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ABSTRACT: Heterogeneous polymer brushes on surfaces
can be easily formed from a binary initiator on a silicon oxide
substrate where two different types of polymers can be grown
side-by-side. Herein, we designed a new Y-shaped binary
initiator using straightforward chemistry for “grafting from”
polymer brushes. This initiator synthesis takes advantage of
the Passerini reaction, a multicomponent reaction combining
two initiator sites and one surface linking site. This Y-shaped
binary initiator can be synthesized in three steps with a higher
yield than other similar initiators reported in the literature, and can be performed on a multigram scale. We were able to attach
the initiator to a silicon oxide substrate and successfully grow polymer brushes from both initiators (separately and in
combination), confirmed by NEXAFS, AFM, and contact angle.

Mixed homopolymer brushes contain two or more distinct
homopolymer chains that are randomly dispersed.1−21

These mixed brush surfaces have received interest in
fundamental studies and been explored in practical applications,
such as “smart” surfaces, because they can form responsive
surfaces.1,22,23 When two or more types of polymer brushes are
present of different polarities and there is sufficient mobility,
they will rearrange themselves to minimize the brush surface
energy in response to the polarity of the local environment.1

Mixed polymer brushes, because each component segregates to
form domains of similar brushes, have also been shown to form
different morphologies on surfaces.12−21,25,26 Theoretical
studies have been performed on different constructions of
mixed polymer brushes that indicate that desirable phase
morphologies could be formed at the surface.25

When producing mixed homopolymer brushes, it can be
quite difficult to uniformly disperse the two or more different
types of polymer chains when attaching preformed chains or
growing the polymer chains from well-mixed initiators.24 This
can lead to the formation of “islands” where there is a distinct
zone of one type of polymer. However, using a single anchor
site via a Y-shaped binary initiator, the possible difference in
attachment point between the two polymers or the formation
of single brush islands is eliminated.20,22,24,27 Theoretical
studies show that a Y-shaped molecule with a modest length
for its “arm” should be able to create uniform mixed
surfaces.22,28,29

Previous Y-shaped binary initiators have been synthesized by
Julthongpiput and co-workers24 and Zhao and co-work-
ers.13,20,27,30 Julthongpiput created a Y-shaped initiator that

could be used to polymerize polystyrene (PS) on one end and
poly(tert-butyl acrylate) (PtBA) on the other end.24 At the
middle point between both polymerizations was a carboxylic
acid to be used to “graft to” a silicon wafer. Zhao and co-
workers created a Y-shaped binary initiator with nitroxide
mediated radical polymerization (NMP) and atom-transfer
radical-polymerization (ATRP) initiator functions using multi-
ple reaction steps with a trichlorosilane, dimethylchlorosilane,
or triethoxysilane anchor units.20,27,30 Such Y-shaped binary
initiators can be hard to produce due to their many reaction
steps and low yields. For our studies, we wished to design a Y-
shaped binary initiator using a synthetic scheme that would be
easier to synthesize, requiring few purification steps, produce a
high yield in larger scale, and have the versatility to readily
change the functionality of each arm of the initiator so that
other initiator pairs could be used.
The challenging aspect to designing a Y-shaped binary

initiator is that there are at least three potentially reactive
functional groups that might interfere during the synthesis: a
TEMPO component of the NMP initiator which reacts at high
temperatures, a bromine atom that reacts with acids and metal
complexes, and a silane unit that reacts with alcohols and acids.
In addition to these reactive groups, other functional groups are
needed to attach all of the components together. To best
accomplish this combination, Passerini multicomponent
chemistry was utilized.31 Multicomponent reactions allow for
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high bond forming efficiency and generally have simple
experimental procedures.32 This brings several advantages in
that it allows for all three of the reactive components to be
combined together in one step. If the multicomponent reaction
is performed as the last step in the synthesis, then there are no
intermediates with multiple reactive functional groups other
than the completed initiator, which leads to fewer low yielding
purification steps (Scheme 1).

The isonitrile 3 is produced over two steps from 2 performed
using methods similar to Berry and co-workers.33 The amine is
first reacted to produce a formamide by reacting with methyl
formate at reflux for 24 h, which is then reduced using
triphenylphosphine, carbon tetrachloride, and triethyl amine to
easily produce the isonitrile in a 40% yield over two steps. The
ketone (5) was produced in one step from TEMPO (4) and
acetone by a gentle oxidation with AgNO3 and Na2S2O8.
Utilizing the Passerini reaction, 3, 5, and α-bromoisobutyric
acid were combined to form the binary initiator 1 with gram-
scale quantities of product (Scheme 2) in a 22% overall yield in
three steps (longest-linear).

It is important to note that we selected triethoxysilane as the
anchor for the Y-shaped initiator. Other ATRP initiators
typically use either a mono- or trichlorosilane deriva-

tive.13,20,27,34−37 While these initiators do have the advantage
of high reactivity on silicon wafers, the reaction has to be
carried out in a dried aprotic solvent, which can be difficult, to
prevent unfavorable side reactions that ruin the density of the
initiator attachment.38 Conversely, trialkoxysilane groups can
be attached to an oxide in the presence of water allowing for a
more robust initiator.38

The method to attach the binary Y-shaped initiator is
described and characterized in the Supporting Information. The
PS growth on the surface was performed via NMP by the
addition of styrene at 100 °C (Scheme 3) for 90 min. Due to
the absence of any metal on the surface, ATRP could not have
been carried out under these conditions. The poly(methyl
methacrylate) (PMMA) growth on the surface was performed
via ATRP using Cu(II)Br, with ascorbic acid added to create
reducing conditions for the copper at room temperature for 2 h
(Scheme 3).39 The ATRP was carried out at room temperature
to ensure that concurrent NMP reaction was not possible.
NMP has been shown in similar systems to occur at
temperatures of ∼80 °C or greater, which we observed as
well.13,40

For investigating the growth of both polymerizations we
studied the brush thickness after each step using ellipsometry
and atomic force microscopy (AFM). Figure 1 shows a

comparison of the brush thickness after NMP growth of PS and
subsequent ATRP of PMMA. In Figures 1a,b, the left part of
the images shows areas where the polymer was removed and
the right part of each figure is intact polymer brush. Figure 1c
shows the height of the AFM probe above the surface
(averaged height in y-direction of Figures 1a,b; blue curve

Scheme 1. General Passerini Reaction

Scheme 2. Synthesis of Y-Shaped Initiator

Scheme 3. Polymerization of Polymer Brushes with Y-Shaped Initiator

Figure 1. (a, b) AFM topography images and (c) averaged sample
height of all scan lines in the y-direction (blue, height profile of a; red,
height profile of b). The color bar represents a height range of 50 nm
from dark to bright for (a) and (b). The scale bar corresponds to
subfigures (a) and (b). The averaged vertical distance between the
areas marked by blue and red dots in (a) and (b), respectively, was
used to determine the film thickness.
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corresponds to subfigure a, red curve to subfigure b). The
height difference between the respective dotted areas in Figures
1a,b is 18.0 nm after NMP of styrene (Figure 1a) and 21.6 nm
after subsequent ATRP of methyl methacrylate (Figure 1b).
These values are in good agreement with ellipsometry
measurements (18 and 24 nm, respectively). Brush length
can be increased with increased polymerization time.
To further confirm the mixed surface composition after

sequential polymerization techniques the surface topography
and phase behavior of the brush surface were measured by
tapping mode AFM imaging (Figure 2). Three samples were
compared: we polymerized a brush of polystyrene by NMP (90
min) on the first sample and a brush of PMMA by ATRP (2 h)
on the second sample, while in the third sample, ATRP of
methyl methacrylate (MMA) (2 h) was performed on a sample
that already contained a polystyrene brush.

The AFM phase images in Figure 2b,d,f confirms the mixed
surface composition: while the phase images are almost
uniformly colored, indicating a homogeneous surface compo-
sition after only NMP or only ATRP (Figure 2b,d), there are
areas of two distinctly different phase values in Figure 2f
(uniformly bright and uniformly dark colored areas). We note
that phase contrast may not only be caused by different
mechanical properties of the surface but can also by high
variations in sample topography. In Figure 2f, the borders
between bright and dark colored areas do not match the surface
topography (Figure 2e), indicating that the phase contrast in
Figure 2f is indeed a result of changes in surface composition.
Near edge X-ray absorption fine structure (NEXAFS)

measurements may be used to determine both bond orientation
and composition of chemical groups at the surface. Specifically,
because NEXAFS spectroscopy can distinguish between
aromatic carbon atoms of PS and carbonyl carbons of

Figure 2. AFM height (a, c, e) and phase (b, d, f) images of brush samples after NMP of styrene (a, b) and after ATRP of methyl methacrylate (c
and d on untreated initiator-coated surfaces, and e and f on samples where styrene brushes were grown beforehand by NMP). The color bar
represents a height range of 10 nm (a, c, e) and a phase range of 5° (b, d, f) from dark to bright. The scale bar corresponds to all images. Dotted lines
show the position of cross sections in Figure S2.

Figure 3. NEXAFS measurements of silicon wafers with (A) PS brushes, (B) PMMA brushes, and (C) PS/PMMA brushes at four different electron
emission angles (30, 50, 90, and 120°).
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PMMA, it can be used to determine the relative concentrations
of PS and PMMA at the film surfaces. The measurements at an
experimental angle of 30, 50, and 90° show orientation of the
brushes, while the 120° shows the population of the brushes at
the top few nm.
In Figure 3A, the PS surface contains a sharp resonance peak

near 285 eV which can be attributed to the C 1s → π*CC
signal. This peak indicates the presence of aromatic carbons
from the phenyl groups of PS. In Figure 3B, the PMMA
surfaces contain a strong sharp resonance near 289 eV. The
characteristic signals near 293 eV can be attributed to the C 1s
→ π*CO signal. The carbonyl peak is distinct to the PMMA.
Figure 3A,B does not show any significant changes between the
four different electronic emission angles, indicating a lack of
orientation of the polymer brushes. In Figure 3C, the mixed
PMMA/PS surface contains both the peak near 285 eV and the
peak near 289 eV, indicating the presence of both PS and
PMMA. The intensity of the peak at 289 eV is more intense
than the peak at 285 eV, implying that there is more PMMA at
the surface. In fact, at the most surface-sensitive angle of 120°,
the peak at 285 eV is decreased, showing a reduced amount of
PS at the top few nanometers of the surface. This is consistent
with the AFM and ellipsometry measurements that showed that
the PMMA grew longer than the PS brushes. This may further
indicate the PMMA brush displacing some of the volume and
pushing the PS brush up somewhat higher.
We have demonstrated the synthesis of a new Y-shaped binary
initiator combining both NMP and ATRP units via simple and
high yielding reactions. The initiator itself can form a uniform
surface layer on a silicon oxide surface. The initiator was
subsequently used to grow brushes via both ATRP and NMP.
PMMA brushes could be grown through thick PS brushes
already formed on the surface. We were able to demonstrate
that both brush types populated the mixed brush surface using
both NEXAFS, AFM, and contact angle measurements, and
consistent with other studies of binary initiators that the two
brushes undergo phase separation at the surface despite being
grown from the same initiator. While we have not observed any
regular patterns, we have noticed changes in the phase
morphology at the surface. With more control of the polymer
brush length, it might be possible to create regular patterns in
the phase morphology.
The use of the Passerini reaction in the synthesis of the Y-

shaped binary initiator provides multiple advantages including
increasing the total yield of the synthesis to 22% and reducing
the number of steps to three. By combining the three
components at the end, it limits the amount of side reaction
possible during the synthesis by limiting the number of
functional groups present. The late stage addition of the three
components can also allow for possible customizations of other
Y-shape binary initiators.
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