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ABSTRACT: This manuscript describes the synthesis of poly(methacrylic acid) (PMAA) brushes via surface-
initiated atom transfer radical polymerization (SI-ATRP) of sodium methacrylate (NaMA) and their use as substrates
for the mineralization of calcium carbonate. A CuBr/CuBipyridine catalyst system in aqueous solution at
room temperature allowed the synthesis of brushes with thicknesses of up to 300 nm. Using substrates modified
with mixtures of an ATRP-initiator modified trimethoxysilane and an “inert” pivaloyl-modified trimethoxysilane

to initiate the ATRP of NaMA, a series of brushes with varying chain density could be prepared. Subsequent
mineralization experiments revealed that, while low-density brushes promoted the formation of calcite crystals,
high-density brushes were covered with a thin layer of amorphous €&8CC). This is of interest because

ACC can serve as a metastable precursor for different crystalline €@8i@morphs and offers attractive
perspectives for the bottom-up fabrication of well-defined Ca€@stal architectures.

Introduction include acid-functionalized self-assembled monolayers of al-
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Surface-initiated, controlled/“living” polymerization tech- L‘;&:ﬁ?g’slsw%“ gglabl nﬁ:gm 2%2%‘?%:&?;?;?52%?5

nigues are attractive tools to modify materials surfaces because ! poly 9

i 3
the composition, thickness, and density of the resulting polymer polyd|acetylene§. Other approaches that have been explored

layers (“brushes”) can be controlled on the molecular |évél. include th_e use of ir_nmobilized organic/polymer films such as
Brushes based on poly(ethylene glycol) methacrylate, for poly(acrylic acid)/chitosan membran€oly(vinyl alcohol)?®

example, have been successfully used to suppress nonspecififilnlonlc i,tarbl;)rst cée?herr?I;ﬁef%%,_crﬂllalgertlefpus matncléé,ahnd
protein adsorptiofi-8 Brushes generated from thermosensitive °r92nos! ?nec; Ese '?d' -1he ashl\_/e exaan es, I(I)W- I
polymers that show lower critical solution temperature (LCST) VeI Involved the use of deposition techniques that usually only
behavior have been used for the programmed adsorption andProvide limited means of controlling lateral dimensions, surface

release of proteingPolymer brushes have also been used for Patterning, and thickness of the organic coating, which is
the synthesis of metal nanopartickésas templates for bio- required for advanced technical applications. Surface-initiated,
mimetic silicification! or as biolubricants2 controlled/“living” polymerization techniques are attractive tools

. . . to overcome these problems. To the best of our knowledge,
Polyelectrolyte brushes in particular have attracted conS|der-however neaativelv charged polvelectrolvte brushes prepared
able theoretical and experimental inter&st® Polyelectrolyte - ey Y ged poly Y prep

brushes can change from an extended conformation in solutionsby surface-initiated atom transfer radical polymerization (Sl-

of low ionic strength to a coiled conformation in solutions of ATRP.) have not y(_at begn mvestlgated as substrates to study
high ionic strength and have therefore been proposed asand direct CaC@mineralization.
nanoactuator’ In biology, acidic matrix macromolecules are Because the direct ATRP of (meth)acrylic acid may be
involved in the production of sophisticated and well-defined hampered by reaction of the monomer with the metal complex
calcified tissues such as bone or naé& Polyelectrolyte to form catalytically ineffective metal carboxylaté®a number
brushes exposing a multitude of acidic groups, therefore, may of authors has synthesized poly((meth)acrylic acid) brushes via
also be attractive tools to study and direct nucleation, morphol- SI-ATRP of tert-butyl(meth)acrylate, followed by hydrolysis
ogy, and orientation of biologically relevant minerals. So far, or pyrolysis of theert-butyl ester protective group83!*2Apart
molecularly well-defined substrates that have been used to studyfrom the fact that the deprotection of thert-butyl group
and direct growth of CaCs) the most abundant biomineral, introduces an additional synthetic step, prolonged hydrolysis
times were also found to result in partial cleavage of polymer

- 33 . N
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Figure 1. XPS survey spectrum and high-resolution elemental scans of théBfgs, and Ns signals of an ATRP initiatod modified silicon
substrate.

of their procedure was used by Huck et al. to grow polyelec- spectroscopy was performed on a nitrogen-purged Nicolet Magna-
trolyte brushes from gold-coated silicon surfaée$hese two IR 560 spectrometer equipped with a Specac Golden Gate single-
studies, however, did not present an in-depth investigation of reflection diamond ATR system. Brush thicknesses were determined
the polymerization kinetics and of the influence of reaction using a computer-controlled null ellipsometer (Phillips Plasmon SD
parameters such as temperature, pH, monomer concentration2300) working with a He-Ne laser £ = 632.8 nm) and an angle
and ion strength. This seems surprising because both theof incidence of 70. The method for calculation was based on a
conventional aqueous free radical polymerization of methacrylic three-layer silicon/polymer brush/ambient model, assuming the

acid and the ATRP of sodium methacrylate in water are known polymer brush is isotropic and homogeneous. Refractive indices
to be sensitive to pH* and thicknesses were calculated simultaneously from the experi-

. . . . mental® andA values. All reported ellipsometric film thicknesses
Motivated by the possible use of poly((methjacrylic acid) are uncorrected for the—13 nm thick native oxide layer on the

brushes as substrates to direct the growth of inorganic materials jjicon substrates. As a result, the reported thicknesses of the ATRP
we were interested in gaining a more thorough understandingintiator layers are higher than expected and the brush thicknesses
of the parameters that govern the SI-ATRP of sodium meth- sjightly overestimated. Water contact angles were determined using
acrylate. In this paper, we will report the influence of temper- a DataPhysics OCA 35 contact angle measurement system. Optical
ature, pH, monomer concentration, and ion strength on the Sl- micrographs were recorded on a Olympus IX 70 microscope. XPS
ATRP of sodium methacrylate and we will describe first data were recorded on a Quantera SXM system from ULVAC-
investigations on the use of the resulting brushes as substrate®HI (Figure 1, Figure 10) or on an Axis Ultra from Kratos

for the mineralization of calcium carbonate. Analytical (all other figures). The Quantera system was operated
using a monochromatic Al & (1486.6 eV) source operating at
Experimental Section 20.31 W with an X-ray beam diameter of 10M. The base pressure

was 2x 1077 Pa and the instrument was calibrated according to
the 1SO 14572 standard procedure. High-resolution spectra were
acquired applying a pass energy of 69 eV. The relative sensitivity
factors (RSF) used for calculating the ratios of Figure 10 were
obtained from Scofield’s cross sections corrected for the instru-

Materials. Surface-initiated atom transfer radical polymerization
(SI-ATRP) was performed on commercially available glass mi-
croscopy slides (Menzel Gdar, usually cut into 2 cnx 1 cm
pieces) as well as on silicon wafers (2 cm 0.8 cm) for
ellipsometric measurements. For crystallization experiments, round o . .
glass cover slips (Hecht-Assistant, circular, 25 mm diameter) were mental geometry, transmission function and electron atteggatlon
used. Sodium methacrylate (NaMA) was obtained from Aldrich length. The values are 2.681 for;Nand 5.479 for B
and used as received. Bipyridine (bipy) was obtained from Fluka Measuremen_ts with th_e Axis Ultra |_nstrument_from }_(ratos Analyti-
and recrystallized twice from hexane. Deionized water was obtained ¢@l were carried out with a conventional hemispheric analyzer. The
from a Milli-Q Ultrapure water purification system. Toluene was X-ray source employed was a monochromatic Al KL486.6 eV)
dried over sodium. Dichloromethane was dried over phosphorus Source operated at 150 W and-20nbar. The analysis area was

pentoxide. 2-Bromo-2-methy-[3-(trimethoxysilyl)propyl]pro- 700 x 350um at an angle of YOrelative to the substrate surface
panamidel and N-[3-(trimethoxysilyl)propyllisobutyrylamide? (take-off angle). The pass energies were 80 and 20 eV for wide
were synthesized following a literature proceduard purified by scans and high resolution elemental scans, respectively. The

distillation under oil pump vacuum. All other reagents were obtained operating software used was Vision 2, which corrects for the
from commercial suppliers and used without further purification. transmission function. Charge compensation was performed with

Analytical Methods. pH of reaction solutions were measured a self-compensating device (Kratos patent) using field emitted low
using a precalibrated pH electrode from Mettler Toledo. ATR-FTIR energy electrons (0.1 eV).
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to a continuous flow of a supersaturated calcium carbonate solution

substrates were sonicated in ethanol and in deionized water for 15for a defined time. The supersaturated calcium carbonate solution

min. Subsequently, the slides were immersed in piranha solution
(H2SOy/H,0; (7:3; v:v)) for 30 min at 106-150°C to remove any

was prepared from a 10 mM CaGind a 10 mM NgCO;s solution
in a mixing chamber that was connected to the injection port of

organic residues and to create silanol groups on the surfaces. Thehe perfusion cell. Solutions were injected into the mixing chamber

cleaned slides were rinsed extensively with water, ethanol, and
dichloromethane and subsequently dried in a stream of nitrogen.
Next, the slides were immersed in a 10 mM solution lofn
anhydrous toluene for 30 min, washed with anhydrous toluene,
sonicated in dichloromethane and acetone for 1 min, and dried in
a stream of nitrogen. The substrates were directly used for SI-ATRP
experiments.

General Procedure for the Surface-Initiated Atom Transfer
Radical Polymerization of Sodium Methacrylate. Aqueous
solutions of sodium methacrylate (NaMA) and bipyridine (bipy)
were prepared by stirring at 3€ until complete dissolution. After

at a flow rate of 0.75 mL/min. The substrates were subsequently
rinsed with deionized water and dried at air.

Results and Discussion

Surface-Initiated Atom Transfer Radical Polymerization
of Sodium Methacrylate. The synthesis of the poly(methacrylic
acid) (PMAA) brushes is outlined in Scheme 1 and starts with
the functionalization of a glass or silicon substrate with the
ATRP initiator-functionalized trimethoxysilane The ATRP

cooling to room temperature, the pH of the solutions was adjusted initiator-functionalized surfaces were characterized with contact
to the desired value by addition of 0.1 M aqueous solutions of HCI angle measurements and XPS. Immobilization of the ATRP
or NaOH. CuBs was added and the solutions were degassed by initiator 1 on an activated silicon substrate resulted in an increase

applying two freeze-pump—thaw cycles. Next, CuBr was added
and degassing was continued for two additional freguemp—
thaw cycles. The reaction mixture was then transferred to nitrogen-
purged reaction vessels containing the initiator-functionalized
substrates. The reaction was allowed to proceed for a defined
reaction time at a controlled temperature under nitrogen atmosphere
After that, the slides were thoroughly rinsed with water and
extracted by washing 3 timesrf@ h with water. The composition
of the reaction mixture was based on the following molar ratios of
monomer, catalyst and solvent: NaMA/CuBr/CuBipy/water=
100:2:0.4:5:1400. In a typical experiment, the following amounts
were used: 10.8 g (100 mmol) NaMA, 780 mg (5 mmol) bipy,
287 mg (2 mmol) CuBr, 90 mg (0.4 mmol) CuBeand 25 mL (1.4
mol) water.

An additional experiment was carried out to evaluate the
influence of ionic strength on the SI-ATRP of NaMA. In this case,

in the advancing water contact angle frofht6 81° and in the
receding water contact angle froni @ 42°. Figure 1 shows
the XPS survey spectrum as well as high-resolution elemental
scans of the @, Brsg, and Ns signals, which were recorded
from a silicon surface modified witth. In agreement with the
elemental composition of, the survey spectrum shows the
appearance of a;cand Ns as well as Bg, and Bgg signals.

The Gssignal can be fitted using six model Gaussian/Lorentzian
curves with the expected peak area ratios. The components
correspond to the six different types of carbon atoms that
constitutel.

In a next step, the ATRP initiator-functionalized surfaces were

used to investigate the polymerization of sodium methacrylate
(NaMA). Surface-initiated atom transfer radical polymerization

sodium acetate (NaAc) was added to the reaction mixture, and the(SI-ATRP) of NaMA was carried out in aqueous solution using

different reagents were used in the following molar ratios: NaMA/
NaAc/CuBr/CuByg/bipy/water= 100:100:2:0.4:5:1400.

Synthesis of Poly(methacrylic acid)e-poly(2-hydroxyethyl
methacrylate) (PMAA-b-PHEMA) Brushes. First, a PMAA block
was grown via SI-ATRP of NaMA on initiator-functionalized silicon
wafers by applying a reaction mixture with molar ratios of NaMA/
CuBr/CuBg/bipy/water= 200:2:0.4:5:1400 for 15 min at 2%C.

To quench the polymerization and to convert any reactive site into

the corresponding dormant species, the polymerization solution was

replaced by a degassed solution of 0.1 M bipy and 0.05 M €uBr
For the growth of the PHEMA block, this quenching solution was
replaced by a degassed solution containing HEMA, CuCl, guBr
bipy, and water in a 215:3.4:1:9.75:1430 molar ratio. The polym-
erization was allowed to proceed for 2.5 h at®s5under nitrogen
atmosphere. The wafers were taken from the polymerization
solution, washed with DMF, and subsequently extracted 3 times
for 2 h with DMSO, rinsed with water, and dried in a stream of
nitrogen.

Synthesis of Poly(2-hydroxyethyl methacrylate) (PHEMA)
Brushes. SI-ATRP of HEMA was carried out as described in a
previous report.

Mineralization of Calcium Carbonate. Mineralization of
calcium carbonate was carried out in a flow-through device as
reported previously’ Briefly, round glass cover slips functionalized
with a PMAA brush were mounted in a perfusion cell and exposed

a CuBr/CuBg/bipy catalyst system. This reaction system is
identical to that reported earlier by Huck et*aln the present
study, however, SI-ATRP is carried out on glass or silicon
surfaces, whereas Huck and co-workers polymerized NaMA
from gold-coated silicon surfaces modified with an ATRP
initiator-functionalized thiol. In a first set of experiments, the
polymerization conditions reported by Billingham, Armes et
al.3* and Huck and co-worke¥s were evaluated using the
following molar ratios of reagents/solvents: NaMA/CuBr/
CuBr/bipy/water= 100:2:0.4:5:1400. Bilingham, Armes, et
al. have investigated the ATRP of NaMA at 9C in
homogeneous aqueous solution and identified the optimum pH
for the polymerization to be between 8 and 9. At pH values
below 6, NaMA did not undergo ATRP because the bipy
becomes protonated and no longer complexes £¥@ecause

of desorption of the ATRP initiator-functionalized thiols from
the gold substrates, Huck et al. could not carry out the
polymerization at 90C and prepared brushes at %) instead®
Figure 2 plots the ellipsometric film thickness versus polym-
erization time for the SI-ATRP of NaMA using the reaction
system mentioned earlier at pH 8 and 9 and®60and 90°C.

In contrast to Huck et al., who reported thicknesses of up to 60
nm, only layers of 47 nm were obtained. Changing the pH
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Figure 3. Effect of (a) monomer concentration and (b) pH on the SI-
ATRP of NaMA at 60°C. The variation of monomer concentration is
carried out with a reaction system of the following composition:
NaMA/CuBr/CuBg/bipy/water= 100/150/200:2:0.4:5:1400 at pH

9. The effect of pH is analyzed using a reaction system with the
following composition: NaMA/CuBr/CuBfbipy/water= 100:2:0.4:
5:1400.

from 8 to 9 or the reaction temperature from 8D to 90°C
did not significantly affect the brush thickness.

Monomer concentration was found to have a strong influence
on the SI-ATRP of NaMA. Increasing the relative molar amount
of NaMA from 100 to 150 to 200, while keeping the relative
amounts of all other components of the reaction mixture
constant, resulted in an increase in brush thickness hfteof
polymerization time from 5 to 33 to 70 nm (Figure 3a). In
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Figure 4. Survey and high-resolution scan of the,€ignal of a~100

nm thick PMAA brush supported on a silicon substrate.

than sodium methacrylate (NaMA). This is in agreement with
earlier results by Huck et al., who attributed this to the water-
washing step after the SI-ATRP and proposed that rinsing the
brush surfaces with water would protonate the carboxylate
groups and remove sodium ions from the polymer b@ish.
Figure 4 shows a XPS survey spectrum of a PMAA brush as
well as a high-resolution scan of thg{3ignal. In agreement
with the elemental composition of PMAA, the survey spectrum
only shows carbon and oxygen signals. In thel@h-resolution
scan, the carbon atom of the carboxy group can be clearly
distinguished and is shifted about 4 to 288.5 eV relative to the
aliphatic carbon atoms. Furthermore, the XPS survey spectrum
does not reveal a sodium signal, which provides further evidence
for the fact that the grafted polymer chains are composed of
MAA rather than NaMA.

Figure 3a shows a significant decrease in ellipsometric film
thickness after a polymerization timé b h at the twohighest
monomer concentrations. The observed decrease in film thick-
ness is attributed to (partial) cleavage of the poly(methacrylic
acid) (PMAA) chains from the surface. We assume that the high
brush density leads to a stretched conformation of the polymer
chains, which may “mechanically activat”and facilitate
hydrolysis of the siloxane bond that links the polymer chain to
the surface. Similar observations have been made upon incuba-
tion of poly(poly(ethylene glycol) methacrylate) brushes, which
were grafted from SiQsurfaces, in cell culture medf@While
polymerizations, which were carried out using 150 or 200 equiv

L)
290

addition to ellipsometry, the resulting brushes were characterizedNaMA, resulted in a decrease in film thickness with increasing
by means of contact angle measurements, ATR-FTIR spectros-polymerization time, no such phenomena were observed when

copy, and XPS. Growth of the PMAA brushes resulted in a
drop of the advancing water contact angle fronf &r the
ATRP initiator modified surface to 3255° for the PMAA

the SI-ATRP was performed using 100 equiv NaMA. This
makes it unlikely that the observed decrease is due to desorption
of physically absorbed polymer because this would be expected

brush. Although in all cases a clear drop in the advancing water to be independent of the relative monomer concentration. This
contact angle was observed, the advancing water contact angles further supported by the observation that ultrasound treatment
were found to be dependent on the polymerization conditions of ATRP initiator-modified substrates in order to remove any

(i.e., monomer concentration, pH, temperature, and reactioneventual physisorbed initiator species did not lead to different

time) that were used. As will be discussed in more detail below,

polymerization results. Furthermore, whereas PMAA brushes

these reaction parameters do not only influence the length of prepared at pH 8 or 9 were stable during the course of the

the tethered PMAA chains, but presumably also the chain
density and, concomitantly, surface chemistry. The ATR-FTIR
spectrum of the PMAA brush (Figure 8) revealed a carbonyl
band at~1702 cnt!, which is characteristic for hydrogen-
bonded dimers of carboxylic acid grodpsnd indicates that
the brushes are composed of methacrylic acid (MAA) rather

polymerization, a decrease in film thickness was observed when
the pH of polymerization was raised to pH 10 (Figure 3b).
Because the hydrolysis of siloxane bonds is promoted under
alkaline conditions, this supports the hypothesis that chain
cleavage takes place at the siloxane bond that links the polymer
chain to the surfact:*2A simple and sensitive method to probe
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polymerization time for the SI-ATRP of NaMA at 6TC using the 200:2:0.4:5:1400, pH= 9.

following reaction system: NaMA/CuBr/CuBbipy/water= 100:2:

0.4:5:1400, pH= 10. 50

the structural integrity and stability of polymer brushes is to 451
measure water contact angles. Figure 5 shows the advancing= 4g 4 A .
and receding water contact angles on the PMAA brushes as a&, L7 e & .0
function of polymerization time. Comparison of Figures 3 and § 351 /.- B
5 reveals that the onset of the decrease in brush thicknessg 30 :
correlates with an increase in the advancing and receding water2 s
contact angle. Interestingly, a similar increase in advancing andE 251 ‘L
receding water contact angle was also observed upon analyzincg 20 - 1
a series of PMAA brushes with decreasing brush density (Figure § ,
13). The origin of these observations is not clear at this moment § 151 s
and is the subject of ongoing investigations. Both cleavage of §. 104 .
polymer chains from the surface and a decrease in brush densityi 5 * &  NaMA
however, are likely to influence the conformation of the surface- e NaMA + NaAcI
tethered polymer chains and may lead to different surface 0+ T y — T 1
chemistry. Upon comparing Figure 13 and Figure 5, it should 0 1 = 3 4 5
be kept in mind that the contact angles reported in Figure 13 Polymerization time [hrs]
were measured on brushes that were prepared at pH 9, whereagigure 7. Effect of ionic strength on the SI-ATRP of NaMA at 26
the contact angles shown in Figure 5 were determined on PMAA and pH= 9. A reaction system containing 100 mol equiv of NaMA is
brushes synthesized at pH 10. This explains the diﬁerencecomgirced égtaossyzﬁeé?hvgirﬂ;g%% m}cg r']etgwr\]/ ?geNgg/llA n?grd ggg ?SCI,F?%'X
. | | y 1zatl utl
\t/)v?ttt\:v:elgrc]) t;%;lvoe/‘: e;?ggaiﬁtg;gﬁ E?gﬁ%g dir:)rl]:itgl?rkemizha%rspareare kept constant at CuBr/Culsipy/water= 2:0.4:5:1400.
the values represented in Figure 5. NaMA were studied both in the absence and in the presence of
Next, it was attempted to modify the conditions of the SI- 100 mol equiv of sodium acetate (NaAc) as an inert electrolyte
ATRP of NaMA at a monomer concentration of 200 mol equiv (Figure 7). The data in Figure 7 clearly indicate that the growth
so as to prevent cleavage of PMAA chains during brush growth. kinetics of the PMAA brushes does not depend on the ionic
Surprisingly, a considerable increase in film thickness could strength of the polymerization medium. This suggests that the
be achieved by decreasing the polymerization temperature fromincrease in film thickness that is shown in Figure 3 is due to
60 to 25°C (Figure 6). PMAA brushes with thicknesses of up the increase in monomer concentration. Comparison of the data
to 300 nm could be prepared withB h at 25°C. These brushes  presented in Figures 7 and 2 also underlines again the dramatic
are about 5 times thicker than the ones that have been reportecffect of the reaction temperature on the brush growth. At a
so far®®> At 25 °C a decrease in brush thickness was only monomer concentration of 100 mol equiv, SI-ATRP of NaMA
observed after prolonged reaction times (18 h). These optimizedat 60°C resulted in a film thickness of 7 nm after 3 h, whereas
reaction conditions were found to be very reproducible and have PMAA brushes of 40 nm thickness were obtained after a
been used for all other NaMA polymerization experiments that polymerization time 62 h at 25°C.
are discussed below. The SI-ATRP methodology also allowed the preparation of
A question that is still unanswered is the origin of the poly(methacrylic acidp-poly(2-hydroxyethyl methacrylate)
observed increase in brush thickness with increasing monomer(PMAA-b-PHEMA) brushes using the PMAA brushes as
concentration, as illustrated in Figure 3. One obvious explanation macroinitiator for the polymerization of HEMA. Growth of the
could be screening of electrostatic repulsions due to the PHEMA block resulted in an increase in film thickness from
increased ionic strength of the reaction mixture at high monomer 43 to 66 nm and was accompanied by a slight increase in the
concentrations. To investigate this hypothesis, the kinetics of advancing water contact angle from®36 60° (Table 1). Further
the SI-ATRP of a reaction mixture containing 100 mol equiv support for the successful chain extension is obtained from the
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Table 1. Ellipsometric Film Thicknesses and Water Contact Angles
of PMAA and PMAA- b-PHEMA Brushes?

a constant total concentration of trimethoxysilane but with
varying solution mole fractions of both componenggsgution

ellipsometric advancing receding and ypsoution respectively). It was anticipated that variation of
thickness water contact water contact y1soMionwould allow control of brush density.
brush [nm] angle [deg] angle [deg] o . .
SVAA P = 0 To assess the feasibility of the mixed alkoxysilane-based
(Lit?: 56) (Lit 0) initiator layers to control brush density, a series of six samples
PMAA-b-PHEMA 66 60 20 was prepared withy,s°Mtion = 0, 0.2, 0.4, 0.6, 0.8, and 1,

(Lit(PHEMA)*3: 60)

aThe PMAA brush was prepared by SI-ATRP of NaMA for 15 min at
25 °C using a polymerization system consisting of NaMA/CuBr/GiiBr
bipy/water in the following molar ratios: 200:2:0.4:5:1400. The PMAA-
b-PHEMA brush was obtained by extending the PMAA brush via SI-ATRP
of HEMA at 25°C for 2.5 h using a reaction system composed of HEMA/
CuCl/CuBg/bipy/water in the following molar ratios: 215:3.4:1:9.75:1430.

respectively. The samples were subsequently analyzed with XPS
to determine the surface mole fraction bf{ysurfacg, ,,surface

was determined from high-resolution XPSz;Band Nis scans
(Figure 1). Because both alkoxysilane derivatives contain an
amide bond, the N signal was used as a reference. After
correction of the Bgy and N signals with their respective
relative sensitivity factorsysUface was estimated using the

0.057 0,057,757 o1 — PMAA-D-PHEMA brush following equations:y;surace= 1/(lo) (1), With. | = (IB,3d)((IN15)
ooe] L Tiem’ PMAA brush = (AB_,gd-RSI-'Br)_/(A_NlS-RSH\,) (. In equation (I),_Io is the
' T\ 1702em - - - - PHEMA brush intensity of an initiator layer that consists exclusivelylofin
00440031 /- ' equation (I1),A is the peak area, and RgFand RSk are the
002 /7 relative sensitivity factors for bromine and nitrogen (5.479 and
g 0.03 4 0_01_/;'4-' 2.681, respectively). Figure 10 compayg¥aceestimated using
£ i equations (I) and (II) with;s°utiorand shows that it is possible
2 e 1700 180 1800 to control the surface mole fraction of ATRP initiator groups
5 0.024 via adjustment of the solution mole fractions. Figure 10,
© however, also very clearly shows that, in all caggg.aceis
significantly lower than expected based pf°uion Given the
0-01 similarity in chemical structure betweehand 2, this seems
quite surprising. The reasons for the discrepancy betygefice
0.004 > : _— andy seutionare not fully understood at the moment and are the
1500 2000 2500 2000 1500 subject of ongoing investigations. It is, however, interesting to

note that qualitatively similar results were recently reported by
Chilkoti et al., who compared the surface composition of self-
assembled monolayers (SAMs) @fmercaptoundecyl bromo-

isobutyrate and undecanethiol with the mole fractions of both
compositions in the solution that was used to prepare the

44
ATR-FTIR spectra shown in Figure 8. Whereas the FTIR SAM,S' » ) .
spectrum of the PMAA brush reveals a carbonyl band at 1702 _Silicon substrates modified with mixtures df and 2 of
cmL, which is characteristic for hydrogen-bonded dimers of different composition were subsequently used to grow PMAA
carboxylic acid groupd the carbonyl band in the block brushes. SI-ATRP was carried out in a single large reaction
copolymer brush is shifted to 1714 cf This shift is due to vessel, which contained the complete series of substrates. The
the superposition of the carbonyl band of the dimerized Polymerization was performed using 200 mol equiv of monomer
carboxylic acid groups and that of the ester carbonyl of the @t PH 9 and 25C for 25 min. Figure 11 plots the ellipsometric
PHEMA block, which appears at 1727 cinFigure 9 compares thickness of the resulting brushes as a functlopglé‘f“t'on. Sl-
the Gs XPS high-resolution scans of a PMAA brush, the ATRP of NaMA from substrates modified witpy**"" < 0.5
corresponding PMAA-PHEMA diblock copolymer brush, and yielded only thin polymer brushes with a thickness~of nm.
a PHEMA brush. Figure 9 shows that the spectrum of the A strong increase in brush thickness was observeg fltion
diblock copolymer brush can be regarded as a superposition of > 0-5-0.7, which marks the transition from the mushroom to
the two corresponding homopolymer brushes, which provides the brush regime. At this point, steric repulsions between
additional support for the successful extension of the PMAA Nneighboring PMAA chains induce stretching of the polymer
brush with HEMA. Although detailed kinetic studies will be Packbone. It is interesting to note that Figure 11 is in good
necessary to unequivocally demonstrate the living character of qualitative agreement with the results that are presented in Figure
the SI-ATRP of NaMA, the ability to control brush thickness 10. Figure 11 indicates that the crossover from the mushroom
via polymerization time and the possibility to extend the PMAA {0 the brush regime only occurs at relatively high values for
brushes with a PHEMA block are characteristic features of ¥1°“"" This observation is in good agreement with the findings
controlled/”living” radical polymerizations. from Figure 10, which show that the surface mole fraction of

Variation of Brush Density. All brushes that have been ATRP initiatorlin mixed alkoxysilane initiator layers is always
discussed so far were grown from silicon or glass surfaces lower than that predicted based on the solution mole fractions.
modified with the ATRP initiator-functionalized trimethoxy- Mineralization of Calcium Carbonate. Next, the PMAA
silanel. The objective of the next series of experiments was to brushes were investigated as substrates for the mineralization
produce PMAA brushes with varying chain density. To control of calcium carbonate. To this end, PMAA brushes grown from
the chain density of the PMAA brushes, glass or silicon glass slides modified usingsfor= 0.3, 0.6, 0.8, and 1.0 were
substrates were first modified with mixtures of the ATRP placed in a perfusion cell and subjected to a continuous flow

Wavenumber [cm”]

Figure 8. ATR-FTIR spectra of a 43 nm thick PMAA brush and a 66
nm thick PMAAb-PHEMA diblock copolymer brush obtained by
extension of the PMAA brush with HEMA. The spectrum of400
nm thick PHEMA brush is shown as reference.

initiator-functionalized trimethoxysilan& and a structurally
similar but “ATRP inactive” pivaloyl-functionalized trimethoxy-

of a supersaturated Ca@®olution. After 30 min, the samples
were taken from the perfusion cell, washed, dried, and inspected

silane2. The modification of the substrates was carried out at with differential interference microscopy. Interestingly, the
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Figure 9. High-resolution XPS spectra of theignals of a 66 nm thick PMAA-PHEMA brush, a 43 nm thick PMAA brush, and~a00 nm
thick PHEMA brush.
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Figure 10. Surface mole fraction of ATRP initiatal (y,°™ as a Figure 11. Ellipsometric thicknesses of PMAA brushes grown by Sl-
function of its mole fraction in the reaction mixturg;t°" that is ATRP of NaMA as a function of;°“" that was used to prepare the
used for the modification of the silicon substrates. initiator-functionalized silicon substrates. Polymerizations were carried

out at 25°C and pH 9 for 30 min using the following polymerization
images in Figure 12 reveal that, whereas PMAA brushes conditions: NaMA/CuBr/CuBybipy/water= 200:2:0.4:5:1400.
generated from surfaces modified wighsouior = 0.3 or 0.6
resulted in the formation of randomly oriented calcite crystals It is interesting to compare the mineralization behavior of
showing the typical rhombohedral crystal habit, brushes obtained CaCQ with the wetting properties of the PMAA brushes. Figure
from surfaces functionalized witjp;5°Uion = 1.0 completely 13 shows the advancing and receding water contact angles both
prevented crystallization and induced the deposition of a layer on pristine PMAA brushes as well as on PMAA brushes that
of amorphous CaC§YACC). On PMAA brushes prepared from  were incubated with a 10 mM Caolution prior to the contact
surfaces modified withy soution = 0.8, both the formation of  angle measurements. Figure 13 indicates a significant drop in
calcite crystals as well as the deposition of ACC was observed. the receding water contact angle on PMAA brushes grown from
The ability of the PMAA brushes to prevent Cag@rystal- surfaces modified witly;5°uton > 0.6, especially after incubation
lization and allow the deposition of ACC is of technological with CaCh. A similar drop was also observed in the advancing
interest because ACC can serve as a transient metastablevater contact angle on brushes incubated in ga®le decrease
precursor for the different crystal polymorphs of calcium in advancing water contact angle upon incubation with"Ga
carbonate> 47 reminiscent of earlier observations by Huck et al. and suggests
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Figure 12. Differential interf

erence contrast (DIC) micrographs of mineralized PMAA brushes of varying grafting density. The insert in the image

Synthesis of PMAA Brushes via SI-ATRP NaMA175

of the brush generated from a surface modified it = 1.0 was taken between crossed polarizers and illustrates the amorphous nature of

the deposited CaCQayer.
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Figure 13. Advancing and receding water contact angles on PMAA brushes with varying grafting densities before and after incubation with
aqueous 10 mM Cagkolution. Polymerizations were carried out at Z5 and pH 9 for 30 min using the following polymerization conditions:

NaMA/CuBr/CuBg/bipy/water= 200:2:0.4:5:1400.

a collapse of the PMAA brush.Although the collapsed PMAA

electrolyte that results in the observed hydrophilic surfaces
brushes will contain less water than their fully hydrated properties. It is interesting to note that the dramatic change in
analogues, they will contain a significant amount of hydrated wetting properties of the Caglincubated PMAA brushes
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prepared from surfaces modified wighso'ution > 0.6 coincides (2) Rthe, J.; Knoll, W.J. Macromol. Sci., Polym. Re2002 C42, 91—
with the changes in the CaGQrystallization behavior il- @) éfgo B.: Brittain, W, JProg. Polym. Sci200Q 25, 677-710
lustrated in Figure 12. Upon comparison of the results shown (4) pyun, 3.\ Kowalewski, T.; Matyjaszewski, Hvacromol. Rapid.
in Figures 16-13, it is tempting to propose a correlation between Commun2003 24, 1043-1059.

the conformation of the tethered PMAA chains and the wetting (5) M? H.; Hyun, J.; Stiller, P.; Chilkoti, Adv. Mater.2004 16, 338~
and .mmera“zatlon .propertl.es of the polymer t.)rUSh,es' Low- (6) Tug.ulu, S.; Arnold, A.; Sielaff, I.; Johnsson, K.; Klok, H.-A.
density brushes, which are in the mushroom regime, induce the Biomacromolecule€005 6, 1602—1607.

deposition of calcite crystals, whereas high-density brushes, (7) Brown, A. A;; Khan, N. S.; Steinbock, L.; Huck, W. T. Bur. Polym.

; it J. 2005 41, 1757-1765.
\%f]uch areI comple_totlelyéj V\;]etted,rllead to the deposmor;f_of ACC. (8) Xu. F. . Zhong, S. P Yung, L. Y. L.: Kang, E. T.. Neoh, K. G.
e results provided here, however, are not sufficient to Biomacromolecule€004 5, 23922403,

unequivocally prove this hypothesis, and additional experiments (9) Huber, D. L.; Manginell, R. P.; Samara, M. A.; Kim, B.-I.; Bunker,
are needed to establish a clear relationship between brush  B. C.Science2003 301, 352-354.

; : ; ; - ~_(10) Boyes, S. G.; Akgun, B.; Brittain, W. J.; Foster, M.Bacromolecules
density, brush conformation, and calcium carbonate mineraliza 2003 36, 9539-9548.

tion. This is the subject of ongoing investigations. (11) Kim, D. J.; Lee, K.-B.; Lee, T. G.; Shon, H. K.; Kim, W.-J.; Paik,
H-j.; Choi, I. S.Small2005 1, 992-996.
Conclusions (12) Moro, T.; Takatori, Y.; Ishihara, K.; Konno, T.; Takigawa, Y.;
Matsushita, T.; Chung, U.-l.; Nakamura, K.; Kawaguchi, Mat.
In the first part of this paper, the influence of different reaction Mater. 2004 3, 829-836.

_ ; ; (13) Seidel, CMacromolecule®003 36, 2536-2543.
parameters on the SI-ATRP of NaMA was investigated. In (14) Mercurieva, A. A.; Birshtein, T. M.; Zhulina, E. B.; lakovlev, P.; van

particular, reaction temperature and monomer concentration Male, J.: Leermakers, F. A. MMacromolecules2002 35, 4739-
were identified as important parameters that strongly influence 4752. _ _ ‘
the growth of the brushes. A protocol has been developed that(15) Zhulina, E. B.; Klein Wolterink, J.; Borisov, O. \Macromolecules

. 2000Q 33, 4945-4953.
allows the preparation of PMAA brushes of up to 300 nm ;) ‘mine "3 Ballauff, M. Biesalski, M.; Dziezok, P.. Gm, F.:

thickness via room-temperature, aqueous SI-ATRP of NaMA. Johannsmann, D.; Houbenov, N.; Hugenberg, N.; Konradi, R.; Minko,
The PMAA brushes could be used to initiate the ATRP of S, Motornoy, M. Net;, R. R.; Schmidt, M.; Seidel, C.; Stamm, M.;
HEMA, which resulted in the formation of PMAA-PHEMA Stephan, T.; Usov, D.; Zhang, tAdv. Polym. Sci2004 163 79~

diblock copolymer brushes- In t.he second part of the paper, it (17) MO)-/a, S.; Azzaroni, O.; Farhan, T.; Osborne, V. L.; Huck, W. T. S.
was shown that the chain density of the PMAA brushes could Angew. Chem., Int. EQ005 44, 4578-4581.
be varied by modifying the SiQsubstrates with mixtures — (18) ffffdl' L.; Weiner, SProc. Natl. Acad. Sci. U.S.A985 82, 4110~
conta_unlng dlfferent relatlvg amounts of an ATR_P |n_|t|ator'- (19) Doug'laS’ T Science2003 299, 1192-1193.
functionalized trimethoxysilane and an ATRP inactive tri- (20) Aizenberg, J.; Black, A. J.; Whitesides, G. Nature1999 398, 495—
methoxysilane. In spite of the similarity in chemical structure, 498. .
however, XPS studies revealed that the surface molar ratio of (21) 95%%”2859’13335*238 D. A Grazul, J. L.; Hamann, D. $ience
the ATRP initiator-functionalized trimethoxysilane was always (22) Mann, S Heywood, B.R.: Rajam, S.; Walker, J. B. A.; Davey, R. J.;
lower than expected based on its mole fraction in the reaction Birchall, J. D.Adv. Mater. 199Q 2, 257-261.
mixture that was used to modify the substrate. Finally, the (23) Berman, A; Ahn, D. J,; Lio, A.; Salmeron, M.; Reichert, A.; Charych,
feasibility of the PMAA brushes to direct the crystallization of D. Sciencel995 269 515-518.

. . : . (24) Wada, N.; Suda, S.; Kanamura, K.; UmegakiJTColloid Interface
CaCQ was investigated. To this end, a series of PMAA brushes Sci. 2004 279, 167-174.
of varying chain density was exposed to a supersaturated £€aCO (25) Hosoda, N.; Sugawara, A.; Kato, Macromolecule2003 36, 6449~

; i i ; 6452,

solution. Interestlngly,_ the formation of calc_|te crystals was (26) Tanaka, Y.: Nemoto, T.. Naka, K. Chujo, Polym. Bull.2000 45,
observed on low-density PMAA brushes, while an amorphous 447—450.
film of CaCQO; was deposited on PMAA brushes of high chain  (27) Falini, G.; Fermani, S.; Gazzano, M.; Ripamonti, Ghem—Eur. J.
density. Because amorphous CaC€n serve as a transient 1998 4, 1048-1052. _ )
metastable precursor for different crystalline polymorphs of 28 5A£‘éh'ba'd* D.D.; Qadri, S. B.; Gaber, B. Pangmuir1996 12, 538~
CaCQ, the PMAA brushes may be attractive templates for the (29) patten, T. E.; Matyjaszewski, adv. Mater. 1998 10, 901-915.

bottom-up fabrication of nanostructure calcite layers with (30) Sankhe, A.Y.; Husson, S. M.; Kilbey, S. M., Macromolecule2006

interesting photonic propertié&4° Detailed studies on the 1) ﬁj’étﬁéi‘eﬁfk?k_m”er . 1.: Shukla, N.; Immaraporn, B.; Gelman
stabilization of amorphous CaGQon high-density PMAA A Luokala, B. B.; Siclovan, T. M.; Kickelbick, G.; Valiant, T.;
brushes and the subsequent formation of single-crystal calcite Hoffmann, H.; Pakula, TMacromolecules1999 32, 8716-8724.
films have been reported elsewhéfe. (32) Treat, N. D.; Ayres, N.; Boyes, S. G.; Brittain, WMacromolecules

2006 39, 26—29. .
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