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Abstract

Polyampholytes are macromolecules that contain sifgdp charged groups. We have studied the adsorpfi

the polyampholyte diblock copolymer poly(methaarydcid)blockpoly((dimethylamino)ethyl methacrylate),
PMAA-b-PDMAEMA, on oxidized silicon surfaces. The amoahpolymer adsorbed from aqueous solution of
different pH and salt concentration was measureellipsometry. The influence of the added salts NaC
Na,SO, and CaGl was determined. In every case adsorption tookeplathough the polyampholyte and the
substrate exhibit the same sign of net chargealtypes of salt, the adsorbed amount shows twxinmaclose

to the isoelectric point (IEP) of the polymer asiaction of pH. Directly at the IEP of the polyangiyte, no
adsorption was found. The measured dependencdsecexplained by the adsorption of one or the odfiéine

two blocks depending on acidity and ionic strentirthermore, the lateral structure of the drid¢mdiwas
investigated by scanning force microscopy (SFM).

Introduction

In the last few years, there has been great iritar@®lyelectrolytes in solution and at the sdigilid

interface’? The adsorption of polyelectrolytes is an impor@mmponent in many industrial processes like paper
production, waste water and sewage sludge treatfi€hibcesses containing polyelectrolytes or ionic
macromolecules at solid/liquid interfaces are foimdiology and medicine as well. Parameters IhepgH, the
type of added salt and the salt concentrationerptilyelectrolyte solution influence the adsorpiiwacess:®

Thus, it is of fundamental interest to determire dldsorption behaviour of polyelectrolytes as @fion of the
solution conditions. Up to now there have been mawgstigations on polyelectrolytes and statistical
polyampholytes in solution and on the behavioupafelectrolytes at interfacég>Only a few
investigation$**>have dealt with the adsorption of diblock polyamigtes. The influence of the type of salt
added has rarely been investigated.

Our investigations concern the adsorption of thelotyte diblock copolymer poly(methacrylic aciolpck
poly((dimethylamino)ethyl methacrylate), PMARPDMAEMA, from a dilute agueous solution onto oxield
silicon surfaces. We investigated the amount ofiper adsorbed as a function of pH. The influencditdérent
types of salt and the variation of the salt con@giun were also studied. The electrostatic intévas in the
system are strongly influenced by the salt conegioin and the pH. The adsorption of polyampholjtes
solution onto a solid/liquid interface results frone electrostatic interaction between the chaldecks of the
polymer and the charged surface of the substrate.

Hydrophobic or steric interactions are discusseldaatng an influence on the adsorption as well. Gerge
densities of the two blocks of the investigatedypwr (PMAAb-PDMAEMA) and of the surface of the
substrate depend strongly on the pH in the adsorsilution. In addition, the type of salt addedh® solution
influences the electrostatic interaction. Bivaliemts, which are able to form chelate complexes with
polyampholytes,are expected to change the electrostatic intemrtirastically. The adsorption behaviour as a
function of pH, the conformation of the polymersiolution and its conformation at the surface aterdened

by the two isoelectric points (IEP) of the siliceubstrate and the polyampholyte.

In the present paper, we report on a block polyastypd that has nearly the same IEP as the siliobstsate.
For this case, the polyampholyte has the samehaege as the surface over the entire pH range pOssible
explanation for adsorption is that the oppositéigirged block of the polymer acts as an anchordatinface,
while the other block is dangling in the solutidie adsorbed amount of the polymer layers was meaddy
ellipsometry and the lateral structures were detecthby scanning force microscopy (SFM). The polyme
structure in solution was investigated by dynanghtlscattering. The transmission of red lasertlthhough the
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polymer solution was measured as a function of phight scattering. All measurements were perforragdr
the adsorbed amount had reached the adsorptiolibeigumn.

Experimental
Sample preparation

All adsorption experiments were performed with éimepholytic diblock copolymer poly(methacrylic acid)
block-poly((dimethylamino)ethyl methacrylate), PMABRPDMAEMA (Fig. 1). The synthesis by anionic
polymerization and the determination of the molacweight and the block distribution of this copolr by gel
permeation chromatography (GPC) and nuclear magresonance spectroscopfi{NMR) are described in the
literature'”*° The molecular weight of the used polymeMg = 68000 g mot. The ratio of the PMMA to the
PDMAEMA block is 90:10.

As substrates for the adsorption, silicon wafe(s@l) with a native oxide layer of approximatelnra
thickness were used. Prior to the adsorption expaarts, all substrates were cleaned by the followirmgedure:
First, the wafers were placed in dichloromethangnnltrasonic bath for 15 min at about 40 °C toaee the
organic surface contamination. Next, the wafersewirsed with Milli-Pore water and treated with@didation
bath of HO,, NH; and Milli-Pore water at 70 °C for 30 min. Afterwis; the wafers were rinsed again with
Milli-Pore water and dried with pure nitrogen.

The adsorption experiments were carried out inegigfly designed Teflon cell. In the first step dal was
filled with the solution used for the adsorptiorperiment. This solution contained the polyamphoétta
concentration of 0.128 @I The concentration of low-molecular-weight salsv@a01 or 0.04nol I. NaCl,
Na,SO, and CaGl were used.

The pH of the solution was changed by adding dddl and base (NaOH) in an amount that is negleibl
comparison with the salt concentration of 0.01 hoRAfter setting the pH, the solution was stirreaitiyeand

the silicon substrate was placed in the cell fdeast 10 h, which is sufficiently long to reachugigrium
adsorption conditions for the used system as werteg elsewher& Next, the sample was taken out of the cell
and rinsed with Milli-Pore water several times éonove unadsorbed precipitation from the wafer.iNfbre
water can be regarded as a good solvent for unaeidqolyampholyte molecules. After drying of thefevawith
nitrogen, the adsorbed polymer layer was investijaly ellipsometry and SFM. All experiments were
performed at room temperature.

Fig.1 Schematic drawing of the structural units of tised polyampholyte (PMAA left and PDMAEMA right).
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Dynamic light scattering

The polymer in solution was investigated by dynaligiet scattering (DLS). Polyampholyte solutiongiwi
varied pH and added salt were investigated. Faetineeasurements a commercially available ALV 30¢ibadl
correlator with a 400 mW krypton ion lasér{ 647 nm) was used. All measurements were perfornitdar
scattering angle of 90° at room temperature.

The determined autocorrelation function of the tecatl intensity 94(t), is for monodisperse spheres given by
the following exponential functiéh

gq(t) = exp(_Dsol th)

whereDyg, is the translational diffusion coefficient of thelymer particles in solutiom is the magnitude of the
scattering vector ands the time delay. The Stokes-Einstein equatiomksaone to calculate the hydrodynamic
radiusR, of the particles fronDg, as
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wherek is the Boltzmann constari,is the temperature angdis the viscosity of the solvent.
Ellipsometry

The adsorbed amount was determined by null elliggomAll measurements were performed with a comput
controlled null ellipsometer in a polarizer-competes-sample-analyser (PCSA) arrangenféds a light

source, a He-Ne laser £ 632.8 nm) was used. To obtain the best sensifigitpur system, the angle of
incidence was set to 70.0°. The measured ellipsioraigles® and4 enable the calculation of the thickneks

of the adsorbed polymer layer by using a multilapedel for a homogeneous isotropic film on tophaf silicon
wafer?? For dried samples, which were measured in air #iteadsorption process, the adsorbed amouktis

od, with 6 the mass density of the adsorbed polymer layer.rdbghness of the adsorbed polymer layers causes
only a small error in the measured adsorbed amasingported in the literatuf2The transmission of the
adsorption solution was measured with the He-Nerlakthe ellipsometer.

Scanning force microscopy (SFM)

To investigate the topography of the dried adsofther$, a commercially available SFM (Autoprobe €8vk
Scientific Instruments) was used. The cantileveesnaade from micro-fabricated gold coated silichlh.
measurements were performed in the non-contact mbaehosen frequency of f = 75 kHz to minimize
damage to the soft polymer layer caused by angdiptact. Measurements were taken at differentipositof
the sample, to ensure the regularity of our results

Results and discussion

The investigation of the polymer in solution by dymc light scattering has shown the coexistencarll and
large structures, which can be connected to sipglgmer chains and polymer agglomerates in solufiam
example, we observed in solution w@td1mol 1* NaCl at pH 4.8 particles with a diameter of 11 zimad 95
nm, and at pH 2.8 particles with a diameter of Irband 57 nm.

Polymer precipitation also occurs in our system iardktermined from the decrease of the transrmissiohe
solution. The transmission behaviour of differesi$@rption solutions, as shown in Figs. 2 and 8trisngly
influenced by the pH and the added salt in thetewluBy rinsing after the sample preparation, ghecipitate
was removed from the sample and only the remaiadsgprbed polymer was further investigated.

The adsorption from polymer solutions in a pH rangihout precipitation was investigatédsitu by
ellipsometry. In each of these cases the adsonmediat reached an equilibrium value after differ@agorption
times.

If the polymer solution shows precipitation theresponding decrease in transmission previansgtu
measurements by ellipsometry. For these cases samglre treated with the same solution for diffetienes,
and after rising the adsorbed amounts were detedhfiom the dried sample by ellipsometry. Theretoee
measured polymer amount is given by the adsorbBango only and not by the precipitated polymer.

Adsorption from a solution containing NaCl

Polymer adsorption from a solution containing Na@k investigated at two different salt concentrai0.01
mol I*and 0.04mol ). In both cases the adsorbed amount of the poliatye depended strongly on the pH
of the solution. In Fig. 2, the adsorbed amourd &sction of pH for 0.01 mol*lis shown. It exhibits two
maxima at pH 3.0 and 4.1 in the pH range of 3.8.60 no adsorption is detectable. Simultaneoudy th
transmission is reduced to 16% at pH 3.7, whermasther pH values the transmission of the adsmmpti
solution is mostly 100%.

At the higher NaCl concentration of 0.04 mid] the adsorbed amount exhibits a quite similar estvape as a
function of pH as compared to the lower salt cotregion (Fig. 2). However, the adsorbed amounissrttly
increased at every pH. In addition, the transmissitthis solution shows a similar behaviour to ¢ime with the
lower NaCl concentration.

The adsorption minima and the minima in transmissibthe polymer solution, caused by the precijitabf
the polymer, were measured in the same pH rangeigfation is typical for polyampholytes at thePlE>*

The IEP of the used silicon substrate was detemirtiyezeta-potential measurements at pH 3.9. Thexgefoe
polymer and the surface exhibit the same sign®htt charge independently of the actual pH valhe.
observed adsorption behaviour is explainable bgdsorption geometry in which the oppositely charged
polymer block is attached to the substrate surfabée the other block is dangling in solutibff. The observed
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decrease in the adsorbed amount at pH < 2 and pan be explained by an increase of the chardgbeon
polymer and substrate, while the oppositely chamg@ymer block loses its charge. Therefore the ekese of
the attractive interaction and the increase ofémailsive forces together cause a decrease intstspolymer.

Fig. 2 Adsorbed amount A of the polyampholyte obtaineah fa solution with 0.01 mof INaCl (solid squares)
and from a solution with 0.04 mét NaCl (solid circles). The solid and the dashe@simre shown as guides for
the eye. Also shown is the transmission T of theisns (dotted line) as a function of pH. The avsobelow the
graph indicate where the silicon surface S andpblgampholyte P are carrying a positive or negatie
charge.
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Quite recently, polyampholytes with a different d@distribution and isoelectric point have been
investigated:?°In the reported sample system the maximum of &gsbpolymer was observed at the IEP of
the polymer. These results agree well with our nlzg®n of two maxima close to the IEP. On appraagithe
IEP, the amount of charges in the polyampholyteateses, which leads to a screening in electrostgiglsion
between the polyelectrolyte segments as well. Therethe polymer can adsorb at a higher densitychv
causes a larger adsorbed amdithis explains the measured increase in the addanmeunt of the polymer
towards the IEP and the maxima in the adsorbed atmbose to the IEP. In contrast to this we observe
minimum in the adsorbed amount directly at the IEfls behaviour can be explained by a similar IEP o
polymer and substrate. At the common IEP, the satgshas a charge density that is close to zenehsThis
leads to a low electrostatic interaction of theypwér and surface. Other authors report adsorptitimed EP of
the substrate and interpret the driving force fisaaption to be non-electrostalidhese forces are obviously
not strong enough in our system to lead to an atisorof the precipitated polymer at the IEP, deraf
preparation the precipitated polymer is rinsed aftam the substrate. Further experiments to clahéy
adsorption mechanism are in progress.

The charge of a polyelectrolyte is shielded in agisesolution by low-molecular-weight ions. Thiseeffis
described in the Debye-Huckel model by the scregldingth

K~ 11

with the ionic strength given by the following equation :
I=3% zim,

wherez is the charge anah the molality of the ions in solution. Thereforeg tincrease of the salt concentration
leads to a decrease in electrostatic repulsiondetvthe polyelectrolyte chains and the polymerattsorb in a
higher density, which causes a larger adsorbed am6(*®

Adsorption from solutions containing the bivaleaits NaSQ,and CaC}

In the presence of the bivalent salts8@, and CaGl the adsorbed amount of polyampholyte exhibits two
maxima,and in the region between these maxima sorption takes place as well. The total amounighédr as
compared to the one from the solution with the saateconcentration of the monovalent salt NaGy(B).
Comparing the adsorption behaviour betweepS@a and Cad, particular differences are obvious. The
adsorbed amount is strongly influenced by the pHhé presence of N&O, the peak at pH 3.0 is bigger than
the one at pH 4.1. In the case of,8@&, the transmission of the adsorption solution shawsnimum of 42% at
pH 3.8 and does not reach 100%. In contrast to Ga€transmission does not reach values above 10%.



Published in: Physical Chemistry Chemical Physi@90), vol. 1, iss. 17, pp. 3853-3856.
Status: Postprint (Author’s version)

The increase in the adsorbed amount in the presdrmealent salts is explainable with the increas@nic
charge in solution as well. The enhanced adsorptimhthe polymer precipitation in the presence &9, at a
pH below the IEP can be explained in agreement thigrDebye-Huckel model. The bivalent ion S®@auses a
better shielding of the positively charged parthaf polyampholyte. At a pH below the IEP the polphaiyte
carries a positive net charge, so the effect afldhiig and the increase in adsorption by the a&{®d ions is
larger than at pH above the IEP. The enhancedaseri the adsorbed amount in the presence ofvhkebt
metal ion C&" cannot be explained by the Debye-Huckel modelal&arthermore we have to take into account
that bi- or multivalent metal ions are able to farhelate complexes with polyampholyf&8 Also short range
electrostatic attractions between the polymer &edivalent ions were discuss8d-hese effects reduce the
electrostatic repulsion drastically and lead térarg) polymer precipitation and the high adsorbedant in the
presence of Ca

Fig. 3 Adsorbed amount A of the polyampholyte obtaineah fa solution with 0.01 mof INa,SQ, (solid

squares) and from a solution with 0.01 mbdaCl (solid circles). The solid and the dashed lines guides for
the eye. Also shown is the transmission T of the&isn containing NaSQ, (dotted line) as a function of pH. The
arrows below the graph indicate where the silicarface S and the polyampholyte P are carrying atpasor
negative net charge.
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Lateral structures at the adsorbed polymer layers

Fig. 4shows a typical example for the topography of asodokd polymer layer measured by SFM. This layer
was adsorbed from a solution at pH 3.0 containifg @nol I* NaCl. The adsorbed amount determined by
ellipsometry is 6.7 mg t The surface consists of spherical structures diimeters between 50 nm and 300
nm. The height of these structures reaches up to¥80rhe adsorption of polymer agglomerates instéad
single chain adsorptidhmay explain the large spherical structures. Thia igood agreement with the
formation of larger polymer structures in solutidetected by dynamic light scattering.

Fig. 4 Topography of an adsorbed polymer film measuréd M at a scan area of 2.5 x 2.5 firfihe film
was adsorbed from a solution containing 0.04 rdl&Cl with pH 3.0. The adsorbed amount measured by
ellipsometry is 6.7 mgf
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Conclusions

The adsorption of PMAA-PDMAEMA with a block ratio of 90:10 on silicon ssiiates was investigated as a
function of pH, salt type and salt concentratione Thosen block ratio causes the same isoelediin¢ [P of
polymer and silicon surface. The similarity of iB#’s explains the unusual adsorption profile withinimum

in the adsorbed amount at the IEP.

The increase of adsorption in the presence of ditaalts, or with higher salt concentration, wasms to be in
agreement with theoretical predictions. Lateralctires seen by SFM indicate the adsorption ofrpely
agglomerates instead of the adsorption of singlgnper chains.
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