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This communication reports an efficient catalytic synthesis of
large dendritic polymer nanoparticles as fully soluble polymer
species. Soft organic/polymeric nanoparticles have received much
attention recently because they have many potential applications
including bioconjugation, catalysis, multivalent interactions,
nanomedicines, and as nanobuilding blocks for constructing
new materials." Current methods for generating organic/poly-
meric nanoparticles can be broadly categorized into physical and
chemical approaches. Physical methods include mini-emulsion
polymerization® and laser techniques.’ One major limitation of
these physical methods is that the nanoparticles so prepared are
not soluble molecular species, and they are generally only
applicable to applications in which the nanoparticles remain
insoluble in the media. For many applications, however, it is
desirable to have soft nanoparticles as soluble molecular species
because they have better mobility in solution and are more
versatile for further functionalizations. Chemical synthesis, in
principle, can circumvent these limitations. As an example,
dendrimers are ideally suited for this purpose. The unique
physical and chemical properties of dendrimers have been capi-
talized in the preparation of nanomaterials for a wide variety of
applications.* They can be prepared with precise control through
either a convergent or divergent multistep iterative synthesis.’
However, construction of large size (> 10 nm), high-generation
dendrimers using multistep iterative strategies is problematic
because of synthesis difficulty. Furthermore, theoretical consid-
eration based on steric congestion predicts the maximal genera-
tion of classical dendrimers to be ~10.%” There is a fundamental
gap in preparing soluble soft nanoparticles with size in the range
of 10—100 nm, the size range of particular interest for many
nanoparticle-based applications. Herein we wish to report a
method to access efficiently dendritic soft nanoparticles with
diameter > 100 nm directly by the catalytic ethylene polymeri-
zation based on a newly designed multivalent chain-walking
catalyst (MVCWC) (Scheme 1).

A few methods have been previously reported toward the
synthesis of large dendritic nanoparticles. For example, Tomalia
et al. utilized low-generation dendrimers as building blocks to
synthesize large core—shell tecto(dendrimers) nanostructures.’
Gnanou, Hedrick, and Taton et al. prepared large dendrimer-like
homopolymers and block copolymers with highly branched and
globular structures through a multistep iterative approach based
on “controlled/living” polymerization.® Despite the elegance of
these approaches, no catalytic polymerization methods have been
reported for efficient generation of large soluble dendritic nano-
particles.

Our approach is based on the chain-walking polymerization
(CWP) using the Brookhart-type Pd(II)-a-diimine catalyst® for
one-pot synthesis of dendritic polyethylenes (PEs).'® Benefiting
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from good functional-group tolerance of the catalyst, a broad
range of functional dendritic PEs were also prepared by chain-
walking copolymerization of ethylene and polar olefins.'"'* One
limitation is that because of the inherent chain transfer process of
the catalysts,9b the dendritic PEs are limited with maximal
molecular weight of ~300 kDa (M,) and radius of gyration
(R,) of ~15 nm. To circumvent this limitation, we recently
developed a method based on CWP for directly making much
larger soluble dendritic nanoparticles (Scheme 1).

In our first step, copolymerization of ethylene and a comono-
mer 2 (TBDPS-protected 2,2-dimethyl-pent-4-en-1-ol) using the
standard Brookhart -type chain walking catalyst (Pd-1), followed
by deprotection of TBDPS, afforded a dendritic copolymer 1b
carrying multiple hydroxyl groups, onto which multiple buteno-
ate moieties functional groups were grafted. Treating the copoly-
mer 1c with the precursor of chain walking catalyst, Pd-2, in the
presence of NaB(Ar'); (Ar' = 3,5-bis(trifluoromethyl)phenyl),
led to activation of the catalyst onto the dendritic scaffold and
formation of a multivalent chain walking catalyst (1d) having
multiple activated catalytic sites covalently attached to the sur-
face of the dendritic PE. Subsequent exposure of the MVCWC 1d
to low pressure of ethylene starts a subsequent CWP from
multiple catalytic sites simultaneously, resulting in large dendritic
PE nanoparticles having a dendrimer-on-dendrimer architecture.
Furthermore, through the copolymerization of ethylene and
functionalized olefins, large dendritic nanoparticles with a broad
range of functionalities can be prepared for various soft nano-
particle-based applications.'* !¢

Initially, we attempted to prepare MVCWC using a dendritic
PE functionalized with multiple acrylate groups on surface,
which we prepared by treating the hydroxyl functionalized
dendritic PEs 1b'"® with acryloyl chloride. However, because of
high reactivity to radicals and nucleophiles, gelation always
occurred during workup of this reaction. When 3-butenoyl
chloride was used instead of acrylyl chloride, dendritic PEs 1¢
with multiple 3-butenoate moieties was formed with good yield
(Scheme 1). Apparently, separation of the double bond from the
ester carbonyl by a methylene group significantly reduced the
reactivity of the vinyl group toward radical or nucleophilic
addition. To confirm the effectiveness of the 3-butenoate moiety
for activating the palladium catalyst precursor (Pd-2) as well as
the efficacy of so-formed catalyst in initiating CWP, methyl
3-butenoate was used for the synthesis of a model catalyst. The
model catalyst is analogous to the standard chain walking
catalyst (Pd-1) made from acrylate, differing only by an addi-
tional methyl group in the S-position of the chelating six-member
ring (Scheme 1 and Figure S1 of the Supporting Information).
Polymerization of ethylene at 0.1 atm using this model catalyst
yielded dendritic PEs having similar molecular weight (M, 3.30 x
10°, PDI 1.71) and molecular size (R, 14.6 nm) by size exclusion
chromatography using multi-angle light scattering detector
(SEC-MALLS) compared with PEs made by standard catalyst
Pd-1 (M, 2.87 x 10°, PDI 1.60, R, 14.3 nm) under the same
polymerization condition, and both have similar branch density
(~100 branch per 1000 carbons), indicating that its catalytic
properties are equivalent to the standard catalyst. This confirmed
that Pd(II) catalyst prepared from 3-butenoate moiety is a
competent chain walking catalyst for making dendritic PEs.

Therefore, MVCWC was prepared from dendritic PEs using
the following procedures (Scheme 1). The initial hydroxyl
functionalized dendritic PE (1b, M, = 3.00 x 10> g/mol by
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SEC-MALLS, ~300 hydroxyl groups/molecule) was treated with
an excess amount of 3-butenoyl chloride to afford a 3-butenoate-
functionalized polymer (le, M, = 3.13 x 10° g/mol, ~276
3-butenoate groups). Treating polymer 1c¢ with the Pd catalyst
precursor Pd-2 in the presence of NaB(Ar'), gave the desired
MVCWC (1d, M,=3.18 x 10° g/mol, ~174 Pd(II) catalytic sites).
During the catalyst activation step, the number of covalently
linked catalytic sites per molecule is ~63% of the number of
3-butenoate groups on the polymer precursor. A few possibilities
could have contributed to the lower catalyst loading. First,
because of the proximity of some attached olefin groups, it
is possible to have multiple olefin insertion per catalyst activa-
tion, which will result in lower number of catalytic sites. Second,
the activated catalytic sites may partially decompose during the
reaction and workup. Nevertheless, the dendritic core contains a
sufficient number of catalytic sites for subsequent CWP.

Exposure to ethylene at 0.1 atm, the MVCWC initiates a
subsequent CWP at multiple catalytic sites simultaneously, lead-
ing to the formation of dendrimer-on-dendrimer type of dendritic
nanopartlcle (PE-1). After purification, the polymer was char-
acterized by "H NMR, SEC-MALLS, and dynamic light scatter-
ing (DLS). The '"H NMR spectrum shows that PE-1 has branch
density of ~100 per 1000 carbon atoms, similar to that of normal
dendritic PE made with single-site chain walking catalyst,'
indicating similar chain-walking behavior for MVCWC. SEC-
MALLS provides absolute molecular weight and molecular size
(Ry). As shown in Figure 1 and Table I, the newly formed
denditic naoparticle has a very high molecular weight (M, =
3.60 x 107 g/mol), narrow PDI (1.11), and an average R, 0f48.1
nm. The much narrower polydispersity can be ascribed to the
simple statistic effects: the combination of multiple dendritic
polymers with broader PDI should result in larger polymers with
narrower PDI. On the basis of molecular weight increase, it is
estimated that ~71 individual dendritic PEs are covalently
attached during the chain walking polymerization.

For a linear flexible polymer forming a random coil in good
solvent, R, scales as M., 0-58 17 Therefore, an increase in My, by a
factor of ~71 would result in an ~8 times increase in R, for a
linear polymer. However, the R, for the dendritic nanoparticles
only increases by a factor of 3.3 compared with the size of the
individual dendritic PEs. This strongly supports the dendrimer-
on-dendrimer kind of globular architecture. Additional evidence
of molecular topology was provided by DLS studies. The
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hydrodynamic radius (R;) of the nanoparticles was measured
to be 59.6 nm by DLS. According to classical polymer solution
theory, the ratio R o/ Ry, reflects polymer chain architecture and
segment density.'® In general, value of Ro/Ry, 0.78 in good
solvents is predicted for a sphere. For our dendritic nanoparticles,
this ratio is 0.81, supporting a globular spherical molecular
architecture for our polymer. To confirm the dendrimer-on-
dendrimer architecture further, we have conducted hydrolysis
studies. After full hydrolysis of the ester linkages, the giant
nanoparticles are cleaved into smaller dendritic PEs formed from
each CWP catalytic site, as confirmed by the SEC characteriza-
tion (Figure S6 in the Supporting Information).

The dendritic nanoparticles (PE-1) were directly imaged by
atomic force microscopy (AFM). Samples were prepared by
casting polymer solution on mica substrates, which were imaged
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Figure 1. (A) Size exclusion chromatography (SEC) of PE-1 in THF
(1.0 mL/min) equipped with multi-angle laser light scattering (MALLS)
detector (scattering angle 90°) and refractometric index (RI) detector
and (B) particle size measurement by dynamic light scattering (DLS) of
PE-1 in THF.

Table 1. Characterization of Dendritic PE Nanoparticles and Func-
tional Nanoparticles via Catalytic Chain-Walking Polymerization®

polymer condition M, (10° g/mol)° R, (nm)° PDI® R, (nm)?

PE-1 a 36.0 48.1 1.11 59.6
PE-2 b 63.4 54.7 1.08 59.0
0.1 atm of ethylene at r.t. for 2 days. ©0.1 atm of ethylene at r.t.,
copolymerizing with comonomer 2 (0.22 M) for 2 days. ¢ Measured by
SEC coupled to MALLS detector in THF (I mL/min). “ Measured by
DLS.

Scheme 1. Synthesis of the Large Dendritic PEs by CWP
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Figure 2. AFM imaging analysis of polymer PE-1. (a) 2D image of PE-1 on a freshly cleaved mica (insert is the image of a single nanoparticle); (b,c) 3D
images of PE-1 on mica; (d) height distribution along the detour of the particles shown in part a; (e) histogram of particle diameter; (f) histogram of
fraction particle height. (Parts e and f are based on the statistic analysis of 100 nanoparticles.)

in tapping mode (Figure 2). Many spherical nanoparticles were
observed, strongly confirming spherical architecture of the poly-
mer. On the basis of the histograms constructed from the AFM
images, the average diameter is ~100.5 nm, and the height is ~10
nm (Figure 2). The height/diameter ratio suggests that the
dendritic PE-1 nanoparticles become flattened on the substrate
surface. This is reasonable because the dendritic PE has a very
low glass-transition temperature (7,= —60 °C). At room tem-
perature, the nanoparticles are extremely soft and can deform
from its globular shape on flat surface of hard substrate. Previous
AFM studies also showed similar deformation when dendrimers
are deposited on the flat surface.'***

For many functional applications of soft nanoparticles, it is
desirable to have soluble nanoparticles carrying multiple func-
tional groups. To demonstrate the capability of our method for
making functional dendritic nanoparticles, chain-walking copoly-
merization of ethylene and a model polar olefin was also tested.
Our previous studies have shown that the Pd(II)-o-diimine
catalyst is versatile for copolymerization to yield functionalized
dendritic PEs."" For concept demonstration, the MVCWC was
used to initiate chain-walking copolymerization of ethylene and
an a-olefin containing a terminal TBDPS-protected alcohol 2 to
afford functional dendritic PE-2 having many TBDPS-protected
alcohols.

Calculation based on M, and '"H NMR data (Table 1 and
the Supportin% Information) showed on average that there
are ~8.6 x 10" TBDPS-protected alcohol groups per polymer
nanoparticle, with an average diameter of 109.4 nm measured by
MALLS. The R,/Ry, value for PE-2 also confirms the globular
architecture of the dendritic nanoparticle.'”® AFM imaging of
PE-2 further confirmed its spherical shape. (See Figure S4 of the

Supporting Information.) Upon the removal of the TBDPS
protection groups, the free hydroxyl groups can be used for
conjugating various functional moieties for specific nano-
partile-based applications. By repeating the procedure used
for preparing MVCWC, the surface hydroxyl groups of depro-
tected PE-2 might be utilized to prepare a second-generation
MVCWC that can initiate another subsequent CWP to
build gigantic dendritic nanoparticles as fully soluble mole-
cular species. Furthermore, by varying the pressure of ethylene
from low to high, the morphology of the newly formed poly-
ethylenes on the surface of the dendritic core can also be
tuned.'”

In summary, we have developed a new approach for facile
synthesis of large dendritic nanoparticles as fully soluble mole-
cular species. The synthesis is achieved in a one-pot CWP of
ethylene with or without a polar comonomer catalyzed by
MVCWC. The MVCWC was conveniently prepared from func-
tional dendritic PEs made by CWP.'®!! The resulting polymers
have a spherical architecture with very high molecular weight,
narrow polydispersity, and size > 100 nm in diameter. Large
functional dendritic nanoparticles can also be prepared via
one-pot copolymerization of ethylene with a polar monomer.
In principle, iteration of surface catalyst loading, followed by a
subsequent CWP, should lend a powerful method for preparing
giant dendritic polymer nanoparticles with increasing dimension
and complexity. Importantly, these dendritic nanoparticles are
fully soluble in organic solvents such as molecular species and
can be easily characterized and functionalized. This method
expands the scope of current CWP and offers a novel catalytic
method for constructing soft nanoparticles with many potential
applications.
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