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Comb-Burst Dendrimer Topology. New
Macromolecular Architecture Derived from
Dendritic Grafting

As early as 1984, we reported the synthesis and
characterization of a new class of macromolecules referred
to as Starburst dendrimers.!2b They are distinguished
from other classical macromolecules by their unique mo-
lecular structure, as described in Figure 1.

The essential features of this architecture include the
systematic assembly of monomer units (~) into branch
cells (wL), which are organized into treelike ensembles
referred to as dendrons. These dendrons may be anchored
to various initiator cores to produce a vast array of star-
burst dendrimers differing in size and morphology. De-
pending on the multiplicity of the core (N,) and the branch
cells (Ny), one can produce a wide variety of precise mac-
romolecular architectures. The 2-dimensional projections
shown illustrate a tridendron starburst dendrimer series
with N, = 3 and Ny, = 2. Advancement from the initiator
core to high generations G = 1, 2, 3, etc., leads to branch
cell and terminal group proliferations that mimic biological
cell division.

To date, successful synthetic strategies have involved
either (a) in situ construction of branch cells around an
initiator core!a2-5 or (b) coupling of preformed branch
cells (derived from branch cell reagents) around such an
attractor.611 In either case, a reiterative branch cell
assembly scheme is necessary for developing concentric
generations and advancing the starburst architecture. As
aresult of these reiterative branch cell assembly operations,
it is apparent that these constructions follow systematic
branching rules (geometric progressions), if the assembly
is near ideal. This allows one to predict the number of
repeat units assembled (Ngy; degree of polymerization)
and calculate dendrimer theoretical molecular weight as
a function of initiator core multiplicity, N, branch cell
multiplicity, Ny, and generations (G), according to the
following relationships:
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Although starburst synthesis strategies produce very
precise macromolecular structures with stoichiometric
surfaces, it can be seen from the above expressions that
the increase in molecular weight as a function of generation
is not dramatic since the molecular weights of the repeat
units, N, and Ny, are usually small values. These issues
and other details have been extensively reviewed else-
where.12

We now report a new approach to dendrimer construc-
tions, wherein N, and N}, may be very large values as
defined below, thus leading to dramatic molecular weight
increases in relatively few generations. This scheme
involves reiterative grafting of “reactive telechelic” polymer
chains to form dendritic graft polymers. These “graft
upon graft” comb-branched entities are referred to as comb-
burst dendrimers. Conceptually, the scheme firstinvolves
grafting appropriate chains onto an “initiator core” chain
to produce a “comb-branched” macromolecular precursor.
(See Figure 2.)

Deprotection or introduction of suitable functionality
onto the four “teeth” of the comb-branched polymer
provides grafting sites for attachment of a second tier of
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branches to give the first generation in this comb-burst
series. Further reiteration produces “grafts upon grafts”,
theoretically leading to dramatic increases in molecular
weight in relatively few iterations. The number of
monomer units assembled as a function of generation is
determined by (a) the degree of polymerization of the graft
chains and (b) the graft density upon the precursor chains.
It can be seen in Figure 3 that substantial design and
control of these macromolecular structures is possible. The
use of appropriate nucleophilic or electrophilic moieties
(B) pendant to the chains or in the backbone will permit
grafting with either electrophilic or nucleophilic teleche-
lic groups. Nongrafting comonomers may be introduced
into the grafted chains, and the branch densities (graft
sites) can be controlled as a function of generation.
Furthermore, various R groups derived from graft chain
initiator reagents may be inserted at specified generations.
Most importantly, the degree of polymerization (no— n;)
can be controlled and introduced at desired generation
levels.

In order to maintain good monodispersity, generation
togeneration, it is very desirable to use “living end-group”
polymers (anionic and cationic) for the grafting stages,
which exhibit efficient grafting characteristics. If that is
not possible, effective methods for separating ungrafted
chains from the comb-burst dendrimer are important to
maintain monodispersity.

Architecturally, comb-burst dendrimers are similar to
starburst dendrimers in that they possess three distin-
guishable components, namely, (a) an initiator core, (b)
aninterior (consisting of ensembles of graft sites to produce
branch cells), and (c) terminal graft chains (i.e., analogous
to terminal functionality/moieties in starburst systems).
Topologically the two systems may differ dramatically.
Whereas the starburst system builds by branch cell
development at the termini, the comb-burst system
involves branch cell construction by developing graft sites
along the entire terminal graft chains.

Comb-burst branching strategies allow considerable
versatility for controlling “critical molecular design pa-
rameters” (CMDP’s) such as size, shape, surface chemistry,
flexibility, and topology.!? For example, size of the comb-
burst dendrimer can be controlled by the size of the
initiator core (N,) as well as by the subsequent ny — n;
values introduced throughout the dendrimer construction.
Comb-burst morphology (aspect ratios) can be designed
or modulated by adjusting N, values relative to the ng —
n; values (e.g., large N, vs small ng — n; values would lead
to rod-type morphologies, whereas, spheroids would be
expected from low N, values). Surface chemistry will be
determined by the selection of moieties for (A), (B), and
R at the n; + 1 generation. Interior design can be very
specific by the introduction of R, — R; type moieties or
more generally to give various interior properties (i.e.,
hydrophobic/hydrophilic or flexibility/rigidity, by intro-
ducing appropriate (A) and (B) comonomers). Other
interior design may involve selection of appropriate graft
(branching) moieties to assure thermal/hydrolytic sta-
bility. Topological control to develop hollow interiors can
be envisioned by adjusting graft densities during the
construction of the dendrimers (i.e., low graft densities
for the early generations and higher graft densities for the
latter iterations).

The first demonstration of this topology employed poly-
oxazoline methodology to produce comb-burst poly(eth-
ylenimine)-poly(2-ethyl-2-oxazoline) copolymers and poly-
(ethylenimine) homopolymers. Model reactions involving
the quenching of methyl tosylate initiated 2-ethyl-2-ox-
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Figure 1. Two-dimensional projections of a starburst tridendron dendrimer series, where N. = 3 and Ny, = 2.
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Figure 2. Two-dimensional projections of a comb-burst tet-
aadendron dendrimer series, where N, =4 and N, = 3_~3 branch
ensity.
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Figure 3. General representation of a comb-burst series con-
sisting of an (a) initiator core, (b) interior A and B comonomers,
and (c) terminal chains.

azoline oligomers (DP(n) = 5-20) onto secondary amines
(e.g., morpholine, diethylamine) gave amine-terminated
oligomers in essentially quantitative yields, proving the
potential efficiency of grafting. The resulting end groups
proved to be useful tags for appraising the degree of po-
lymerization, by comparing NMR end-group integral
values against oligomer chain values, and served as
chemical shift references. Acidic hydrolyses of these oli-
gomers as well as higher molecular weight poly(2-ethyl-
2-oxazolines) (Dow Chemical Co.; MW = 11 00014 000),13
according tothe methods of Saegusa,l48® showed they could
be deacylated nearly quantitatively or to any degree desired
to generate secondary amines.
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The results of these model systems supported the use
of these reactions as the reiterative scheme for demon-
strating the proposed comb-burst concept. Therefore, step
A involved acidic hydrolysis to produce LPETI’s of various
molecular weights (i.e., n = 5-300). Azeotropic removal
(benzene or toluene) of water from these LPEI initiator
cores was essential in order to avoid nongrafting, termi-
nation reactions of oxazoline oligomers. It was found that
PEI becomes quite soluble in the hot toluene solution when
all of the water has been removed, facilitating the handling
of the anhydrous polymer. PEI dried in this manner was
soluble in CDCl;3 for NMR analysis. (See Scheme I.)

In a separate reactor, desired poly(2-ethyl-2-oxazoline)
oligomers (PEOX) (i.e.,, n = 5-300) were propagated by
initiating anhydrous 2-ethyl-2-oxazoline with p-toluene
sulfonic acid or methyl tosylate according to the methods
of Saegusalt and others.!® Step B involved complete
addition of a hot solution of the initiator core LPEI
(toluene) to a stirred solution of the oxazolinium-
terminated PEOX oligomer. This reaction mixture was
refluxed for 8 h, during which time the graft PEI-PEOX
polymer fell out as a separate phase. The graft polymer
phase was dissolved in methylene chloride and precipitated
with diethyl ether. A product mixture was obtained in
95-100% yield, based on monomer and PEI, as a white-
cream solid.

Figure 4 shows the SEC’s!¢ obtained for linear PEOX
and comb-branched PEI-PEQX polymers prior to hy-
drolysis. The chromatogram in Figure 4A was obtained
for linear PEOX with n = 20. LPEI (n = 100) was added
to oxazolinium-terminated PEOX oligomers (n = 20) as
described above. In this case, the oligomer chains to
secondary amine (on the PEI core) ratio was 0.3. Analysis
(SEC) indicated a mixture of ungrafted oligomers and
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Figure 4. Size-exclusion chromatograms (SEC) of (a) PEOX
prepared using a monomer to initiator ratio of 20 (M/I = 20),
(b) comb-branched polymer containing PEOX grafts (M/I = 20)
on a PEI core (M/I = 100), (C) comb-burst polymer obtained
from the grafting of PEOX (M/I = 20) onto hydrolyzed comb-
branched polymer. SEC’s of comb-branched and comb-burst
polymer were obtained after purification of dialysis.

higher molecular weight branched polymer. From the
chromatogram of this product mixture it was estimated
that 53% of the oligomers had grafted onto the LPEI in
this experiment. Removal of ungrafted PEOX oligomers
was achieved by dialysis!” to give pure comb-branched
PEI-PEOX polymer (Figure 4B).

Acid hydrolysis of this comb-branched PEI-PEOX
copolymer gave the comb-branched PEI polymer (i.e., G
=0) in 90-100% yield, thus completing step A of the first
iteration. Model reactions established the detectability
of ungrafted PEI oligomers by 13C NMR.18 For example,
poly(ethyloxazoline) oligomers were either deliberately
terminated by addition of water to the reaction vessel or
allowed to terminate during the purification and hydrol-
ysis procedure used on the grafted materials. In either
case, the methyl initiator end group (36.4 ppm) and the
hydroxymethylene terminal end group (60.7 ppm) were
clearly discernable in a 1:1 ratio, even in the presence of
a strong linear PEI backbone resonance (49.4 ppm).
Proton-initiated oligomers showed a distinctive amino-
methylene initiator end resonance (41.8 ppm) and the same
terminal group resonances. Thus, proton-initiated oli-
gomers, which would be formed in the event of chain
transfer, could also be detected. Percent grafting could
also be estimated from the NMR spectra. These were
consistent with SEC data and indicated that, in some cases,
grafting yields in excess of 80% were possible.

Addition of preformed living end-group PEOX oligo-
mers (n = 20) to this comb-branched PEI at an oligomer
chain to secondary amine ratio of 0.3 produced the first
comb-burst PEI-PEOX dendrimer, generation = 1, in this
series. Yield of the product mixture (white solid) was 98—
100% based on monomer and comb-branched PEL. Anal-
ysis indicated the presence of ungrafted PEOX oligomers
and the comb-burst PEI-PEOX copolymer. In this
example, 45% of the oligomers grafted onto the comb-
branched PEI. After dialysis, the comb-burst PEI-PEOX
copolymer exhibited a shorter retention time than the
comb-branched PEI-PEOX copolymer used to prepare
the comb-branched PEI core (see Figure 4C). Hydrolysis
gave comb-burst PEI (generation = 1) in 96-98 % yield as
a white, hygroscopic solid.

The grafting was verified by 13C NMR of the comb-
burst poly(ethyleneimine) (PEI) formed via hydrolysis of
the comb-burst PEI-PEOX copolymer. (See Figure 2.)
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The methyl- or proton-initiated end groups were readily
detectable. Hydroxymethylene end-group resonances,
which would be an indication of ungrafted oligomers, were
present at approximately 20% of the intensity of the
initiator end groups. Resonances corresponding to the
graft branch points were also detectable, with the a-me-
thylene signal occurring at 54.7 ppm and the 8-methylene
signal occurring at 47.8 ppm (when not obscured by the
intense 49.4 ppm signal for LPEI). Thus, the presence of
a higher molecular weight species in the SEC’s and the
detection of grafted sites by 13C NMR support the viability
of this “branch upon branch” methodology.

Work is in progress on the characterization of these hy-
perbranched polymers to determine hydrodynamic sizes
and molecular weights. Also, we are continuing to
investigate the affect of varying the length of the core
polymer and the length of the PEOX oligomeric chain on
the grafting efficiency. These results will be presented in
future papers.

In conclusion, a general synthetic concept for the
construction of a new macromolecular architecture referred
to as comb-burst branching has been described, and the
first examples of this new class of polymers have been
synthesized. Model system, quenching experiments, SEC,
and high-field 13C NMR support the proposed branching
motif. Molecular weight, rheology, and comb-burst den-
drimer design studies are in progress.
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