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Abstract

We developed \reactive" bottlebrush polymers based on styrene (S) and tertbutyl acrylate

(tBA) as additives for polystyrene (PS) coatings. The bottlebrush polymers spontaneously

bloom to both the air and substrate interfaces during solution casting. While neat PS

lms are hydrophobic and poorly adhere to the native oxide on clean silicon wafers, the

hydrophilicity and substrate adherence of bottlebrush-incorporating PS lms can be tailored

through the thermally-activated deprotection of tBA to produce acrylic acid (AA)  and acrylic

anhydride (AH). A  critical design parameter is the manner by which tBA is incorporated
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in the bottlebrush: When the bottlebrush side chains are copolymers of S and tBA, the

extent of deprotection is extremely low, even after prolonged thermal annealing at elevated

temperature. However, when the bottlebrush contains a mixture of poly(tertbutyl acrylate)

(PtBA)  and PS side chains, nearly all tBA is converted to A A  and AH. Consequently, using

the \mixed chain" bottlebrush design with thermal processing and appropriate condition-

ing, the water contact angle is reduced from over 90 on unmodied PS down to 75 on

bottlebrush-incorporating PS lms, and the substrate adherence is improved in proportion

to the extent of tBA deprotection.

Intro duction

Many commodity polymers, such as PS, are hydrophobic with poor adherence to high-energy

surfaces such as metal oxides.1,2 It is possible to tailor the surface properties and sub-

strate interactions of such materials by employing block copolymer surfactants,3{5 adhesion-

promoting layers,6{8 or post-processing treatments,9{11 but there are disadvantages to these

methods: Block copolymer surfactants can form micelles that dissolve inside the bulk poly-

mer12 in addition to accumulating at the air surface and/or substrate. Adhesion-promoting

layers are usually applied to the substrate prior to depositing the polymer,13 which adds

another step to the manufacturing process, and these layers may require a post-deposition

treatment to activate the adhesion chemistry.14 Post-deposition surface modication of the

polymer, such as with plasma treatment, also adds another step to the manufacturing process

and the functionality often degrades with time.15

Studies have shown that highly-branched polymer additives, such as many-armed star

and bottlebrush architectures, can be designed to de-mix from the host polymer and segre-

gate at lm interfaces during processing.16,17 As an example, many-armed star or bottlebrush

poly(styrene-r-methyl methacrylate) additives were shown to de-mix from a blend with lin-

ear poly(styrene-block-methyl methacrylate) and segregate at both the air and substrate

2
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surfaces. The surface enrichment occurred during solution casting and persisted through

thermal annealing. This process created a neutral topcoat that stabilized a perpendicu-

lar orientation of the self-assembled block copolymer domains relative to the surfaces,18,19

making these additives useful for applications in lithography. In our own works, we estab-

lished guidelines to design surface-active bottlebrush polymer additives for linear homopoly-

mers. We considered systems with attractive,20 neutral,21 or repulsive22 interactions between

the bottlebrush and linear polymers, and measured the through-lm composition in both

solution-cast and thermally-annealed lms. In all of these cases, the bottlebrush polymers

and linear polymers had similar surface energies, and the bottlebrush additives were accu-

mulated at both the free surface and substrate when the homopolymer chain length was

much longer than the bottlebrush side chain length, consistent with an entropy-mediated

segregation process.16,23{25 As the interaction strength between bottlebrush and linear poly-

mers changed from attractive to repulsive, the amount of bottlebrush additive at the lm

interfaces was increased relative to the amount in the lm interior. Notably, in repulsive

systems, nearly all of the bottlebrush additive was driven toward the lm boundaries.22

The present study is focused on the design of bottlebrush copolymer additives that tailor

both the surface wettability and substrate adherence of commodity polymers. Linear PS

was chosen as a model commodity polymer because it is hydrophobic and poorly adheres

to oxide surfaces.1,2 The bottlebrush copolymer additives were designed with both tBA and

S moieties in the side chains, where tBA is a \functional" chemistry and S is incorporated

to help compatibility with the linear PS host. We chose tBA as our functional chemistry

for three reasons: First, tBA is a low energy, hydrophobic chemistry that is converted to

A A  (and subsequently AH) by heating at moderate temperature.26 A A  is a hydrophilic and

pH-responsive chemistry.26{28 As such, the incorporation of tBA provides a method to tune

surface energy and wettability by simply heating the lm. Second, polymers with acrylate or

carboxylic acid groups tend to stick to oxides due to hydrogen bonding.1,2 Specically, the

carbonyl group of tBA and A A  is a hydrogen-bond acceptor, the carboxylic acid of A A  is

3
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a hydrogen-bond donor, and silicon oxide is both an acceptor and donor.29,30 Consequently,

both tBA and A A  could improve adherence of the PS lm to an underlying oxide surface.

More generally, A A  comonomers are frequently employed to tailor adhesive properties of

commodity polymers, both in air and in water.31{35 Third, tBA/S enthalpic interactions

are repulsive.26,36 Consequently, nearly all bottlebrush additive should be localized at the

surfaces after lm processing, provided the linear PS has a much higher molecular weight

than the bottlebrush side chains.21,22

In the rst part of this manuscript, we describe the synthesis of these functional bottle-

brush copolymer additives, examine the kinetics of tBA thermolysis, and characterize surface

properties as a function of tBA conversion. Two types of bottlebrush copolymer additives

were synthesized: those that contained a mixture of PtBA and PS side chains, designated

as BB-(PtBA-m -PS), and those that contained P(tBA-r -S) side chains, designated as BB-

P(tBA-r -S). We found that thermolysis kinetics at 140 C  was signicantly accelerated in

BB-(PtBA-m -PS) relative to BB-P(tBA-r -S), with conversions of approximately 95% versus

10-30%, respectively, after 48 hours of annealing. Consequently, thermal annealing could be

used to tailor certain properties of BB-(PtBA-m -PS), such as surface wettability and sub-

strate adherence, but had little impact on the properties of BB-P(tBA-r -S). In the second

part of this manuscript, we examine the structure of PS lms that contain BB-(PtBA-m -PS)

and BB-P(tBA-r -S) additives. For both cases, solution-cast lms showed a strong enrich-

ment of the additive near the free surface with little additive remaining in the bulk. However,

during a subsequent thermal annealing that activates tBA thermolysis, only BB-(PtBA-m -

PS) remained localized at both the free surface and substrate interface. The nal part of

this manuscript examines the properties of PS lms with BB-(PtBA-m -PS) additive, and

shows that surface wettability and adherence to silicon surfaces (with native oxide) are both

highly tunable and pH responsive.
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Exp erimental

Materials

Linear Polystyrene.

A  PS standard was purchased from Scientic Polymers, Inc.

Reagents.

Unless otherwise specied, all reagents and solvents were purchased from commercially

available sources and used as received. Styrene and tert-butyl acrylate were passed

through an aluminum oxide column before use. 2,2’-Azobis(2-methylpropionitrile)

(AIBN) was puried by recrystallization in methanol. Bicyclo[2.2.1]hept-5-en-2-ylmethyl

2-(((dodecylsulfanyl)(thioxo)methyl)sulfanyl)-2-methylpropoanoate (NB-CTA) 3 7      and the

third-generation Grubbs ((H2 IMes)(-Pyr)2 (Cl)2 RuCHPh) (G3) catalyst38 were synthesized

according to previously reported methods.

Norbornene functionalized poly(t-butyl acrylate) macromonomer (NB-PtBA).

t-Butyl acrylate (4492.1 mg, 35.0 mmol), NB -C TA (239.2 mg, 0.508 mmol), AIBN (8.6 mg,

0.052 mmol), and 2-butanone (4.9 mL) were added into a round-bottom ask equipped with

a stir bar. The solution mixture was purged with argon for 20 min, and the polymerization

was initiated by placing the ask in an oil bath at 60 C. After 1.5 h, the polymerization

was quenched by immersing the ask into liquid nitrogen. The polymer was then obtained

by precipitation into ice-cold methanol containing 40% H2O (v/v). This purication was

repeated four more times to ensure removal of all unreacted reagents.

Norbornene functionalized polystyrene macromonomer (NB-PS).

Styrene (10,389.9 mg, 99.90 mmol), NB -C TA (317.9 mg, 0.6752 mmol), AIBN (11.1

5
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Scheme 1: (i) R A F T  (t-butyl acrylate (2-butanone, 60 C),  styrene (benzene, 70 C),  AIBN); (ii)
ROMP (CHCl3 , G3, RT ) .  Fragments colored in red and blue were detected by TOF-SIMS
analysis.

mg, 0.0678 mmol), and benzene (8.6 mL) were added into a 25 mL round-bottom ask

equipped with a stir bar. The solution mixture was purged with argon for 20 min, and the

polymerization was initiated by placing the ask in an oil bath at 70 C. After 18 h, the

polymerization was quenched by immersing the ask into liquid nitrogen. The polymer was

then obtained by precipitation into ice cold methanol. This purication was repeated four

more times to ensure removal of all unreacted reagents.

Bottlebrush BB-(PtBA-m-PS) synthesis.

B B  additives with a mixture of side chain chemistries were synthesized by ring-opening

metathesis polymerization (ROMP) in a nitrogen lled glovebox. As shown in Scheme 1,

NB-PtBA (118.4 mg, 0.0185 mmol, 55 equiv) and NB-PS (81.0 mg, 0.0150 mmol, 45 equiv)

6
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were dissolved in anhydrous degassed chloroform (3.9 mL) in a vial equipped with a stir

bar. In a separate vial a stock solution of G3 (2.44 mg/mL) was prepared in anhydrous

degassed chloroform. Next, 0.1 mL (0.244 mg, 0.000335 mmol, 1 equiv.) of the catalyst

solution was added to initiate the reaction and was allowed to stir for 30 min. The reaction

was quenched by addition of a few drops of butyl vinyl ether and the product was collected

by precipitation in cold methanol containing 10% H2O (v/v).

Scheme 2: (i) R A F T  (70 C, t-butyl acrylate, styrene, AIBN, 2-butanone); (ii) ROMP
(CHCl3 , G3). Fragments colored in red and blue were detected by TOF-SIMS analysis.

Norbornene functionalized poly(t-butyl acrylate-r-styrene) macromonomer (NB-P(tBA-r-

S)).

NB-P(tBA-r-S) was synthesized by reversible addition-fragmentation chain-transfer ( R A F T )

polymerization. Styrene (3252.0 mg, 31.3 mmol), t-butyl acrylate (2632.0 mg, 20.5 mmol),

NB -C TA  (49.2 mg, 0.105 mmol), AIBN (3.9 mg, 0.024 mmol), and 2-butanone (3.5 mL)

were added into a 25 mL round-bottom ask equipped with a stir bar. The solution mixture

was purged with argon for 20 min, and the polymerization was initiated by placing the

ask in an oil bath at 70 C. After 5 h, the polymerization was quenched by immersing the

ask into liquid nitrogen. The polymer was then obtained by precipitation into ice cold

7
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methanol containing 40% H2O (v/v). This purication was repeated four more times to

ensure removal of all unreacted reagents.

Bottlebrush BB-P(tBA-r-S) synthesis.

Random side-chain B B  additives were synthesized in the same manner as the mixed

side-chain BB.  As shown in Scheme 2, NB-P(tBA-r-S) (76.4 mg, 0.0218 mmol, 150 equiv)

was dissolved in anhydrous degassed tetrahydrofuran (0.63 mL) in a stir-bar equipped vial.

A  separate solution of G3 was prepared in anhydrous degassed tetrahydrofuran and 0.1 mL

(0.106 mg, 0.000146 mmol, 1 equiv.) was added to initiate the reaction. After 30 min a few

drops of butyl vinyl ether were added and the product collected by precipitation in cold

methanol containing 10% H2O (v/v).

ROMP kinetics.

ROMP kinetics were performed for certain NB-PtBA and NB-PS macromonomers. As a

representative example, a NB-PtBA stock solution (59.4 mg/mL, DCM) was divided into

nine vials equipped with stir bars (0.5 mL/vial, 29.71 mg polymer, 0.0046 mmol, 100 equiv).

The solvent was removed under vacuum before placing the vials into the glovebox. One vial

was kept as a reference (no G3 added) for NMR analysis. To  the other 8 vials, anhydrous

degassed chloroform (0.49 mL, 50 mg/mL) was added to dissolve the polymer followed by

an injection of 0.1 mL (0.033 mg, 1 equiv) G3 solution to initiate each reaction. Each

individual reaction was allowed to run for a predetermined time before being quenched by

a few drops of butyl vinyl ether. The solvent was then removed under vacuum and 0.6

mL of CDCl3  was added to each vial for NMR. Conversion was determined by comparison

of the norbornene peaks (2H, 6.1 ppm) to the tert-butyl group (9H, 1.43 ppm) using the

reference sample as a starting integration value. For styrene kinetics, integration was done

against the styrene ring (5H, 6.3-7.2 ppm). G P C  was then run to determine the degree of

polymerization for each reaction time.

8
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Instrumentation

Gel Permeation Chromatography (GPC)

Weight-average molecular weight (Mw) and dispersity (D) of each macromonomer and B B

were determined at 25 C  using an Agilent 1260 Innity I I  G P C  with T H F  at a ow rate

of 1.0 mL/min as the mobile phase. The Agilent G P C  was equipped with a Wyatt Dawn

Helios 8 multiangle light scattering detector, ViscoStar I I I, and an Optilab T-rEX.  Reported

molecular weights were obtained via conventional calibration analysis using polystyrene

standards. G P C  data are reported in Figure S1.

Nuclear Magnetic Resonance Spectroscopy (NMR)

1H NMR spectra were measured on a 600 MHz Varian spectrometer. 1H shifts are reported

in ppm relative to internal solvents. Number-average molecular weight, Mn, was calculated

by integration against the norbornene double bond protons (2H, 6.1 ppm). Example NMR

spectra for PS, PtBA, and copolymer composition analysis are reported in Figures S2-S4.

Spectroscopic Ellipsometry

The thickness of each lm was measured using a J.A.  Woollam M-2000 spectroscopic

ellipsometer. The parameters that characterize the polarization change (phase change

D  and amplitude ratio Y )  were recorded as a function of wavelength ( l ,  nm), and these

data were analyzed with a three-layer model of a Cauchy lm on native oxide/bulk silicon

(ambient =  air). The adjustable parameters for regression analysis were the constants A

and B  in the Cauchy dispersion relation, n( l )  =  A  +  B/ l 2 ,  as well as the lm thickness.

Typical values of A  and B  were 1.5 and 0.01 cm2, respectively. The refractive indexes

for both the native oxide and bulk silicon were set to known values and the native oxide

thickness was constrained to 1 nm.

9
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Fourier-transfrom Infrared Spectroscopy ( F T I R )

F T I R  spectroscopy (Nicolet) was used to monitor the deprotection reaction of tBA to A A  by

tracking the absorbance of the C-O-C stretch at 1150 cm-1.39 The absorbances from styrene

C-H between 3000-3100 cm-1 were used as reference peaks. The 1150 cm-1 peak areas (At )

were normalized to the peak area at time t=0 (At0 ) before calculating the percent conversion

of tBA to A A  using the following equation.

% conversion =  
At0  A t (1)

t0

Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS)

TOF-SIMS depth prole analysis was conducted with an ION-TOF TOFSIMS V  instru-

ment (ION-TOF GmbH, Mu•nster, Germany), administered by the Rice University Shared

Equipment Authority. Measurements were performed using a Bi/Mn liquid metal primary

ion gun (LMIG) and an argon gas cluster ion gun that were operated in non-interlaced,

dual beam mode with alternating sputtering and analysis cycles. For all samples, the

Arn
+  (10 keV, n =  1500) beam was rastered over a 500 mm2 area with a central Bi3

2+

(30 keV) analysis region of 90 mm2. An electron ood gun was used for charge compen-

sation, operating at 20 eV with a lament current of 2.40 A  and surface potential of 6.9

V. Negative secondary ions were collected at a rate of 2 frames/sec with a cycle time of 200 ms.

Flow Coating

The linear PS and B B  copolymer, at a 9:1 ratio (w/w), were dissolved in chlorobenzene to

produce a solids concentration of 5 wt %. Films were prepared by ow coating the blend

solutions onto freshly UV-Ozone cleaned silicon wafers. UV-Ozone cleaning produces a

thin oxide layer, and its presence was conrmed by contact angle goniometry (complete

10
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spreading of a water droplet). The blade gap height was set to 500 mm and 50 mL of solution

was injected into the gap. The coating speed was set to produce lms with a thickness of

350  50 nm. Thermal annealing at 140 C  was performed in a nitrogen-lled glovebox.

Microscopy

Optical microscopy images were acquired with a Nikon LV100 reected light microscope

at magnications of 2.5x, 20x, and 100x. Atomic force microscopy (AFM) was performed

using an Asylum MFP-3D system in tapping mode. The probes were silicon with a spring

constant of 9 N/m and resonance frequency of 115 kHz. Imaging parameters were 1 Hz scan

frequency, 5 mm x 5 mm scan size, and 256 x 256 resolution. Raw height and phase images

were processed using a rst-order attening, provided in the Asylum software, which helps

eliminate z-osets between scan lines by subtracting an average z value (z =  height or phase).

Contact Angle Goniometry

Static contact angle measurements were made using a DataPhysics OCA 15EC goniometer

with D I  water as the probe liquid. The contact angle measurements were recorded for 60 s

at 9 frames/s from three dierent areas of the sample. The measurements were then plotted

out against a logarithmic time scale, and the equilibrium angle was determined from the

observed plateau.

Results and Discussion

Bottlebrush copolymer additives were synthesized using either a random copolymer NB-

P(tBA-r -S) macromonomer or a mixture of NB-PS and NB-PtBA macromonomers. Bottle-

brush copolymers based on NB-P(tBA-r -S) macromonomers are designated BB-P(tBA-r -S),

while those based on a mixture of NB-PS and NB-PtBA macromonomers are designated

BB-(PS-m -PtBA). The characteristics of the linear PS, the macromonomers, and the bot-

11
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Table 1: Characteristics of the PS standard, macromonomers, and bottlebrush polymers.
Mn is number-average molecular weight, N is degree of polymerization, D  is dispersity, r  is
% conversion of macromonomer to bottlebrush, f t B A  is mol % of tBA in the monomer feed,
and F t B A  is mol % of tBA in the nal polymer.

Polymer Mn (kg/mol) Ni Di r f t B A F t B A

PS                                             58               558     1.07 -           0%         0%
NB-P(tBA-r -S)                    3.0 26       1.2 - 40%       41%
NB-PtBA1                                            4.3 34       1.1 -         100% 100%
NB-PS1                                                     4.5 43       1.1 -           0%         0%
NB-PtBA2                                            6.4 50       1.1 -         100% 100%
NB-PS2                                                     5.4 52       1.1 -           0%         0%
BB-P(tBA-r -S)                    156 74       1.3      100% 41%       41%
BB-(PtBA-m -PS)1                     353 80       1.4       85% 47%       43%
BB-(PtBA-m -PS)2                     476 80       1.3       92% 47%       47%

i For the bottlebrush polymers, N and D  correspond to backbone lengths and dispersities, respectively.

tlebrush copolymers are listed in Table 1. The subscripts on polymer names indicate which

macromonomers were used to synthesize each bottlebrush copolymers. For example, BB-

(PtBA-m -PS)1 was synthesized from NB-PtBA1 and NB-PS1. All macromonomers in Table

1 were synthesized through reversible addition-fragmentation chain-transfer ( R A F T )  poly-

merization using an exo-NB functionalized chain-transfer agent (CTA ) .  The NB-P(tBA-r -S)

macromonomer was synthesized by a reaction run at low conversion, which favors a statisti-

cal incorporation of each monomer,40 and all other macromonomers were synthesized at high

conversion. All bottlebrush copolymers were synthesized through ring-opening metathesis

polymerization (ROMP) using a third generation Grubbs catalyst (G3). 37,41

When synthesizing bottlebrush copolymers with \mixed" side chains, random incorpora-

tion is anticipated when the polymerization kinetics of each macromonomer are matched.41

Otherwise, the bottlebrush copolymer could have a gradient in composition along its length,

or even distinct blocks of each chemistry. Therefore, the ROMP homopolymerization kinet-

ics were measured for NB-PtBA2 and NB-PS2. As seen in Figure 1, the homopolymerization

of NB-PS2 is approximately 2 times faster than that of NB-PtBA2 . This is opposite of the

trend reported by others,41 although a dierent norbornene was used in that study. Small

angle x-ray scattering (SAXS) was performed on as-cast and annealed (140 C, 48 hrs) lms

12
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Figure 1: Analysis of ROMP kinetics for NB-PS2 and NB-PtBA2 homopolymerizations.
Solid lines represent the t to  =  1 - e-kp t. The kp for each macromonomer is reported with an
uncertainty of one standard deviation.

of BB-(PtBA-m -PS)1 to check for self-assembly. If the side-chain incorporation is closer to

blocky than random, then self-assembly could occur with a domain periodicity set by the

backbone length. For an average backbone D P  of 80, the anticipated domain periodicity

of a blocky structure is on the order of 40 nm.42 As seen in Figure S5, one broad peak is

present at q =  0:6 nm, corresponding with a length scale of 10.5 nm. This is suggestive of a

correlation between backbones due to side chain organization rather than blockiness along

the backbone.

Scheme 3: Thermal deprotection of tBA to AA.  A  secondary reaction can occur where two
A A  units react and dehydrate to form AH crosslinks. Molecular fragments detected in TOF-
SIMS are red.

A  useful attribute of tBA-based additives is that heating at moderate temperature will

activate a deprotection reaction that cleaves the tert-butyl ester to produce an A A  moiety, as

shown in Scheme 3.43 Two A A  moieties can then react to form AH, generating both intra-

and inter-molecular linkages.44 In the presence of water, AH will hydrolyze to revert to

AA. 45,46 Two types of tBA-incorporating bottlebrush additives were synthesized (\random"
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Figure 2: F T I R  data showing the characteristic absorbances from C-O-C at 1150 cm-1 and
C = O  between 1830-1680 cm-1 for a,b) BB-P(tBA-r -S) and c,d) BB-(PtBA-m -PS)1 lms as a
function of annealing time at 140 C.  e) Percent conversion of tBA to A A  as a function of time
for BB-P(tBA-r -S) and BB-(PtBA-m -PS)1 , calculated from the absorbance at 1150 cm-1.

versus \mixed" side chains), and we rst examined the kinetics of thermal deprotection

to test for any dierences between these designs. Films were annealed at 140 C  for a

total of 48 hrs, and F T I R  data were acquired after 0, 6, 24, and 48 hrs. Figure 2 shows

time-lapse F T I R  data and percent conversion for two representative materials, BB-P(tBA-

r -S) and BB-(PtBA-m -PS)1 , and Figure S6 shows percent conversion for a few additional

materials. The deprotection reaction was monitored through changes in the C-O-C stretch

at wavenumber 1150 cm-1, and this absorbance was only slightly reduced for BB-P(tBA-r -S)

yet was nearly undetectable for BB-(PtBA-m -PS)1 after 48 hours (Figures 2a and 2c). The

percent conversion of tBA is reported in Figure 2e and reached only 10% for BB-P(tBA-r -S)

and exceeded 95% for BB-(PtBA-m -PS)1 after 48 hours.

The secondary reaction that produces AH was monitored through changes in the C = O

stretch, which is detected at wavenumbers in the range of 1750 to 1830 cm-1. As seen in

Figures 2b and 2d, the spectra for BB-P(tBA-r -S) show a strong signal at 1730 cm-1 that

undergoes only a slight reduction with time. However, the spectra for BB-(PtBA-m -PS)1

show a reduction in the absorbance at 1730 cm-1 with emergence of new peaks at both higher

and lower wavenumbers. These changes are consistent with the loss of tert-butyl protecting

14
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groups and formation of A A  and AH moieties.44,47,48 To  test whether the formation of AH

creates inter-molecular crosslinks, the solubility of BB-(PtBA-m -PS)1     lms was examined

both before and after annealing at 140 C  for 48 hrs. Films were immersed in tetrahydrofuran

at room temperature, which is capable of dissolving all chemistries. While the as-prepared

lms were completely dissolved within a minute, the annealed lms ( >  95% conversion)

did not dissolve after 5 min, consistent with the formation of a network-like structure due

inter-molecular crosslinking.

The F T I R  data and related analyses in Figures 2 and S6 clearly show that the rate of ther-

mal deprotection depends on how tBA monomers are incorporated within the bottlebrush

additive. We speculate that this stems from the auto-accelerated eect of nearby acidic pro-

tons on the deprotection kinetics, as is documented for the thermal deprotection of poly(p-t-

butoxycarbonyloxystyrene) and poly(t-butylmethacrylate).43,49,50 An auto-accelerated eect

would be sensitive to the local concentration of both tBA and A A  groups. In materials such

as BB-P(tBA-r -S), the local concentration of these moieties is diluted by the presence of S

comonomer. However, in materials such as BB-(PtBA-m -PS)1 , the PS and PtBA side chains

could segregate into chemically-distinct domains along the bottlebrush backbone, thereby

producing regions with an elevated local concentration of reactive moieties. Such segregation

is consistent with the previously-discussed SAXS data.

As thermal annealing drives dierent extents of deprotection in the two types of bottle-

brush copolymers, the surface wettabilities of annealed lms are expected to dier. Water

contact angles were measured on as-cast lms, lms that were thermally annealed at 140 C

for 48 hrs, and lms that were thermally annealed at 140 C  for 48 hrs and then conditioned

by soaking in either deionized water (pH ’  6) or 1N NaOH solution (pH ’  14) for 30 min.

Figure 3 reports the outcomes for BB-P(tBA-r -S) and BB-(PtBA-m -PS)1 . As a reference,

the water contact angles on linear PtBA, PS, and PA A  surfaces were measured to be 88,

90, and 20, respectively. It is important to note that the water contact angle on PA A

varies with the degree of H +  dissociation, with values ranging from 70 (protonated) to 10
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Figure 3: Water contact angle measurement data for BB-P(tBA-r -S) and BB-(PtBA-m -PS)1

bottlebrush lms.

(deprotonated).51 The extent of dissociation is controlled by the pKa  of the PAA,  which has

been reported to be approximately 8 for similar PA A  polymer surfaces,34,52{54 and by the

pH of water, which is approximately 5-6 for deionized water (containing dissolved carbonic

acid).

As-cast lms of BB-P(tBA-r -S) and BB-(PtBA-m -PS)1 had water contact angles of 95

and 91, respectively, consistent with the hydrophobic nature of S and tBA moieties. After

annealing, the water contact angle remained at 95 on BB-P(tBA-r -S) but increased to 96 on

BB-(PtBA-m -PS)1 . After annealing and conditioning in deionized water, the water contact

angle was 93 on BB-P(tBA-r -S) and 90 on BB-(PtBA-m -PS)1 . Finally, after annealing

and conditioning in 1N NaOH solution, the water contact angles decreased to 87 on BB-

P(tBA-r -S) and 55 on BB-(PtBA-m -PS)1 . These data show that the surface wettability of

BB-(PtBA-m -PS)1 is highly tunable through a combination of annealing and conditioning,

while that of BB-P(tBA-r -S) is far less sensitive to the same treatments. Focusing on

trends with BB-(PtBA-m -PS)1 we note that the increase in hydrophobicity after annealing

might be attributed to the presence of AH in addition to A A  and S moieties, as AH is

not hydrophilic.55 Another point to consider is that side chains on BB-(PtBA-m -PS)1 can

rearrange during annealing. The surface energies of PS, PtBA, and PA A  are 40.7 mJ/m2, 56

30.4 mJ/m2, 57 and in the range of 35-60 mJ/m2,28,58,59 respectively, at 25C. During casting,

PtBA is enthalpically preferred over PS at the free surface. This surface preference may

change as tBA groups are converted to A A  and AH, although it is hard to state denitively
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which component in the blend has the lowest surface energy. This challenge is associated

with the ill-dened chemistry of the bottlebrush additive (diering proportions of AH and

AA,  AH-AH crosslinking) as well as diculties in characterizing the surface energies of

polyelectrolytes like PAA.  However, soaking in D I  will swell and expose AA-rich segments,

accounting for the slightly lower contact angle after conditioning. Soaking in aqueous NaOH

both swells and deprotonates AA-rich segments (NaOH pH >  PA A  pKa) 34 to form the

sodium salt, which produces the greater hydrophilic change when compared to the D I  soak.

Furthermore, strong bases like NaOH have been shown to enhance the rate of anhydride

hydrolysis in copolymers of styrene and maleic anhydride.45

Our next goal was to demonstrate that these bottlebrush copolymers could serve as

surface-active additives for linear PS, a commodity polymer, and tune both the surface

hydrophilicity and adherence to a silicon substrate. When blended with linear PS, the

bottlebrush copolymers should spontaneously segregate to the interfaces of a thin lm. This

is due to a few factors: First, the surface energy of PtBA (30.4 mJ/m2 ) is lower than that

of PS (40.7 mJ/m2 ), so PtBA is preferred over PS at the air-polymer interface. PtBA

is also preferred over PS at the silicon substrate due to its capability to form hydrogen

bonds with the native oxide.29,30 Second, highly-branched polymers are entropically preferred

over linear polymers at surfaces.60 Third, the positive Flory-Huggins interaction parameter

between PtBA and PS (qP S - P t B A  ’  0.1) 61 favors de-mixing of the additive and linear host.22,62

Additionally, the short bottlebrush copolymer side chains are poorly wet by the long PS

chains, also favoring de-mixing.21 However, deprotection of tBA to produce A A  and AH will

change the surface energy of the bottlebrush additive as well as its interactions with linear

PS. This may disrupt enrichment of the additive at the free surface, either by promoting

lateral phase separation or by driving diusion of additive into the interior of the lm.

The enrichment of bottlebrush copolymer additives at the free surface and substrate was

examined through TOF-SIMS depth proling,60 as shown in Figure 4. Thin lms of linear

PS containing 10 wt% of either BB-P(tBA-r -S) or BB-(PtBA-m -PS)1 additive were cast
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Figure 4: TOF-SIMS depth proles for thin lms of of linear PS with (a) BB-P(tBA-r -S) and
(b) BB-(PtBA-m -PS)1 additives. The ratio of C3H3O2

- to C6H5
- signals is proportional to

additive concentration. The polymer-air interface is at depth =  0 nm and the polymer-
substrate interface is at depth =  300-400 nm (last signal point).

onto silicon substrates and measured without further processing (as cast), after annealing at

140 C  for 24 hours, and after annealing at 140 C  for 48 hours. The molecular fragments

that are unique to S and tBA/AA/AH moieties are indicated by the blue (C6H5
-) and red

(C3H3O2
-) colors, respectively, in Schemes 1-3. In as-cast lms with either additive, the

relative signal of C3H3O2
-/C6H5

- is strongly peaked at both ends of the depth prole, a clear

indication of additive segregation at both surfaces. This outcome is consistent with our prior

studies that examined surface segregation in blends having unfavorable bulk interactions

between the bottlebrush copolymer and linear polymer, where the bottlebrush copolymer was

also enthalpically preferred at both surfaces.22,62 Thermal annealing had little impact on the

segregation behavior of BB-(PtBA-m -PS)1 but seemed to drive BB-P(tBA-r -S) away from

the free surface and into the interior of the lm. These dierent behaviors in annealed samples

are attributable to the dierences in chemistry: First, as previously discussed, the high tBA
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Figure 5: Optical and AFM images of PS lms with (a,b,c) BB-P(tBA-r -S) or (d,e,f) BB-
(PtBA-m -PS)1 additive as a function of annealing time at 140 C. Optical images are at
100X magnication and AFM height images are 5 mm x 5 mm.

conversion in BB-(PtBA-m -PS)1 produces intermolecular crosslinks that could stabilize the

bottlebrush-rich layers at each surface. Second, conversion of tBA to A A  increases the Flory

interaction parameter between the bottlebrush additive and linear PS (qS-tBA ’  0.161 vs

qS-AA ’  0.963), which creates a large energetic barrier opposing interdiusion.61 This barrier

is expected to be higher for BB-(PtBA-m -PS)1 ( 95% nal conversion) than BB-P(tBA-

r -S) ( nal 10% conversion). The TOF-SIMS data in Figure 4 lend support to this point,

as the bulk concentration of BB-P(tBA-r -S) is increased with annealing (depth of ca. 100 -

200 nm), while the bulk concentration of BB-(PtBA-m -PS)1 is reduced with annealing. The

dierent monomer sequences within each design, meaning the random copolymer side chains

in BB-P(tBA-r -S) versus the mixture of dierent side-chain types in BB-(PtBA-m -PS)1

could also impact their miscibility with linear PS.

Microscopy was used to examine the surface structure of the PS/additive blend lms.

Figure 5 shows optical microscopy and atomic force microscopy (AFM) images for PS lms

containing 10 wt% of either BB-P(tBA-r -S) or BB-(PtBA-m -PS)1 additive as a function

of annealing time. After casting, both types of surfaces were at and featureless. After

annealing, lms with BB-P(tBA-r -S) additives developed roughness at a lateral scale of

approximately 10 m, as evidenced by color variation in optical microscopy. Additionally,
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small bumps with a height of 3-4 nm and diameter of 100-200 nm were detected by AFM. It is

unclear whether these bumps are a sign of lateral phase separation between the bottlebrush

and linear PS. In contrast, lms with BB-(PtBA-m -PS)1 additive remained at through

thermal annealing, although a subtle texture was observed by AFM. This dierence in surface

features is most likely due to a combination of two factors: First, the mixed side chains in

BB-(PtBA-m -PS)1 could act as a compatibilizer for the linear PS due to their ability to

rearrange around the bottlebrush backbone, suppressing the drive to restructure. Second,

the crosslinking in BB-(PtBA-m -PS)1 might help to lock-in the as-cast structure.

The bottlebrush copolymers with a mixture of PtBA and PS chains are more tunable

than those with P(tBA-r -S) side chains, as evidenced by the thermolysis kinetics (Figure

2) and measurements of surface wettability (Figure 3). Furthermore, the thin lm blends

of PS and mixed-chain bottlebrush copolymer undergo little restructuring with prolonged

thermal annealing (Figure 4). With these factors in mind, the remainder of this study was

focused on the functions aorded by BB-(PtBA-m -PS)1 additive in PS. Thin lm blends of

PS and 10 wt% BB-(PtBA-m -PS)1 were annealed for dierent amounts of time at 140 C.

PS lms without any additives were ow coated onto clean silicon and used as a control

without further processing. The adherence of the lms to silicon substrates was examined

by submersion in aqueous solutions of various pH for 30 min, after which the samples were

rinsed with D I  water and then dried under a nitrogen stream.

Figure 6 shows optical microscopy images of the samples before and after submersion

tests. Pure PS lms (no additive) oated o the silicon substrate when soaked in DI, 1M

NaCl, or 1M NaOH, as shown in Figure 6b-d. However, the adherence of additive-containing

lms to silicon was a function of both annealing time (tBA conversion) and pH of the aqueous

solution. As shown in Figure 6f-h, the as-cast lms (0% tBA conversion) remained adhered

when submerged in D I  water but released when submerged in 1M NaCl and 1N NaOH. We

also observed that submersion in 1M NaCl produced a clean release, meaning an intact lm

oated o the surface, while submersion in 1N NaOH produced a fractured release with
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some residue left on the substrate. As shown in Figure 6j-l, lms that were annealed for

6 hours ( 15% tBA conversion) remained adhered when submerged in either D I  and 1M

NaCl and showed a fractured release after submersion in 1N NaOH. Annealing for 24 and

48 hrs (90-95% tBA conversion) results lms that remain adhered when submerged in all

uids, as shown in Figure 6n-p and 6r-t.

Figure 6: Optical images of PS and PS +  BB-(PtBA-m -PS)1 blend lms before and after
submersion in DI, 1M NaCl, or 1N NaOH, where each row corresponds to a dierent treat-
ment method. a-d) PS (no BB).  e-h) As cast BB-(PtBA-m -PS)1 blend. i-l) Annealed 6 hrs
BB-(PtBA-m -PS)1 blend. m-p) Annealed 24 hrs BB-(PtBA-m -PS)1 blend. q-t) Annealed
48 hrs BB-(PtBA-m -PS)1 blend. Annealing was done at 140 C.

A A  groups are both a hydrogen-bond donor and acceptor, compared to tBA groups

being only a hydrogen-bond acceptor, so the conversion of tBA to A A  introduces additional
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Figure 7: Water contact angle for each lm presented in Figure 6. Data are reported for
lms that remain adhered to the surface through each treatment.

hydrogen-bonding sites between the additives and the substrate. All lms remain adhered

in D I  water due to two reasons: First, the ionic strength of D I  water is negligible so it is

not capable of disrupting these hydrogen bonds. Second, with additives containing PA A

segments (6, 24, 48 h), the acid groups remain protonated due to the pKa  of the hydronium

ion (H3O+, -1.74) being much lower than the pKa  of PA A  (approximately 8 34,52{54). This

results in PA A  retaining both its hydrogen-bonding donor and acceptor sites. When placed

into a NaCl solution, only the lms containing PA A  (6, 24, 48 h) remain adhered, indicating

that the increased density of hydrogen-bonding sites provided by A A  is necessary to protect

the lm from release. Finally, when placed into an NaOH solution, lms remain adhered only

when the additives contain a high amount of A A  and AH moieties. The increased amount

of AH is likely the major factor as to why the 24 and 48 h annealed lms remain intact in

NaOH solution: anhydride groups are well-known adhesion promoters, such as in maleated

poly(styrene-b-ethylene/butylene-b-styrene),64 and intermolecular crosslinking will help to

stabilize the lms. We note that some creasing was observed for lms that were annealed

for 24 hr (Figure 6p), but not for lms that were annealed for 48 hr (Figure 6t), which

underscores the role of AH moieties in this adherence process.

The trends in surface wettability that were observed with pure BB-(PtBA-m -PS)1     lms

are also observed when BB-(PtBA-m -PS)1 is incorporated in PS. Figure 7 summarizes water

contact angles for the blend lms as a function of annealing time at 140 C  and the con-

ditioning treatment. PS lms (no additive) were again used as a control. Contact angles
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were only recorded for lms that remained adhered to the substrate through conditioning.

Before submersion in any of the conditioning uids, all lms (as cast and annealed) had

contact angles near or above 90. After annealing for 6 hrs and conditioning for 30 min in

DI  or 1M NaCl, the contact angles were all in the range of 87 - 90. Annealing for 24 hrs

followed by the same conditioning protocols was found to slightly increase the hydrophilicity,

producing contact angles near 85. Annealing for 48 hours followed by the same conditioning

protocols produced a more varied response, where lms that were conditioned at lower pH

(pH in the range of 6 to 9) produced water contact angles in the range of 85 to 90, while

those conditioned at higher pH (pH of 14) produced water contact angles in the range of 75.

These trends are similar to the ones seen in bottlebrush only lms, where the overall surface

response to water is controlled by the dissociation of H +  from A A  along with the hydrolysis

of AH to form AA.

Conclusions

We report the synthesis of two types of bottlebrush polymer additives for PS lms, both of

which contain a mixture of S and \reactive" tBA units. The rst type of bottlebrush had

copolymer side chains of S and tBA, while the second type had a mixture of PS and PtBA

side chains. While both types of bottlebrush polymer additive bloomed to the surfaces of

a PS lm during casting, only the \mixed chain" design remained strongly localized at the

free surface (i.e., the interface with air) through a subsequent thermal annealing step. This

eect is postulated to arise from inter-molecular AH crosslinks, a large energetic barrier to

interdiusion of bottlebrush and PS, or a combination of both eects. Additionally, only

the \mixed chain" design could be thermally deprotected to AA/AH with high conversion,

which is attributed to an auto-catalytic eect associated with the high local concentration

of reactive tBA moieties. Consequently, the \mixed chain" design leads to tunable sur-

face properties, such as hydrophilicity and substrate adherence, through changes in both
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deprotection level and pH.

The use of tBA as a reactive unit leads to other possibilities for future studies. The

tertbutyl moiety is an acid labile protecting group, so if the formula were to include a

photoacid generator (PAG),  then the deprotection reaction could be spatially controlled

by exposure to a pattern of UV light.65 For photopatterning to succeed, the PAG,  linear

polymer, and bottlebrush polymer should all be soluble in the same solvent for lm casting.

Additionally, the approach outlined in this work is easily extended to other chemistries

of both the linear and bottlebrush polymers, and other types of reactive groups, enabling

control of interfacial properties for a range of applications.

Supporting Information: G P C  data for all bottlebrush copolymers; NMR spectra for

all bottlebrush copolymers; SAXS data for BB-(PtBA-m -PS)1 ; F T I R  deprotection data for

NB-P(tBA-r -S) and BB-(PtBA-m -PS)2 .
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