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Dendrimer molecules are regularly branched macro-
molecules comprised of short multifunctional mono-
mers.12 Stepwise synthesis around an initiator core
leads to a treelike fractal structure of the polymer.3 Such
structures have been designed from various dendritic
precursor components.~¢ For PAMAM dendrimers,
either ammonia or ethylenediamine is used as the core,
which results in three or four dendrons growing from
the center of the molecule. The following building
blocks (so-called generations, g) consist of methyl meth-
acrylate and ethylenediamine.

There is a growing interest in dedrimeric molecules
from a scientific and technical point of view. Dendrim-
ers can be viewed as model compounds for self-as-
sembling biological systems like vesicles or micellar
systems. A potential technical application of these
polymers includes nanosize reaction vessels and chemi-
cal sensors. Some researchers take dendrimer mol-
ecules as subunits to synthesize even more complex
supramolecular assemblies.” It is known that with
increasing generation number a considerable part of the
inner surface and volume of the dendrimer molecules
is accessible to the solvent.® Therefore, it is expected
that the dendrimers have a swelling capability (e.g.
dependent on the solvent quality), which could be used
in separation media and drug delivery systems.?

There have appeared a number of theoretical studies
to describe the detailed molecular structure of dendritic
polymers. In a first mean-field model by de Gennes and
Hervet10 it was assumed that successive generations of
monomers lie in concentric shells about the core, leading
to an onion-like structure. Following coarse-grained
kinetic models,’* Monte Carlo,'213 and molecular dy-
namics simulations®4 on an atomic level have ques-
tioned this finding. In general, these investigations
indicate that for early generations a high monomer
density region appears, where the monomer units exist
in a rather stretched conformation, extending from the
central core. Higher generations (g > 5) exhibit a
significant flexibility, and chain backfolding was ob-
served. The monomers of the higher generations can
be found in all regions of the dendrimer molecule,
including the core region. Very recent predictions from
a self-consistent mean-field model are in line with these
findings.1®

Murat and Grest!* have performed a molecular dy-
namics study to investigate the effect of solvent quality
on the molecular dimensions of dendrimers. The den-
sity profile reveals a high-density core domain, followed
by a plateau region where the dendron density depends
on the solvent quality, being higher under poor solvent
conditions. The dendrimer size was found to scale with
the number of monomers N as Rq O N” with v = 0.33.
Their results confirm that monomer segments of later
generations do fold back and can occupy the central
region of the molecules. Based on a kinetic growth
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Figure 1. Typical intensity autocorrelation function for
PAMAM dendrimers (generation 6; 6.98 g/L in methanol)
together with a fit to a single-exponential decay and the
distribution of relaxation rates from an inverse Laplace
transformation of the correlation function by CONTIN. The
residuals correspond to the single-exponential fit. Similar
dynamic light scattering data have been obtained for the
higher generation dendrimers in all solvents. The low molec-
ular weight dendrimers were not investigated because of their
low scattering intensity.

model, Lesanec and Muthukumar!! have obtained a
slightly different scaling exponent with v = 0.22 + 0.02.

We have investigated the hydrodynamic properties of
PAMAM dendrimers in different solvents by holographic
relaxation spectroscopy (HRS). Our main emphasis was
to characterize the influence of solvent quality on the
molecular dimensions in solution. In addition, we have
tested theoretical scaling relationships predicted for
these molecules.

Experimental Section. The PAMAM dendrimers
with an ethylenediamine core were obtained from Poly-
science Europe GmbH (g = 6) and Aldrich Chemical Co.
(g = 2, 3, 4, 8, 10), and the labeling compound 4-(di-
methylamino)-4'-isothiocyanatoazobenzene (DABITC)
was purchased from Fluka Chemie GmbH. The unla-
beled dendrimer molecules have been characterized by
dynamic light scattering. As shown in Figure 1, the
intensity autocorrelation function is well represented
by a single-exponential decay. The molecular weight
distribution was estimated from the variance o of a
cumulant and CONTIN analysis,'617 respectively.
Both methods gave M/M; < 1.04 (according to M,,/M,
=1+ o).

The dye molecules were chemically attached to the
dendrimers in the following way: 100 uL of the 10%
methanolic solution of the dendrimer was added to 900
uL of a freshly prepared mixture of 0.3 mg/mL DABITC
in methanol. The solution was stirred at room temper-
ature for 24 h. After the solvent was evaporated under
vacuum, the labeled dendrimer was dissolved in 1.0 mL
of the corresponding solvent. The aqueous solution
contained 0.1 M NaCl in a Tris buffer at pH 8.0. The
labeled dendrimer was purified by gel chromatography
using Sephadex 25G. The amount of dye molecules per
dendrimer was estimated from UV spectra, assuming
the same absorption coefficient for free and attached
DABITC dye molecules. The values presented in Table
1 are in good agreement with theoretical label densities
as expected from the molar ratio during synthesis. In
general, 2—6% of the amino end groups of the PAMAM
dendrimer molecules were modified. For the HRS
measurements, the samples were diluted to a final
concentration of 1.0 mg/mL and filtered through a 0.2
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Table 1
ethylenediamine core NH3 core
generation MWs? (g/mol) % of labeled end groups  Rn(H20) (nm) Rp(MeOH) (nm) Rp(BuOH) (nm) MW?a (g/mol) lit R, (nm)
2 3244 6.3° 1.46 1.53 1.48 2411 1.11c
3 6896 3.1° 1.99 1.99 1.85 5147 1.55¢
4 14202 2.1 2.66 2.48 2.30 10619 2.00¢
5 21563 2.65,¢ 2.80d
6 58035 29 4.78 3.82 2.85 43451 3.35¢
7 87227 3.80,¢ 4.104
8 233366 2.0 7.14 5.79 4.49 174779 4.50¢
10 934691 2.4 9.11 7.23 700091 6.50¢

a Calculated for the ideal structure of the dendrimers. ® Assuming one label molecule per dendrimer (the average ratio of dye to dendrimer
molecules was below one). ¢ From intrinsic viscosity measurements (ref 20). ¢ From dynamic light scattering data (ref 21).

um filter (Anotop 10, Whatman Inc.) into dust-free
scattering cells. Table 1 gives an overview of the
dendrimers studied together with the label concentra-
tion.

The HRS apparatus is described in detail elsewhere.18
The writing beam of an Ar ion laser (Spectra-Physics,
Model 2020) was split into two beams of equal intensity,
which were focused into the sample cell to create the
holographic grating. The intensity of the reading beam
from a He—Ne laser, diffracted from the concentration
grating of the photoexcited dye, was detected by a
photomultiplier tube and analyzed by a computer-
controlled MCS card (Oxford Instruments Inc.). The
intensity of the writing beam was in the range of 1-3
mW with a typical pulse width of about 0.5 ms. Using
the phase shift with addition method,'® about 100
spectra were accumulated. The decay profile was fitted
to an exponential function

I(t)=Ae 2" +B (1)
with
1 1 2
=== +¢D
T Tife

where q (=4zn/A sin(6/2)) is the wave vector, 7 is the
characteristic decay time, A is proportional to the
amplitude of the optical grating, B is the background
intensity, tife is the lifetime of the photoexcited state,
and D the translational diffusion coefficient.

Results and Discussion. We have investigated the
translational diffusion of PAMAM dendrimers of gen-
eration 2—10 in water, methanol, and butanol, solvents
that are known to be of decreasing quality for the
monomers. A typical HRS spectrum is presented in
Figure 2. As judged from the random distribution of
the residuals, it can be described by a single-exponential
decay with a characteristic decay time 7, which is related
to the translational diffusion coefficient according to eq
1. For all systems studied, the diffusion coefficient was
obtained from g-dependent measurements (data not
shown). According to the Stokes—Einstein equation

6noRy,
we have calculated an apparent hydrodynamic radius
from the translational diffusion coefficient D, where #g
is the solvent viscosity. The experimental data for the
dendrimers in different solvents are presented in Figure
3a. For the low-generation dendrimers (g < 4), we
observed that the translational diffusion coefficient, and
hence the size of the molecules, is not significantly
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Figure 2. Typical HRS spectrum together with a single-
exponential fit according to eq 1. Experimental conditions:
dendrimer generation 6 (0.5 mg/mL in water); T=25°C; 6 =
4,240,

different in the various solvents. It is reasonable to
assume that for the low-generation dendrimers the
configuration of the molecules is determined by the
entropic part of the free energy while the excluded-
volume interaction between monomers gives a minor
contribution. For the higher dendrimer generations
however we found a strong influence of the solvent
quality on the hydrodynamic dimensions of the par-
ticles. The size of the dendrimer molecules increases
significantly with increasing polarity of the solvent
(water > methanol > butanol). Our experimental
results are consistent with computer simulations on
dendritic molecules, which predict that high molecular
weight PAMAM dendrimers exhibit an increasing sol-
vent-accessible surface and interior volume. The polar
character of the poly(amido amine) chains favors the
interaction with polar solvent molecules, leading to an
uptake of solvent, and hence to a swelling of the
dendrimer molecules.

Murat and Grest!4 have presented a molecular dy-
namics simulation of dendrimers, considering the dif-
ference in solvent quality. They observed an increase
of the average mean squared radius of gyration, going
from athermal to good solvent conditions. According to
their results, Ry should roughly increase as Ry O N3,
with N being the number of monomers per dendrimer
molecule. Lescanec and Muthukumar have simulated
the growth of starburst dendrimers by a kinetic model.
They found that the radius of gyration scales with Ry [
N°22, Figure 3b shows our experimental data for the
hydrodynamic radius as a function of the molecular
weight. In the following, we assume that a fixed
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Figure 3. (a) Hydrodynamic radius of PAMAM dendrimers
of different generations in water (O), methanol (a), and butanol
(©). (b) The same quantity as a function of the molecular
weight in a double-logarithmic plot; water (O), methanol (a),
and butanol (O). We have also included experimental data
for PAMAM dendrimers with an ammonium core from intrin-
sic viscosity (x) and dynamic light scattering (+) data. (---)
lines with a slope of v = 0.33 according to the scaling
predictions of Murat and Grest;* (---) similar line with a slope
of v = 0.22 as obtained by Lescanec and Muthukumar.*!

relationship between the hydrodynamic radius and the
radius of gyration exists. For methanol as a marginal
solvent, the predicted scaling behavior by Murat and
Grest is accomplished for all dendrimer generations,
except for g = 10. The data for the other solvents are
at least not in disagreement with the theoretical predic-
tions, although the low number of data points prohibits
us from drawing a final conclusion. Similar to the
situation in methanol, we observed that the hydrody-
namic radius for the dendrimer of generation 10 in
water is again significantly smaller than expected from
the scaling law. At this point, we do not have a well-
reasoned explanation for this effect. However, with
generation 10 the dense-packed stage for this dendrimer
family is reached, and one cannot exclude severe defects
during the synthesis of these molecules.

In Figure 3b, we have also included experimental data
for PAMAM dendrimers with three dendrons (ammonia
core) from viscosity measurements?° and dynamic light
scattering.?! It is worth noticing that the hydrodynamic
radii for the PAMAM dendrimers with an ammonia core
do not follow the scaling predictions although the
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molecular structures for the theoretical studies were
derived from three dendron molecules. For a final
assessment of the theoretical model predictions it is
therefore necessary to investigate whether the different
molecular design of the dendrimers studied here would
lead to the same scaling exponent. The dotted line in
Figure 3b represents the scaling behavior given by
Lescanec and Muthukumar® with Rq O N%22. Obviously,
the experimental data are in better agreement with the
MD simulations results, which predict a stronger in-
crease in the hydrodynamic radius with dendrimer
molecular weight.

In conclusion, our experimental data reveal that low-
generation PAMAM dendrimers exhibit similar hydro-
dynamic dimensions in various solvents. A significant
swelling in good solvent conditions is observed for larger
dendrimer molecules (g > 4), which is consistent with
recent model calculations. This finding might have
implications for technical applications of these polymers,
e.g. as separation or transport media. A change in the
solvent quality could be used to control the trapping and
release of molecules from the interior of the dendritic
particles.
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