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Bottle-Brush Polymer Adsorption Onto Mica and
Silica Surfaces. Comparison Between Experimental
and Modeling Results
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Abgtract: The adsorption of a series of charged bottle-brush
polymers with side chains of constant length on micand silica
surfaces is modeled using a lattice mean-field thgg and the
predicted results are compared to corresponding exgimental
data. The bottle-brush polymers are modeled as beingpmposed
of two types of main-chain segments: charged segnisnand
uncharged segments with an attached side chain. The
composition variable X denotes the percentage of charged main-
chain segments and ranges fronX = 0 (uncharged bottle-brush
polymer) to X = 100 (linear polyelectrolyte). The mica-like
surface possesses a constant negative surface cleadgnsity and
no non-electrostatic affinity for either the main dain or the side-
chain, whereas the silica-like surface has a consia negative
surface potential and a non-electrostatic affinityfor the side
chains of the bottle-brush polymers. The model is db to
reproduce a number of experimental features charaetizing the
adsorption of the bottle-brush polymers for the ful range of the
composition variable X on the two surfaces, and thereby
quantifying how the different nature of the two surfaces with
respect to electrostatic properties and non-electgtatic affinity
for the polymer affect the adsorption properties aml the
structure of the adsorbed layers. In particular, the surface excess
displays a maximum atX = 50 for the mica surface and aX = 10
for the silica surface. Moreover, the thickest adsted layer is
obtained atX = 10 - 25.

Keywords: Lattice mean-field model, bottle-brush polymer,
comb polymer, mica, silica, adsorption, surface eess, density
profile, non-electrostatic affinity

| INTRODUCTION

Bottle-brush polymers that consist of a linear lmmcie
carrying a large number of covalently attached sitlains
have received great interest in recent yéardA large
adsorption of such polymers with hydrophilic nomimo side
chains has in several cases lead to formation rédicai layers
with low non-specific protein adsorptidfi. Such layers may
also generate strongly repulsive steric interastitmat provide
excellent colloidal stability? and favorable lubrication

trimethylammonimum chlorid (METAC). The former
monomer contains a 45 unit long oligo(ethylene ekidhain
and the latter a permanently charged cationic grdupese
polymers are referred to as PERMEMA:METAC-X, where
X stands for the mol% of charged segments.

The adsorption of PEEMEMA:METAC-X polymers to
silica surfaces is very sensitive to changes ingstd ionic
strength, and this has been suggested to be plyntaré to
variations in the non-electrostatic affinity betwethe PEQ;
side chains and silica™” On the other hand, the adsorption to
negatively charged mica surfaces has been suggéstbe
driven by only electrostatic interactiotfs.

As will be discussed below, there are large diffees in the
adsorption properties of PEEMEMA:METAC-X polymers
on mica and silica. In this report we provide sofagher
insight into the driving forces for adsorption it type of
bottle-brush polyelectrolytes onto mica-like andicatlike
surfaces, and further details can be found in thiela by
Linse and Claessdfi.In particular, the following aspects are
illustrated: (i) the effects of polymer segment e, (i)
the influence of non-electrostatic interactiong] &iii) the role
of surface charge density. The model approacleesila self-
consistent lattice mean-field theory to describe #dsorbed
polymer layer, which provides detailed informatiom surface
excess and adsorbed layer structure. It facilitategstematic
variation of important parameters such as segmemiesce,
non-specific surface affinity, and surface chargedity that is
not easily varied in experiments. Thus, we are abldraw
important conclusions on how these properties affec
adsorption and polymer layer structure, and weatse able to
suggest polymer structures with potentially usefalperties.

Il THEORETICAL MODEL

The adsorption of bottle-brush polymers onto plaaad
negatively charged surfaces was modeled on the bési self-
consistent-field theory, initially developed by &ctjens and
Fleer*® and later extended to polyelectrolytes [see &.gnd

properties;*® with friction coefficients as low as achievablereferences given thereinand branched polymefs. The

with efficient biochemical lubricants such as mutinA

prerequisite for the successful use of physisotimtie-brush
polymer layers in applications is a good understamdf their
adsorption properties and how these are affectetidpature
of the surface, the polymer architecture, solutomposition,
and interference by surfactants and other polyrpegsent in

extensions of electrostatic interactions and of nbhed
polymers enter essentially independently into theoty, and
hence bring no additional considerations.

Briefly, the space adjacent to a planar surfaadivisled into
layers, and each layer is further divided intoidattcells of
equal size. Within each layer the Bragg-Williams

solution. All these aspects have been investigategpproximation of random mixing is applied, and tlallssites

V,10,12-17

experimentally using bottle-brush polymers

in a layer are equivalent. One lattice cell corgagither (i)

synthesized from poly(ethylene oxide) methyl ethybolvent, (ii) a polymer segment, (iii) a solvatedicn, or (iv) a

methacrylate (PEEMEMA) and  methacryloxyethlyl

72

solvated anion.
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Fig. 1. a) The chemical structure of the segments in FEBEMA:METAC-
X, and b) the model of these polymers used inldttece mean-field self-
consistent field calculations

In our calculations, the polymer is composed ofaamthain
consisting of 200 segments of whithe percentageX is
positively charged and the remaining percentag® @) is

density in layer i. The charges of the specieslecated to
planes in the middle of each lattice layer, and space in
between the charged planes is free of charge. Aonmi
dielectric permittivity is used.

From the set of volume fraction profiles of the aps,
{dpj}, and the interaction parameters, a non-electtiosta

potential uaj can be but species independent hard-core
potential,uj, acting calculated for species A in layemhere is

also a layer dependent on each species. This [mtaat
essentially the lateral pressure and is responsislanaking
the volume fraction in each layer sum up to oneeGithe
non-electrostatic potentialipj and the electrostatic energy

0a v of species A in layer as well as the hard core potential
uj of layeri, the distribution olunconnected segments of type
A is given by the Boltzmann weight of the sum oé tthree
terms, gpj ~ exp[-Upj + Uj + da ¥)/KT]. For polymers, the
matter becomes more complex since the connectinatyto be
taken into account. Finally, sincg4;} depends on i} and

{w} and {up;} and {y} are functions of §5;} as indicated

unchargedand having a side chain with 22 segments. In moabove, {ai} {uaj}, and {y;} have to be solved self-

detail, Figure la shows the structure of RIMEMA and
METAC used to synthesis the PEREMEMA:METAC-X
bottle-brush polymer. In our coarse-graining, Fegub, we

consistently. A numerical solution of this set afplicit and
nonlinear equations was carried out using up tolagérs.
Parameters used in the model calculations of tiseration

represented (EO)MEMA with one uncharged segmegf the bottle-brush polymers onto mica-like andicailike

METAC with one charge segment, and (EQyith one
uncharged segment; hence, each chemical unit lo¢isignilar
volume. The polymer is considered to be flexiblad ahe
ordering of charged and uncharged segments of #ie chain

surfaces are compiled in Table 1. Some of the petens T,

& X, Tpolymen @polymen @Nd gsa) @re known characteristics of the
experimental systems. The values of some othernpess

(d, o, and ;) are less obvious and some reasonable

is random if nothing else is specified. When hawéntgandom ; ; d H h doptedttive leell
sequence, for a givel the same random sequence is use@SSignments were used. Here, we have adopte e

independent of other parameters. Polymers with tfhgthd = 0.5 nm and, furthermorer = -0.2 (thus constant
composition X = 0, 5, 10, 25, 50, 90, 95, and 100 ar@urface charge density) for the mica-like surface g = -0.1
considered. The surface is modeled as having eithiixed V (thus constant surface potential) for the sili&a-surface at

surface charge densityor a fixed surface potentiak.

There are two different types of interactions ie timodel:
electrostatic (charge-charge) and non-electrostdkie rest).
The non-electrostatic interaction between speaieadjacent
lattice sites is described by Flory-Huggipparameteré® The
same description is used for the interaction witl surface.
Since only the differences of the interaction partars
involving a surface are relevant, we introdugg, = % o surface—

pH = 6. Finally, we have the remaining parametefs;i-
chain,solvent Xside-chain,solvemtAXmain-chain and AYside-chain First, for
simplicity we assignegmain-chain,soiven= A¥main-chain= 0, since for
low X the number of side chains grossly exceeds the nuofbe
main chains and hence the interaction involvingside chains
is more important, and at higk the electrostatics dominates.
Furthermore, we adopte&Tyside-chainsovent= 1.3 kJ/mol as
being a reasonable value for the EO-water intemafti

% solvent surtace & D€ING @ main-chain or a side-chain segment. Thinally, we usedRTAysige chain= 0 for describing the EO-mica
relation to the adsorption parametgy is given, e.g., for the interaction andRTAysige-chain= -10 kJ/mol (fitted) for the EO-

polymer byyg = -A1 0Axpoymes 41,0 being the fraction of all
neighbors of a site in layer 1, which resides mdhrface layer.

Here, 11 o= 1/4, since a hexagonal lattice was selected.
In line with the random mixing approximation, chadg

species (charged polymer segments and salt speai®s) of

assumed to interact with a potential of mean forge which

depends only on the distance to the surface (layerberi).
The potential of mean force is related to the chadgnsity

through Poisson's equatiomoervzz/rl = pj, Wheregyg, is the

dielectric permittivity of the medium ang| is the total charge

silica interaction at pH = 6. Experimentally it kmown that
uncharged PEO brush polymers does not adsorb oita,’m
whereas it strongly adsorbs onto silica at pH'2 6.

On the basis of the volume fraction profilegaf}, the
adsorbed amount of species A expressed as theswiaess
species A is evaluated according

tol

e

over all lattice layers. The polymer surface exdesgven by

xe,A:zi(¢Ai ~@p puk). Where the summation extends

l—‘exe = l—‘exe, main-chairt l—‘exe, side-chain
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TABLE 1
MODEL PARAMETERS
quantity value
temperature T =298 K
relative dielectric permittivity € =80
lattice spacing d =0.5nm
degree of polymerization (main chain  makh-chan = 200
degree of polymerization (side-chain)  sgelchan = 22
bulk polymer volume fraction oymer = 1104
bulk salt volume fraction f=1 =310%
surface charge densffy s =-0.2 (mica-like surface)
surface potential Y =-0.1V (silica-like surface)
interaction parameteFé
RTCside-chain,water = 1.3 kJ/mol
RTDCside-chain = 0 kJ/mol (mica-like surface)

= -10 kJ/mol (silica-like surface)

Conversion factor§
Csa\[ M

@Number of elementary charges plr

b Other interaction parameters are zero.

C Obtained from the size of a lattice cell.

Il RESULTS

The adsorption of the PEEMEMA:METAC-X polymers
to silica surfaces have been investigated by refieetry and

by QCM-D*'" and the adsorption of these polymers to mici

surfaces have been investigated by ellipsonfettiye results
obtained at low ionic strengtk 0.1 mM) and neutral pH=g)
are illustrated in Figure 2. On mica, the low cladgensity
bottle-brush polyelectrolyteX(< 2) do not adsorb at all. The
maximum adsorption is achieved for PE@EMA:METAC-
50. In contrast, on silica the uncharged bottlesbradsorbs
significantly, and the maximum adsorption is obegirin the
composition range 0 X < 10.

Clearly, even though both substrates are negatitedyged
the adsorption to these two surfaces differs camally. We
note that muscovite mica is crystalline layeredrahosilicate
mineral. The negative charge on this substratanatgs from
isomorphous substitution of Al for Si, and in thgstal these
charges are compensated by interlayer cations, Iynai
potassium. The area per surface charge is 0.48 When
immersed in water the surface bound cations dissahd are
exchanged for other ions present in solution. Thearbasal
plane contains no silanol groups. In contrastsiliea surface
is amorphous and contains a large number of silgrmaips. It
is common to distinguish between isolated, gemiaat
associated silanol groups. The total number ohsllgroups
and the relative abundance of the three categan@#tioned
above depend on the surface preparation method.

74
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Fig. 2. Experimental surface excess of REMEEMA:METAC-X on mica
(filled symbols) and silica (open symbols) surfaaepH = 5.5 - 6 and ionic
strength< 0.1 mM. Data taken from réf>.

n The calculated surface exceFs. as a function of the
bottle-brush compositionX on the mica-like surface is
illustrated in Figure 3. In these calculations ploéymer has no
non-electrostatic affinity for the surface.
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Fig. 3. Calculated surface excess as a function of polyroenposition on
mica-like surfaces. Parameters as given in Table 1.

We note that uncharged and very low charg&d<(2)
bottle-brush polymers do not adsorb onto the miiea-I
surface, which is due to the lack of non-electitistaffinity
for the surface. The surface excesg,.Ancreases with
increasing charge density of the bottle-brush pelyop toX

The calculated surface excdss. on the silica-like surface
as a function of the bottle-brush compositi¥nis given in
Figure 4, whereas the corresponding experimentéd da
silica are shown in Figure 2. The adsorption of theharged
bottle-brush polyelectrolyteX(= 0) on the silica-like surface is
large, whereas no adsorption was found on the tikea-
surface. This is a consequence of the non-eleatiosffinity
between the side-chain segments and the surfaceirand
agreement with experimental results. Introductiéracsmall
number of charged segments increases the adsommiche
silica-like surface, and the maximBl, is found forX = 10,
which is significantly lower than that on the midee surface.
This is also due to the side-chain affinity to tiica-like
surface. At higher X, the surface excess decreases.
Experimentally, the maximal adsorption is observat
somewhat lower bottle-brush charge densiti¥s=(2), and
introduction of a small amount of charges on thennzdain
has a more dramatic effect dn,e than predicted by the
modeling.

Figure 4 also shows the surface excess for a 4ikea
surface with the constant surface charge demsity-0.02841;

= 50. At even higherX, the surface excess decreases? selected such thafs = -0.1 V is obtained for a polymer

Qualitatively, this is in excellent agreement wittine

experimental findingsillustrated in Figure 2. In particular,

both modeling and experiments show no adsorptionda
charge density bottle-brush polyelectrolytes < 2) and an

solution at X = 0. For low charged bottle-brush
polyelectrolytes, very similar results are obtainedder

constanto and constanify, conditions. On the other hand, for
larger X, the charge regulating ability of the surface is

adsorption maximum at = 50. A small discrepancy betweenimportant, and larger.,. is found on the constami-surface

the modeling and the experimental results is thatcurvature

than on the constard-surface. The results obtained for the

of Texe VS. X for X > 50 is different; experimentally the shapeconstant y; silica-like surface is more consistent with

is convex but slightly concave for the modelinguits

The calculated surface exceBs,. as a function of the
bottle-brush compositionX on the silica-like surface is
illustrated in Figure 4. In the modeling the suefamtential of
the silica-like surface is kept constant in ordercapture the
charge regulating ability of the silanol groups.eTéurface
charge density is lower than that on the mica-tikeface. In
addition, there is a considerable non-electrostafffinity
between the side-chains and the surface, see Table

0 L 1 L | L | L |

0 20 40

experimental data than those obtained by assumeupstant
o. Thus, below we consider the constaatsurface, if not
otherwise stated.

The modeling also allows calculations of the segmen
density profile for both main chain segments arte-gihain
segments. It is found that the total segment demsihighest
just outside the silica surface (in layer 1), mrtX < 75 on the
mica-like surface it is located a distance awaymfrthe
surface. This is due to the lack of affinity betwabe side-
chains and the mica-like surface. For details theréested
reader is referred to the article by Linse and €aa®

Modeling has the attractive feature that it allamksanges of
conditions in a systematic manner, which for caertai
parameters is very difficult or impossible to deekperiments.
For instance, for a polymer molecule with differéypes of
segments the sequence of segments can have anfgget on
surface properties. This is illustrated for the tleebrush
polymers on the silica-like surface in Figure 5.

We note the general trend that the surface excessdses
with the degree of blockiness, i.e. it is largestthe diblock,
and slightly larger for the random sequence than the
regular one (the same trend is observed on the -likiea
surface). On the silica-like surface the maximumfaze
excess also moves towards a higher polymer chaggsitst,
from X = 10 for the regular sequence to X = 25 the

Fig. 4. Theoretical adsorption at the silica-like surfatisplaying surface diblock Interestingly also on the mica like sgdathe

excesd e as a function of the compositioh(solid symbols). Parameters as

given in Table 1. The corresponding data but feudace with the constant
surface charge densisy= -0.02841 is also given (open symbols).

maximum surface excess of the diblock copolymefoisd
for X=25® Many important surface chemical characteristics
such as protein repellency, good steric stabibbratind low
frictional forces have been found to correlate veithigh PEO

75
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concentration at the interface. This suggests #alkiblock = 50, whereas excluded volume interactions limie th
copolymer with 25 mol% of charged segments and 884n adsorption at lower values of X.
of PEQ;s side-chain containing segments may be of great
value in many applications.
2
L‘cu
0 20 40 60 80 100

0 20 40 60 80 100

X

Fig. 5. Theoretical surface exceFs,. as a function of the compositiotfor
the silica-like surfaces with random (squares),ulag (diamonds), and

diblock (circles) distributions of the unchargeddachargedmain-chain
segments. Other parameters as given in Table 1.

We have seen that the non-electrostatic affinityben the
side chains and the surface is of great importaocethe
adsorption and the layer structure. This is a patanthat can
be expected to vary significantly for different striates and it
thus of interest to explore this further. To thigleve used the
mica-like surface and gradually switched on a then-n
electrostatic affinity between the side chains #wal surface.
The results are illustrated in Figure 6.

An increase in affinity between the side chains amnel
surface increases the adsorption of the low chalggsity
bottle-brush polymers, but has only a minor infleeerfor
highly charged bottle brushes where electrostaticcefs
control the adsorption process. We note that asitteechain
affinity is increased the polymer architecture thasults in
maximum adsorption shift to lower values of X, atite
maximum surface excess increases. Once the

limited effect, which is due to that the segmentgiy next to
the surface approaches 1 (i.e. the surface becsatesated).
Finally, we also explore the importance of the eestatic
interactions for driving the adsorption and for itimg the
adsorption. On the mica-like surface no adsorptoeurs
without the presence of electrostatic interactiohdore
interestingly, it is found that the surface excissmited by

electrostatic interactions when=X75, i.e. adsorption proceeds

until the surface charge is compensated by thegelsain the
adsorbed layer. However, for lower charge densitieshe
bottle-brush adsorption does not proceed to chaeggrality.
Rather, the excluded volume repulsion between fide-s
chains puts a limit to the surface excess thabeareached.
On the silica-like surface the situation is morenptex as
illustrated in Figure 7. In this case adsorptiomgeeds to
charge neutrality for polymer charge densitiesrat above X

76

interact
paramterRTDysige-chain IS below -10, a further increase has a

X

Fig. 6. Theoretical surface exceFs,. as a function of the compositiotfor
the silica-like surface at indicated valuesRIDysige-cnain Other parameters as
given in Table 1.

0 20 40
X

60 80 100

Fig. 7. Theoretical surface exceBs,. (solid curves) and corresponding data

without electrostatic interaction (dotted curvesy a function of the
compositionX for the silica-like surface. Other parameters agmiin Table

1. The surface excess corresponding to charge @guie is also shown
(dashed curves).

It is also interesting to note that for high valwdsx (X >

60) the adsorption increases as the electrostéfiicitya is

switched off, i.e. even though electrostatics dbuote to
anchoring the polymer strongly to the surfacesbdimits the
adsorption. In contrast, at lower charge densiiestrostatic
interactions results in a higher adsorption tham foe
corresponding uncharged system.

[V CONCLUSIONS

The adsorption of charged bottle-brush polymersasious
compositions onto two different oppositely charged planar
surfaces mimicking mica and silica have been ingattd
using a lattice mean-field approach. To obtain niode
results corresponding to experimental data, theamsiarface
was represented by a surface with a high constariace
charge density, whereas the silica surface was lmddes a
surface with constant surface potential. Furtheandhe
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polymer—mica interaction was athermal, whereastaactive 2
side-chain—surface interaction was assigned for gitiea
surface. Thus, the two surfaces differed in two ongnt
aspects. 4,
Despite the limitations of the present model and
experimental uncertainties in length and compo$itio5'
polydispersity, we obtained a surprisingly goodresgntation ¢
of the surface excess and the number of adsorledchiains
per surface area as a function of polymer architect 7.
spanning the composition range frofn= 0 corresponding to 8
an uncharged bottle-brush polymerXo= 100 corresponding
to a linear polyelectrolyte. As to the mica-likerfage, the o.
surface excess results from a balance of the ttteac
electrostatic polymer—surface interaction, the I=ipe
polymer—polymer interaction, and the repulsive
conformational entropy change due to adsorptiomear
polyelectrolytes often display a maximal surfaceess aiX =
1-5”27 (in the present notation); hence, the presencthef
repulsive contribution of the side chains shifts dptimalX to

higher linear charge density (heXe= 50). For the adsorption 14.

onto the silica-like surface, the effect of the faectrostatic
attractive side-chain—surface interaction beconwmgel at
decreasing X, and this attraction restores the @ppee of the 14
maximal surface excess to a low valueof

We have also used the mean-field lattice model
investigate the effect of polymer segment sequesais- 8
chain—surface affinity, and the role of the elestatic
We observed that the difference in surface excetwden
regular and random distributions is at most 20%gnehs over

. ; 2
a 5-fold difference in excess amount between regata

block distributions was obtained. The largest défeee was 23.

obtained in the polymer composition intervald® < 30. Our
modeling results suggest that a maximum anchorfrfgdys
side-chains to both mica-like and silica-like sagacan be
achieved for the polymer
PEQsMEMA:METAC-25 in a diblock sequence. Such a
structure is thus expected to show promising prtogeenn
applications requiring low protein adsorption, gostéric
stabilization and low friction forces.
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Per M. Claessonand Per Linse. Kemmveida polingru adsorbcija uz vizlas un siicija dioksida virsmam: Salidzinajums starp

eksperimentu un modeéSanas rezulitiem

Izmantojot rega videja lauka teoriju, modéta vaiiku ladétu kemmveida polireru polimeru ar konstanta garumarsi kedem adsorbcija uz
vizlas un siicija diokgda virsmam, un iegitie rezulfiti salidzinati ar atbilstoSajiem eksperiméatdjiem datiemKemmveida polirari modekti
ka savienojumi, kas sast no divu veidu skeletkedes segmentiem -adétiem segmentiem un rigktiem segmentiem ar pievienotins kedi.
Sasiva maingais X raksturoddetos skelet&kedes segmentus unastas robeis no X = 0 (neddets kemmveida polirers) fidz X = 100
(linears polielektroits). Vizlas tipa virsram piemt konstants negafs virsmasddina bivums un tam nav ne-elektrostatiskafiniaites ne pret
galvenokedi, ne pret anukedi, kaner silicija diokgda tipa virsram ir konstants negafs virsmas potenglis un neelektrostatiglkafinitate pret
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kemmveida polirera sinukedem. Modelis ir izmantojams, lai reprodiia virkni eksperimerifu ipatribu, kuras raksturgemmveida poliréru
adsorbciju pilnam sa®ta mainga X vertibu spektram uz abn virsmam, lidz ar tolaujot kvantifi€t kada veida divu virsmu atgiriga daba
attieaba pret polingru elektrostatiskajm ipa3bham un ne-elektrostatisko afiatt ietekne adsorlsto sknu adsorbcijagpadbas un strukiru.
Gibsa adsorbcija pada maksimumu pie % 50 vizlas virsam un pie X~ 10 silicija diopksda virsmam. Bez tam., bieikais adsorttais
slanis iedits pie X = 10 - 25.

IIep M. Knaccon u Ilep JInnce. AncopOuusi rpedeHYaThIX NOJIMMEPOB HA NMOBEPXHOCTAX CJIIOABLI H AHOKcHAA cuinuus. CpaBHeHHe
JKCIepeMEeHTANILHBIX JAHHBIX U Pe3yJIbTATOB MO/IeJTHPOBAHUS.

Hcnonp3ys Teopuio cpexHeill Iuiomanu, Oblla CMOAENHPOBaHA aAcopOIHMsA TIpeOEHYaThIX IOJUMEPOB C TOCTOSHHOW IJTMHON OOKOBBIX
OTBETBJICHMI Ha MOBEPXHOCTAX CIIOABI M AuoKcHuaa cumuius. [lomyuenHsle JaHHBIE OBUIN CPABHEHBI C SKCIIEPUMEHTAIBHBIMU PE3YIbTaTaMu.
I'pebeHuareie moaMMepsl CMOAETUPOBAHBI, KaK COEIWHEHHs, OCHOBHAs LEMb KOTOPHIX COCTOMT M3 JBYX CETMEHTOB — 3apsDKEHHOTO U
HE3apsHKEHHOTO CETMEHTa C NMPUBUTHIM OOKOBBIM OTBETBIEHHEM. IlepeMenHas cocTaBa X OINMCHIBAET COAEPIKAHUE 3aPSKEHHBIX CETMEHTOB
OCHOBHOI1 11enu B Juanasone ot X=0 (He3apsukeHHBIH rpebenyarsiii noaumep) 10 X=100 (uHe#HbIA MonuaIekTpouT). IIoBepXHOCTH THIIA
CIoABI 00JIaIal0T MOCTOSIHHOIM HETaTUBHOW IUTOTHOCTBIO IIOBEPXHOCTHOTO 3apsifa M HE 00JaJaloT HedJIEKTPOCTATHUECKUM CPOJICTBOM HE C
IJIaBHOM He ¢ OOKOBBIMM ILIEISIMH, B TO JK€ BpeMsl HMOBEPXHOCTH THIIA KPEMHHUsS OO0JIaJalOT MOCTOSHHBIM HEraTHBHBIM ITOBEPXHOCTHBIM
MOTEHIMAJIOM W HEDJIEKTPOCTATHYECKUM CPOICTBOM C OOKOBBIMH OTBETBICHMSIMHM TpeOEHUYATHIX MHOJMMEpOB. JlaHHas Monenb crocoOHa
BOCHPOU3BOJNTE LENBIH P 3KCHEPUMEHTANBHBIX MPU3HAKOB XapaKTepe3yIOINX aJcopOLui0 TpeOeHUaThIX MOJMMEPOB B 3aBUCHMOCTU OT
nepeMeHHol coctaBa X M TEM CaMbIM KadeCTBEHHO OXapaKTEpH30BaTh, KaK Pa3IM4HAas MPUPOJA ABYX IMOBEPXHOCTEH MO OTHOLIEHHIO K MX
JNMEKTPOCTATUUEKHM CBOMCTBAM M HEINNEKTPOCTATUUECKOMY CPOACTBY BIHUSET Ha afcOpOIMOHHBIE CBOWCTBA M CTPYKTYpY abCOpOMpOBaHBIX
cioeB. B wactHOCTH, U1l mOBepXHOCTe# Tuma cimoabl afgcopbims ['mbca umeer makcumyMm mpu X~50, a Ui MOBEpXHOCTEH KPEeMHHS MpU
X~10.Kpome Toro, HanGoee TOJICTHII abcopOHpoBaHkIil ciroi momyder npu X=10-25.
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