (thbutoxycarbonyl) and the dendrimers Gy/p;3—
B and G;,—C. The numerical subscript refers to the
generation. The molecular weights of the dendrons and
dendrimers are given in Table 1.

IH diffusion measurements were carried outina7 T
superconducting magnet with a Bruker AMX300 spec-
trometer. The 'H Larmor frequency was 300.13 MHz.
Magnetic field gradients up to 1 T/m were delivered by
a microimaging system (Bruker Micro2.5). Gradient
strength and linearity were calibrated by imaging an
object of known dimension and by measuring the
diffusion rate of water. All experiments were conducted
at 20 °C. Temperature stability was maintained by a
gradient-coil cooling system to within +0.2 °C. Polymer
samples were dissolved in perdeuterated dimethyl sulf-
oxide (s = 2.4 x 1072 Pa s at 20 °C) in 5 mm NMR
tubes.

Dendrimer diffusion rates were measured by spin-
echo and stimulated-echo pulse sequences.?122 In these
sequences, the interval between two gradient pulses
gives the observation time, A, over which root-mean-
square displacements are measured. These displace-
ments cause a related decay of the NMR signal intensity
which is interpreted as a diffusion rate using the
Stejskal—Tanner equation,?!

S(9)/S(0) = exp[~Dy?g’6*(A — 6/3)] (5)

where y is the gyromagnetic ratio, D is the one-
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dimensional diffusion rate, and g and ¢ are the gradient
strength and duration, respectively. Diffusion rates were
obtained from nonlinear regression.

Results and Discussion. Signal decay curves for all
dendritic poly(ether amide)s exhibited the following
features. The Stejskal—Tanner plots were linear, con-
firming that the molecular weight was monodisperse.23
The decay curves were invariant with A and gradient
direction, confirming that the diffusion was isotropic and
time-independent. The self-diffusion rates were deter-
mined from integrated intensity of the core-phenyl
proton signal and are summarized in Table 1.

The hydrodynamic radius of an incompressible spheri-
cal particle of radius Ry moving randomly in a fluid of
viscosity 7s can be calculated from the self-diffusion rate
using the Stokes—Einstein relationship,

B kg T
B 67”75Rh

(6)

0

where Kg is the Boltzmann constant and T the temper-
ature. The hydrodynamic radii for the dendritic poly-
(ether amide)s are given in Table 1, and the relationship
between hydrodynamic radius and molecular weight is
shown in Figure 1a. The scaling exponents, v, are given
by the inverse slope of the double-logarithmic plot as
Rn O M, They are 1.73 % 0.01 for the dendrons and
2.63 £+ 0.08 and 2.98 + 0.12 for the core B and core C
dendrimers, respectively.

The scaling exponent increases from below two for the
dendrons to almost three for the dendrimers. The size
increase with molecular weight is thus faster for the
dendrons. The dendrimer exponent increases slightly
with core spacer length (recall the difference between
cores B and C is the length of the flexible alkyl chain).
The exponents (~3) for these dendrimers are consistent
with that of trifunctional poly(propylene imine) den-
drimers determined from viscosity-derived hydrody-
namic radii.tt

The model-based scaling exponent for the poly(ether
amide) dendrimers is determined from the molecular
weight dependence of radius of gyration, which is
calculated from eq 4. The use of radius of gyration is
justified by the fact that it is related to the hydrody-
namic radius by a constant.!® The g5, factors for
trifunctional dendrimers calculated from eqs 2 and 3
are shown in Table 1. The double-logarithmic plot of the
predicted Ry as a function of M is shown in Figure 1b.
The slope gives an exponent of 2.86 for all trifunctional
poly(ether amide) dendrimers. The model-based scaling
exponent agrees closely with the experimentally meas-
ured exponents.

The fact that a model which was developed from
purely statistical branching arguments predicts a scal-
ing exponent similar to the diffusion-based experimental
exponents suggests that the type and extent of branch-
ing is the key determinant of dendrimer size and
density. It may therefore be misleading to relate the
scaling exponent only to the dendrimer dimension. This
conclusion is further supported by comparing the scaling
exponents of tetrafunctional dendrimers. The model
predicts an exponent of 5.70. An experimental exponent
of 5.72 was determined using the hydrodynamic radii
reported for tetrafunctional carboxyl-terminated cascade
dendrimers by Zhang and co-workers.?* (k =2—4 at 0.1
degree of ionization in 0.1 M NacCl). The model-based
and experimental-based exponents for these tetrafunc-
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Figure 1. (a) Scaling of hydrodynamic radius to molecular
weight for the dendritic poly(ether amide) dendrons and
dendrimers. The slopes are 0.579 + 0.003 for Gyz3—Boc (O),
0.380 + 0.011 for core B (a), and 0.336 + 0.014 for core C (O)
dendrimers. The dotted line represents a scaling exponent of
3. (b) Scaling between the model-predicted radii and molecular
weights of the dendrimers. The slope is 0.35 + 0.03.

tional dendrimers both exceed the Euclidean dimension.
Incidentally, in this case, the experimentally based
exponent decreases with increasing degree of ionization,
as the electrostatic repulsion between chain end groups
exert an additional influence on the dendrimer size.
Conclusions. The self-diffusion rates of trifunctional
poly(ether amide) dendrons and dendrimers were meas-
ured by PFGNMR and the hydrodynamic radii calcu-
lated from the Stokes—Einstein equation. The relation-
ship between hydrodynamic radius and molecular weight
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gave a scaling exponent of 1.73 for the dendrons and
exponents close to the Euclidean dimension of three for
the dendrimers. The scaling exponent derived from a
random-flight isotropic branching model for these den-
drimers agreed well with the exponents determined
from diffusion measurements. The agreement supports
the establishment of the exponent as an indicator of the
dendrimer branching behavior. This interpretation is
further supported by the agreement between the theo-
retical and experimental exponents for tetrafunctional
dendrimers.
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