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ABSTRACT

The adsorption behaviour of the ampholytic dibleockolymer poly(methacrylic acidjlock
poly((dimethylamino)ethyl methacrylate), PMABPDMAEMA, was investigated on differently prepared
silicon surfaces. All adsorption experiments wegefiqgrmed from aqueous solutions as a function of pihe
polyampholyte amount adsorbed was determined eftiyggrically, while the topographies of the adsorbed
polymer were investigated using scanning force osicopy (SFM). Three polyampholyte systems with Igimi
molecular weight around 60000 g maind different block ratios were adsorbed on thiiéferent types of
silicon substrates. Depending on the pretreatniensiticon substrates contained different isoeiegtints
(IEP) and hydrophobicity. The adsorbed amount, fametion of pH, was characterized by maxima andima
near the IEP of the polyampholytes. In the caggobfampholytes containing an IEP close to the IEfh®
silicon substrates, the nature of the substratagly influenced the adsorption behaviour. Eveonmalete
erasure of one adsorption maximum could be obsdnvedme cases. In contrast to this, polyampholyiés an
IEP in a pH area far away from the IEP of the salbss adsorbed in a quite similar manner on tHereifit
substrates.

1. INTRODUCTION

Polyampholytes are polymers containing a large amotioppositely charged functional grodpBistinction
must be made between polyampholyte types carryégnganent charges and other species with acidic or
alkaline functional groups containing charges amation of pH. The arrangement of the charged gsaan
also be different, for example, there are statistic diblock polyampholytes and polyampholyteswaharged
groups grafted at a polymer backbofieThe behaviour of polyampholytes in solution anddsorption
processes has been studied experimentally andetiesly by many authors>°

This article concerns the adsorption of the diblpokyampholyte poly(methacrylic acid)-block-
poly((dimethylamino) ethyl methacrylate), PMARNPDMAEMA, on differently pretreated silicon subges.
The solution behaviour of this polymer system iareloterized by the formation of micelles and larger
agglomerates resulting from hydrophobic and elstatix interactions!*? The adsorption process of PMA#-
PDMAEMA from aqueous solution is strongly deterndri®/ the conditions in the polymer solution, the guhd
salt concentration especially, have a significafiuence on the adsorption. The polyampholyte arhoun
adsorbed from aqueous solution as a function o$lpdivs maxima and minima near the IEP of the
polyampholyte”*** The molecular weight and the block ratio were &smd to influence the adsorption.
However, up to now the influence of the silicon stuates has not been investigated. Here the adsorpt
behaviour of polyampholytes with similar moleculegight of around 60000 g mbhand different ratios of the
blocks PMAA and PDMAEMA are reported. In all casies adsorption on differently prepared silicon staies
was carried out from aqueous solutions as a functfH. The adsorbed amount was determined by
ellipsometry. Three kinds of different silicon strages were used. These substrates containedetiffer
isoelectric points and hydrophobicity dependingtmnpretreatment. The topography of the adsorbed
polyampholyte was investigated using SFM.
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2. EXPERIMENTAL
2.1. Materials

For all adsorption experiments ampholytic diblodpalymers poly(methacrylic acidjlock
poly((dimethylamino)ethyl methacrylate), PMABPDMAEMA, with molecular weights around 60000 g fhol
were used (Fig. 1). These polyampholytes were sgithd by anionic polymerization. The charactansatvas
performed using gel permeation chromatography (GR@JH-NMR.***® The IEPs of the dissolved
polyampholytes were determined by electrophoretasurements as reported elsewhigre.

Three polyampholytes with different weight ratidgtee two blocks PMAA and PDMAEMA were used. The
different block ratios caused a change in the IEfR@polyampholytes. Both the block ratio and f&B of the
polyampholytes used are shown in Table 1.

Fig. 1: Structural units of PMAA-b-PDMAEMA.
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Table 1: Polyampholytes

Molecular weight Copolymer composition I soelectric point

Polyampholyte /g molX PMAA : PDMAEMA oHiep

B1 68000 84:16 3.8
B2 62000 55:45 5.9
B3 63000 29:71 8.9

Fig. 2 : The adsorbed amount A of the polyampholyte Blfagsietion of the pH of the adsorption solution.
The adsorption was performed on differently prageailicon substrates (alkal (H), acidic(@®) , hydrophobi (A)). The solid and the
dashed lines are shown as a guide for the eyetrdhsmissiorT of a red laser light through the polyampholyteiioh as a function of pH
is shown as a dotted line. The arrows below thplgnadicate whether the polyampholyte P carriessitive or negative net charge.
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All adsorption experiments were performed on sili@eafers containing a native silicon oxide layer of
approximately 2 nm. The properties of the silicarface were determined by the pretreatment ofitloes
oxide layer. Two different cleaning procedures weged to achieve different isoelectric points @& substrates.
The alkaline treatment was carried out with an ageesolution of HO, and NH. The silicon wafers were
placed in this solution at 70°C for 30 min. Fordicicleaning the silicon substrates were treated Somin with
an aqueous mixture of,B, and HSQ, at 80 °C. After both procedures the wafers wersad with MilliQ
water and dried with nitrogen.

To increase the hydrophobicity of the substratesiziation withtert-butyldiphenylmethoxysilane was used. All
silanizations were performed directly after theaditie treatment of the substraf88'In a first step the wafers
were rinsed with acidic ethanol (95% ethanol, 4.9¥&ter, 0.03% acetic acid) and than placed intdiaci
ethanol containing 5% of the methoxysilane. Aftemiin the wafers were rinsed again with acidic etha

dried with nitrogen and kept for at least 12 h@f8 in a vacuum. The silanized substrates werne tinsed

with THF, ethanol and MilliQ water several timedeTisoelectric points of all substrates were deitegchusing
electrokinetic measuremefitaind are listed together with the contact angleater in Table 2.

2.2. Sample preparation

All adsorption experiments were performed in aqsesnlutions containing 0.01 mof NaCl and 0.13 g1 of
the polyampholytes Bl, B2 or B3. As reported eayliee adsorption behaviour of PMABPDMAEMA as a
function of polymer concentration could be desatibsing the Langmuir model for adsorptf§n? A
polyampholyte concentration of more than 0.I'thging sufficient to reach the plateau area oftfi®orption
isotherm. Therefore, the adsorbed amount is oty influenced by the polyampholyte concentrafid the
polymer concentration is set to values greater tharg I*.

Table 2: Substrates

Substrate Contact angle I soelectricpoint pH gp
Alkaline cleaning 40° 3.9
Acidic cleaning 10° 2.9
Hydrophobic silanization 80° 3.9

The adsorption experiments were performed fromteols of pH 2.3-10.3. The pH was adjusted by adding
HCl,q or NaOH, in small amounts. After adjusting the pH, the pady solution was stirred and the silicon
substrate was placed in the solution for at le@dt,sufficiently long to reach the adsorption étium of
PMAA-fc-PDMAEMA.***° The substrate was then rinsed with MilliQ wateresal times to remove the
polymer solution and any unadsorbed precipitatefiioe substrate surface and then dried with nimogee
adsorbed polymer layers were investigated usimgselinetry and SFM.

2.3. Ellipsometry

The amount of adsorbed polyampholyte was deterngfiggbometrically. All measurements were performed
with a null ellipsometer in a polarizer-compensstample-analyser (PCSA) arrangement (Multiskop ré&pt
Berlin).?? As light source a He-Ne laser (2 = 632.8 nm) wseduwhile the angle of incidence was set to 70°.
To calculate the thickness of the adsorbed polyayar from the ellipsometric anglésand ¥ a multilayer
model for homogeneous films on top of the siliccafer was usetf The adsorbed amouAtwas calculated by
the measured layer thickned air and the mass densityf the adsorbed polymer:

A=ds (1)
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2.4. Scanning for ce micr oscopy

Force microscopy was used to investigate the t@miges of the dried polyampholytic films. The measuents
were performed with a commercial SFM (Multimode Nscope 11/ Digital Instruments). All SFM topograpb
were taken in the tapping mode™ to reduce any darofthe polyampholyte layer by tip contact.

3. RESULTS AND DISCUSSION

The adsorbed amount of polyampholyte Blon diffesetstrates is shown in Fig. 2 as a function optHeof
the adsorption solution. Transmission through thiggmpholytic solution measured with a red lasétligs a
function of pH showed contained a minimum at the t# the polyampholyte Bl. This minimum resultsrfro
precipitation of the polyampholyte at the IEP amdjite typical for weak polyampholyt&& At the IEP the
polyampholyte carries a net charge of zero, s@theipitation could also be described as an expulsf the net
uncharged polymer from the aqueous liquid.

In the case of alkali-treated substrates, the atisorshowed two maxima of similar height at pH 8@l 4.1
near the IEP of the polyampholyte. At the IEP nsaaigtion was found. The adsorption on acid-cleamafdrs
showed only one large maximum at pH 3.4, whiletat43.7 no adsorption was found. In the case of
hydrophobic substrates, two adsorption maxima a83and 4.8 were found and also at the IEP of the
polyampholyte a small adsorbed amount, A = 1.1 rifgwas observed. The first maximum at lower pH was
much larger than the second maximum at higher ptiega

The alkaline substrates were characterized by BralfpH:p = 3.9, which is quite similar to the IEP of the
polyampholyte B1 at pib = 3.8. In every case, the adsorbing polymer Bliedia net charge of the same sign
as the alkaline substrate. Nevertheless adsorpéenunderstandable, if the oppositely charged bdotk as an
anchor block, while the other block was placed afwam the substrate dangling in solutid#.The increase in
the adsorbed amount towards the IEP may be exgldina decrease in the net charge of the polyargihol
which reduces the repulsive interactions betwesorded polyampholyte chains and leads to an inerieeihe
amount adsorbet!:* At the IEP the net charge of the polyampholyteei®, so the electrostatic attraction to the
substrate is reduced and the minimum in adsorptiam the IEP is therefore explainablé change to acidic
substrates induced a shift of substrate IEP fronagaH3.9 to 2.9. So between pH 2.9 and 3.8 substrade
polyampholyte B1 carry opposite net charges. Is il area the attraction of acidic substrates tovB4
increased compared to the alkaline substratesmintteease in the adsorbed amount up t018.0 mg nf was
observed. Such large adsorbed amounts cannot teareghby adsorption of single polymer chains. igarl
studies reported the preformation of larger polyaggregates in PMAA-PDMAEMA solution. The
adsorption of these aggregates directly from smiutinto the substrate surface has also been obséRje
Similar adsorption behaviour was also reportegfiyelectrolytes with a hydrophobic polymer bidékn
contrast to the adsorption of single polymer ch#tiesadsorption of larger aggregates from solutemlead to
an increased adsorbed amount and also to largetwtes observed in the polymer film. This phenoomen
could be compared with the adsorption of whole elagtrolytic complexes preformed in solution by
aggregation of oppositely charged homopolyelectesf§’*°

A second adsorption maximum of polyampholyte Bhigher pH was not observed on acidic substratesalue
the increased negative net charge. Around pH 4 pdfyampholyte Bl also carried a negative netghaso an
increase in the negative net charge of the acidistsate leads to more electrostatic repulsion éetvsubstrate
and polyampholyte. Therefore, a second adsorptaximmum is not favoured for Bl on acid-cleaned sidist.
The hydrophobic substrates also have an IEP gfpH3.9, which is similar to that of alkaline sulasérs and the
polyampholyte Bl. While the maximum at higher pHbsled a quite similar height to the maxima on atiali
substrates, the first maximum at pH 3.3 was sigaifily increased on hydrophobic substrates. Beaziuse
same substrate IEP, this behaviour could not b&iga by changes in the electrostatic interacthets/een
substrate and polymer. An explanation could be daarhydrophobic interactions, which have highdinéf to
one of the polymer blocks. In the charged PDMAEM@Adi the nitrogen atom carrying the positive chame
shielded by two methylene groups and is therefareerhydrophobic than the deprotonated PMAA block.
The increased affinity to the PDMAEMA block withetlsame net charge as the substrate could lead to an
increase in the adsorbed amount. Similar behaymlsably occurred at the IEP, because on hydrophobi
substrates adsorption was found in the IEP ardast@&ie and polyampholyte Bl carry a net charge pe@ but
the increase in substrate hydrophobicity leadstydaophobically driven adsorption at the 1EP.
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What happens now, if the block size of the PDMAEKIAck increases and the IEP of the polyampholytes
increases? To answer this question the adsorptithrepolyampholytes B2 and B3 was investigated as
function of pH. The adsorbed amount as the avesatfee two adsorption maxima is shown as functibthe
PDMAEMA fraction in the polyampholyte (Fig. 3). Fig shows the difference in adsorbed amount of both
maxima as a function of the PDMAEMA weight ratia hifferent polyampholytes.

In every case, the adsorbed amount increased nagteasing PDMAEMA block size. This was explained by
two trends working in the same direction. On the band, with increasing positively charged PDMAEMA
block, the attraction to the mostly negatively gjear silicon substrate increased. On the other hamd,
increasing PDMAEMA fraction caused a shift of ti#1of the polyampholyte to more alkaline pH. So the
adsorption maxima near the |IEP were also shiftddgber pH. At more alkaline pH the silicon carrés
increased negative charge so the attraction teENdAEMA at the pH area around the IEP was also
increased®*° Both these trends explain the strong increasesomtion with PDMAEMA fraction on alkali-
cleaned silicon substrates. In the case of aciditydrophobic substrates the increase is reduceck bhly one
trend should have a significant influence on thsoagtion behaviour. An increasing PDMAEMA blockdsa
also to more attractive interactions between popfastyte and substrate in the case of adsorption et
almost negatively charged acidic or hydrophobicail substrates but the change in substrate clesisticts
should be less pH dependent. The acidic silicostsates are negatively charged for pH values hitjear 2.9,
so an increase in pH will not have such a largeiémice on the substrate charge as in the case aflkhline
wafers. The adsorption behaviour on hydrophobievgifs determined by the charge and the hydrophobic
character of the substrate. Because of the neapamtlence of hydrophobicity on pH, the influencéhef
PDMAEMA fraction on the adsorption maxima shoulddeereased.

On alkaline silicon substrates the height of bathoaption maxima were quite similar. In contrasthis, the
adsorption maxima on acidic or hydrophobic substratere markedly different in the case of Bl. This
difference decreased from the polyampholyte Bl 39 Bhich showed adsorption maxima of similar height

In fact, the influence of substrate preparationf@nadsorption process is especially significdrsiibstrate and
polyampholyte have IEP in the same pH area. Indhs&, both adsorption maxima appeared in pH arbae
the substrates had different characteristics. Aption is the adsorption of Bl on alkaline sulistrahich both
have nearly the same IEP. Depending on the pHsiiyay charged Bl is adsorbed on the positivesstate or,
at lower pH, a negatively charged Bl is adsorbed oegative substrate. Here the substrate chaiigghsa to
the opposite net charge and the net charge of Bthed analogously, so the adsorption conditiors ar
mirrored. In the case of the adsorption of B3,jgHearea where the main adsorption took place iavay from
the substrate IEP. In this pH area, around pHI&hide types of substrate are clearly negativlebrged, so in
every case the polyampholyte B3 should adsorb bstsates with almost similar conditions.

Fig. 3: The adsorbed amount,4, of the investigated polyampholytes at the adsonpthaxima as a function of

the PDMAEMA weight fractiormhe adsorption was performed on differently preéailicon substrates (alkalinll), acidic @),
hydrophobic A)).
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Fig. 4: The difference between both adsorption maxigaofthe investigated polyampholytes as a function o

the PDMAEMA weight fractiormhe adsorption was performed on differently pregeailicon substrates (alkalinll), acidic @),
hydrophobic A)).
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Fig. 5: SFM topographies of the adsorbed polyampholyte iBdifferently pretreated substrates;on alkali-
cleaned substrate (pH 3.0, A = 2.4 mg)nB: on acid-cleaned substrate (pH 2.7, A = 2.3mify; C: on hydrophobic substrate (pH 2.8, A =
5.6 mg ).

The topography of the adsorbed polyampholytes erdiffierent substrates was investigated using SHiyl.5
shows the SFM of the polyampholyte B1 on the tlierently modified substrates adsorbed from aggeo
solutions of pH around 3. In every case the topalgyaf the adsorbed polyampholyte is strongly deieed by
adsorbed agglomerates with lateral diameters gpnte hundred nm. Such topography is typical for the
polyampholyte Bl and could result from the adsanpibf whole agglomerates directly from solutionmtite
substrate>*>

According to these topographies, earlier studipsnted an analogous adsorption behaviour for the
polyampholytic system PMAA-PDMAEMA and explained the formation of larger aggkrates at the silicon
surface by the preformation of polyampholytic aggéates in aqueous solution and the complete atitsoqf
these structures directly from solutib¥f® Therefore, it should be concluded that the surfapegraphy is
mainly determined by the solution behaviour of poéyampholyte, while the native of the substrate leas
influence on the topography.

4. CONCLUSIONS

The adsorption of the polyampholytic copolymer PMAARDMAEMA was investigated from aqueous
solutions on three differently pretreated silicobstrates. In every case the adsorbed amount degéodgly
on the pH of the polyampholyte solution. The natfrthe silicon substrate is also found to havegaificant
influence on the adsorption behaviour. In particulhen the substrate and polyampholyte have sintlR the
adsorption is strongly influenced by the substchi@racteristics.
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