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ABSTRACT: Block copolymer (BC) brush gradient libraries were examined as high-throughput platforms to
study the effect of relative block lengths on the response to solvents. BC brushes oftpaiyl(methacrylate)
(PBMA) and poly(2-N,N-dimethylamino)ethyl methacrylate) (PDMAEMA) were synthesized via surface-initiated
atom transfer radical polymerization (ATRP). The gradient libraries had uniform bottom PBMA blocks and
molecular mass gradient top PDMAEMA blocks. The rearrangement of the BC brushes upon exposure to water
and hexane was assessed by water contact afiglengasurements,, mapping of each gradient library illustrated

how the top PDMAEMA block length influenced the response of BC brushes to solvents. Comparison among
libraries with different bottom PBMA thicknesses revealed how the bottom block length affected the solvent
response of BC brushes. Our results indicate that the solvent response behavior of the BC brushes is greatly
influenced by their relative block lengths. While surface response properties can be suppressed by a long top
block, they can be enhanced by the extension of the bottom block. In addition, our work suggests that BC brushes
could be fabricated to provide tunable surfaces with gradient responsive properties.

Introduction high-throughput platforms to study how those variables affect

Surface properties of materials are essential to their interac-the properties of polymer brushes. Several methods have been
tions with environments. The advancement of new technologies, developed to synthesize polymer brush-modified substrates with
such as micro- and nano-electromechanical systems, noveldradient properties such as grafting density, molecular mass,
sensors, and new biomaterials, demands precise control ofand chemical compositioft:#* 2 Moreover, based on a polymer
surface properties such as adhesion, friction, environmentalbrush molecular mass gradient, a synthetic approach for the
response, and biocompatibility? Grafting surfaces with poly- ~ preparation of BC brush gradients was demostrétéd!.
mer brushes provides a versatile way to modify surface Recent development of surface-initiated polymerizifon
properties’® For example, tethered block copolymers (BCs) or provides a facile way to synthesize grafted polymer brushes
mixtures of polymers have been used to create surfaces withwith control of gradient profiles. In this approach, initiating
responsive properti€s’4 Selectively treating these surfaces with  functionality is first immobilized on the surface. Subsequent
solvents favoring one component/segment of the polymer polymerization from the surface-immobilized initiator moieties
exposed that specific component/segment to the surface, resultieads to the formation of tethered polymers on surfaces. Among
ing in changes of surface properties. various types of polymerization metho#ts2 surface-initiated

Previous theoretical and experimental results demonstrate thalytom transfer radical polymerization (ATRR) has attracted
various factors, such as grafting density, molecular weight, mych attention for its controlled/living character, tolerance of
chemical composition, solvents, and temperature, may affects,nctional groups, and mild experimental requirements. A

the properties of polymer brush¥s>* To rapidly and thor- - variety of homo- and copolymer brushes have been synthesized
oughly examine the effect of these variables on brush behavior, yith ATRP 9-16.27-34.41

a variety of combinatorial methods have been developed during
recent years. For example, Genzer et al. exploited a grafting . . .
density gradient to investigate how the grafting density affects the mf!uence of relative block Ieng?h on th.e solvent responsive
swelling behavior of polymer brush&s26With specimens that ~ Pehavior of BC brushes. To achieve this goal, a BC brush
had relative grafting density gradients of two distinct polymer 9radient was designed and synthesized via surface-initiated
brushes, Stamm et al. and Zhao et al. studied the effect of ATRP. Unlike the copolymer brush gradient synthesized by

relative density on the solvent-induced rearrangement of mixed G&nzer et al., which has a gradient bottom block, the polymer
brushegs.26 brush gradient synthesized in this work had a uniform pely(

In the above cases, gradient substrates with systematicPutyl methacrylate) (PBMA) bottom block and a molecular

variations across the surface were synthesized and utilized agn@ss gradient poly(2N,N-dimethylamino)ethyl methacrylate)
(PDMAEMA) top block. With PDMAEMA gradient samples

In this work, we demonstrate a combinatorial method to study
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Experimental Sectiorft y
Materials. 2-(N,N-Dimethylamino)ethyl methacrylate (DMAE- /]
MA) (99%) was purchased from Polysciences. Copper(l) bromide /;—0— H,0, isopropanol
(CuBr, 99%, Aldrich) was purified by stirring in acetic acid,

washing with methanol, and drying under vacuum. Copper(ll) g

bromide (CuBs, 99%), 2,2-bipyridyl (bpy, 99+%), n-butyl meth-

acrylate (BMA; 99%), methylene chloride (99.9%, HPLC grade),
hexane (98.5% ACS grade)\,N-dimethylformamide (DMF,

| o
99.8%, HPLC grade), acetone (99.5%, ACS grade), and anhydrous _O_Ei/\(\/)g/\o Br :gzo uBr. Gubr. b
i,) o 4 0o uBr, CuBr,, bpy
o

—o-0—0—

toluene (99.8%) were purchased from Aldrich. 2-Propanol (HPLC
grade) was ordered from J.T. Baker. Water was purified through a
Millipore Rios 16 system. Single-side-polished silicon (100) wafers g

_—
H,0, isopropanol

were purchased from Wafer World Inc., and double-side-polished AN~
silicon (100) wafers were purchased from Silicon Inc. A BS-8000
programmable syringe pump (Braintree Scientific, Inc.) was used |

(¢]
to control the infusion rate of the reaction mixture into the —o—ﬁs)i/\(\%\o — —Br
polymerization flask. iy o) o]
Initiator-Modified Silicon Substrate. Preparation and modifica- | o] 0
tion of the silicon surface with initiator self-assembled monolayers 2
(SAMs) were reported in a previous wotkBriefly, the initiator, N
11-(2-bromo-2-methyl)propionyloxy-undecyltrichlorosilane, was IS

synthesized according to the literature procetfiaad diluted with Figure 1. Synthesis of copolymer brushes of polutyl methacrylate)

anhydrous toluene to a concentration of 0.5 mmol/L. Silicon wafer and poly(2-N,N-dimethylamino)ethyl methacrylate) via surface-initi-

sections (1.6 cnmx 3 cm for uniform sample, 1.2 cre 8 cm for ated atom transfer radical polymerization.

gradient sample) were rinsed with acetone and ultraviolet ozone

cleaned for 30 min. The wafer was immersed into the initiator

solution overnight to ensure the complete formation of initiator applied. For each solvent treatment, the substrate was immersed

SAMs on the surface. Following toluene and acetone rinses, thein the solvent for 30 min and then dried under a flow of nitrogen.

substrate was dried under a flow of nitrogen. The thickness of the Measurement Methods. Spectroscopic ellipsometry (VASE,

initiator SAMs is 24+ 0.2 nm according to ellispsometry measure- J.A. Woollam Co., Inc.) was used to measure the thickness of the

ment. For polymer brushes prepared for IR analysis, double-side- SAMs and polymer brushes. Static water contact anglg was

polished silicon wafers were used to prevent light from scattering measured using a Kes G2 contact angle goniometer. The standard

at the rough surface. In all other cases, single-side-polished siliconuncertainties for the ellipsometry ai measurement are 0.5 nm

wafers were used. and 3, respectively. Transmission FT-IR spectra were measured
Preparation of Polymerization Solutions.CuBr (19.2 mg, 13.4 on a Nicolet Magna-IR 860 spectrometer at the Brewster's angle

mmol), CuBk (3.3 mg, 1.5 mmol), bpy (49.2 mg, 32 mmol), and for silicon (74). Each spectrum was collected with 512 scans at

a stirring bar were added to a flask and capped with a rubber an 8 cnt? resolution.

septum. After three cycles of vacuum and backfilling with argon,

4.5 mL of degassed 2-propanol, 0.5 mL of degassgd,tnd 5 Results and Discussion

mL of degassed monomer (BMA or DMAEMA) were sequentially

syringed into the flask. The polymerization mixture was stirred for Surface-Initiated Atom Transfer Radical Polymerization

(ATRP) of BMA and DMAEMA. Figure 1 outlines the
Synthesis of Surfaces with Uniform Polymer BrushesAn Sl{ffa‘?e"”"'at?‘,’ ATRP Of, BM,A and DMAEMA' The polym.-
initiator-modified silicon substrate was placed in a flask and sealed €fization conditions used in this work are similar to the solution

with a rubber septum. Following three cycles of vacuum and ATRP of BMA and DMAEMA reported by Matyjaszewski et
backfilling with argon, the flask was quickly filled with the above  al.*2 However, in our experiment, the free initiator in solution
prepared polymerization mixture by syringe, and the whole substratewas replaced by initiator-modified substrates. Because of the
was immersed in the polymerization solution. After a certain period extremely small amount of initiator moieties present in the
of polymerization at room temperature, the substrate was taken frompglymerization, we did not assume that the surface-initiated
the reaction mixture, thoroughly rinsed with DMF, and dried under polymerization was also controlled. Accordingly, the kinetics

a flow of nitrogen. To synthesize BC brushes with a uniform top of surface-initiated polymerization of BMA and DMAEMA
block, the same procedures described above were applied to &yvere first characterized

polymer-brush-modified substrate. ) _
Synthesis of Polymer Brush GradientsAn initiator/polymer- Recently, it was demonstrated that the kinetics of surface-

modified silicon substrate (1.2 cm 8 cm) was placed upright in initiated polymerization could be combinatorially studied by
a 1.4 cm diameter test tube, sealed with a rubber septum, andvarying the polymerization time at different locations on the
deoxygenated by three cycles of vacuum and argon backfill. The substraté” A similar approach was adopted in this study. During
polymerization solution was transferred into a 10 mL syringe, which the polymerization, solutions were gradually pumped into the
then was mounted on a syringe pump. The polymerization solution reaction flask at a controlled rate. As the solution level increased,
was slowly pumped into the test tube along its sidewall at a rate of the substrate was gradually immersed. After a certain period of
100 uL/min. After a given period of time, the pumping process time the whole substrate was removed from the polymerization
ceased. The substrate was removed from the tube, rinsed with DMF, | o Areas located at the bottom of the flask had longer
and dried under a flow of nitrogen. L . .

polymerization time than those at the top. Figure 2 shows the

Solvent Treatment of the Surface Hexane and water were used results of such polymerization of BMA and DMAEMA. For

to treat the brush-modified surfaces. To facilitate the segment th b d li ih of bol brush
rearrangement, methylene chloride, acetone, and methanol were’©t"! MONOMETS, we observed linear growtn of polymer brus

used as intermediate solvents. For example, to check the surfacdhickness with polymerization time. We assume, therefore, that
properties after water treatment, the sample was sequentially@ll active chain ends propagate simultaneously, and the dry
immersed in methylene chloride, acetone, and methanol beforepolymer brush thickness is directly proportional to its number-
exposure to water. For hexane treatment, the reverse sequence waaverage molecular mass. These results suggested th%Dt(]/e
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Figure 2. Kinetics of homopolymer brush growth a®j poly(n-butyl
methacrylate) (PBMA) and Q) poly(2-(N,N-dimethylamino)ethyl B)

methacrylate) (PDMAEMA). Polymerization conditions: [CuBf]13.4 100 g—g—a—s
mmol, [CuBg] = 1.5 mmol, [bipyridinel= 32 mmol, monomer (BMA
or DMAEMA):2-propanol:HO = 50:45:5 (v:v:v). s
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Figure 4. Effect of the poly(-butyl methacrylate) (PBMA) block
length on the growth of the second poly(%; -dimethylamino)ethyl
methacrylate) (PDMAEMA) block. (A) Polymer brush thickness after
polymerization of PBMA @) and subsequent polymerization of
PDMAEMA (O). (B) Percentage growth of PDMAEMA block on the
gradient surface with respect to a bare initiator-modified surface. Line
in (B) is added to guide the eye.
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Figure 3. FT-IR of (co)polymer brushes synthesized from surface-
initiated polymerization: (1) initiator self-assembled monolayers
(SAMs), (2) polyg-butyl methacrylate) (PBMA), (3) poly(2N,N-
dimethylamino)ethyl methacrylate) (PDMAEMA), and (4) PBMA-
PDMAEMA.

surfaces. After the polymerization of either BMA or DMAEMA,
the intensity of these characteristic peaks increased along with
increased film thickness, indicating the growth of methacrylate-
based polymers on the surface. Thbutyl group of the PBMA
brush contributed to the much higher intensity of the peak at
polymerization processes were controlled under current condi- 2980 cntl. The spectrum of the PDMAEMA sample clearly
tions, and the thickness or molecular mass of the polymer showed two extra peaks at 2819 and 2769 Emvhich were
brushes could be readily controlled with polymerization time. attributed to G-H vibrations of —N(CHz),. The IR spectrum
Block Copolymer Brush Synthesis.Prior to the synthesis  of the PBMAH-PDMAEMA brush contained all characteristic
of BC brush gradients, we synthesized uniform BC brushes of peaks of both homopolymer brushes. Furthermore, its peak
PBMA and PDMAEMA. The chemistries of the resulting intensities are consistent with the overall intensities of the
polymer brushes were characterized by transmission FT-IR. corresponding peaks in the spectra of the two homopolymer
To synthesize BC brushes, the initiator-modified substrate brushes. Thus, in addition to the ellipsometry results, IR spectra
was first polymerized in BMA solution for 40 min, and the film  further confirmed the successful synthesis of a BC brush.
thickness increased by 6.5 nm. Subsequent polymerization of Effects of PBMA Layer Thickness on Initiation of
DMAEMA for 1 h added 7.6 nm to the total film thickness. DMAEMA. Before preparing gradient copolymer brushes, we
Under the same conditions, 7.5 nm thick PDMAEMA homo- assessed how the PBMA layer thickness affects the growth of
polymer brushes were synthesized from the initiator-modified the PDMAEMA block. For this purpose, we prepared a
Substrate. molecular mass gradient PBMA substrate with a thickness range
IR spectra for substrates with initiator monolayers only, of 0 nm at one end to 23 nm at the other. The substrate was

PBMA, PDMAEMA, and PBMAb-PDMAEMA brushes are
shown in Figure 3. The characteristic peak for thre@group
was at 1736 cmt. Peaks at 1254 and 1159 chwere attributed
to C—O stretching. The peaks at 2854 and 2927 tmvere

fully immersed into a polymerization solution of DMAEMA.
After 2 h of polymerization, the substrate was removed from
the polymerization solution. As shown in Figure 4a, polymer
brush thickness increased over the entire surface. The bare

assigned to the €H symmetric and asymmetric vibration
modes, respectively, of theCH,— groups. The existence of
C=0, CH,, and C-O peaks in the sample with initiator only
confirmed that initiator was immobilized on the Si wafer

initiator-modified surface provided an internal standard to
calibrate the influence of the PBMA brush layer thickness on
initiation efficiency for the PDMAEMA block. Figure 4b shows
the thickness of the second PDMAEMA block on the gradi&E)tV
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Figure 6. Surface water contact angle after hexane (filled symbols)
and water (open symbols) treatment of copolymer brush gradient
surfaces: (blue symbola, A) gradient |, (red symbol®, O) gradient

II, and (green symboldll, O0) gradient Ill. Lines are added to guide
the eye.

Position (mm)

Figure 5. Thickness profiles of the block copolymer gradients
synthesized. Open symbols: thickness of the substrate after polymer-
ization of n-butyl methacrylate (BMA). Filled symbols: the overall
thickness of the gradient after polymerization of NeA{-dimethyl-
amino)ethyl methacrylate (DMAEMA). (blue symbols, A) Gradient

I, (red symbols®, O) gradient Il, and (green symboM, O0) gradient ) ) ]
1. evident in the surface chemistry of the system as measured by

0. For all three gradient substrates, with increasing PDMAEMA
PBMA substrate as a percentage of that measured on barehickness lipp), 6 decreased until it became close to the
initiator SAMs. Generally, the growth of the second block characteristic value of PDMAEMA. Despite slight variation
decreased with increasing PBMA thickness. We attribute this among the three substrates, a thin PDMAEMA top bldu(
to a decrease in PBMA chains reinitiating to add a PDMAEMA > 2—3 nm) resulted in an observelj, value close to that of
segment. However, relatively high initiation efficiency (com- PDMAEMA homopolymer brushes. Further increaségp did
pared to initiation from a simple SAM-functionalized surface) not affect6,.
was maintained across the gradient. For PBMA blocks up to  As shown in Figure 6, the surface response to hexane
15 nm thick, subsequent growth, and presumably the grafting treatment varied greatly over the three gradients examined. For
density, of PDMAEMA was at least 90% of that of initiator the block copolymer with a 4.4 nm PBMA block (gradient I),
SAMs. Below this point, the small change in initiating efficiency changes in surface properties are immediately evident upon
enabled independent study of the bottom PBMA block length introduction of a PDMAEMA block, wheré,, decreased with
effect on BC brush properties. increase ohpp. This trend continued unthpp reached 6 nm,
Block Copolymer Brush Gradient Synthesis. Figure 5 where6,, is characteristic of PDMAEMA. Beyond this point,
summarizes the thickness profiles of the BC brush gradients 6, stabilized at that for PDMAEMA, and the surface exhibited
prepared for this study. The BC brush gradients were synthe-the same wetting behavior after both hexane and water treatment.
sized in two steps. First, homogeneous polymerization of BMA  For the substrate with a 9.7 nm PBMA block (gradient II),
results in a PBMA brush of uniform thickness across the the presence of a thin PDMAEMA layer on the PBMA block
substrate, which was predetermined by the polymerization time. had little effect on thé,, of the surface after hexane treatment,
Three substrates with PBMA brush thicknesses of 4.439.7, which is close to that of PBMA homopolymer brushes.
and 14.1 nm were synthesized. Second, with the same techniquédiowever, aftehpp reached~5 nm, there was a sharp decrease
used to synthesize the homopolymer brush gradient, subsequentf 6,, with the increase ohpp. This decrease df,, continued
polymerization of DMAEMA from the homogeneous PBMA  until hpp reached~9 nm, where the characterisiii, value of
brushes resulted in BC brush gradients. The slope of the gradienPDMAEMA was measured.
was controlled by the pumping rate of the polymerization  For the substrate with a 14.1 nm PBMA block (gradient I11),
solution into the reaction flask. All three substrates reflect a after hexane treatment thé, resembled that of PBMA
linear increase of the top PDMAEMA layer thickness from O homopolymer in regions where thep was less than 7 nm.
nm at one end to more than 12 nm at the other end of the Above this thicknessf,, gradually decreased with increasing
substrate. of hpp. The slope of thé,, change was much smaller than that
Solvent Response of BC Brusheshe BC brush gradient  of the previous two gradients. Even for the surface areas with
libraries provided a high throughput pathway to elucidate how the largestpp studied £&13.5 nm), thed,, never reached the
relative layer thickness or block length affects the properties of value characteristic of PDMAEMA.
BC brushes. Hexane and water were chosen to treat the gradient The wetting properties of surfaces depend on both chemical
surfaces. While water is a better solvent for PDMAEMA, hexane composition and roughne$s#* For block copolymer brushes,
is a better solvent for PBMA. the collapse of the top block into the bottom block has been
The water contact anglé,,, mapping of the gradient surfaces reported to lead to a change of surface topogradftomic
after solvent treatment is shown in Figure 6. Homopolymer force microcopy (AFM) was used to map the surface topography
brushes of PBMA and PDMAEMA exhibited contact angles of gradient Il after treatment with each solvent (images in
of 89° and 65, respectively. In the following discussion, these Supporting Information). After water treatment, the surface was
values are taken as benchmarks indicating either a PBMA or relatively smooth with a root-mean-square (rms) roughness of
PDMAEMA homopolymer surface. approximately 0.71 nm. After hexane treatment, the surface
The response of the system to water treatment is discussedopography changed depending on the PDMAEMA block
first. In this case, the effect of the length of the PDMAEMA is thickness. For short PDMAEMA blockshdp < 4 nm), theCDV
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For both of these reasons, the response region and partial-
response region become wider as the PBMA block length
increases. For similar reasons, the response range (extent of
surface expression switch) also increases in the response and
partial response regions as the PBMA block is lengthened.
Responsive Gradient SurfaceOur results also indicate that
BC brush gradients could be used to construct responsive
Water I I Hexane gradient surfaces, which exhibit gradient surface characteristics
that could be turned “on” or “off” by environmental stimuli.
This type of response is observed in the partial-response region
of gradient Il. After hexane treatment, fhgp between 5 and 9
nm, thed,, of the surface decreases along the substrate. Within
the same region, we observed a constépt after water
$@ treatment. Similar behavior was noted in gradient Ill, but over
Response | Partal- Responso | Non Responte a broader range of thiqkness. In this case, the transition :_3tarted
Region Region Region from hpp &~ 7 nm and did not end, evenlaip ~ 13.5 nm. This
indicates that the switchable surface gradient can be tuned by

Figure 7. Schematic illustration of three regions of the block copolymer the thickness of the bottom PBMA block and the span of the
brushes after hexane treatment. Black segments represent-paty{

methacrylate). Blue segments represent pol{2N¥-dimethylamino)- top PDMAEMA thickness gradient.
ethyl methacrylate). Conclusion

surface exhibited a dimpled morphology. The lateral size and [N summary, we used BC brush gradients to systematically
PDMAEMA block thickness. However, for the longer response behavior of PBMB-PDMAEMA brushes. The
PDMAEMA blocks (ep > 4 nm) the surface was relatively ~ Synthesized gradients had a uniform bottom PBMA block and

smoother. Across the whole substrate, the rms roughness of the molecular mass gradient top PDMAEMA block. After water
surface was less than 1.5 nm. Therefore, we propose thatireatment, the presence of2 nm or more PDMAEMA reduced

variations of surface contact angle mainly reflect surface the6fw of the BC brush to that of a PDMAEMA homopolymer
composition changes; for example, an increas@,iindicates brush. After hexane treatment, the PBMA dominated the surface
an increase of PBMA segments on the surface. in the response region, where the PDMAEMA block was
As illustrated schematically in Figure 7, our measure- elatively short. In the partial-response region, PBMA and
ments suggest that water treatment of the surface brings thePDMAEMA coexisted at the air interface. Further increase of
PDMAEMA block to the surface. When the PDMAEMA Nep suppressed the rearrangement that allowed the PBMA
segment is more than 3 nm thick, the surface properties areS€gments to occupy the air interface after solvent treatment. In
dominated by PDMAEMA. Below this critical thickness, the the non-response region, a thick PDMAEMA block suppressed

PDMAEMA segments could not effectively shield PBMA from  the rearrangement of the PBMA and occupied the surface. With
the surface, resulting in @, higher than that expected from  gradient substrates of different uniform bottom PBMA block

complete surface coverage by PDMAEMA. length, we also investigated how the bottom block length

After hexane treatment, the PBMA segments tend to segregateaffected the solvent response behavior of the BC brughes.
to the surface while the PDMAEMA block collapses. If the results suggest that increasing the bottom PBMA brush thick-
PDMAEMA block is short enough, the structure can be easily Ness improved the response behavior of the polymer brushes.
covered by the PBMA block, and the surface properties resemble This change is explained by the PBMA segment's abilities to
that of PBMA. This results in a “response region”, wherein Stretch from the surface and cover the collapsed domains of
surface composition is driven by solvent treatment. In the region, PPMAEMA. N _
windows of maximum possible surface property were exhibited ~ ThiS work was facilitated by the use of a variety of
by gradients Il and III; here, solvent treatment drives complete Combinatorial samples, which allowed observation of phenom-
surface composition switches from PBMA to PDMAEMA. As  €na that would otherwise be difficult to discern with uniform
the PDMAEMA block length increases, it becomes more Samples. The gradients were used to (1) characterize the kinetics
difficult for the bottom PBMA block to cover the surface. Our  Of surface-initiated ATRP of BMA and DMAEMA, (2) probe
6,, measurements suggest that in this “partial-response region”the influence of PBMA block length on the ATRP initiating
hexane treatment results in a mixture of PBMA and PDMAEMA  €fficiency of DMAEMA, and (3) determine the effect of the
segments at the surface, with increasing PDMAEMA content "elative block length on the BC brushes’ response to solvent.
as the PDMAEMA block length is increased. The partial Acknowledgment. C.X. was supported by the IsradUS
response region ends where the PBMA segment can no longelinational and NSF (CHE-013559) grants to C.M.D. The authors
be expressed at the surface under hexane treatment. Beyonéhank Dr. Thomas H. Epps Il for helpful discussions. This work
this point, there exists a "non-response region”, where the \yas carried out in the NIST Combinatorial Methods Center

surface is dominated by PDMAEMA regardless of solvent (NCMC). More information can be found at www.nist.gov/
treatment. i
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This behavior can be understood by considering the barriers _ _ _ _ )

to segment rearrangement. If they are to be expressed at the Supporting Information Available: AFM images of gradient

surface of the brush, the surface-anchored PBMA segments must! after hexane treatment. This material is available free of charge

stretch to overcome the barrier exhibited by the top PDMAEMA Via the Intemet at http://pubs.acs.org.
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