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polymerization (SI-ATRP) gained great interest, as it can be

ABSTRACT: We present the first example of a surface- performed even at room temperature (rt) in aqueous
initiated group transfer polymerization (SI-GTP) mediated solution.”> However, to our knowledge, SI-GTP mediated by
by rare earth metal catalysts for polymer brush synthesis. RE metals has not been employed yet, although it combines the

The experimentally facile method allows rapid grafting of
polymer brushes with a thickness of >150 nm in <S5 min at
room temperature. We show the preparation of common
poly(methacrylate) brushes and demonstrate that SI-GTP
is a versatile route for the preparation of novel polymer
brushes. The method gives access to both thermores-
ponsive and proton-conducting brush layers.

advantages of both living ionic and coordinative polymer-
izations and would give access to several new polymer brush
coatings that cannot be realized by current techniques. The
most intriguing are poly(vinylphosphonate)s and other
phosphorus-containing polymers. As coatings, they have
attracted interest due to their halogen-free flame retardation
and proton-conducting properties.”*>” Because of the low
toxicity,”® much attention has recently been drawn to their use
in biomedical applications such as nonfouling coatings,*”>°
tissue engineering,>' drug delivery systems,’” and cell
proliferation.*® However, only RE metal-mediated GTP allows
the well-controlled polymerization of vinylphosphonates, as
radical and classical anionic approaches result in low yields of
polymer with unsatisfying degrees of polymerization,>*~3¢

Here, we present the first example of SI-GTP mediated by
RE metal catalysts. SI-GTP is applicable to the polymerization
of common acrylic monomers such as methyl methacrylate
(MMA) as well as special functional monomers such as DAVP.
It is experimentally facile and can be performed at rt, and
polymer layer thicknesses up to 300 nm can be achieved within
a few minutes at rt.

We recently reported on the synthesis of PMMA—poly-
(diethyl vinylphosphonate) (PDEVP) block copolymers using
simple ytterbium complexes through a living GTP mecha-
nism.”” For the translation of GTP to a defined SI-GTP, we

are-earth-metal-mediated group transfer polymerization

(GTP) was first reported by Yasuda et al. in 1992." In
view of the polymerization mechanism, it is also referred to as
coordinative-anionic addition polymerization.> Over the past
decades, intensive research has been carried out to optimize the
reaction conditions and initiator efficiency and to broaden its
use for a variety of monomers, e.g. different (meth)acrylates
and (meth)acrylamides.>® Due to its highly living character,
rare earth (RE) metal-mediated GTP gives strictly linear
polymers with very low dispersity (characterically <1.10),
exhibits a linear increase in average molar mass upon monomer
conversion, and allows the synthesis of block copolymers as
well as the introduction of chain end functionalities.”*
Coordination of the growing chain end at the catalyst
suppresses side reactions and allows stereospecific polymer-
ization as well as activity optimization by variation of both the
metal center and the catalyst ligand sphere.”® RE metal-

mediated GTP is applicable to common acrylic monomers as first followed the established strategy and employed self-
well as to several functional monomers of interest, i.e. dialkyl assembled monolayers (SAMs) of 3-(trimethoxysilyl)propyl
vinylphosphonates (DAVP) and 2-vinylpyridine.*””** Such methacrylate (TMSPM) on oxidized silicon (Scheme 1a).
monomers are of specific interest for the modification of solids Upon addition of bis(cyclopentadienyl)methylytterbium
for biomedical applications. (Cp,YbMe), a highly active enolate initiating species is formed
Until now, almost all polymerization types have been (Scheme 1) for SI-GTP with added vinyl monomers. The
transferred to surface-initiated (SI) polymerizations to prepare reaction mechanism for GTP of (meth)acrylates and DAVP has
dense polymer brushes. This spans tolerant free radical been previously outlined in detail."*** In brief, the surface-
polymerization yielding less defined brushes to nontolerant bound enolate is transferred to a monomer coordinated at the
but highly defined living cationic and anionic polymer- Yb catalyst, and successive chain growth occurs via repeated
izations.>*! Controlled radical polymerizations have been conjugate addition over an eight-membered-ring intermediate
especially intensively studied in regard to their implementation (Scheme 1c).
for surface modification, as they are relatively tolerant toward
impurities but allow the synthesis of quite defined polymer Received: March 21, 2012
brushes.”* For instance, surface-initiated atom transfer radical Published: April 12, 2012
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Scheme 1. Preparation of Precoating Layer, Ytterbocene Catalyst Immobilization, and Subsequent SI-GTP of MMA or DAVP
from (a) a TMSPM Monolayer and (b) a PEGDM Film on Silicon Wafer; (c) Molecular Structure of MMA and DAVP, and SI-

GTP Reaction Mechanism for Initiation and Chain Growth
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However, after attempted SI-GTP with MMA or DAVP and
thorough removal of physisorbed polymer and remaining
catalyst residues using different solvents under ultrasonication,
AFM measurements reveal a relatively rough and inhomoge-
neous surface topography, indicating insufficient coverage of
the substrate by the polymeric layer (Supporting Information).
The only partial SI-GTP may be due to the fact that the dense
and rigid SAM initiator limits the accessibility of the terminal
methacrylate moieties for the bulky Cp,YbMe. Moreover, the
close packing facilitates an in-plane topopolymerization via
GTP of the surface-bound methacrylate functionalities in the
organized monolayer (Scheme 1a). Hence, the consumption of
surface methacrylic moieties does not allow the formation of a
reactive monolayer of the enolate initiating species.

To cope with this problem, the precoating layer should offer
high surface coverage of the catalyst binding sites, which are
prone to in-plane topopolymerization. This can be realized by a
thin cross-linked polymer precoating with embedded but
isolated (meth)acrylate units. A facile and direct approach for
the synthesis of such binding layers is the self-initiated
photografting and photopolymerization (SI-PGP) of, e.g,
ethylene glycol dimethacrylate (EGDM) on hydrogen-termi-
nated silicon.

First, H-terminated silicon substrates were prepared by
means of oxide layer stripping using hydrofluoric acid and
subsequently irradiated by UV light [spectral distribution
between 300 and 400 nm (A, = 350 nm) in bulk EGDM]. UV
irradiation of ~350 nm without oxygen and solvents results in
direct grafting of unsaturated compounds by formation of
stable Si—C bonds via photoactivated hydrosilylation.**~*
Moreover, the (meth)acrylate units can also undergo polymer-
ization via the SI-PGP mechanism via H-abstraction from the
Si—H surface as well as from C—H moieties of already grafted
EGDM.** Because of the low bond dissociation energy of
Si—H,* direct grafting is likely by both mechanisms, and recent
findings by some of us indicate the occurrence of both grafting
reaction mechanisms.** In any case, surface dangling bonds are
created and responsible for efficient surface grafting of EGDM,
resulting in a cross-linked PEGDM network film grafted to
silicon via Si—C bonds of superior thermal and chemical
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Figure 1. IR spectra of poly(ethylene glycol dimethacrylate)
[PEGDM], poly(ethylene glycol dimethacrylate-graft-diethyl vinyl-
phosphonate) [P(EGDM-g-DEVP)], poly(ethylene glycol dimetha-
crylate-graft-vinylphosphonic acid) [P(EGDM-g-VPA)], and poly-
(ethylene glycol dimethacrylate-graft-methyl methacrylate) [P-
(EGDM-g-MMA)] brushes on a silicon wafer.

stability.’® To our knowledge, this is also the first example of
direct photografting of polymers onto H-terminated silicon.
After UV irradiation, the substrate was rigorously cleaned
(ultrasonication in several solvents with different polarities) to
ensure that only chemically grafted polymer remains on the
substrate. The successful grafting of PEGDM was confirmed by
IR spectroscopy (Figure 1). The strong bands around 1730 and
1164 cm™' are assigned to the C=0 and C—O stretching
modes. A weak band at 1630 cm™' assigned to the C=C
stretching mode indicates that some of the methacrylate groups
were preserved after photografting, which is crucial for catalyst
immobilization. Cp,YbMe was added to the PEGDM-modified
silicon substrate to react with the remaining methacrylate
functionalities to give the active initiating species for SI-GTP.
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Figure 2. Three-dimensional representation of AFM scans of a
PEGDM film on a silicon wafer and polymer brushes after SI-GTP of
DEVP. (a) SI-PGP of EGDM for 30 min gives a PEGDM film with a
thickness of 29 + 6 nm. (b—e) SI-GTP of DEVP on the same
substrate after 1, 2, 3, and 4 min results in 51 + 11,73 £ 9, 104 + 11,
and 146 + 12 nm polymer brush layers, respectively. (f) P(EGDM-g-
DEVP) layer thickness as a function of SI-GTP time.

Using Cp,YbMe as the catalyst and silicon coated with a 29
+ 6 nm (after 30 min UV irradiation) PEGDM primer layer,
SI-GTP of diethyl vinylphosphonate (DEVP) results in an
almost linear layer thickness increase with a constant growth
rate of 26.5 nm/min (Figure 2). This rapid, constant growth
rate is expected for a living SI-GTP.>” AFM measurements also
revealed homogeneous coverage of the entire substrate. The
successful surface polymerization of DEVP was confirmed by
IR spectroscopy (Figure 1). The 1630 cm™" band assigned to
the C=C stretching mode disappears completely, and a new
intensive band at 1228 cm™! is observed, characteristic for the
P=0 stretching mode of poly(vinylphosphonate)s. Formation
of the PEGDM layer, immobilization of Yb, and formation of
PDEVP brushes were further corroborated by systematic XPS
measurements (Supporting Information).

Besides poly(vinylphosphonate)s, the current method is
applicable to other monomers polymerizable by GTP. To
demonstrate the general applicability of the method, SI-GTP of
MMA was performed following the above-described procedure,
resulting in very uniform PMMA brushes with a layer thickness
of 316 nm within only S min at rt (Supporting Information).
The remarkably high and constant layer growth rate of 57 nm/
min and final layer thickness make SI-GTP an interesting
alternative to SI-ATRP. The successful formation of PMMA
brushes was confirmed by IR spectroscopy. As shown in Figure
1, upon SI-GTP of MMA on the PEGDM precoating layer, a
new band arises at 1485—1449 cm™, assignable to the typical
CH;—O stretching mode of PMMA.

So far, we have successfully prepared poly(dimethyl, diethyl,
and di-n-propyl vinylphosphonate) (PDMVP, PDEVP, and
PDPVP, respectively) brushes on H-terminated silicon. The
influence of the polymer pendant alkyl chain length on the
hydrophilic/hydrophobic character of the polymer layer was
investigated by contact angle (CA) measurements (Figure 3).
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Figure 3. Molecular structure of poly(dialkyl vinylphosphonate)s
(PDAVP) (d) and static water contact angle (CA) on different
PDAVP coatings on silicon substrates at different temperatures. (a—c)
CA of PDMVP, PDEVP, and PDPVP brushes at 25 °C. (e) CA of
PDEVP brush at 50 °C.
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The hydrophilic PDMVP gave a static water CA of 17 + 3°,
while the more hydrophobic PDPVP displayed a CA of 76 =+
2°. PDEVP displays a lower critical solution temperature of
40—46 °C, depending on molar mass and concentration.*® The
PDEVP-modified substrate was found to have a static water CA
of 44 + 2° at rt that increased to 66 + 2° upon heating to 50
°C. The prepared PDMVP, PDPVP, and temperature-
responsive PDEVP brushes have potential applications as
bacterial, protein, peptide, and cell adhesion mediators and are
first candidates for the study of (bio)mineralization in confined
geometries.51

It was previously reported that poly(vinylphosphonate)s
could be converted to poly(vinylghosphonic acid) (PVPA) by
hydrolysis under mild conditions.”® In this work, PVPA brushes
were obtained analogously by treatment with trimethylsilyl
bromide and successive HCI treatment to cleave the pendant
alkyl groups from PDEVP brushes. The formation of PVPA
brushes is apparent from the shift of the P=0 stretching mode
from 1228 to 1153 cm™" (Figure 1) and is in agreement with
previous reports.”>* The hydrolysis of a 120 nm P(EGDM-g-
DEVP) layer resulted in an 88 nm P(EGDM-g-VPA) film
(Figure 4). The thickness decrease is ascribed to material loss

after cleavage of the alkyl groups.
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Figure 4. (a) Conversion from PDEVP to PVPA brushes by hydrolysis
reaction. (b) AFM height images and section views along the indicated
lines before and after reaction with TMSBr/HCIl.

In summary, we have demonstrated a two-step method to
efficiently prepare PMMA and PDAVP brushes using surface-
initiated group transfer polymerization mediated by rare earth
metal catalysts. First, a PEGDM network is prepared by
photohydrosilylation/SI-PGP of EGDM directly on hydrogen-
terminated silicon. The preserved methacrylate groups can be
reacted with bis(cyclopentadienyl)methylytterbium, serving as
efficient initiators for the successive SI-GTP of (meth)acrylates
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or dialkyl vinylphosphonates forming polymer brushes.
Remarkably fast and almost constant polymer layer thickness
growth rates of 57 and 26.5 nm/min were found for MMA and
DEVP, respectively. The method is applicable to functional
monomers that cannot be polymerized by other surface-
initiated polymerizations and thus widens the range of
accessible functional polymer brushes. Moreover, we show
the preparation of functional thermoresponsive PDEVP
brushes. Poly(vinylphosphonic acid) is now easily accessible
under mild conditions. The nontoxic and thermoswitchable
surfaces are of great interest for diverse biological and medical
applications, including controlled cell growth and cell release
from surfaces as well as proton conducting films.
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