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ABSTRACT: We describe experiments pertaining to the formation of surface-anchored poly(acrylic acid) (PAA)
brushes with a gradual variation of the PAA grafting densities on flat surfaces and provide detailed analysis of
their properties. The PAA brush gradients are generated by first covering the substrate with a molecular gradient
of the polymerization initiator, followed by the “grafting from” polymerizationteft-butyl acrylate (tBA) from

these substrate-bound initiator centers, and finally converting the PtBA into PAA. We use spectroscopic ellipsometry
to measure the wet thickness of the grafted PAA chains in aqueous solutions at three different pH values (4, 5.8,
and 10) and a series of ionic strengths (IS). Our measurements reveal that at low grafting densktesyet
thickness of the PAA brusthH) remains relatively constant, the polymers are in the mushroom regime. Beyond

a certain value ofr, the macromolecules enter the brush regime, wiiacreases with increasing. For a

given g, H exhibits a nhonmonotonic behavior as a function of the IS. At large ISHtli® small because the
charges along PAA are completely screened by the excess of the external salt. As IS decreases, the PAA enters
the so-called salt brush (SB) regime, wher@creases. At a certain value of I8,reaches a maximum and then
decreases again. The latter is a typical brush behavior in so-called osmotic brush (OB) regime. We provide
detailed discussion of the behavior of the grafted PAA chains in the SB and OB regimes.

Introduction tion. Kim et al. prepared a PAA gradient on corona discharge
treated polyethylene sheet surface and studied the effects of
urface density and counterion size upon the dissociation

ehavior of grafted PA&2 PAA brushes immobilized with a
| second polystyrene block were also measured at three low pH
solutions as a function of the solution ionic stren$itf?

The chief theme of our work is to carry out a systematic study
of the interfacial properties of surface-grafted PAA as a function
of its ionic strength (IS), solution pH, polymer grafting density
(0), and molecular weight\). In order to systematically study
the effect ofo on the interfacial properties of surface-anchored
PAA, we utilize a recently developed grafting meti#&&which

Surface-anchored polyelectrolyte polymers have at least one
of their ends attached to a surface or interface and carry at leas
one ionizable group on their backboh&Compared to the
behavior of neutral polymer brushes, which is rather wel
understood,* polyelectrolyte brushes have been investigated
to a lesser extent due to their complexity. Depending on the
nature of the electrostatic charges along the polymer backbone
one can distinguish between two types of polyelectrolytes:
strong and weak. Strong (“quenched”) polyelectrolytes have a
fixed degree of dissociatiorf; their properties thus do not

depend on the pH of the solution. In contrast, in weak h . ; .
b b facilitates the formation of assemblies comprising anchored PAA

(‘annealed”) polyelectrolytes, depends on pH. with a gradual variation of grafting densities on one single solid
Various theoretical approaches have been utilized to describe 9 g g g

the performance of charaed macromolecules at interfdas substrate. Because of its simplicity, robustness, and the ability
pe . ged n " . to synthesize polymer brushes with narrow molecular weight
Experimental techniques, which had been used successful to

. istribution m transfer radical polymerization (ATRP) will
study neutral polymer brushes, are also applied to polyelectrolyteOISt butions, atom transfer radical polymerization ( )

brushes. Among strong polyeletrolytes, polystyrenesulfonate be used to perform the surface-initiated polymerization.
sodium salt PSSN&517 poly(4-vinyl-N-n-butlypyridinium) Previous studies have revealed that acrylic-based polymers are

bromide BUPVP®-2 brushes have been studied most exten- difficult to polymerize by ATRP because of the interaction of

sivelv. Several arouns also performed experiments to investi atethe carboxylic acid functionalities with the ATRP catal§%t.
trll\t/a byéhav\i/or ofgwe:FIl poneIF:ectrontes a)righc;red at su:fa\llceslgForHence’ in order to form a surface-anchored PAA with a grafting
example, Kurihara and Kunitake measured the surface forcesdenSIty gradient, we first synthesize a gradient of gelgutyl

between monolayers of anchored poly(acrylic acid) (PAA). acgﬁtes)is(zzfﬁ ) and then converted the PtBA into PAA by
They observed that the repulsive forces between two grafted yaroysis:

olymeric monolayers increased with increasing salt concentra- PAA represents an interesting case of charged polymers. Its
poly Y 9 relatively simple structure enables the investigation of the charge

effect on the properties of surface-anchored polymers; under-
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Figure 1. Schematic illustrating the formation of poly(acrylic acid) (PAA) assemblies grafted on flat surfaces having gradient rafting density. (a)

A molecular gradient ofi-octyl trichlorosilane, (OTS) is formed on the surface by vapor deposition technique. The flux of the OTS molecules in

the vapor phase is regulated by adjusting the composition of OTS and paraffin oil (PO) in the diffusion source. As OTS evaporates, it diffuses in
the vapor phase and generates a concentration gradient along the silica substrate. Upon impinging on the substrate, the OTS molecules react with
the substrate-boundOH functionalities and form an OTS self-assembled monolayer (SAM). (b) The regions on the surface not covered with OTS

are backfilled with 1-trichlorosilyl-2#—p-chloromethylphenyl)ethane (CMPE), ATRP initiator. (c) Surface-grafted assemblies offepiby(ty!

acrylate) are formed on the substrates by “grafting from” ATRP of tBA as described in the text. d) the PtBA is converted into PAA by chemically
cleaving off thetert-butyl group, following the procedure outlined in the text.

Fat

loxane complex solution as the catalyst instead of the Karstedt
catalyst. Toluene and tetrahydrofuran were dried with sodium sulfate
and filtered before use. The structure of the synthesized initiator
was confirmed by NMR experiments.

Surface Polymer Gradient Formation. Following the procedure
illustrated in Figure 1, a gradient ofoctyltrichlorosilane (OTS)

. . ._monolayer was first formed by the vapor diffusion techniétie,

In this paper, we expand upon our previous work and describe where the OTS:paraffin oil ratio was kept 1:2 and the diffusion
the formation of PAA assemblies with gradual variation of chain \a \wvas 2 min. The regions on the substrate unmasked by the
grafting densities on the substrate and present experimentaloTs molecules were then backfilled with the BMPUS initiator by
results revealing the dependence of the PAA layer thickness asplacing the OTS gradient-covered silicon wafers into a toluene
a function ofo, IS, and pH. We also compare the experimentally solution of BMPUS (20uL of BMPUS in 20 mL of anhydrous

enzymé® adsorption/immobilization, perform attachment of
ionic surfactantsg! create “smart”/responsive surfacéabricate
templates for formation and ordering of nanoinclusighand
also test theories of polyelectrolytes brustfesjye have
previously reported preliminary results in a separate mono-
graph#

observed trends imH to the predictions of existing scaling
models. In the following papé# we discuss the effect of the
PAA molecular weight on PAA brush behavior. We also use

toluene) for 18 h at-10 °C without stirring#®> After the initiator
deposition, the samples were removed from the solution, thoroughly
washed with toluene, acetone, and ethanol, and dried with nitrogen.

molecular theory of charged polymer brushes to reproduce Ellipsometry measurements confirmed that only a single self-

selected experimental findings and provide molecular insight

into parameters that are either hard to measure or are not

experimentally accessibfé.

Experimental Section

Materials. w-Undecylenyl alcohol, 2-bromoisobutyryl bromide,
pyridine, platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane com-
plex solution (2% in xylene solutionjert-butyl acrylate, copper-
() bromide (CuBr), N,N,N,N,N'-pentamethyldiethyenetriamine
(PMDETA), were obtained from AldrichN-Octyltrichlorosilane

assembled monolayer of both OTS and BMPUS was formed on
the silica substrates.

Surface-initiated polymerization of polgft-butyl acrylate)
(PtBA) was performed by atom transfer radial polymerization
(ATRP), as described earliér Copper(l) bromide (CuBr) (0.1564
g, 1.1 x 102 mol) and copper(ll) bromide (CuBr(0.012 g, 4.2
x 107° mol) were added to a dry Teflon-capped vial, followed by
adding deoxygenated acetone (1.6 g) srttbutyl acrylate (tBA)
(14.0 g, 1.08x 107! mol). After the solution was purged with
nitrogen for 5 min, 24QuL (1.14 x 10°® mol) of N,N,N,N,N'-
pentamethyldiethylenetriamine (PMDETA) was added. The solution

(OTS) was obtained from Gelest. All solvents used were obtained was stirred until the Cu complex formed. After the complex

from Aldrich. Unless specified otherwise, all the chemicals were
used as received.

Initiator Synthesis. The ATRP initiator used in this study was
(11-(2-bromo-2-methyl)propionyloxy)undecyltrichlorosilane, Br-
(CH5;),CCOO(CH)11SiCl; (BMPUS); it was synthesized following
a two-step procedure developed by otHéiBuring the second step,
we used 1QuL of platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisi-

formation, the gradient-covered silicon wafers were placed into the
solution. The solution was purged with nitrogen for 2 min, and
then the vial was sealed and placed in a temperature controlled oil
bath set at 60C. After a predetermined reaction time, the samples
were removed and washed thoroughly with acetone and methanol
and dried with nitrogen. The silica substrates covered with a PtBA
gradient were then placed into a flask, which contained a mixture
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of 20 mL of 1,4-dioxane and 3 mL of concentrated HCI (37%). Table 1. Example of Adjusting the lonic Strength of a pH= 4

The flask was connected to a condenser, and the solution was heated Solution

to reflux. The samples were removed after®h (see Discussion 75 mL cell solution amount of aqueous solution (mL) replaced

below) and thoroughly washed with deionized water and methanol. ionic strength by the NaCl solution (concs 2 M, pH = 4)
Solution Polymerization and Hydrolysis of PtBA. Solution 10x 104

polymerization of tBA under the same reaction condition was also 10x 10°3 0.034

performed, where methyl 2-methyl-2-bromopropionate (2402.2 5.0x 103 0.150

x 1073 mol) was added as a solution initiator instead of the 1.0x 102 0.188

BMPUS-covered silicon wafer. After the polymerization, the 1.0x 101 3.392

solutions were precipitated into a 15-fold excess of a 50:50 water: 50x 101 15.789

MeOH (v/v) bath. After the solvent was decanted off, the polymer 7.5x 102 12.500

was redissolved in diethyl ether; the solution turned deep blue. After 10x 10 15.000

catalyst removal, the polymer solution was reprecipitated until the . ) .
polymer remained white. The final polymer was dried under = NoNa/Mn, wherep is the density of PAA ¢ 1.1 g/cnd),*" Na is
vacuum. The obtained PtBA was used to estimate the correspondinge Avogadro’s number, anid, is the polymer molecular weight.
molecular weight of polymer brush grown from the substrate. hile h can be accessed directly on the gradient sample, values of
A portion of the PtBA obtained from solution polymerization ~Mn at different positions on the specimens are not available. As in
was converted to PAA by adding PtBA (2.5 g) to a solution of 20 0Ur previous work, we thus uséd, values for polymers grown in
mL of dioxane and 3 mL of concentrated HCI (37%). The solution the bulk, like otherd?2°and assume that, to the first approximation,
was heated at the reflux temperature. Afte5 h reaction, the all chains had the same degree of polymerization along the substrate
solution was cooled and a part of the excess reagevi§ (nL) (i.e., the polymerization rate was independent of the grafting density
was removed by evaporation under vacuum. Subsequently, the paAof the initiator on the substrate; see refs 25 and 26 and @%ote
solution was precipitated into 200 mL of methyl ethyl ketone Ve Stress that the molecular weight of the solution-grown polymers
(MEK). After the solvent was decanted off, the polymers were dried ONly resembles that of the polymers prepared on the flat substrate
under high vacuum overnight. because of different sterical constrains imposed on the polymers

SEC MeasurementThe PtBA SEC experiments were conducted 97OWN in these two different geometries. Nevertheless, this is best
at 20 °C using a HLPC instrument (Labora, Czech Republic) approximation we can make at this point; we have already used it

i i 26
equipped with a two-column separation system (Polymer StandardsSuccessfully in our previous wofR: .
auipp P Y (Poly The wet thickness of the PAA in aqueous solutions was measured

Service GmbH, Germany, porosities>18nd 13 angstroms) in . ) X X .
tetrahydrofuran as the mobile phase. The flow rate was 1 mL/min PY Placing the samples in a custom-designed solution cell, incubat-

and the concentration of samples for injection was approximately N9 them for a desired period of time (typically5 h) and
1% (wiw). The system was calibrated with PMMA standards Performing the experiments with VASE &t= 70°, whereg is the
(Polymer Standards Service GmbH, Germany). Eluograms were angle between the incoming beam and the sample normal. The

analyzed using a software Caliber (Polymer Laboratories, USA) Ellipsometric anglest” and A were collected for a series of
and ¥he Marle?—louwink—Sakurada e(quai/ionnl = KMa where ) wavelengths ranging from 240 to 1000 nm. The wet PAA thickness

[7] is the intrinsic viscosity, with< = 3.3 x 105 anda = 0.8046 was evaluated using a graded .effective megjium approximation
The system is equipped with two detectors: differential refracto- model based on linear combination of the optical constants of the

meter RIDK-102 (LaboratofriPristroje, Czech Republic) and Uy~ D! water and PAA. o
detector LCD-2040 (ECOM, Czech Republic) with adjustable  1he PH and the ionic strength of the aqueous solution in the
wavelength. The polymer weights were calculated from the RI cell were adjusted as follows. A desired amount of aqueous solution
traces. After the conversion of PtBA to PAA, the molecular weight Was removed and a replaced with the corresponding amount of
of PAA was also determined by SEC by using Superose 12 column concentrated NacCl, HCI, or NaOH solutions. In the following we
(Akta Explorer, Amersham Bioscience) equipped with differential [llUStrate the procedure used to prepare a solution with the-pH
refractometer and multiangle light scattering detector DAWN and various ionic strengths. First, the ellipsometric cell was filled

DSP-F (Wyatt Technology Corp.). A 0.3 M sodium acetate buffer With 75 mL of aqueous solution, followed by adding 6 of 0.1
(pH ~ 6.5) was used as the mobile phase. The flow rate was 0.5 M HCI in order to obtain solution with p- 4. We also prepared
mL/min. a stock NaCl solution (concentratien 2 M and pH= 4). The

The molecular weight of PtBA synthesized in solution for 10 h right column in Table 1 lists the corresponding amounts of the
wasM, = 8.56 kDa withM,/M, = 1.15. The molecular weight of aqueous solution that was replaced with the NaCl in order to prepare
PAA was M. = 4.10 kDa withM../M. = 1.29. The numbers of € ionic strength listed in the left column of Table 1.

n— w/WVip — 1.29.

repeat units were about 67 and 57 for PtBA and PAA, respectively. NEXAFS Measurements. Near-edge X-ray apsorption fine .
The molecular weight of PAA calculated from the PtBA SEC structure (NEXAFS) spectroscopy was used 1o study the spatial

measurements (4.81 kDa) is in a reasonable agreement with theconcentration of PAA on the sample substrafeshe NEXAFS

direct PAA measurements (the accuracy4ofl5%). In the data experiments were carried out on the U7A NIST/Dow Materials Soft

: : X-ray Materials Characterization Facility at the National Synchro-
analysis that follows, we are going to use the degree of polymer- . )
ization of PAA that was calculated from the PtBA SEC measure- Elfﬁn I'_\llglng;zASg;rce at tBrookhaverlllNa;tl?jnal It_r?borattc_)r)l/ (I?'SI{S BN.L)la
ments. We justify our choice by the fact that, in contrast to PAA, e Spectra were coliected in the partial €lectron yie

PtBA is a neutral polymer, which is insensitive to the pH and ionic (PEY) at the so-called "magic” angleg (= 55°) incidence

strength of the mobile phase. We thus believe that the PtBA SEC geometries, yvheré is the angle between the sample normal and
measurements are more accurate. the polarization vector of the X-ray beam.

Ellipsometry Measurements and Determining Grafting Den- FTIR Spectroscopy Measurementskourier transform infrared

. . ) (FTIR) spectroscopy was collected in the transmission mode with
sity. The thickness of the SAM and the polymer film was measured .. . X
using a single-wavelength fixed geometry ellipsometer (AutoEL g"gglrelt f7o ?Oé aﬁ: rt10rt1?cle2;ulr%?eiiazsbvz\:raeresﬁ%Lencﬁgf;\ct\?véisgéﬁljogs
Il. Rudolph Technologies) and a variable angle spectroscopic the blank. The IR spectra for . olymer bulk were measured with
ellipsometry (J.A. Woollam, Inc.). The thickness was evaluated from the KBr éllets ThepIR S ectr:w)(/ere analvzed using the OMNIC
the experimentally measured ellipsometric angiésind A using 50 softV\I/)are ) P y 9
the supplied software (DaflMB and WVASE32). The following ) )
refractive indices were used for various material: 1.45 for SAMs, .
1.466 for polyfert-butyl acrylate)® and 1.527 for poly(acrylic Experimental Results
acid)#” The grafting density ) of the surface-anchored PAA FTIR measurements were performed to characterize the bulk
brushes was calculated from the dry polymer thickness (h) using and surface-grafted polymers before and after the hydrolysis of
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Figure 2. FTIR spectra from the KBr pellets containing PtBA (bottom)
and PAA (top) prepared using the bulk solution polymerization.

the PtBA. The FTIR spectra of PtBA and PAA from solution
polymerization are depicted in the bottom and top of Figure 2, y
respectively. The characteristic peaks of teg-butyl group, 0’@ W

which exist only in PtBA, are detected at 2979 nfv.d CHa)) ) ] ] ] )
and 1393/1368 cm{(04(CHs)). The disappearance of those peaks Figure 3. FTIR spectra of PtBA grafting density gradient as a function
. : . .~ of the position on the substrate. The PtBA was polymerized for 24 h
in the PAA IR spectra confirms the completion of the hydrolysis  fom the substrate covered with the gradient of the ATRP initiator.
of PtBA. The broad band at 3200 ciin the PAA IR spectra

is attributed to the—OH group formed during the PtBA 35
conversion.

The spectra for PtBA and PAA brush on substrates (see
Supporting Information) exhibit very similar trends reported for
the bulk PtBA and PAA specimens (&figure 2). As expected,
the absolute IR intensities from the latter set of samples are
weaker due to the smaller number of polymer chains analyzed.
The disappearance of the peaks corresponding4€Hs) (at
2979 cnml) andd¢(CHz) (at 1393 and 1368 cmi) in the PAA/

Si spectra, relative to the PtBA/Si samples, provides evidence
that the hydrolysis of polyért-butyl acrylate) took place.

FTIR spectra were taken at various positions along the PtBA-
covered specimen to verify that a gradient in grafting density 0 e
of the PtBA was formed on the substrate. In order to generate 0 5 10 15 20 25
noticeable change of peak intensity along the gradient, the Position on substrate (mm)
gradient with rather long polymerization time (24 h) was Figure 4. Dry thickness of PtBA (solid symbols) and PAA (open
prepared. In Figure 3, we plot FTIR spectra collected along the symbols) as a function of the position on the substrate. The solid line
PtBA gradient. The increase in the intensities of the two represents the PEY NEXAFS intensity measureat 531 eV on

characteristic peaks of PtBA corresponding¢600) (at 1733 the PAA sample as a function of the position on the substrate.

cm™?) andvad CHs)ren—buyl (at 2979 cm?) is indicative of the Assuming that all chains of both PtBA and PAA have the
gradually increasing concentration of PtBA on the substrate assame degree of polymerization along the substrate, the increase
one traverses across the specimen from the OTS-rich side (lowof the polymer dry thickness can be attributed to the increase
values on the “Position on substrate” coordinate) toward the of the polymer grafting density on the substrate. There is a rapid
BMPUS-rich side. The experimental results confirm that the gecrease in the dry polymer thickness after the hydrolysis.
polymer brush thickness or density varies along the gradient. Specifically, the thickness of PtBA decreases 6-fold upon
While FTIR proved useful in confirming that the conversion hydrolysis to PAA. The decrease seems to scale proportionally
of PtBA into PAA took place, it did not provide sufficient  with the grafting density of PtBA on the substrate. In order to
information about the thickness of the polymers on the substrate.understand this behavior, a series of homogeneous polymer
Spectroscopic ellipsometry was used to measure the drybrush were prepared and followed by the PtBA-to-PAA conver-
thickness of both the PtBA and PAA gradient samples, which sion measurements. Specifically, PtBA brushes were first grown
were polymerized for 10 h and hydrolysis in HCl/dioxane bath on silicon substrates that were covered homogeneously with the
for 10 h. In Figure 4, we plot the dry thickness of PtBA (solid surface-bound initiators. The hydrolysis of PtBA on the Si wafer
symbols) and PAA (open symbols) as a function of the position was performed as a function of the reaction time. We will return
on the substrate. The data in Figure 4 reveal that the thicknessto this point later in our discussion.
of both PtBA and PAA increases as one moves from the OTS Experiments using NEXAFS were conducted in order to
side (small number on the abscissa) of the sample toward theevaluate the density of PAA as a function of the position on
initiator-covered side (large numbers on the abscissa); in boththe substrate. With the X-ray monochromator set to 531 eV,
cases, the functional form closely resembles that of a backwardwhich corresponds to the s z*c—o transition, we collected
diffusionlike profile. the patrtial electron yield (PEY) NEXAFS signal by scanning

[ e PBA °

s0f O PAA o ®

o]

25 | L4

20 |
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Ayisusiul S4vX3AN [eubis O




8760 Wu et al. Macromolecules, Vol. 40, No. 24, 2007

T T T T T T T T T T T T T T T T T T T [T T T

30 | lonic strength 100 a)lrs b)-0.8
m 158x10° 222 o [ Jos
e 0.1 '
€ 25 A 10 2 - .- " 08} j|n Joa
£ 2 o 7 o h(t=0): ° :
~ ™1 o) c - = 18nm |[ 102 .
T 20 . @ =~ o6} o 23nm - ] 8
o 2 Q = e 19nm || doo0 A
P 2 a - o L o O 52nm go
15 aA4_am Z < o4} 1F 1-02 >~
mn" x =
> = |- H{-04
M )
—_ 2] L 2 J
e 6 = 021 oo L 106
.- R ~-0.
c 2 g,, 0.0 Lu I ) 1 L L |a:hB ! ! I L
0 I < 0 5 10 15 20 250 5 10 15 20 2

0 2 4 6 8 10 12 14
Position on substrate (mm)

-
(o2}

Hydrolysis time  (hrs)

Figure 6. Dry thickness (a) and contact angle (b) of a PtBA/PAA
sample as a function of the hydrolysis time. The various symbols denote
samples with a different initial dry thickness.

Figure 5. Dry (h) and wet H) thickness of PAA measured as a function

of the position on the solid substrate. The wet thickness was evaluated
at pH= 4 and is plotted as a function of three different ionic strengths.
The solid line represents the PEY NEXAFS intensity measuréd=at

531 eV on the dry PAA sample. Table 2. Molecular Parameters of PtBA and PAA

PtBA PAA
the X-ray beam along the gradient. The solid line in Figure 4 Mo (g/mol) 128.17 72.065
depicts the variation of the PEY NEXAFS intensity correspond- p (g/cn?) 105 » 1.22 ”
ing to the G=0 bond across the PAA gradient. The NEXAFS Vo (cn) 2.027x 100 9.81x 107

results confirm that the €0 intensity, and thus the amount of 2|t is the value for polygecbutyl acrylate) from: Polymer Handboak
PAA on the surface, increases as one moves along the gradientBrandrup, J., Immergut, E. H., Grulke, E. A, Eds; Wiley & Sons: New

, . . ; b

The NEXAFS data are in good agreement with the ellipsometric York, 1999.° Brandrup, J., Immergut, E. H., Grulke, E. A., Edgglymer
. Handbook Wiley: New York, 1999.

thickness data of PAA.

In order to study the solution properties of the surface-grafted We attribute the sharp drop in the film thickness to the
PAA, we incubated the PAA gradients under aqueous solutionsdecrease of the volume of the polymer, associated with the
under the different pH values (4, 5.8, and 10) and a series of removal of the bulkytert-butyl groups. We note that similar
ionic strengths for each pH. Hence, by measuring the wet behavior has been observed by othéréve attribute that the
thickness K1) of PAA along the gradient at different solution  slower decease in PtBA thickness to possible cleavage of the
condition, we obtained the wet thickness profile of the grafted polymer from the substrate, which is caused by the hydrolysis
polymer layer as a function of the PAA grafting density, pH, of the ester group inside the initiator (a primary ester). However,
and ionic strength. In Figure 5 we plot an example of a series since the reaction rate faert-ester hydrolysis is much faster
of measurements performed with one 10 h polymerization than that for primary-ester hydrolysis, we can complete the
sample. The open symbols represent the dry PAA thickness conversion of PtBA to PAA before the polymers are completely
measured as a function of the position on the substrate. Thecleaved off from the substrate.
solid line is the PEY NEXAFS intensity scan Bt= 531 eV, We make a simple estimate in order to verify our hypothesis.
corresponding to the €0 peak. In the same figure we also In Table 2, we list the molecular parameters of PtBA and PAA,
plot H of PAA measured at pH= 4 and three different ionic  such as the monomer molecular weight), the density §),
strengths. The data show that for all ionic strengths)creases and the volume of the monomer unity). The latter was
with increasing grafting density of PAA on the substrate. A calculated by using eq 1:
close inspection of the data in Figure 5 reveals tHais a
nonmonotonic function of the ionic strength. Specifically, as . M,
the ionic strength increased] also increases, reaches a Vo = oN,
maximum, and then decreases. We will address this behavior
in the Discussion section that follows. whereN, is Avogadro’s number.

Assuming that the degree of polymerization of PtBA is the
same as that of PAA and the total number of polymer chains
Surface Hydrolysis of PtBA. We monitored the kinetics of ~ UPon hydrolysis remains constant, we can use the values in Table
the conversion of PtBA into PAA by measuring the time 2_to estimate the chang_e in thickness of _the PtBA film associated
dependence of the PtBA thickness and contact angle onWith complete conversion of the PtBA into PAA as
conversion time on homogeneous PtBA brushes, which were
prepared on flat silica substrates covered with a homogeneous ARpga — Av, =1— Vo,paa ~ 0.52 )
distribution of the surface-bound initiator. Figure 6 summarizes Nnitpiea  Vortsa Vo ptBA '
the results of our experiments performed on several samples
with different initial PtBA dry thicknesses. In Figure 6a, we whereAhpia andhinipisa are the PtBA thickness change upon
plot the dry thickness of PtBA, h, normalized by initial flm  hydrolysis and the initial PtBA thickness, respectively.
thicknessh(t = 0), as a function of the conversion time. The This simple estimate illustrates that complete hydrolysis of
data show that, for all samples studied, the initial thickness PtBA into PAA will result in about 52% decreases of the total
decreases rapidly by about 50% within the first 80 min, followed PtBA film thickness. It also confirms our earlier hypothesis,
by a slower decrease at later times. namely that the rapid drop in polymer thickness within the first

)

Discussion
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of polymer repeat units for monovalent co-iohEN, on the concentra- PP FRPER PP
tion of the external saltys, for strong (solid line) and weak (dashed 107 107 10 107 107 10 107 107 10
line) polyelectrolyte brushes in neutral brush (NB), salted brush (SB), lonic strength

and osmotic brush (OB) regimesandf, denote the bulk and “internal” Figure 8. Wet thickness of PAAK) as a function of the solution
(for weak polyelectrolyte brushes only) degree of dissociation, respec- ionic strength at (a) pH= 4, (b) pH = 5.8, and (c) pH= 10. The

tively. symbols represent different grafting densities of PAA in chaind/nm

2 h of HCl treatment is associated predominantly with the PtBA external salt concentration is further decreased SUCW’IﬂK
to PAA conversion. On the basis of this eStimate, HCI treatment f@, the co-ions are effective]y expe”ed from the brush. In this

times longer than ab®@ h would result in some cleavage of so-called osmotic brush (OB) regime, the limiting brush

the polymer from the substrate. For example, based on the datahickness is reached, which is independentpef

in Figure 6, afte 5 h of hydrolysis, the original thickness of The behavior of weak polyelectrolyte brushes is different from

PtBA decreases by 85%. that of strong polyelectrolytes in that the number of the backbone
In Figure 6b, we plot the negative cosine of the DI water charges is not fixed. When there is an excess of salt, as in the

contact angle@pw, as a function of the PtBA-to-PAA conver- NB and SB regimes, [H inside and outside the brush is

sion time. Note that the trend is similar to the PtBA thickness approximately equal, and the internal degree of dissociation is

versustime behavior. Specificallygpw drops down from 88 the same as that in the bulk solution. When the system enters
(a thick PtBA layer) rather rapidly within the first about-3 the OB regime, a significant electric potential difference
h, a behavior that is associated with the conversion ofdhe develops between the brush and the bulk solution. In addition,

butyl group into the—OH group. The contact angle reaches a [H™] inside the brush is considerably higher. As a consequence,
minimum at about 5 h, after which time is starts to increase the weak charge groups respond to the unfavorable electrostatic
slightly again. The latter trend is attributed to the surface condition in OB by discharging themselves. Such a response is
exposure of the undecyl! silane groups that remain grafted toimpossible for strong brushes, which have a fixe&igure 7

the substrate after the cleavage of thd-ester in the initiator illustrates the different behavior of weak polyelectrolyte brushes
molecule. In our gradient samples, we performed the PtBA in the OB regime. Because of the discharging prockss), a
hydrolysis fa 5 h in order to ensure the complete removal of weak brush in the OB regime is less expanded than the strong
tert-butyl groups. Although some polymer may have been brush. As a resulti/N passes through a maximum as a function
cleaved off the surface during this extended hydrolysis, a large of ¢s, being small for both high and smafls. Israds et al.
enough amount of polymer remained on the surface that wassuggestet that the salt concentratiop{™®) corresponding to
used in further analysis. In fact, NEXAFS experiments on PAA the maximum ofH/N, which is also the value ofs at the
samples prepared by hydrolyzing a PtBA sample for about 10 transition between the OB and SB regimes, is related to the
h revealed that a significant amount of PAA still remained on bulk degree of dissociation and polymer grafting density:

the surface.

Dependence of H on lonic StrengthBefore we discuss our P~ (f)? (3)
experimental findings pertaining to the polymer thickness
dependence on solution ionic strength, we start by briefly In Figure 8, we plot the dependence of the PAA wet thickness
describing some theoretical predicted behavior of polyelectro- (H) on the solution ionic strength (IS) at pH equal to (a) 4, (b)
lytes immersed in solutions of monovalent salt ions. A more 5.8, and (c) 10 for three different grafting densities, ap-
elaborate treatment of weak electrolyte brushes is presented inproximately equal for all three samples. Since only NaCl, HCI,
the following papef? For a strong (quenched) polyeletrolyte, and NaOH were used to change the solution ionic strength, the
at high salt concentratiopf) the ¢s inside and outside the brush  salt concentrationg(s) in this case is equal to the solution ionic
is about the same and the electrostatic interactions are largelystrength (I1S). The data in Figure 8 reveal thetlepends on IS
screened. Under such conditions, the polyelectrolyte brushin a nonmonotonic fashion. Specifically, as IS increas¢s,
behaves exactly as a neutral brush (NB). When the external saltincreases before reaching a maximum at a certain value and
concentration decreases, there is an unbalance in the ionthen starts to decrease. This behavior, observed for all pH values
concentration inside and outside the brush because the polymeat all grafting densitiesd), is in accord with the theoretically
charge density inside the brusfy( whereg is the polymer predicted trend$ that divide theH vs IS dependence into the
volume fraction) is no longer negligible with respecigo The osmotic brush (OB) and the salted brush (SB) regimes (cf.
system enters the salted brush (SB) regime. Because of theFigure 7).
electrostatic interactions inside the brush, a salted brush is more The results are also in a very good agreement with the
extended than a neutral one. As shown schematically in Figuretheoretical prediction¥ Clearly, the ionic strength, at which
7, the brush expansion increases with decreagigglf the the transition between the OB and SB regimes occurg.{S



8762 Wu et al.

12
1.0
0.8
» 06
0.4

0.2

pH=10 |
. 1.0

0.0
0.0

0.2 0.4 0.6 0.8

PAA grafting density (nm'z)

Figure 9. Values of the ionic strength at the boundary between the
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Figure 10. Wet thickness at pH= 5.8 for poly(acrylic acid) ¢,

4.8 kDa) as a function of the grafting density and ionic strength of the
aqueous solution in the (a) osmotic brush (OB) regime and (b) the

squares fit to the data with the slope given in the text. The error bars sajted brush (SB) regime. The symbols represent different ionic strength
represent the uncertainties associated with estimating the values on thg 5| es.

ordinate (estimated from the data in Figure 8).

is related too and pH, which directly influencé At pH = 4,
ISmax IS nearly constant regardless of the grafting density
(Figure 8a), where the degree of dissociation is rather small.
At pH = 5.8, f is about 0.4 which explains the relative small
shift in 1Snax (Figure 8b). At pH= 10, 1Syax shifts significantly
(Figure 8c). In Figure 9, we plot the kg« values as a function

of o from all the measurements done at pH10. The slope
(=0.925) is close to the expected value of 1, sihieclose to

1 at pH= 10 (complete ionization), SO }ax ~ o©.

Dependence of H on Grafting Density.In order to study
the effect of grafting density on weak polyelectrolyte brush wet

condition in OB by discharging themselves. The brush height
in the OB regime is predicted to scalé®as

_ f \13
H ~ No 1/3(1 - f) ([H+] + (ps)1/3

®)
Because of the discharging proceks< f), a weak brush in

the OB regime is less expanded than the strong brush. As a

result,H/N passes through a maximum as a functiopgbeing

small for both high and smalbs. The unusual feature that at

low ¢s the brush contracts with decreasigg is a typical

property of weak groups, which can respond to a change in the

thickness in a “conventional” manner, one_ would have to pre_pare local environment. By equating the expressionsHagiven in
a large number of polymer brush specimens, each bearing aeq 4 and 5, the value afs at the transition between the OB

different grafting density. This rather cumbersome approach

and SB regimes scales as ed3.

precludes establishing systematically the relationship between  Since theories predicted that the scaling relatiortd/df with

the PAA brush height and the PAA grafting denfyOur
methodology removes this limitation by proving a simple
method for preparing surface-grafted PAA assemblies with
variable grafting densities on a single sample.

As mentioned above, the behavior of weak polyelectrolyte
brush is complicated, since the dissociation condtaling the

grafting density were different in these regimes, we plot the
dependence of the PAA wet thicknes$) ©n the solution ionic
strength (IS) at pH= 5.8 for various grafting densities in OB
and NB regimes, separately. In Figure 10a, we ploas a
function of o with 1S ranging from 1.56x 107 to 0.1, which

is in the OB regime. In Figure 10b, the various symbols denote

polymer backbone depends on the proton concentration in thedata collected at IS ranging from 0.1 to 0.75, which is in the

surrounding polymer solution, [ = 107PH, and is given by
fi(1 — f) = K/[H™], where K is the monomer dissociation

constant. When there is an excess of salt in bulk solution, as in

the NB and SB regimes (cFigure 7), [H"] values inside and

outside the weak polyelectrolyte brush are approximately equal,

NB regime. And we will discuss the results of the experimentally
measureH for each regime separately as well.

In the SB regimeH increases with increasing at high
polymer grafting densitieso(> 0.1 nn12). This is a typical
behavior for the brush conformations. The transition from the

and the internal degree of dissociation is the same as that inbrush regime to the mushroom regime occurs &0.08 nnr2.

the bulk solution. Hence, the theoretical modeling predicts the
scaling relation foH/N in the NB and SB regimesfs

f2 1/3
H~ Na”3(—) 4)
Ps
When the system enters the OB regime with low salt
concentration, a significant electric potential difference develops
between the brush and the bulk solution. In addition][idside

The slope for the brush regime is found to range from 0.29 to
0.31, in good agreement with the theoretically predicted value
of 1/3. With increasing ISH decreases and the slope in the

H ~ ¢" dependence increases. The decrease in polymer swelling
is largely due to the screening of the electrostatic interactions
by the counterions inside the polymer brush. The increase in
the slope suggests that the solution ions move more easily inside
the grafted polymer at lower grafting density. With increasing
o, the transport of ions inside the densely packed polymers
becomes harder. As a consequence, the screening effects

the brush is considerably higher. As a consequence, a portionweaken.

of the brush charges associate with protons gf{d — f,) =
K/(ofoY?), wheref, is the “internal” degree of dissociation. This
value off, may be much smaller than the value in the bu)k (

In the OB regime, previous theoretical work predicted that
the wet thickness of polymer brush should decrease with the
grafting density asl ~ -3 and should increase with increasing

the weak groups respond to the unfavorable electrostatic 1S®1°0n the basis of theoretical studies, at the transition between



Macromolecules, Vol. 40, No. 24, 2007

50 prrrrer——rrrry ARARA B AL ELR AL b AL

40 F El3 ElS é @ 3
—

30f |3 E| I 3

(HOS,,)-Howd / Hoyy (%)

a) b)

0.1 1

0.1 1

0.1 1
PAA grafting density (nm?)
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provide insight into parameters and structural details that are
either hard to measure or are not experimentally accessible.

Conclusions

In order to facilitate the complete exploration of the surface
behavior of weak polyelectrolyte (PAA), we created surface-
grafted PAA on flat silica-covered substrate with a spatial
variation of the chain grafting density. The surface-bound PAA
with a gradual variation of grafting densities was formed by
the following: (1) creating a molecular density gradient of the
surface-anchored polymerization initiator, (2) performing ATRP
of poly(tert-butyl acrylate) (PtBA) from the surface, and (3)
converting the PtBA into PAA by hydrolysis. We used
spectroscopic ellipsometry to measure the wet thickness of the
PAA as a function ofo, IS, and pH. Here we first reported
some experimental observations of the solution behavior of
surface grafted poly(acrylic acid) (PAA) as a function of the
solution IS and the wet thickness dependence on the grafting
gensitya.

The wet thicknessH) of the surface-grafted PAA brushes

grafting density. The lines represent the least-squares fits to the datawas found to have a nonmonotonic dependence on the ionic

with slopes given in the figure.

the OB to SB regimes (at }Qy), H is independent of the brush
grafting density. Similar to previous experiments by otlférs,
we observe that this scaling relation is somehow flawed.
Specifically, by fitting the data in the brush regimeHo~ No",

strength (IS) of the solution. With increasing concentration of
the external salt, the polymer thickness in solution increased
and reached a maximum at a certain ionic strength<nd

then further decreased. Guided by the theoretical models of weak
polyelectrolyte brushes, we have identified three regimes: the
osmotic brush (OB), the salted brush (SB), and the neutral brush

we obtainn that ranges from 0.28 to 0.34 instead of the expected (NB) regime. By comparing the swelling of polymer under

value of —1/3.

different pH solution conditions, we concluded that the expan-

A close inspection of the data in Figure 10a reveals that sion of the grafted chain at low pH value was much less than

polymer swelling increases with increasing ionic strength.
Interestingly, the value of the exponemtlecreases systemati-

that at high pH solution.
Accordingly, we studied thél dependence on in SB and

cally as the solution IS increases. This is in contrast to the OB regime. In the SB regiméi was found to increase with

performance of PAA in the SB regime, where the valuenof
increased with increasing IS (cf. Figure 10b). This behavior

increasingo at high polymer grafting densities, a typical
behavior for polymer brushes. The slope for the brush regime

reveals that when a small amount of salt is added in the OB ranged from 0.29 to 0.31, in a good agreement with the

regime to polymers with a low, the grafted polymer swells
more relative to PAA at higlw.

In order to quantify this behavior, we define a degree of
swelling (DS) of a grafted polymer as

o H(IS) — Hpw

DS= 100%
S H(DIW) x 100%

(6)

whereH(IS) andHpw are the PAA thicknesses evaluated at a
given IS and in “pure” water (IS~ 0), respectively. In Figure
11, we plot the degree of swelling atl& as a function of the
PAA grafting density at different pH values for polymers in
the OB regime.

By fitting the data to DS~ 0", we findn to be very close to
—1/3 in the OB regime for pH= 4 and 5.8, and 0 for the pH

theoretically predicted 1/3. The transition from the brush to the
mushroom regime was found to occurwad 0.08 nnT2. In the

OB regime, our data revealed that at highH followed the
scaling lawH ~ o", with n ranging from 0.28 to 0.34. We
commented that this observation was in contrast to the theory,
which predicts that in the OB regime ~ ¢~ We also
observed that the degree of polymer swelling increased with
increasing IS. The exponent in thie~ ¢" dependence decreased
with increasing IS. This behavior was exactly opposite to that
detected in the SB regime, whenancreased with increasing
IS. By defining a degree of swelling (DS) parameter, we fitted
the data to DS~ ¢". we foundn to be very close te-1/3 in the

OB regime for pH= 4 and 5.8 and 0 at pH= 10. We
rationalized that this behavior was a consequence of the
conformational changes in the polymer associated with the
concentration of the charges along the backbone.

= 10 data. These data reveal that PAA behaves as a weak

polyelectrolyte at low pH; here the degree of swelling changes

with the 0. And at pH = 10, almost all charges along the

polymer backbone are activated and present at the backbone
Recent work showed that the strong polyelectrolyte has inde-

pendent degree of swelling on the'® As a consequence, the

polymer behavior closely resembles that of a strong polyelec-
trolyte, whose degree of expansion is independent of the polymer

grafting density.

In the following papefZwe present our experimental results
pertaining to the effect of the PAA molecular weight on PAA
brush height. In addition, we use molecular theory of charged
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