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Dendrimers are globular macromolecules constructed
around a central core.l2 During synthesis, the addition
of each successive repeat unit introduces a branch point
so that the final structure conceivably could have a great
many functional end groups on its surface. One of the
most prominent and ongoing debates in the effort to
relate the structure of dendrimers to their physical and
chemical properties focuses on the location of the chain
ends relative to the central core.3~®> Recently, small-
angle neutron scattering of seventh-generation poly-
(amido amine) dendrimers in solution has indicated that
the terminal groups are concentrated near the periphery
of the molecule.® The question arises whether the same
sort of geometry is generally present for dendrimers in
the solid state as well as in solution.

In this communication, we report the results of 13C-
{19F} rotational-echo double-resonance’ (REDOR) NMR
experiments performed on fifth-generation poly(benzyl
ether) dendrimers synthesized by convergent methods.®
Fluorine was used to label the ring-C-1 of the first
generation and 13C to label the methylene carbons of
either the third or fifth generations. In this terminology,
the generational layer is the monomeric repeat-unit
layer counted outward from the focal point (first genera-
tion); the first methylene carbons are considered part
of the first generation, so that the dendrimer terminates
with the fifth-generation methylene carbons coupled to
the chain-end phenyl rings. The 13C label was incorpo-
rated in the third generation by alkylation of 3,5-
dihydroxybenzyl-(33CH,) alcohol. The labeled alcohol
was prepared from benzoic-carboxy-13C acid (Isotec, Inc.)
by sulfonation of the 3- and 5-positions of the aromatic
ring by reaction with sulfuric acid and sulfur trioxide
for 5 h at 250—270 °C, followed by conversion to the
resorcinol by treatment with a sodium and potassium
hydroxide melt at 300 °C for 2 h. The °F label was
incorporated in the first generation by coupling of two
dendritic benzyl ethers containing a benzylic bromide
focal-point functionality to the two phenolic sites of
1-fluoro-3,5-dihydroxybenzene under standard alkyla-
tion conditions using potassium carbonate and 18-
crown-6 in acetone or tetrahydrofuran. 1-Fluoro-3,5-
dihydroxybenzene was prepared from 1-fluoro-3,5-
dimethoxybenzene by demethylation with boron tri-
bromide in chloroform.® Purification at each stage of the
synthesis was accomplished by silica gel flash column
chromatography and confirmed by size-exclusion chro-
matography, which, for the convergent-growth synthetic
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Figure 1. The 50.3 MHz 3C{¥°F} REDOR NMR spectra of
two fifth-generation poly(benzyl ether) dendrimers with 3C-
labeled methylene carbons in the third (left) or fifth (right)
generations. Both dendrimers were labeled by '°F in the ring-
C-1 position of the first generation and have been diluted 10-
fold by homogeneous mixing with a fifth-generation dendrimer
having neither 3C nor °F labels. REDOR differences (AS =
So — S, where S and Sg are the echo intensities with and
without dephasing, respectively) are shown at the top of the
figure, and full echoes (Sy) at the bottom, after 128 rotor cycles
of dipolar evolution. Magic-angle spinning was at 5 kHz.
Representative spinning sidebands are marked “ssb”. The
intensities of the sidebands are consistent with the absence
of large-amplitude motions in the solid state.

approach used here, is sensitive to the presence of even
a few percent of lower generation number.

Typical REDOR spectra are shown in Figure 1. Line
assignments for the spectra, preparation of samples for
NMR analysis, and details of the REDOR pulse se-
guence, spectrometer, and transmission-line probe used
to collect the spectra have been presented earlier.1° The
present measurements differ from the earlier ones in
that, first, the °F label is closer to the center of the
dendrimer and, second, the third-generation label is now
in a fifth rather than in a third-generation dendrimer.
The average distances from the center of the dendrimer
(the fluorine lablel) to the nominal midpoint and pe-
riphery of the dendrimer are therefore directly depend-
ent on the dephasing of the methylene-carbon signals
by rotor-synchronized °F z pulses.”

The intensity of the oxygenated methylene-carbon
peak at 60 ppm relative to the intensities of the natural-
abundance aromatic-carbon peaks clustered around 140
ppm depends on whether the third- or fifth-generation
positions are labeled. If the third generation is labeled,
there are eight methylene-carbon 13C's per dendrimer
molecule contributing to the dc 60 peak (Figure 1, left),
whereas if the fifth generation is labeled, there are 32
(Figure 1, right). Local dynamics, as measured by the
homogeneous 13C spin echo lifetimes, are essentially the
same for both types of labels (Figure 2). REDOR
dephasing, S/Sp, where S and Sy are the echo intensities
with and without dephasing, respectively, for the two
labels (in samples diluted 10-fold by mixing with fifth-
generation dendrimers having neither °F nor 13C labels)
is also closely similar (Figure 3, circles). This dephasing
corresponds to an average distance from the fluorine to
the methylene carbon of about 13 A (third generation)
or 14 A (fifth generation). The hydrodynamic radius of
the fifth-generation dendrimer is 13 A.11
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Figure 2. Rotor-synchronized Hahn-echo signal intensities
(So) for the methylene-carbon peaks of the two dendrimers of
Figure 1. The homogeneous 3C T, is 26 ms for the fifth-
generation label and 29 ms for the third-generation label.
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Figure 3. BC{*F} REDOR dephasing (S/S,) for two fifth-
generation poly(benzyl ether) dendrimers with 3C-labeled
methylene carbons in the third (solid symbols) or fifth (open
symbols) generations, with (circles) or without (squares) 10-
fold dilution by homogeneous mixing with an unlabeled fifth-
generation dendrimer. The dephasing for the diluted dendrim-
ers was corrected by subtracting from both S (dephased echo)
and So (full echo) estimated contributions from the natural-
abundance 3C background for all five generations, assuming
equal echo lifetimes (Figure 2), and the applicability of
measured dephasing for generations 1-5 (see ref 10). Magic-
angle spinning was at 5 kHz. The dotted lines show the
calculated dephasing for an isolated **C—°F pair as a function
of the internuclear distance. These calculations provide a
convenient set of rulers and are not attempts to fit the
experimental data, which clearly indicate that distributions
of C—F dipolar couplings (distances) are responsible for the
dephasing.

Preliminary molecular modeling based on energy
minimization, restrained by a 14 A distance to the
periphery, for a single isolated dendrimer suggests an
average distance to the third-generation methylene
carbon of about 9—10 A. This is an arrangement similar
to that shown schematically in Figure 4. The 12—13 A
distance to labels in the third generation observed
experimentally, however, indicates a significant relative
extension of the lower generation conformations or an
inward folding of the higher generation conformations,
some combination of which makes a large fraction of
the internal third-generation methylene carbons about
as close to the surface of the dendrimer as the fifth-
generation chain ends. Furthermore, the similarity in
the dependence of S/Sy on dilution for third- and fifth-
generation labels (Figure 3) also indicates a comparable
concentration of the two kinds of labels near the
dendrimer surface.1° This means that a first-generation
19F label of one dendrimer molecule is about equally
distant to either the third- or fifth-generation 13C labels
of its neighbors. This surprising qualitative conclusion
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Figure 4. Schematic representation of a fifth-generation poly-
(benzyl ether) dendrimer showing the nominal positions of
methylene-carbon *3C labels in generations three (top) and five
(bottom). These positions are in disagreement with the REDOR
dephasing of Figure 3 (circles), which indicates only about a 1
A difference in the average distance of the two types of
methylene-carbon labels to the central fluorine.

is independent of the choice of a model to describe the
intermolecular chain packing and the details of the
considerable interpenetration of nearest-neighbor den-
drimers. Molecular modeling to account for the (1/r3
weighted) REDOR results is in progress.
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