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grafting-from approaches. This leads to a more uniform brush
due to the shorter chains seeing a higher monomer
concentration than the longer chains. Combining this
approach with monomer swollen elastic networks, styrene−
butadiene rubber (SBR), provides a synergy that results in
highly dense SI brushes not possible with current grafting-from
techniques. The monomer is supplied to the SI brushes from
the underlying network, meaning that the chain growth occurs
concurrently with substrate compression. Using both exper-
imental and computational approaches, we demonstrate the
new approach's e!ect on the surface properties of the elastic
network and propose a mechanism of chain growth as the
swollen network shrinks.

■ MATERIALS AND METHODS
Materials. Hydrochloric acid (HCl) (ACS reagent, 37%), sodium

hydroxide (NaOH) (Fisher Chemicals, pellets), toluene (Fisher
Chemicals, certified ACS), bromine liquid (Alfa Aesar, 99.5%),
hexane (Fisher Chemicals, certified ACS), argon (Airgas), 2-bromo-2-
methylpropanoic acid (Alfa Aesar 98%), triethylamine (TCI America,
99%), acetone (Fisher Chemicals), copper(II) bromide (CuBr2)
(Acros Organics, 99+%), 1,1,4,7,7-pentamethyldiethylenetriamine
(PMDTA) (98+%, Acros Organics), borane−dimethyl sulfide
complex (BH3−SMe3) (Alfa Aesar, 94%), ethanol (Fisher chemical,
reagent grade), hydrogen peroxide (Sigma-Aldrich, 30 wt %),
chloroform (Fisher Chemicals), and 2-bromoisobutyryl bromide
(BIBB) (Acros Organic, 98%) were used as received. Copper(I)
bromide (CuBr) (Alfa Aesar, 99%) was purified by using a known
procedure involving multiple acid washes.27 Styrene (Sigma-Aldrich,
>99%) and tert-butyl acrylate (Sigma-Aldrich, 98%) were passed
through a packed column to remove the inhibitor (Sigma-Aldrich,
311340 for styrene, and Sigma-Aldrich, 311332 for tert-butyl acrylate)
before use. In addition, styrene−butadiene rubber (SBR) (McMaster-
Carr, abrasion-resistant rubber) was treated prior to use to remove
impurities as described below.
Extraction of Impurities from the Rubber. The SBR was

washed with deionized water (DI water) and patted dry.28 It was then
submerged in 100 mL of DI water and boiled for 1 h. It was then
removed, washed with DI water, and dried. This process was repeated
with 1 M HCl and 1 M NaOH, with the SBR washed with copious
amounts of water between each extraction solvent. Next, it was placed
into a reactor and refluxed with 100 mL of toluene for 1 h. The
sample was then washed acetone and DI water and air-dried for 24 h
as per the literature procedure.28
Bromination of the Rubber Sheets. A round-bottom flask was

charged with 1.8 mL of liquid bromine and 100 mL of hexane and
stirred until homogeneous. The flask was then purged with argon for
30 min, after which 5 g of extracted SBR was added and stirred for 3 h
at room temperature. Successful bromination was indicated by a color
change of the solution from dark red to clear. The brominated SBR
was then washed with DI water and dried under vacuum for 24 h.

Initiator Functionalization. Initiator attachment was done in
excess 2-bromo-2-methylpropanoic acid. In a typical reaction, 9 g of
2-bromo-2-methylpropanoic acid was dissolved in 200 mL of toluene,
followed by the addition of 25 mL of dried triethylamine. The
brominated SBR was then added to the solution and refluxed for 24 h
while being stirred. This was then washed with copious amounts of
acetone, toluene, and DI water and vacuum-dried for 24 h.

Passing-Through Polymerization. The initiator-attached SBR
was placed in a closed container with excess tert-butyl acrylate (t-BA)
and allowed to sit for 48 h until it had swollen to maximum capacity;
that is, no further change in volume was observed. Then a round-
bottom flask was charged with 200 mL of DI water, 42 mg of CuBr, 7
mg of CuBr2, and 67 μL of PMDTA and allowed to stir for 1 h or
until the solution was homogeneous. Next, the solution was degassed
by high vacuum, backfilled with argon, and sealed. The swollen SBR
was then transferred to an empty round-bottom flask, degassed, and
backfilled with argon by using the same procedure. The SBR was then
quickly transferred to the reaction flask under a constant stream of
argon and sealed. An argon-filled balloon was used to maintain an
inert atmosphere throughout the polymerization. The reaction flask
was then placed in an oil bath at 60 °C and allowed to react overnight.
The supernatant was then filtered o!, and the SBR was washed with
copious amounts of acetone, water, and 0.1 N HCl to remove any
remaining homopolymer or copper.

Hydroboration and Initiator Attachment. A round-bottom
flask was charged with 100 mL of hexane, a 1 cm by 1 cm rubber
piece, and 0.15 mL of BH3−SMe3 and allowed to stir for 48 h at room
temperature. The reaction mixture was then cooled to 0 °C in an ice
bath. Next, 11.2 mL of ethanol, 4.06 mL of 4 M NaOH, and 0.676 mL
of hydrogen peroxide were added and stirred for 2 h. After this, 300
mL of water was added to terminate the reaction.29 Initiator
attachment was accomplished by placing the rubber piece in a 50
mL solution of BIBB (0.2 mL) and chloroform and then stirring for 2
h at room temperature. The swelling process and polymerization
followed the same procedure as previously described, with styrene
being used instead of t-BA, and at a temperature of 70 °C for the oil
bath during the polymerization.

Characterization. ATR-FTIR spectra were obtained by using a
Nicolet Magna 560 instrument. The brush mass was determined by
using a TA Instruments TGA Q-500. The samples were heated at a
rate of 10 °C/min in a nitrogen environment. The contact angle was
determined by using water on a Dataphysics OCA 20 contact angle
system and accompanying SCA software for image analysis and data
recording. Optical images were taken by using a Leica M-125. SEM
images were captured on a FEI NovaSEM 450, and EDS images were
taken by using an Oxford AZecEnergy microanalysis system with X-
Max 80 silicon drift detector attachment. The surface morphology of
the rubber was visualized by using an atomic force microscope
(Asylum Research MFP-3D). Samples were first mounted onto glass
slides with double-sided tape. Imaging was performed in tapping
mode by using silicon tips (Asylum Probe, AC-160, spring constant
∼26 N/m, tip radius of 7 nm, resonance frequency ∼300 kHz). Scans
sizes between 2 × 2 μm2 and 10 × 10 μm2 were acquired at line rates
of 1 Hz, with typical set point and feedback gain settings optimized

Scheme 1. Outline of the Reaction Approach for the Functionalization of SBR, Followed by Passing-Through Polymerization
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for surface tracking. Two-dimensional wide-angle X-ray scattering
(WAXS) frames were acquired in transmission mode by using an
Oxford Xcalibur di!ractometer equipped with a CCD detector and
Cu Kα radiation (λ = 1.54184 Å) operated at 45 kV and 45 mA. The
measurements were performed at room temperature. The one-
dimensional WAXS patterns were obtained by azimuthal integration
around the beam center.

■ RESULTS AND DISCUSSION
Because styrene−butadiene rubber (SBR) does not contain
hydroxyl groups that allow attachment of the BIBB initiator by
reaction with acid bromides as is commonly done, we
investigated both the hydroxylation and bromination of the
surface as described in the Materials and Methods section.
Hydroxylation allowed attachment of the initiator by acid
bromides, while bromination allowed the attachment of the
initiator by an SN2 mechanism through the carboxylic acid of
2-bromo-2-methylpropanoic acid. We found that bromination
was more straightforward than hydroxylation, so this was our
method of choice, as illustrated in Scheme 1.
The initiator-functionalized SBR was then swollen in a

monomer such that the swelling capacity of the rubber limited
the total monomer added to the system. We then placed the
monomer-swollen SBR in an aqueous solution containing
ATRP activator/deactivator reagents, and the SI brushes were
grown as the monomer di!used out of the rubber. Our
previous work has shown that this approach leads to thicker
polymer brushes with smaller values of Đ as compared to
grafting-from approaches.25,26 In the current investigation, we

ultimately used water as the surrounding solvent due to its
lower volatility and environmentally friendly nature as
compared to acetone. Additionally, the monomer has minimal
solubility in water, keeping the monomer at the surface.
Figure 1 presents results of our coarse-grained computer

simulations of the main steps of brush growth from the
initiator functionalized surface of the swellable network-like
substrate. The process begins with swelling the surface-
functionalized network with monomer, followed by placement
of the swollen network in a poor solvent for the monomer and
network strands (water in the current method implementa-
tion). In addition to inverting the monomer concentration
gradient, the passing-through brush growth has the additional
feature of the swollen substrate compressing during the brush
polymerization as the monomers di!use out. This increases the
brush grafting density and chain stretching during brush
growth. This behavior is known for brush layers on responsive
substrates.30 Furthermore, the dispersity of the growing chains
in the brush layer approached unity at the later stages of the
polymerization process when almost all monomers were
consumed. The main features of the time evolution of the
chain distribution are similar to those observed for brush
growth on the surface of monomer permeable membranes.25
Confirming the feasibility and mechanism of the approach by
molecular dynamics simulations in Figure 1, with more
detailed information about the simulation contained in Figures
S1 and S2, we focus on the practical implementation of the
approach and the properties of the brush layer.

Figure 1. Simulation steps of brush polymerization on the surface of a swollen network in coarse-grained molecular dynamics simulations: (a)
Polymer network swollen in monomeric liquid. (b) Polymer network swollen with monomers placed in a poor solvent for monomers and network
strands. (c, d) Brush polymerization. (e) Evolution of the distribution of chain degree of polymerization N in brush layer during polymerization. (f)
Brush dispersity index as a function of the number-average degree of polymerization. ar is a numerical coe#cient describing probability of chain
polymerization reaction as explained in the Supporting Information.
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ATR-FTIR was used to characterize the rubber at each stage
of the surface functionalization process. Pristine surface-
functionalized SBR brushes grown with our passing-through
approach and a grafting-from control are shown in Figure 2A,
with a complete overlay presented in Figure S3. Figure 2A
shows successful initiator attachment and polymerization as

indicated by the presence and intensity of the carbonyl peak at
∼1735 cm−1 (CO stretching), which was initially absent in
the pristine and Br-treated SBR. We observed the carbonyl
peak only after initiator attachment. Post-polymerization, the
intensity of the peak increased significantly, with a new peak
emerging at ∼1365 cm−1 corresponding to C−H bending from

Figure 2. (A) ATR-FTIR of pristine rubber (black), initiator attached (red), passing-through grown brush (pink), and grafting-from grown brush
(blue). The inset highlights the carbonyl stretch, which appears after initiator attachment, and shifts after polymerization. (B) ATR-FTIR spectra of
the passing-through (pink) and the grafting-from (blue), with key peaks highlighted. The blue highlighted region indicates amorphous polymer,
while the green highlighted region indicates crystalline polymer. Images C and D are the surfaces of grafted rubber viewed under an optical
microscope, C being the passing-through sample and D being the grafting-from sample.

Figure 3. EDS of (A) brominated SBR, (B) initiator-attached, and (C) passing-through grown poly(tert-butyl acrylate). SEM of (D) brominated
SBR, (E) initiator-attached, and (F) passing-through. The EDS of each shows the Br (L) peak; these images were processed through ImageJ to
convert them to black and white, where white indicates Br atoms on the surface. The EDS images were taken at the same magnification as the SEM
images and are in the same spot as the image below them.
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the tert-butyl group, confirming the presence of P(t-BA) on the
surface. These changes in peak position and intensity were
present in all surface-grown systems, though the e!ect was less
dramatic in the grafting-from samples. The intensity di!erence
indicates a greater mass of brush polymer in the passing-
through brush than the grafting-from brush. To ensure that
growth of the brushes was occurring solely on the surface of
the rubber, an initiator attached sample was cut down the
middle for FTIR analysis. It was found there was no initiator
on the interior of the rubber, as shown in Figure S5.31
Despite similarities in the FTIR of the grafting-from and

passing-through systems, we observed di!erences. As empha-
sized in Figure 2B, peaks at ∼1365 and ∼844 cm−1 indicate the
presence of amorphous P(t-BA), while peaks at ∼1392 and
∼1147 cm−1 are indicative of crystalline P(t-BA).32 These
crystalline regions take the shape of spherulites on the surface
of the rubber, as seen in Figure 2C. This crystallinity was also
studied by using XRD, showing crystal structure was present
after the polymer chains were grown via the passing-though
method, as seen in Figure S4. This crystalline region in the
passing-through sample resulted from the close packing of
brushes and was absent in the grafting-from control. At the
beginning of the reaction, the polymer chains are lower
molecular weight and more spread out due to the swollen
substrate. As monomer di!uses out and the chains increase in
MW, the substrate shrinks, forcing the chains closer together.
Crystallinity is induced on the surface in these high grafting-
density regimes, while the amorphous regions represent

slightly extended chains with lower grafting densities. This
can be seen in Figure S6.
While FTIR is valuable for proving surface functionalization

and brush growth, it says little about the density or uniformity
of the initiator at the surface. For this, we employed SEM and
energy-dispersive X-ray spectroscopy (EDS) to image the
bromine on the SBR surface (Figure 3A), the initiator-
functionalized SBR (Figure 3B), and the brush-modified SBR
(Figure 3C).33 EDS mapping of bromine shows uniform
surface coverage with Br irrespective of surface roughness.
Image analysis using pixel counting was also employed. The
weight precent of bromine for the brominated, initiator-
attached, and passing-through sample is shown in Figure S7.
SEM of the functionalized SBR surfaces revealed that the
surface remained smooth after bromination but began to
roughen after initiator attachment (Figure 3D). This surface
roughening shown in Figure 3E is likely due to the removal of
toluene. In contrast, the significant increase in surface
roughness, as seen in Figure 3F, resulted from the presence
of surface-initiated polymer brushes.
To better characterize the observed changes in the surface

morphology of the SBR, we used AFM, with results shown in
Figure 4. While the pristine SBR surface is not atomically
smooth (Figure 4A), it is clearly smoother than grafting-from
(Figure 4B) or passing-through surfaces (Figure 4C). Although
both the grafting-from and passing-through surfaces have
attached polymer chains, the passing-through polymer chains
have a thickness of 188 nm, and the grafting from sample has a

Figure 4. AFM of a 10 by 10 μm2 surface section and vertical scale runs between −250 and 250 nm: (A) pristine SBR, (B) grafting-from, and (C)
passing-through grown polymer (AFM comparing the functionalized to the grown samples can be seen in Figure S8).

Figure 5. TGA of brush modified SBR (thermal degradation of each step of the functionalization can be seen in Figure S9) (A) passing-through
(pink) and grafting-from (blue). (B) Contact angle of pristine SBR (green), brominated (gray), initiator-attached (red), passing-through (pink),
and grafting-from (blue).
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brush thickness of 144 nm. We attributed this di!erence to
di!erent brush growth mechanisms. The passing-through
mechanism’s inverted monomer concentration gradient results
in a significantly greater polymerization rate, leading to a
thicker and more complete layer of brushes on the SBR
surface. This, in turn, results in greater chain extension and
reduced chain mobility, leading to the crystallinity observed in
Figure 2.
This thicker brush layer means the passing-through sample

should also have a greater P(t-BA) mass on the surface than
the grafting-from sample. Thermal gravimetric analysis (TGA)
of the grafting-from versus passing-through samples (Figure
5A) indicated that the total polymer mass was greater in the
passing-through sample; more specifically, the observed mass
loss occurring at 225 °C corresponded to degradation of P(t-
BA).34 The grafting-from sample showed a mass loss of 4.99%
in this region, while the passing-through sample showed a mass
loss of 7.54%. When we compared the mass loss in the P(t-BA)
region to the residue remaining, the passing through sample
showed a 5.7% greater mass loss, indicating the passing-
through approach produced 1.5× the SI brush polymer mass
compared to the grafting-from control. This agrees with the
AFM images seen in Figure 4.
Contact angle measurements (Figure 5B) are further

evidence of the passing-through approach’s greater surface
coverage. The bromine-functionalized surface and the initiator
functionalized surface both showed a decrease in contact angle
compared to the pristine rubber, as both increased the
hydrophilicity of the surface. Attachment of P(t-BA) brushes
significantly increased the contact angle of the rubber. This
increase in hydrophobicity resulted from the polymer coating,
but more interesting was the observation that the contact angle
for the passing-through sample was greater than the grafting-
from sample. This di!erence in contact angle indicated that the
passing-through brushes more completely coated the SBR
surface than the grafting-from brushes.
Although the bromination approach to functionalizing the

SBR was convenient and e!ective, other functionalization
approaches, such as hydroboration, are possible. While this
approach was more time-consuming and challenging to scale, it
did not require heating, possibly allowing for more temper-
ature sensitive substrates to be used. Figure 6A shows a
passing-through grown PS brush prepared via the hydro-
boration approach. Figure 6B shows the surface after cleaving
the brush by using 1 M HCl. Of note is that the wrinkles that
covered the SBR surface in Figure 6A disappear when the
brushes are cleaved from the surface.
This wrinkling phenomenon was previously reported by

Huang et al. for poly(hydroxyethyl methacrylate) (PHEMA)
brushes grown on PDMS and was used to determine the height

of their SI polymer brushes.35 They found that when
responding to thermal influences, the PHEMA brushes
would transition to a glassy state before the PDMS substrate
became glassy, causing the PHEMA to contract and form
unoriented wrinkles as the temperature dropped below its Tg.
They also observed that compression could drive the
formation of wrinkles, leading to wrinkling orientation in the
direction of the force. However, in our passing-through system,
the wrinkling was caused via the thermal mechanism rather
than compression as no orientation of the wrinkles was
observed, as seen in Figure 6A.
This wrinkling provided an avenue to characterize the SI

polymer brushes. Even with well-controlled polymerization
techniques, brush systems produce a low mass of polymer,
which can make polymer characterization di#cult for some
systems. An approach often used in the literature to address
this challenge is to add a sacrificial initiator to the
polymerization solution.10,36−38 An assumption is then made
that the polymer grown in solution is representative of the
polymer grown from the surface, providing an approximation
of the surface-attached polymer molecular weight for grafting
density calculations. However, this assumption is known to be
problematic and likely gives incorrect values of brush polymer
MW.24,39−41

Huang et al. used wrinkling to determine the brush height of
their material using eq 1

ikjjjjj y{zzzzzh
E
E2 3b
b

s

1/3

=
(1)

where hb is the brush height and E̅b and E̅s are the plane-strain
modulus of the brushes and the substrate, respectively. These
are defined as E/(1 − υ2), where E is Young’s modulus. The
wavelength (λ) refers to the distance between ridges in the
wrinkles. In our system, we obtained this value by measuring
the distance between the wrinkles using image analysis on
ImageJ. The Young’s modulus of the substrate was obtained
from the manufacturer’s specifications. For the brushes’ elastic
modulus, we used 0.6 GPa, as determined by Julthongpiput et
al. when studying the elastic modulus of PS and P(t-BA)
brushes on a silicon substrate.42 Using these values, we
calculated the brush height for our passing-through SI brush
shown in Figure 6A to be 310 nm. This value is similar to the
188 nm brush height estimated by AFM in Figure 4 for the
P(t-BA) brushes grown by passing-through; we believe the
di!erence comes from the di!erent monomers used. Our AFM
images were taken on P(t-BA) grown brushes, while the
wrinkling occurred only with the PS grown brushes.

Figure 6. (A) Optical image of passing-through grown PS brush surface. (B) The same sample seen in image A after cleavage of the PS brushes
from the surface.
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■ CONCLUSIONS
Supplying monomer to a surface-initiated brush by di!using
monomer from within the substrate using a passing-through
mechanism inverts the monomer gradient in the system,
increasing the monomer concentration at the surface relative to
the monomer concentration further from the growing chains.
We showed that the combination of an initially swollen surface
and a passing-through-brush growth mechanism increased the
thickness and mass of the surface-initiated brushes while
keeping the surface chain coverage uniform. Compared to the
commonly used grafting-from approach to surface-initiated
chain growth, this passing-through approach on swollen
substrates generated surfaces that were more hydrophobic
and contained 1.5 times more polymer brush mass than
grafting-from controls. Chain crystallization and dry substrate
wrinkling were also observed with the passing-through
approach but not with grafting-from controls. Crystallinity
appeared to be induced by the increased grafting density and
height of P(t-BA) brushes and was confirmed by FTIR and
optical microscopy. The wrinkling seen in PS brushes resulted
from thermal forces and was reported by others to require a
high grafting density to form. These wrinkles enabled us to
estimate the brush height in our system to be 310 nm.
Applying the passing-through mechanism for surface-initiated
brush growth on swollen substrates produces thicker and more
dense brushes than was previously possible by traditional
approaches.
Furthermore, the presented approach creates opportunities

for large-scale synthesis of the brush-coated responsive
substrates that combine the properties of the brushes and
polymer networks. The developed approach is flexible in terms
of monomer selection and could be used for the polymer-
ization of brush layers made of multiblock copolymers. Such
surfaces could find applications as adhesives, lubricating
coatings, and multifunctional substrates whose properties
could be judicially controlled during brush synthesis. We
hope that this paper will inspire future research in this
direction.
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