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Structure of Adsorbed Polyampholyte Layers at Charged Objects
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ABSTRACT: We have developed a theory of adsorption of polyampholyte chains at a charged planar
surface and a charged spherical particle from dilute low salt solutions. The adsorption is due to the
polarization of polyampholyte chains in the external electric field created by charged objects. The
equilibrium polymer density profile is determined by the balance of the long-range polarization-induced
attraction of polyampholytes to the charged object and the monomer—monomer repulsion. We demonstrate
that the long-range nature of polyampholyte adsorption leads to an adsorbed layer much thicker than
the size of individual chains. Using the self-consistent mean-field and scaling approaches, we obtain the

detailed structure of the adsorbed layers.

I. Introduction

The adsorption of polymers at surfaces and interfaces
has been under extensive theoretical and experimental
studies during the last four decades.'=3 This interest
was stimulated by the tremendous importance of this
problem for different areas of natural sciences ranging
from materials science to biophysics. The advancements
in understanding of this complicated problem have
found their applications in bioengineering, colloid sta-
bilization, wetting, adhesion, lubrication, etc.

The attraction between polymer and surfaces can be
caused by short-range van der Waals interactions and
long-range electrostatic interactions. In the case of
short-range interactions the adsorbing polymer chains
build up a fluffy layer in the vicinity of the attractive
surface where they form a self-similar de Gennes’
carpet24 of loops and tails with broad distribution in
sizes. If polymer adsorbs from a dilute solution, the
thickness of the adsorbed layer is on the order of the
size of an isolated chain.

In the case of the Coulomb interaction the experi-
mentall~356 and theoretical>’~19 studies were mainly
limited to the adsorption of polyelectrolytes—polymers
carrying either positively or negatively charged groups.
Polyampholytes, which are amphoteric polymers with
both positively and negatively charged groups, have
received less theoretical?°=22 and experimental?3-30 at-
tention. The theoretical studies of polyampholyte
adsorption2°=22 revealed a new mechanism that is due
to polarization of chains in the external electric field
created by charged objects. Because of the long-range
nature of the polarization-induced attractive interac-
tions between polyampholyte chains and charged ob-
jects, macromolecules build up multiple polymeric layers
near adsorbing surfaces. The adsorption stops at the
distances from the adsorbing surface where the external
electric field created by the charged surface is not strong
enough to polarize the polyampholyte chain. The thick-
ness of the polymer coating depends on charge distribu-
tion along the polymer backbone, which determines
polarizability of polyampholyte chains in external elec-
tric fields.31735 At equilibrium the long-range polariza-
tion-induced attraction is balanced by the short-range
monomer—monomer repulsion.??

In the present paper, we address the structure of the
adsorbed layer formed by weakly charged polyam-
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pholyte chains near charged planar and spherical
surfaces and calculate the polymer density profile as
well as the distributions of loops and tails for both
geometries.

1. Adsorption at a Charged Planar Surface??

Consider the adsorption of symmetric weakly charged
polyampholyte chains with equal fraction of positively
f+ = /2 and negatively f- = f/2 charged monomers from
a dilute solution with dielectric constant ¢ onto an
infinite plane with o elementary charges per unit area.
In the absence of added salt, the electric field created
by this plane decays with distance z from the surface3®
as

4dmeo

Bo)=a+ @)
where e is the elementary charge, 1 = (27lgo)~! is the
Gouy—Chapman length inside which the significant
fraction of counterions is localized, and lg = €%/ekT is
the Bjerrum length at which two elementary charges
interact with energy KT. The size L(z) of a polyam-
pholyte chain containing N monomers, connected by
bonds of length a, immersed in a ®© solvent at distance
z from the charged surface can be estimated by balanc-
ing the electrostatic energy of the dipole of two opposite
charges +eq of the two halves of the chain separated
by the distance L(z) in the external electric field E(z)
with the elastic stretching energy?%:21

k@
E(2)eqL(z) = KT 2N (2)

If the positions of the charges along the chain are
uncorrelated, this chain has, on average, |q] ~ vfN
excess of positive or negative charges on the halves of
the chain. For this type of polyampholytes the balance
leads to the size of the chain perpendicular to the
surface

E(Z)efl/2N3/2a2 R02 fN

L)~ KT Y +2)

3)

where Rg ~ av/N is the Gaussian size of a chain. At
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distances z from the surface shorter than the Gouy—
Chapman length 4, the size of the chain perpendicular
to the surface grows linearly with the surface charge
density o

R, WVN

T~ R lgovEN, forz <2 4)

o

The deformation of the chain from its Gaussian shape

begins at the surface charge density o larger than the

marginal surface charge density

- 1 " 1
aIBf1/2N3’2 IBRO(fN)llz

(®)

0y

At lower surface charge densities o < o1, the electric
field created by charged surface is too weak to polarize
the chain and polyampholyte does not adsorb. The
polarization energy of the polyampholyte chain in the
external electric field E(z) given by eq 1 is

ch /11 2
Wiai(2) ~ —KT|—— (6)

where we have introduced the threshold Gouy—Chap-
man length

Ay ~ U(lgoy) ~ RN (7)

At surface charge densities o above the adsorption
threshold value o1, this polarization leads to attraction
and adsorption of polyampholytes at the surface that
is stabilized by the repulsion between monomers. In a
© solvent for the polymer backbone this repulsive
interaction is due to three-body contacts. The three-body
repulsion energy per monomer can be approximated by

Wiep(2) ~ KTa’c%(2) ®)

where c(z) is the concentration of monomers at distance
z from the charged surface. The total free energy of
polyampholyte chains per unit area in the adsorbed
layer is

F~KT [ (—%(Z /}: l)z + aﬁcs(z)) dz 9)

The minimization of the free energy (9) with respect to
the monomer concentration c(z) results in the equilib-
rium density profile

;Ll
z+

c(z) ~ cy* (20)

where co* ~ a3N~12 is the overlap concentration. At
distances z larger than the Gouy—Chapman length 4,
we expect the hyperbolic density profile ¢(z) ~ co*A1/z.
Near the charged surface, the polymer density saturates
at c(0) ~ co*A1/A. The crossover between the semidilute
and dilute regime of the adsorbed chains occurs at the
distance z ~ 1;. At this distance z ~ 1; the attractive
interaction between polyampholytes and the charged
surface becomes comparable with the thermal energy
kT per chain. Therefore, one can consider 1; as the
thickness of the adsorbed layer. The excess adsorbed
amount I' per unit surface area is
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I~ [Tc(z)dz~a 2«/fNIn(U—l) (11)

The polymer excess can be significantly higher than that
for the adsorption at an uncharged surface? I' ~ a=2 and
grows logarithmically with the surface charge density.

As the surface charge density o increases, the Gouy—
Chapman length A4 decreases and becomes comparable
with the size of the chain L ~ IgoR¢>V/fN near the
surface at the surface charge density o on the order of

- 1 _ 1
aIBf1/4N3/4 IBRO(fN)l/4

03 (12)

At higher surface charge densities (o > 02), the size of
the chains in the first adsorbed layer saturates at L ~
A2 where

A, ~ 1lg0, (13)

The adsorbed layer at the length scales z < 1, can be
viewed as a self-similar pseudobrush of stretched poly-
disperse loops (see Figure 1). The detailed calculations
of the structure of this self-similar layer in the frame-
work of the self-consistent mean-field approach are
presented in the Appendix. Below we use simple scaling
arguments?? that produce similar results.

The stretching of a subsection containing g(z) mono-
mers with size zg can be estimated by balancing the
elastic energy of this subsection kTz%/(a2g(z)) by its

polarization energy e+/fg(z)zE(z). At the length scales z
> ] the electric field E(z) ~ e/(¢lgz) is inversely propor-
tional to the distance z from the surface. The relation
between the strand size z and the number of monomers
g(z) in it is given by the following equation:

z,~ avg(fg)", for i <z, <1, (14)

The polarization energy per strand of g monomers is

proportional to —kT4/fg(z). The density of polarization
energy Upoi(z) of polyampholytes at distance z from the
surface is equal to the concentration of the strands
¢(2)/g(z) containing g(z) monomers times the polarization
energy per strand

U, (2) f \23
el a

KT C(Z)(,l ¥ z) (15)
The balance of this polarization energy density and the
three-body repulsion afc3(z) leads to the equilibrium
density profile (see Appendix for details)

o) ~ a’3( af )1/3 (16)

A+z

Closer to the surface (for z < 1) the density c(z) is almost
uniform and saturates at a-3(af/1)13. At length scales z
larger than the Gouy—Chapman length, the monomer
density decays as z~1. For this density profile the loop
distribution function — number of loops or tails (with

2g monomers) per unit area is
N a—2fl/29—3/2’ for 9, <9< N
P o for g < (17)

, g=<g9;

where g; = 1¥3a=#3f~13 is the number of monomers in
a loop with size on the order of the Gouy—Chapman
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Figure 1. Schematic sketch of the configurations of polyam-
pholyte chains near a charged planar surface.

length A. This distribution function eq 17 was derived
in the Appendix and tells us that there are no loops with
sizes smaller than the Gouy—Chapman length (see
Figure 1). This is due to the fact that a loop with g;
monomers will have the lowest free energy in the
constant electric field E ~ e/(elgl) inside the Gouy—
Chapman length 4. In fact, the probability to find a
smaller loop is exponentially low.

At length scales larger than A, the density has the
same hyperbolic profile as described above in eq 10. The
thickness of the adsorbed layer is still 4; and the
polymer excess in this regime is

I~ Lhc(z) dz ~ f;;c(z) dz ~ a 2/iN In(fN)  (18)

In the case of a very high surface charge density (o >
o3 ~ f2/(alg)), the Gouy—Chapman length 4 is smaller
than the root-mean-square distance between charged
monomers af~12, The size of polyampholyte molecules
in the first adsorbed layer is still 1,, but these chains
are self-similarly stretched on all length scales between
the smaller distance

Ay~ af 2 (19)

and A,. In the layer of thickness i3 near the wall the
monomer density is constant and is proportional to ¢ =
a~3fl”2, At the distance scales between 1, and 4, one finds
multibrush of stretched chains. The excess adsorbed
amount T for the range of surface charge densities o >
o3 is still given by eq 18.

I11. Adsorption at a Charged Spherical Particle

Consider the adsorption of polyampholytes at a
charged spherical particle with radius R and surface
charge density ec = eQ/4zR2, where eQ is the total
charge on the particle. The equal number of the monov-
alent counterions, Q, is distributed in solution around
the particle. At small distances r — R < R from the
surface of the sphere, its curvature is not important,
and the electrostatic potential can be approximated by
that for a planar surface with the charge density eo
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L €Q KT r-R _
o(r) ~ R 2 o In(l + 7 ), forr—R<R (20)
The structure of the adsorbed layer will be unaffected
by the curvature of the particle as long as the particle
size R is larger that the thickness of the adsorbed layer
A1 in the planar case. Thus, the condition

R~ A, ~ RyVIN (21)

is the lower boundary for the planar regime. For the
smaller charged particles, R < 1, there will be a new
structure of the adsorbed layer at the distances r — R
> R while inside the layer of the thicknessr — R < R
the layer structure is similar to the one discussed in
the previous section.

The counterions distributed near the surface of the
particle at distances r — R < R inside the layer of the
thickness R screen the charge on the particle. The
effective charge Qe at distance 2R from the center of
the sphere can be estimated by integrating the counte-
rion density profile near the surface of the particle

1
27lg(d + r — R)?

n(r) ~ forr—-R<R (22)

between R and 2R

2R A
Qur ~ Q — 4R [Zn(r) dr ~ (A?L R

If the Gouy—Chapman length 1 is much smaller than
the size of the particle, R, the counterions are localized
inside the planar region r — R < R and electrostatic
potential is significantly screened. The effective charge
on the sphere, that the rest of the solution beyond the
pseudo-planar layer (r — R < R) “feels”, saturates at

Qe ~ Rllg (24)

and does not depend on the bare charge Q of the
particle.3” At distances r — R > R, the electrostatic
potential is that of the charged sphere with the effective
charge Qe

eQeff
er

o(r) = +C (25)

while at distances r — R < R, the potential is described
by eq 20. The constant

. 8Q KT R
c~ e Zeln(1+/1)

is determined by the continuity of the potential at r ~
2R.

However, if the size of the particle R is smaller than
the Gouy—Chapman length 1 the screening of the
electrostatic potential by the counterions can be ne-
glected (Qesf ~ Q). In this case the potential is inversely
proportional to the distance r from the center of the
sphere

)
g ~ &2 (26)

A. Strongly Charged Particles 4 < R. In the case
of strongly charged particles when the charge on the
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sphere is significantly screened by the counterions, the
polarization energy of a polyampholyte chain of size L(r)
with the center of mass located at the distance r > R
from the center of the particle is

W;C)gl(r) N 1 1 -
kT 'BQeﬂm(r +L(r) r- L(r)) -
__RYIN

2, (r)zL(r) (27)

Balancing the polarization energy of the chain with its
elastic energy KTL(r)?/(a2N) we can obtain the chain size
as a function of the distance from the particle. At length
scales r > L(r) the chain size is

aZIBQeﬁflIZNS/Z

L(r) ~ > ~ Ry’

RVIN - (29
r

The deformation of the chain from its Gaussian confor-

mation (L(r) > Rp) begins at distances r on the order of

r ~ (RRVIN)Y? ~ /R, ~ (algQerf"“N)™ (29)

This distance r; decreases with decreasing particle size
R. The polarization energy of a polyampholyte chain
near the charged spherical particle for the distances r
—R>Ris

weh (r) (r )4

pol ~ (.1 _

e = forr—-R>R (30)
This polarization energy of the chain has stronger
distance dependence than the one obtained for the case
of a charged planar surface (see eq 6). The equilibrium
density profile ¢(r) around a charged spherical particle
corresponds to the minimum of the following density
functional

% ~ ;é(—%(%)“ + aﬁcs‘(r))r2 dr (31)

and is equal to
r\?
c(r) =~ cp* T X Cy*—-, for2R<r<r; (32)
r

At distances r < r; the adsorbed polyampholyte chains
are strongly stretched and overlap with each other. The
crossover to the dilute regime occurs at distances r on

the order of the marginal distance r1 ~ /RA;. In the
case of the spherical particle, the adsorbed layer is
thinner than that in the case of the planar surface

because /RA, < 41 for a particle size R smaller than
the marginal Gouy—Chapman length A;. Closer to the
surface of the particle at length scalesr — R < R, the
curvature of the particle is irrelevant and the structure
of the adsorbed layer is the same as in the planar case
described in the section Il. The polymer density profile
near the charged spherical particle is shown in Figure
2.

Integrating the polymer density profile between R <
r < ri, we obtain the dependence of the surface coverage

1 r

I~ o Jr c(r)r’ dr (33)
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Figure 2. Polymer density profile in the adsorbed layers in
a O solvent for 4, < R < 1;. Logarithmic scales.
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Figure 3. Schematic sketch of the structure of the adsorbed
polyampholyte chains at a charged spherical particle.

on the particle size, that scales as

)
~ a2 -1
I'~a fNR+

a 2/fNIn ;) foro, <o <o,and A, <R <1,
a V/fNIn AB) foro, <oandi, <R <1,
2

(34)

The first term in the last equation is due to the outer
part of the adsorbed layer, 2R < r < r1, and controls
the overall adsorbed amount for particles with size R
< 1.

For adsorption of polyampholyte chains at a charged
planar surface with the surface charge densities o larger
than the marginal surface charge density o, the size of
the chains in the first adsorbed layer saturates at ..
Inside the layer of thickness 1, the chains form a self-
similar polydisperse brush of loops (see section Il for
details). This self-similar structure begins to be affected
by the curvature of the particle at the particle size R
on the order of the layer thickness 1,. For smaller
particles (R < 1) there are two different types of loops.
Close to the surface of the charged particle, inside the
layer of thickness r — R < R, the loop structure and
loop distribution function py are similar to the one in
the planar case (see section Il and Figure 3). In the outer
region, at distances r from the center of the particle
larger than 2R, we have a different self-similar struc-
ture formed by the loops with distribution function
determined by their polarization in the hyperbolic
electrostatic potential (see Appendix for details). Below,
we again use simple scaling arguments to determine
the structure of the adsorbed layer at distances r > 2R.
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The polarization energy of a loop containing g mono-
mers with the center of mass located at distance r — R
> R from surface of the particle with the excess charges
in two halves of a loop q ~ (fg)'2 separated by the
distance r, is given by the following expression:

W fg(r)R
pol QR _ g(r) (35)

kKT = r r

The relation between the loop size r and the number of
monomers g in it is obtained by the balance of the loop
polarization energy Wy, eq 35, with its elastic energy,
Fe ~ kTr?/ga?, to give

2

g(r) ~ JRTERTemeTS forr—-R>R (36)

The density of polarization energy Upq(r) at distance r
from the center of sphere is equal to the concentration
of the loops c(r)/g(r) with g(r) monomers times the

polarization energy of a loop Wpe(r) ~ —+/fg(r)R/r

43,213
o 23R™a
~ —c(nf —r2 ,

forr > 2R (37)

Upol(r) -

f R
KT A/ 9m

() r

The balance of this polarization energy density and the
three-body repulsion abc(r)® leads to the equilibrium
density profile

1/3¢1/1352/3
c(ry~a? AR forr> 2R (38)
r

The polymer density profile in this self-similar layer is
inversely proportional to the distance from the charged
spherical particle and decreases faster than that for a
charged planar surface (c(z) ~ z~13). The radius of this
layer r, can be obtained by substituting g ~ N into rhs
of eq 36. This results in

r, ~ a2/3(|Bf1/2Qeff)1/3N1/2 ~ (lgR)IB ~ 32/3R1/3f1/6N1/2
(39)

For this particular structure of the adsorbed layer the
loop distribution function is a 6 function (see Appendix
for details)

1 [15°Qe T\
P(Q)RET 0(@—N), forgyr<g<N
(40)

where gzr is the number of monomers in the loop of size
2R. Thus, the structure of the adsorbed layer at length
scales R < r — R < ry is similar to the one for a star
polymer in a © solvent383° with all end points of loops
located at the periphery of the outer layer of the
thickness r,. The number of chains in the layer of the
thickness r, (branches of a star) can be estimated by
integrating the polymer density profile

1.20..2f\23 2\ 273
Ny~ N1 [e(r)r® dr ~ (Ba#) ~ (R f)

(41)

The number of chains forming this layer decreases with
decreasing particle size. The schematic sketch of the
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Figure 4. Polymer density profile in the adsorbed layers in
a O solvent for L < R < 4,. Logarithmic scales.

chains in the adsorbed layer is shown in Figure 3.
Adsorbed polyampholyte chains form a pseudo-brush of
loops inside the layer of the thickness R from the
particle surface. The structure of this pseudo-brush
inside the layer with thickness R is similar to the one
in the case of adsorption at a planar surface (see Figure
1). The outer layer (R <r — R < ry) is formed by large
loops that can be envisioned as branches attached to
the core of a pseudo-star molecule with radius R. These
branches overlap with each other with distance-depend-
ent correlation length &(r) ~ ng™Y2r. The polymer
density profile ¢(r) ~ &1 ~ n2r=! inside this layer
agrees with the scaling model of starlike polymer in a
O solvent.38:39

At length scales r, < r < ry, the polymer density
profile in spherical stretched multilayers is still given
by eq 32. The polymer density profile in this regime is
shown in Figure 4.

The polyampholyte chains desorb from the particle
when the polarization energy of the chains in the first
layer of the thickness r;

2 r
Wi ~ —KTa® [7c%(r)r? dr ~ —KT f% |n(§z) (42)

becomes on the order of the thermal energy kT. This
occurs when the particle size R becomes on the order of
the typical distance af~%2 between charged monomers.

B. Weakly Charged Particles 4 > R. In the case of
weakly charged particles the electrostatic interaction
between polyampholytes and the charged sphere is
unscreened. Repeating the same calculations as in the
previous section we can rewrite the polarization energy
of a polyampholyte chain, eq 27, for the case of un-
screened Coulomb potential

W;2|(r) N IQVIN .
KT r?2 — L(r)

(n (43)

Once again the balance of the polarization energy of the
chain and its elastic energy gives the chain size at the
distance r from the particle. (See eq 28.)

a?l;Qf?N¥?  1,QRZVIN  1,Q4,
T2

r2 r.2

L(r) ~ (44)

Substituting this equilibrium chain size L(r) back into
expression 43, we obtain the polarization energy of a
polyampholyte chain

WoL)  (15Q4)° _(5)4
kT A \r

(45)
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where

r, ~ J15Q4; ~ /I;QR,VIN (46)

is the distance at which the polarization energy becomes
on the order of the thermal energy KT. The balance
between the polarization-induced attraction eq 45 and
the three-body repulsion eq 8 results in the equilibrium
polymer density profile

r

2 I5QRVIN
c(r) = cy* B Co

r

, forr<r, (47)

At length scales r < r; the adsorbed polyampholytes
form a spherical multilayer of stretched chains. The
excess adsorbed amount I' per unit surface area of the
charged particle is

3
1 pr r
I~ e S e(ryridr ~ CO*? (48)

The surface excess increases with decreasing particle
size.

The stretching of a polyampholyte chain as a whole
in the adsorbed layer continues until its size L(r)
becomes on the order of its distance to the particle
surface r

r2 ~ (aZIBQf1/2N3/2)1/3 ~ (R0r12)1/3 (49)

At length scales r, < r < r1, adsorbed polyampholytes
form a spherical multilayer of stretched chains while
at length scales r < r, the adsorbed polyampholytes form
a pseudo-star. The structure of the polydisperse brush
of loops in a pseudo-star is similar to the one discussed
in the previous section, where in all equations the
effective charge Qe has to be substituted by the bare
charge Q.

In this case, at length scales R < r — R < ry, the
relation between the strand size r and the number of
monomers g(r) in it is

r~ a3(1,f2Q)*g(nN"?, forR<r—R<r, (50)

The polymer density in this self-similar layer is in-
versely proportional to the distance r from the center
of a particle.

173 2/3¢1/3 413
a(IgQ~ " N

r o R,“r
forR<r—R<r, (51)

c(ra’ ~

The number of chains in the layer of the thickness r; is
on the order of

1/2Q 4/3
Nen ~ N2 [2e(nrdr ~ (——— 2 (52)

and depends only on the charge of the particle Q and
on the fraction of the charged monomers f on polyam-
pholyte chains.
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Figure 5. Polymer density profile in the adsorbed layers in
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Integrating the polymer density profile between R and
r, one obtains the polymer adsorbed amount

9/8) ~ ﬁ(IBflle)alz

e (53)

N
T~ E(nCh + ng,

which is dominated by the outer region r, <r < r;. The
surface coverage increases with increasing charge Q of
the particle.

As the charge Q of the particle decreases, the thick-
ness ry of the multilayer decreases as well. This layer
disappears completely when the layer thickness r;
becomes on the order of the thickness r; of the pseudo-
star. This occurs when the charge Q of the particle is

Q~ 2f12 (54)
I B

At this value of the charge Q, there will be only one
adsorbed polyampholyte chain with the polarization
energy

150\2  (r
W,y ~ —kTa’ [27c(r)r® dr ~ —ka(B?Q) In(—z) ~ kT

(55)

on the order of the thermal energy kT. Therefore, eq 54
determines the adsorption—desorption threshold for
weakly charged particles.

1V. Conclusion

By using scaling arguments and self-consistent-field
calculations, we have described adsorption of polyam-
pholytes at a charged planar surface and a charged
spherical particle. The polymer equilibrium density
profile in the adsorbed layer is determined by the
balance of polarization-induced attraction of the chains
to the charged surface and short-range repulsion be-
tween monomers. Because of the long-range nature of
polarization-induced attraction the adsorbed layer is
much thicker than the size of individual chains. We
focus on the saturated adsorbed layers which are formed
at relatively higher concentration of polymers in solu-
tions ¢ ~ co*. The adsorption isotherm for polyampholyte
adsorption at charged objects will be discussed in a
separate publication.

The results of the paper are summarized in Table 1
and in Figure 6 which represents the effect of the
particle size R on the structure of the saturated ad-
sorbed layer. The x axis of the diagram of states (Figure
6) is the parameter A, which is equal to the Gouy—
Chapman length 4 ~ (Igo)~* for the planar surface and
to 1 ~ R?/1gQ for the spherical particle with size R and
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Table 1. Thickness of the Adsorbed Layer H, Surface Coverage I', and Polymer Density Profile in Different Regimes of
the Adsorption Diagram (Figure 6)

H r c
I A1 a’z«/fNIn(ﬁ) Ct—
A °r—R+1
Co*m, fOF;LZ <r—R< 11
1 A1 a2vfN In fN
_3 af 1/3
a (m) , for0 < I’—R<ﬂ,2
co*%, ford, <r—R <4,
11 M a2vfN In fN roRT
_3 af )1/3
al——=———] , forO<r—-R<A41
(r —R+/, 2
co*—zl, for 2R <r < \/RA,
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1/3
873(%) , forO<r—-R <}.2
*R/ll
Co =y for 2R <r < /R4,
Ila RA, -2 h_ R o h -
a fN( R 1+In/12 C°rfR+/1‘ fori, <r—R <R
3 af 1/3
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312 1,Q1
v V1sQh co*% Co™ Brz Y, forR<r< A 18Q4,
JeQ4y e
" Co — for (RolgQ4,)™ < r < {/1gQ4,
\4 /1,04 *(IBQ}%)
sQ4 Co'—— — 1.0 )3
R *( sQ4y) 13
05— forR <r < (RylgQ4y)
Ry™°r
co*—  for (BR)™ <r < /Ri,
1/3¢1/1352/3
Vi RL a2 fN% L fr RT for 2R <r < (22R)™®
1/3
3.73(%) , forO<r—R<R

charge Q. Below we briefly summarize our results in
various regimes of the adsorption diagram in Figure 6.

Regime | (Stretched Planar Multilayers) (4, < 4
< A1, 41 < R). In this regime polyampholyte chains are
polarized and stretched by the external electric field of
a particle. At distances 4 < r — R < 1; the polymer
density is hyperbolically decaying with distance r — R
(see Table 1). The adsorption stops at length scales on

the order of 1; at which the polarization energy of a
chain becomes on the order of the thermal energy KT.
The polymer excess grows logarithmically with the
surface charge density o.

Regime Il (Planar Pseudo-Brush + Stretched
Multilayers) (A3 < 4 < 42, 41 < R). Close to the surface
at distances r — R < 4, the electric field created by the
charged surface is almost constant. The sections of the
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Ay Ay A A

Figure 6. Adsorption diagram of polyampholyte chains as a
function of the Gouy—Chapman length 1 and the particle size
R. Adsorption region is shaded. Logarithmic scales.

chains are uniformly stretched up to length scales on
the order of the Gouy—Chapman length 4. On length
scales A <r — R < 1,, the polyampholytes are stretched
into a self-similar pseudobrush with polymer density
decaying as (r — R)~3, The size of the polymer chains
in the first adsorbed layer is on the order of 1,. At length
scales larger than A, adsorbed polyampholyte chains
form stretched planar multilayers with polymer density
inversely proportional to the distance from the charged
surface.

Regime 11l (Planar Saturated Pseudo-Brush +
Stretched Multilayers) (4 < 43, 41 < R). In this
regime, the Gouy—Chapman length 4 is smaller than
the root mean-square distance af~2 between charged
monomers along the chain. Near the charged surface
inside a layer of thickness Az the strands of polyam-
pholytes are almost unperturbed by the external electric
field and the monomer density is uniform. On length
scales between A3 and 4,, adsorbed polyampholytes form
a self-similar pseudobrush similar to the one in regime
I1, and on length scales 1, < r — R < 1, the adsorbed
chains form planar multilayers of stretched chains. In
this regime the surface coverage reaches value T' ~ a=2
VENIN(fN) and becomes independent of the surface
charge density.

The crossover into new regimes occurs when the
particle size R becomes on the order of the thickness 1;
of the planar adsorbed layer. The line R ~ 1; defines
the boundary between regimes I, I, Il and Ia, lla, Illa
in the adsorption diagram (Figure 6).

Regimes la, lla, Illa (Spherical Multilayers +
Adsorbed Layers of Regimes I, Il, Ill) In these
regimes the curvature starts to affect the structure of
the adsorbed layer at length scales r > 2R. At these
length scales adsorbed polyampholytes are polarized in
the hyperbolic electrostatic potential created by the
charged sphere and form spherical multilayers of
stretched chains. The polymer density in these layers
is inversely proportional to the square of the distance
to the particle surface and decays faster than that in
the planar case (see Table 1). The adsorption stops at
the distances on the order of r; ~ /R4, where the
polarization energy of a polyampholyte chain becomes
on the order of the thermal energy kT. Close to the
surface of the adsorbing particle, at length scales 0 < r
— R < R the structure of the adsorbed layer is similar
to the one in regimes I, 11, and |11, respectively.

Regime 1V (Weakly Charged Particles, Spherical
Multilayers) (vFNR < 4 < ;). In this regime, the
Gouy—Chapman length 4 is larger than the particle size
R and polyampholyte chains are polarized and stretched
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Figure 7. Dependence of the layer thickness H on the particle
size R at fixed surface charge density o ~ Q/R? on the particle
along the vertical dashed—dotted line in Figure 6. Logarithmic
scales.
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Figure 8. Nonmonotonic dependence of the surface coverage
I" on the particle size R at fixed surface charge density o ~
Q/R? on the particle along the vertical dashed—dotted line in
Figure 6.

by the unscreened electrostatic potential of the charged
sphere carrying charge eQ. The adsorbed polyampholyte
chains form spherical multilayers of stretched chains
in which the polymer density decays as ¢ ~ r=2. The

thickness of the adsorbed layer r; ~ ,/IgQ4, increases
with increasing charge Q of the particle.

Regime V (Weakly Charged Particles, Pseudo-
Star + Spherical Multilayers) (R < 4 < VfR2, 4 <
«/WROZIR). Close to the particle surface, polyam-
pholyte chains form a self-similar structure similar to
that of a neutral starlike macromolecule, with the
number of arms ng, = f23(1gQ/a)*3 and with the degree
of polymerization N each. This adsorbed state of polyam-
pholytes is called a “pseudo-star”. The thickness of this
first layer is equal to r, ~ (a2lgQfY2N3%2)13, On length
scales rp < r < r; the adsorbed chains form spherical
multilayer of stretched chains with the polymer density
decaying as r 2.

Regime VI (Strongly Charged Particles, Pseudo-
Star + Spherical Multilayers) (af 12 <R < 45, 4 <
R). In this regime at length scales between 2R and r»,
the adsorbed chains form a pseudo-star. Close to the
particle surface for 0 < r — R < R, the curvature of the
adsorbing particle does not affect the structure of the
adsorbed layer and polyampholytes form a planar
pseudo-brush. The polymer density profile and surface
coverage in this regime are given in Table 1.

Figures 7 and 8 show the dependence of the thickness
of the adsorbed layer H and surface coverage I' on a
particle size R for a fixed value of the surface charge
density o ~ Q/R? along the vertical dashed—dotted line
in Figure 6. For a particle larger than the marginal
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Gouy—Chapman length A; ~ vfNRg (regime 11 of the
diagram in Figure 6), the adsorbed polyampholyte
chains do not “feel” the curvature of the particle, and
the layer thickness H and surface coverage I' are

independent of the particle size R (H ~ 11 ~ vfNRo, T’

~ a~2V/fN In fN). The outer layers of adsorbed chains
are affected by the particle curvature as soon as the size
of the particle R becomes comparable with the layer
thickness 4;.

For smaller particles (R < A1) the polarization of
polyampholyte chains in the outer layers at the length
scales r > R occurs in the screened electric field created
by the charged particle with the effective charge Qe ~
R/lg (see section IIIA for details). In this case the
deformation of a polyampholyte chain from its Gaussian

conformation begins at distance r; ~ \/4;R, that is the
thickness H of the adsorbed layer. In this regime the
layer thickness H decreases while the surface coverage
T increases as square root of the particle size R. These
power law dependences continue as long as the particle
size R is larger than the Gouy—Chapman length 1.

If the particle size decreases further R < 1 the
adsorbed polyampholyte chains are polarized by the
unscreened electric field of the charged sphere with
charge Q (see section I11B regime V of the diagram in
Figure 6). The deformation of polyampholyte chains
from their Gaussian conformations begins at the dis-

tance r ~ H ~ R4/4,/A. In this regime the thickness of
the adsorbed layer H and the surface coverage I'
changes linearly with the particle size R. Finally, chains
desorb from the particle when the thickness of the
adsorbed layer H becomes on the order of the Gaussian
size of the polyampholyte chain Ro. This happens at
particle size R on the order of Roy/A/4,.

For example, for a chain with N = 500 monomers,
with the fraction of charges f = 0.02, and with the bond
length a = 3 A in the solution with Bjerrum length Ig
=7 A, the adsorption threshold on the charged surface
is at o1 ~ 7 x 1074 A2 and the marginal Gouy—
Chapman length 1, ~ 200 A. The crossover to self-
similar adsorbed layer occurs at A, ~ 120 A (0, ~ 1073
A=2). The thickness of the polymeric adsorbed layer
around strongly charged spherical particle with size R
~ 150 Ais ry ~ \/RA; ~ 173 A.

The theory, presented above, is only valid for soluble
polyampholytes. In order for a polyampholyte chain to
be soluble, the fluctuation-induced attractive interaction
between charged monomers should be weaker than the
thermal energy kT. This attraction is on the order of
the thermal energy KT per Debye volume rp®, where rp
~ (IgNf/R3)~12_If there are many Debye volumes per
chain (rp < R), this attraction is strong, and the
polyampholyte with equal numbers of Nf; positively
charged and of Nf- negatively charged monomers forms
a compact globule*°—43 and precipitates from solution.
But if the Debye radius is larger than the chain size
(ro > R) the attraction is weak and the chain remains
almost unperturbed. The condition rp > Rg for a
Gaussian chain of radius aN¥2 can be written in terms
of the fraction of charged groups f < (u«/ﬁ)*1 where u
= Ig/a is the ratio of the Bjerrum length Ig to the bond
size a.

Another effect that was neglected in the paper is
renormalization of the external electric field by the
polarized chains. We have ignored the electrostatic
interactions between chains. These interactions become

Structure of Adsorbed Polyampholyte Layers 635

important when the polarization energy density of the
chains in the adsorbed layer approaches the energy
density of the electric field created by the charged object.
For adsorption on the planar surface these interactions
are unimportant as long as the fraction of the charged
monomers f on a chain is smaller than u=#4>N-35 22
Similar estimate is valid for adsorption on a spherical
particle.** For example, for polyampholyte adsorption
in regime V of the adsorption diagram in Figure 6,
the polarization energy density at the length scales
R<r<ris

f(1sQ)°

a2 r3

|Upo(N] ~ kTa’c(r)> ~ kT (56)

(see section I11B for details). This polarization energy
Upal(r) is smaller than the self-energy density of the
electric field created by a charged particle

| 2
U, () ~ KT Br?

as long as

2
r<rad (57)
Igf

To ignore the interactions between polyampholyte chains
on all length scales R < r < ry, r* has to be larger than
r,. This condition can be rewritten in terms of the
particle size R and the Gouy—Chapman length 1 as
follows

2
a
R < ﬁIB3/2f7/4N3/4 (58)

The regime V of the adsorption diagram in Figure 6 is
inside this region (1,12 < a2lg=32f~74N~34) if the fraction
of the charged monomers f on the chain is smaller than
u~¥N~35, Thus, for weakly charged polyampholytes f
< u=*5N~35 the renormalization of the local electric field
by adsorbed polyampholyte chains can be neglected in
all regimes of the diagram in Figure 6.

Finally, let us comment on the effect of added salt.
The presence of the salt results in the exponential
screening of the electrostatic potential at distances
larger than the Debye screening length rp. The thick-
ness and structure of the adsorbed layer does not change
as long as the Debye screening length is larger than the
marginal Gouy—Chapman length 1, for charged surface
and ry for spherical particle. For the above example of
a polyampholyte chain, the Debye screening length rp
should be larger than 200 A and corresponding concen-
tration of salt should be smaller than csat ~ 2 x 1074
M. We will consider the effects of added salt in a
separate publication.
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Appendix

Planar Symmetry. To describe the polydisperse
brush of loops near the charged planar surface we will
use the strong stretching approximation and assume
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that all loops with a given charge distribution {q(t)} are
stretched in the same way. This means that all middle
points of the loops containing 2g monomers are located
at the same distance z(g) from the surface—Alexander—
deGennes approximation*>4® for the polydisperse brush.#’
The total free energy of the loop includes three terms

F = Fglast + Wpol + W?ep (59)
The elastic energy FJ,..; of the loop is

dzg(t))

elas

elast
Yo j(; (

The electrostatic energy of the loop with 2g monomers
with a charge distribution {q(t)} in the logarithmic
electrostatic potential —KT In(1 + z(t)/4) is

We,({a}) ~ —2kT [ q(t) In(l + ng(t)) dt (61)

(60)

The monomers in the loops also interact with each other
through the short-range excluded volume interactions.
In the mean-field approximation this interaction can be
replaced by the effective external potential h(z). The
dependence of the external potential h(z) on the coor-
dinate z has to be found self-consistently. The contribu-
tion WY, p from the short-range interactions to the loop
free energy is

Wy, ~ KT jg h(z,(t)) dt (62)

Combining elastic, electrostatic, and excluded volume
contributions, one obtains the total free energy of the
loop containing 2g monomers with a given charge
distribution q(t)

F dz,(t)
rex ol

) dt—2ﬁ) q(t) In(1+ g())dt—i-
/3 h(zy() dt (63)

In the strong stretching approximation the trajectory
of a polymer chain is determined by the classical path
of the functional (63)

%z (0 2q(t)  dh(zy(t)
2 [¢] _ 9
a2 /'L+zg(t)+ dz,(t) (64)

with the boundary conditions z4(0) = 0 and dzy(g)/dt =
0 which corresponds to the zero tension at the middle
of the loop. Multiplying both parts of the extremal eq
64 by dzy(t)/dt, we obtain the “conservation law” for the
“particle” traveling along the trajectory zy(t) in the
external potential

_2q(t)

d
i ® — he®) = =5

Vy()  (65)

where vg(t) = dzg(t)/dt is the local stretching of the loop
given by the following integral equation

g dh(z4(V)

5 dt (66)

-2 _ g q(t)
a v (s) =2 PR 2® dt — j;
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To proceed further, we will assume a random distribu-

tion of charged monomers in the loop with average value

[q(t)U= 0 and the delta-functional correlations [g(t)q(t")C
= fo(t — t'). Averaging both sides of eqs 64 and 65 with

respect to the charge distributions in the loop and

keeping only the first nonzero terms, we obtain equa-

tions describing the average stretching

A0 dh(@,0)

dt dz ©7)
and the mean-square stretching
df1 _» ) 2a’f
— =N, 00— h(Z,t)D]| = —"——, t<
Olt(za2 o (V5 (09 (A + 20 ’
(68)

of a loop with a typical charge distribution. In deriva-
tion of the last two equations we have assumed that
[g(s)h(Z¢(t)D0s equal to 0 and charge-local deformation
correlation function [g(t)vy(t)Uis equal to a?f/(A + Z¢()D)
for t < g and zero otherwise.

In the strong stretching approximation, we can trans-
form the derivative d/dt into the derivative d/dz. For
example, for the average local stretching ly(t)Cwe can
write

dvy(O0_ dz,(t) dy()0 d Iym8 _2dh@

at dt dz dz 2 az (69

Using this identity we can solve the differential equation
eq 67 for the function Oy(t)din terms of the effective
external potential h(z).

V()8
2

=h(2) — h(z,) (70)

where zg is the middle point of the loop. The last
equation can also be rewritten in the integral form that
gives the relation between the number of monomers in
a loop and its middle point position z4

(71)

f A 4/h(z) h(zg)

Substituting the expression for the local stretching (eq
66) into the expression for the free energy (eq 63) and
averaging it over all possible distribution of charged
monomers along the chain {q(t)}, we obtain the average
free energy of the loop with 2g monomers as a functional
of the effective external potential h(z).

Fy({(h(@HO

T~ ~oh( )+2f0h(z(t))dt+

2a%f j(;

2.
4afﬁ)/l+ﬁ(t)DJ;l+ﬁg( s)0

dt
oS 4+ 1z (t)D]

(72)

In the derivation of the last equation, we have used the
identity

t)dt
Df ds q(s) IN(A + z,(s)) = Df ds q(s )fol1 j—(z) (t)D(73)
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To find the total free energy of the adsorbed layer of
thickness 1, we have to sum the contribution from all
loops in the layer. For the adsorbed layer with loop
distribution function pg—the number of loops with 2g
monomers per unit area—the free energy is

F,{h@HHO, (e
~ kTA gwt g(gT + |n(€g)) dg -

sz(hw

where A is the area of the adsorbing surface. The
minimum of the functional (74) is searched with respect
to the effective external potential h(z), the local mono-
mer concentration c(z), and the loop distribution func-
tion pg with the additional constraint

fg pgg dg = !/(?2 c(2) dz (75)

( ) )c(z) dz (74)

that determines the correct normalization of the loop
distribution function pg. The integration in the func-
tional eq 74 starts from the loops of size geut ~ f~ that
have at least one charged monomer in them. Minimiza-
tion of the functional (74) with respect to monomer
concentration c(z) and loop distribution function pg
results in the following system of equations

h(z) = a%c(z)? + u (76)
F,({h(z)})D
In pog =ug — —g({kT(Z)}) (77)

where u is the Lagrange multiplier corresponding to the
constraint eq 75. In general case in order to find the
form of the effective external field we have to take
variational derivative of the functional eq 74 with
respect to h(z) and solve the full system of integral and
ordinary equations. In our case we can make a short-
cut and guess the form of the function h(z) from the
analysis of eqs 67 and 68. From these equations, we can
conclude that (Wy(2)[3), = a?h(z); and Ny(2) {Vg%(2)D); ~
a’Vy(z)h(z), ~ a*f(z + 1)~2 which allows us to choose

af \213
h) ~ ;55 (78)
where C is a numerical constant. The exact value of the
numerical constant C can be found by using h(z) as a
trial function with an adjustable parameter C. The
further simplification follows from the fact that the
Lagrange multiplier « is small. It is on the order of h(4,),
and in the first approximation, we can set the local
monomer density

@) ~a/h(z) = a*VC (Z 2l /1)”3 (79)

Taking this fact into account, we can write the integral
relation for the loop distribution function

J; ) pyg dg = ﬂ,AZC(Z) dz ~ f3/C(1,2% — 2?®)  (80)

The rhs of the last equation is dominated by the upper
limit of the integral and is proportional to N2 (1, ~
fl4N%/4), To obtain the same power law dependence on
the degree of polymerization N from the integration of
the loop distribution function pg, this function has to be
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a power law function f2g=32, To match the value of
the integral in the rhs of eq 80 at the lower limitz =0
with the value of the integral in the lhs, the loop
distribution function has to be equal to O for the loops
with sizes smaller than g; ~ f~%3143, Let us verify that
the value g; can be obtained from the scaling relation
between the average loop size and the number of
monomers in it

1 Zq dz

° Jh@ —h(zy)
f71/3cfl/2a74/3|1/3 /|2/3 _ /12/3(12/3 + 2|2/3) (81)

where we defined | = z4 + 4. For the loops with the size
zg on the order of the Gouy—Chapman length 4 the
number of monomers in them is on the order of f~1/314/3,
Thus, the integral in eq 80 is solved by the loop
distribution function of the form

~

—2£1/2_—3/2 forg <g<N
pg%{af 9 e (52)

0, forg <g;

Let us now verify that the Lagrange multiplier u is
indeed on the order of h(4;). To prove it we have to
rewrite eq 77 in the following form

Jonplin o, + F(@DIKT) dg oo
= 2 5 INN
J37e(z) dz /12

(83)

where we use the fact that the free energy of the loop
Fy({h(2)}) D~ kT\/ﬁ is on the order of the thermal
energy KT times the typical charge fluctuations \/E in
the halves of the loop.

Spherical Symmetry. The description of the curved
self-similar polymer layer is similar to the one presented
above for the planar case with one modification. This
modification is related to the loop electrostatic energy.

Q(t)(— —1In

- ))dt—l—
EsQ“*ferE‘—Q—l ( /1)) dt (84)

g2R

Wo,{a}) ~ KT f;
Sined (t)(

This expression reduces to the planar case for the loops
with size rg smaller than the radius R of the particle.
The distribution function py of such loops and polymer
concentration c(r) are given by egs 82 and 79, respec-
tively. For the loops with size rq larger than the particle
size R or with the number of monomers g > g.r we can
neglect the first term in the rhs of eq 84 and consider
the stretching of the loop in the hyperbolic electrostatic
potential of a charged sphere with effective charge Qe
Below we will consider only the second case of loops, g
> gZR-

Combining once again elastic, electrostatic, and ex-
cluded volume contributions to the total free energy, one
obtains the total free energy of the loop containing 2g
monomers with a given charge distribution q(t) in the
following form

8Q (
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Fy (d ry (t))

IBQeff
kT 2a2 ‘/(l)

¢]
d
dt+ [Ta(t) ) t+
Jn(ry(v) dt (85)

In the strong stretching approximation the trajectory
of the polymer chain is determined by the classical path
of the functional (85)

_Ary(®) 1gQer | dh(ry(t))
2 9 _ \ € g

The energy conservation in the stretched loop leads to

BQeff
rg(t)

where vgy(t) = dry(t)/dt is the local stretching of the loop
given by the following integral equation:

BQeﬁ R0

For the random charge distribution with zero average
value [g(t)O= 0 and o-functional correlations [g(t)q(t)C
= fo(t — t'), one can obtain for the average stretching

43,0 dh(E,®)]

Silpea® ) = —aw!

vy(t)  (87)

a vy (s) = ———dt (88)

dt dr (89)
and for the mean-square stretching
d f(IBQeff)2
) h(r,(t ——, fort<
S pe % 0 (D) = T g
(90)

of a loop with a typical charge distribution.

We again transform the derivative d/dt into the
derivative d/dr. After this transformation, the dif-
ferential equation for the average local stretching
Wy(t)Tis

dvy(®0_ dry(®) dvy)0_ v, 3 _ 2dh()
dt dt dr dr 2 dr

(91)

The form of the function h(r) can now be determined
from the analysis of the equations (90, 91). It follows
from these equations that (Wy(r)@). = a?h(r), and
Vo(NIANDr ~ a’Tg(r)(r), ~ a*f(lsQer)?r* which
allows us to choose the effective external potential h(r)
in the following form

f2/3 2/3| 4/3 4/3

a eff

h(r)~ C (92)

r2

where C is a numerical constant. In this effective
external potential h(r) the dependence of number of
monomers in the loop on its middle point position ry is

T

ff h(r)—h(r) ’

The self-similar brush of loops ends at the distance r;
~ a?3(1gf2Qe)Y3NY2 when the number of monomers in

2a74/3| 72/3ffl/3Qeff72/3

(93)
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the loop becomes on the order of the degree of polym-
erization N of polyampholyte chains.

The effective potential h(r) for a © solvent is propor-
tional to the probability of the three body contacts
ab¢(r)2. The monomer density distribution in the ad-
sorbed layer can be written as

1/3,1/3) 2/3 2/3
a g™ Q.

c(r)a® ~ +ﬁ (94)

The loop distribution function py in the layer of the
thickness r, can be found from the following integral
equation:

N BZQ ﬁzf 2/3
€
Jups8 =25 [reetrar ~ == (95)

The solution of this equation is a ¢ function

1 [16°Qur 1|
Pg“?T 0(g —N), forg,z <g <N (96)
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