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Generation of mechanical force by grafted polyelectrolytes in an electric field
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We study theoretically and by means of molecular dynamics (MD) simulations the generation of mechanical
force by grafted polyelectrolytes in an external electric field, which favors its adsorption on the grafting plane.
The force arises in deformable bodies linked to the free end of the chain. Varying the field, one controls the
length of the nonadsorbed part of the chain and hence the deformation of the target body, i.e., the arising force
too. We consider target bodies with a linear force-deformation relation and with a Hertzian one. While the first
relation models a coiled Gaussian chain, the second one describes the force response of a squeezed colloidal
particle. The theoretical dependences of generated force and compression of the target body on an applied field
agree very well with the results of MD simulations. The analyzed phenomenon may play an important role in
future nanomachinery, e.g., it may be used to design nanovices to fix nanosized objects.
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I. INTRODUCTION

Due to its obvious importance for applications, the
response of polyelectrolytes to external electric fields has
been of high scientific interest for the past few decades
(see, e.g., [1-18]). Moreover, novel experimental techniques
that allow exploration of a single polymer chain have
aided developments in this area [11]. In fact, the ability
of polyelectrolyte chains to adapt their conformation in
external electric fields, i.e., to change between expanded
and contracted states when the applied field varies, is an
important property. It may be used in future nanomachinery:
Possible examples of such nanodevices may be nanovices or
nanonippers manipulated by an electric field.

Suppose one end of a chain is fixed on a plane (i.e., the
polyelectrolyte is grafted) while the other end is linked to
a nanosized (target) body that can suffer deformation. If the
polyelectrolyte is exposed to an external electric field that
favors adsorption at the grafting plane, its conformation will be
determined by both the field and the restoring force exerted by
the deformed target body on the chain (see Fig. 1). Increased
adsorption of the polyelectrolyte in response to a changing
electric field will cause a deformation of the target body and
give rise to a force acting between the chain and target. More
precisely, the force will depend on both the magnitude of
the deformation and the specific force-deformation relation of
the target body. Hence, by applying an electric field, one can
manipulate the conformation of polyelectrolyte chains as well
as the force affecting the target body.

The nature of target bodies may be rather different however;
the most important ones with respect to possible applications
seem to be either polymer chains or nanoparticles, e.g.,
colloidal particles (see Figs. 1 and 2). In the latter case
the force-deformation relation is given by the Hertzian law,
which accurately describes the elastic response of squeezed
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nanoparticles [19,20]. On the other hand, polymer chains can
exhibit coiled states with a linear force-deformation relation
or stretched conformations with a nonlinear relation (see, e.g.,
[21]). To describe the phenomenon it is necessary to express
the size of the polyelectrolyte chain as well as the force acting
on the target body as a function of the applied electric field.

In the present study we address the problem theoretically
and numerically by means of molecular dynamics (MD)
simulations. We analyze a model of a polyelectrolyte chain
grafted to a plane, linked by its free end to a deformable target
body and exposed to an external electric field. The target body
is modeled by linear or nonlinear springs with corresponding
force-deformation relations. A time-independent electric field
is applied perpendicular to the grafting plane so that it
favors complete polyelectrolyte adsorption on the plane. For
simplicity we consider a salt-free solution, i.e., there are only
counterions that compensate for the charge of the chain. For
intermediate and strong electric fields (the definition is given
below), additional salt leads to a renormalization of the surface
charge. This happens because the salt co-ions simply screen
the plane, leaving the qualitative nature of the phenomenon
unchanged. Hence the salt-free case addressed here is the basic
one, which allows a simpler analytical treatment. The general
case of a solution with additional salt ions will be studied
elsewhere [22].

Counterions having the same charge sign as the grafting
plane are repelled, leaving the chain unscreened see (see
Fig. 1). This feature is dominating if the specific volume per
chain is not small and the electric field is not weak. In weak
fields a noticeable fraction of counterions is located close to the
chain, which leads to a partial screening of the external field
and of the Coulomb interactions between monomers. Here we
consider systems with a large specific volume and with fields
that are not very weak. The screening of the chain in this case
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FIG. 1. Illustration of the generation of mechanical force by an
electric field. The electric field causes chain contraction indicated by
down arrows. The restoring force f of the deformed target body (up
arrows) can be both linear and nonlinear, depending on the nature of
the target body. The right panel shows that the target body is modeled
by a spring.

may be treated as a small perturbation. We study the static case
when the current across the system is zero. It is noteworthy
that for the specific volumes and magnitudes of the electric
field addressed here, MD simulations demonstrate a lack of
the counterion screening even at finite electric current [13].

Here we present a first-principle theory of the phenomena
and compare theoretical predictions with MD simulations
results. We observe quantitative agreement between theory
and MD data for all magnitudes of electric field, except very
weak fields when screening of the polyelectrolyte becomes
significant. The simpler problem of the conformation of a
grafted polyelectrolyte exposed to a constant force in an
electric field has been explored theoretically and numerically
in a previous study [12]. In Refs. [12,13] we also reported some
simulation results for a chain linked to a deformable target
body along with our previous simpler theory for the restoring
force. In the present study we develop a first-principles theory,
based on a unified approach that describes the adsorbed part
of the chain as well as the bulk part under the action of the
force from the target body.

The paper is organized as follows. In Sec. I we present our
analytical theory, where we calculate the free energy of the
chain and the force acting on the target body. In Sec. III the
numerical setup is discussed and in Sec. [V we present the MD
results and compare them with our theoretical predictions. We
summarize our findings in Sec. V.

II. THEORY

We consider a system, composed of a chain of Ny + 1
monomers, which is anchored to a planar surface at z = 0.

FIG. 2. Illustration of the work principle of the nanovice. The
target particle, i.e., the colloidal particle, is fixed at sufficiently strong
fields due to the polyelectrolyte chain compression; it will be released
at zero field. The restoring force f corresponds in this case to the
Hertzian response of a compressed sphere. To illustrate a possible
device, two polyelectrolyte chains are sketched, although only one
chain, linked to the Hertzian spring, was used in the simulations
reported (see the right panel).
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FIG. 3. Typical simulation snapshot of a grafted polyelectrolyte
exposed to electrical field E = 1, perpendicular to the grafting
plane, and coupled to a deformable colloidal particle of diameter
ho = 80b. The action of the particle is modeled by a Hertzian spring
with spring constant & = kb>?/kzT = 1. The total length of the
chain is Ny = 320. As can be seen from the figure, for the system
parameters addressed, counterions are practically decoupled from the
polyelectrolyte.

The anchoring end monomer is uncharged, while each of
the remaining N, beads carries the charge —ge (e > 0 is the
elementary charge); Ny counterions of charge 4+ge make the
system neutral. The external electric field E acts perpendicular
to the plane and favors the adsorption of the chain (Fig. 3). The
free end of the polyelectrolyte is linked to a deformable body,
modeled by a spring with various force-deformation relations.
We study a few different cases. The reaction force f and the
energy of deformation Uy, for a linear spring reads

f=—k(h—hg), Ugp= g(h — ho) 1)

Here « is the elastic constant of the spring and & and A
are the lengths of the deformed and undeformed springs,
respectively. A linear force-deformation relation corresponds,
for instance, to a target body given by a polymer chain in
a coiled Gaussian state (see, e.g., [21]). The corresponding
relation for a nonlinear spring has the form

K
f =«lh —hol"sgn(hg — h), Us, = mm — hol"*,

@

where y > 1 characterizes the stiffness of the body, which may
be, e.g., a polymer chain in a semistretched conformational
state, i.e., in a state intermediate between a coiled and a
stretched one. It is known that stretched polymer chains
demonstrate much larger stiffness than Gaussian ones [21].
Hence, by varying the exponent y one can mimic different
states of a chain. From the point of view of applications, it
is worthwhile studying the special case of a Hertzian spring
with y = 3/2, which corresponds to the elastic response of a
squeezed nanoparticle [19,20], e.g., a colloidal particle

f = k(hg — hy*0(hg — h),
Usp = 2xc(hg — h)*0(ho — h). (3)

Here ho=d. is the diameter of an unloaded colloidal
particle and 4 that of the deformed one. The unit Heaviside
step function 6(x) reflects the fact that the Hertzian elastic
respond arises for compressive deformations only. Although
we performed MD simulations only for the above models of
the elastic response, the theoretical analysis is given for the
general case

a
Up =Up(h —ho), [ = _ﬁUsp(h — ho), “
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where again /i and & are the sizes of undeformed and deformed
target bodies, respectively.

To find the polyelectrolyte conformation in an electric
field and the force acting on the target body we evaluate
the conditional free energy of the system and minimize it
with respect to relevant variables. Let the number of (charged)
monomers adsorbed at the (oppositely charged) plane be N; so
that N = Ny — N; is the number of monomers in the bulk. Let
Ziop be the distance of the free chain end, linked to the target
body, from the charged plane and R the end-to-end distance of
the adsorbed polymer part of Ny monomers. In what follows
we compute the conditional free energy F(N,zip,R), which
may be written as

F(N,ziop, R) = Fy + Fy + Fis, )
where F, = F3(N,zip) is the free energy of the system
associated with the bulk part of the chain and the target
body, F; = F(Ng,R) is the free energy of the adsorbed
part of the chain, and Fp; = Fjs(N,Ziop, R) accounts for the
interactions between the bulk and adsorbed parts. Minimizing
then F(N,zp, R) with respect to N, Zop, and R one can find
the conformation of the chain and the force acting on the target
body (see the detailed discussion below).

In the present study we focus on the range of parameters
where the polyelectrolyte chain is weekly screened. This al-
lows us to treat the interaction of the chain with counterions as a
small perturbation and estimate it separately; this significantly
simplifies calculations. In what follows we compute separately
different parts of the free energy.

A. Free energy of the bulk part of the chain

For simplicity, we use the freely jointed chain model with
b being the length of the inter-monomer links, that is, the
size of the monomer beads. The MD simulations discussed
below provide a justification for this model. The location of
all monomers of the chain is determined by Ny vectors b; =
r; — r; 11, which join the centers of (i + 1)st and ith monomers
(i =1,2,...,Np).Itis convenient to enumerate the monomers,
starting from the free end linked to the target body. Then the
beads with numbers 1,2, ...,N refer to the bulk part of the
chain and with numbers N + 1,N + 2, ..., Ny to the adsorbed
part. The (Ny + 1)st neutral bead is anchored to the surface.
Let the centers of the adsorbed beads lie at the plane z =
0;' for simplicity the anchored bead is located at the origin
ry,+1 = 0. Then the location of the kth bead of the bulk part
(k =1,2,...,N) may be written as

TNy = INg+1 + TNt

Z b, =ry4 +th

s=N+1

Ty =T —Tpp) + gy — T2 -0

Ny N
= va = va
s=k s=k

'Here we ignore the off-surface loops of the adsorbed part of the
chain. These may be taken into account [12], but they do not give
an important contribution to the total free energy for the range of
parameters addressed here.
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where ry_; is the radius vector of the (N + 1)st bead, which
is a surface bead; it is linked to the Nth bead, located in the
bulk.

The intercenter distance of the ith and jth beads reads

J
rij = be, (6)

where each of the vectors by has the same length b. Its
orientation may be characterized by the polar 6; and azimuthal
Y, angles, where the axis OZ is directed perpendicular to
the grafting plane (Fig. 3). Hence, the distances between the
reference plane z = 0 and the kth bead, as well as between the
plane and the top bead, are

N N
ok = chos@s, Ziop =21 = chosGs. (7)

The location of the top bead zy, linked to the target body,
determines its deformation and the elastic energy due to the
body deformation

BUsp
azlop

- Ztop,o)a f - (8)

Usp(ztop) = Usp(Zlop
Here zop,0 is the location of the top bead of the chain when the
target body is not deformed. Because the chain is assumed to
be weakly screened, here we ignore screening effects, which
we estimate later as a perturbation. Then the potential of the
external field gy depends on z simply as @ex(z) = —Ez, so
the electrostatic energy of kth bead associated with this field
reads —ge@exi(zx) = bgeE Zﬁv:k cos 6,. Hence the interaction
energy of the bulk part of the chain with the external field has
the form

N N N
Hew =Y —qege(zi) = bgeE Y Y cosb,
k=1 k=1 s=k
N
= bgeE ) _ s cosb;. 9)

s=1

Now we need to take into account the electrostatic interactions
between chain monomers. Because of vanishing screening we
have

self b=

N N | Fe
gzz (l'i—l'j)=§Z. Cer

(10)

NIH

where ¢ is the dielectric permittivity of the solution. Using
the Fourier transform of the Coulomb potential V(r) =

24 /er and the expression (6) for the intermonomer distances,
Eq. (10) may be recast in the form (see the Appendix, Sec. 1)

q e
selfb Z / (27[)3< )

X exp (iZkL-bﬁijzbg), (11)

S=5
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where k| b} and k,,b% = b cos 0, are, respectively, the trans-
verse and longitudinal (parallel to the axis O Z) components
of the vectors k and b;.

In the following we first compute the partition function
associated with the bulk part of the chain. We impose the
condition that the distance between the surface and the top
bead, attached to the target body, is zp. Then the bulk part of
the partition function reads

2w 2 1 1
Zb(Ztop):/ dwl-u/ dlﬂN/ dcos@1~-~/ d cos Oy
0 0 0 0

N
x e PUsp=PHserp—PHex g (Ztop —b Z cos 9S> b, (12)

s=1

where 8 = 1/kpT, with T being the temperature of the system
and kp the Boltzmann constant; the energies Ug,, Hey, and
Hgeit » are defined by Eqgs. (8)—(11) and the factor b keeps Z;
dimensionless. In Eq. (12) we also assume that the vectors by
cannot be directed downward (cos 6; > 0), which guarantees
that the constraint z; > 0, s = 1, ...,N, holds true; this has
been confirmed in our MD simulations.

To proceed we assume that the value of Hgyr, may be
approximated by its average over the angles vy, ..., ¥y, that
is, Heeir,p = (Heit,p)y, hence we assume that the transversal
fluctuations of the polyelectrolyte chain are small. Then, with
the use of (9), we rewrite Eq. (12) as

1 1
Zb(Ztop) = (27T)N / dny - / dr/N(S (Z Ns — Ztop)
0

s=1

X exp |:_,3Usp(zmp) —E Z §ns — /3<Hself,h>1/f:| ,
s=1
13)
where 1, = cos by, Ziop = zmp/b E = BgeEb, and
q*e? o4
H; = —
< .e]f,b)ll/ 28 (27_[)‘; < 2 >
><<exp ( k, - Zb§)> exp (lk bZns>
S§=S1 S=5
(14)
To evaluate the latter expression we exploit the approximation
Zlop
s~ Ms Oy 15
ns ~ (1) = (cosby) = BN 15)

which implies that z,,p < AN (recall that we consider a freely
joined chain with constant links ») and that ZY 5 s =
Ziopl$2 — s1|/bN . Referring for details to the Appendix, Sec. 1,
we present here the result for He 5, averaged over transverse
fluctuations:

qu2N2

Ztop

B{Hseitp)y =

(log N — 1), (16)

where I3 = % /ekpT is the Bjerrum length.
Using the integral representation of the é function,

+00
5(xr) = (27)"! / a5 o,

o0
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we recast Zy(Zwp) in Eq. (13) in the form

+00
Zb(Ztop) — (27T)N_1e_ﬁUsp_ﬂ(Hself.b>w / dé e_iszlop""w(é),
-0
(17)
where W(£) contains the integration over nq,...,nn. Its

explicit expression is given in the Appendix, Sec. 2. For
large N > 1, one can use the the steepest-descent method
to estimate the above integral over £. Neglecting small terms,
we finally obtain

Zb(Ztop) ~ (2n)Nfle*ﬂUsp*ﬂ(Hselr,b)w*EoZmerW(Eo)’ (18)

where & is the root of the saddle point equation iz p —
oW /oE =0,

&0 ~ ﬁquZtopv (19)

and

1

W (o) = =[Ei(5o) — Ei(¢n) +log[5o/n 1], (20)

m

with Fi(x) being the exponential integral function, ¢ =
& — E,and ¢y = & — EN. (The complete expression for Z;,
and the derivation details are given in the Appendix, Sec. 2).
This yields the free energy F;,(zlop,N ) = —kpT log Z4(zi0p)
associated with the bulk part of the chain without the account
of counterions:

IBFb(Ztova) ﬂUsp(Ztop) + ﬂ( self, b)‘l//

+&0Ziop — W(&) — Nlog2m. (21)

The impact of counterions on the conformation of the bulk
part of the chain may be estimated as a weak perturbation, so
the bulk component of free energy reads

Fp(Ziops N) = F(ztops N) + Feen(Ziops N)s (22)
with

droeqetb eEGu=D)

SE eEZIop/N —1

_ mocqe b

Feen = ZtopN (23)
Here L (L = L/b)is the size of the system in the O Z direction,
S is its lateral area, and eo, = eq Ny/S is the apparent surface
charge density, associated with the counterions. The derivation
of F.cy is given in the Appendix, Sec. 3. As it may be seen
from the above equation, the impact of the counterions on
the chain conformation is small, provided eo./E < 1 and
EL > 1. Assuming that these conditions are fulfilled in the
case of interest, Eq. (23) simplifies to

Stop (24)

:3Fcch2 2

where u = 1/2mo.lpq is the Gouy-Chapman length based on
the apparent surface charge density o, = g Ny/S.

B. Free energy of the adsorbed part of the chain

Using the notation of the previous section, one can write
the radius vector of /th bead of the adsorbed part of the chain

ast = 3y

, bi. Then the radius vector that joins two ends
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of the adsorbed part reads

N+1

R = Zb _Zdj, (25)

IN[)

where we introduce d; = by, 41— for the sake of notational
simplicity. Obviously, for the adsorbed beads we have ry; =
Zi:k d,. Thus, the free energy of the adsorbed part may be
written as

,BFS = - IOg Z (Ns ’R)a (26)

where Z;(N;,R) is the conditional partition function

2w 2
ZS(NsyR) = / d(pl .. / d(pre_ﬁHse]f.s
0 0

Ns
%8 (Z d, — R) b2, 7)
s=1

where  Hgery = (1/2) le 45, V(x5 —1y,)  describes  self-
interaction of the adsorbed monomers with the potential
V(r; —r;) defined in Eq. (10). The factor b? in the preceding
equation keeps Z; dimensionless. Since we assume that the
adsorbed part of the chain forms a flat two-dimensional
structure, the integration in Eq. (27) is performed over Nj
azimuthal angles ¢y, ...,¢y,, which define the directions of
Nj vectors dy, . ..,dy, on the plane. Note that the evaluation
of the conditional partition sum Z(R) also allows one to
estimate the equilibrium configuration of the adsorbed part
of the chain. Using as previously the integral representation of
the § function, we recast Eq. (27) in the form

Z(Ng,R)
dp y _inR fZﬂ /27{
= [ ——b“e P de; - -- d
oA S G A
/3 Ny
X exp ) ; V(r,, —r5,)+ip- Xl:d‘Y
S1FS52 S=

dpb* .
_ / (;’T)zem“zspm)( exp (—§ DoV - rsz))> ’

S17852 p
(28)
where we define
2 2 Ny
Zsp(P)=/ d¢1~~/ dey, exp (ip~2ds>
0 0 P
= Qo)™ [Jo(pb)]™. (29)

Here Jo(x) = Qm)~! foh cos(x cos ¢)d¢ is the zeroth-order
Bessel function; we also take into account that p-d; =
pb cos ¢,. In Eq. (28) the average over the angles ¢, ... ,¢n,

is denoted by
1 2 2
doy - - - f dn,
Zsp<p)/o Y e

Ny
X exp (z’p : Zd.s-)(- )
s=1

(G- p =
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Referring for computational details to the Appendix, Sec. 4,
below we give the final result for the conditional partition
function:

Q)N
—_—

N

where R = |R|. From Eq. (26) then follows

Z,(Ng,R) = —RZ/Nsz—n\/EqZZBN}/R7 (30)

7/2¢%15N?
Fy(Ns,R) = z
BF( ) N2 R
—N;log2m — log  N;. 3D

Note that Ny = Ny — N. If we neglect the interaction of the
adsorbed part of the chain with the bulk part we can estimate
the equilibrium end-to-end distance of the adsorbed part R.
Minimizing F(N;, R) with respect to R and keeping N; fixed,
(0F;/dR)y, = 0, we obtain the equilibrium value of R,

R = (¢*b*gm/V2)' P N;. (32)

Equation (32) implies that the adsorbed part is stretched,
R ~ N;. Note that the condition of a stretched conformation
does not necessarily imply a linearly stretched chain. Loose
configurations of chaotic surface loops or circular conforma-
tions are also possible.

C. Interaction between bulk and adsorbed parts of the chain

The part of the free energy that accounts for interactions
between the bulk part of the chain and the adsorbed part may
be estimated as (see the Appendix, Sec. 5 for more detail)

( sb)N Ziops R+ (33)

Here H,, is the interaction energy between N charged
monomers of the bulk part of the chain and Ny = Ny — N
monomers of the adsorbed part,

BHy, = Z Z |rl = rm| (34)

=1 m=1

Fps(N, Ztop, R) &

where r; is the radius vector of the /th monomer of the bulk
part, r,, is that of the mth monomers of the adsorbed part, and
((+*))N .z denotes the averaging at fixed N, zip, and R.
Using the definition of vectors b; and d;, given in previous
sections, we can write

N m
Nty =) b+ ) d (35)
s=l s=1

and recast H;, in the form

g =3 Z/ @ny (MZZB)

=1 m=1
N m

X exp (ik-st +ik-st). (36)
s=I s=1

In Eq. (36) we again use the Fourier representation of the
interaction potential 1/r given in the Appendix, Sec. 1. Since
the averaging is to be performed at fixed NV, zp, and R we can
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approximate the exponential factor in (36) as

N m
<exp (ik Y by +ik- Zd5>>
s=l s=1

Nquoqu
K2b*(N —1) Zop
~ - |1 - —=
xp [ 4 N2
., < . m
jtzch%(N—l)Jrz(kL -R)FJ, (37)

where we apply the same approximations as in Egs. (13), (15),
and (A3) for the bulk part of the chain and a similar one for
the adsorbed part,

> _d, ~R(m/N,). (38)

s=1

Substituting (37) into (36) and performing integration over dk
(see the Appendix, Sec. 5 for details) we finally obtain

IsN N .
BFy = BR [1og(1+,/1+zmzp)

1 * *
+ ZT log (Ztop +,/1+ Zt*ozp) - 10g Zlop:|
top

IgN

10g(2N;zg,)s (39)

*

top
where z{,, = zop/ R characterizes the relative dimensions of
the bulk and adsorbed parts of the chain.

D. Dependence of the force and deformation
on the external field

Now we can determine the dependence on the electric field
of the polyelectrolyte dimensions as well as the deformation
of the target body. Simultaneously one obtains the dependence
on applied field of the force that arises between the chain and
target. This may be done by minimizing the total free energy
of the system

F(NsZtopvR) = Fb(Nyztop) + Fy(Ns,R) + Fbs(NleopvR)

with respect to N, zip, and R and using Ny = No — N and the
constraint z, < bN (see the discussion above). The above
three components of the free energy are given, respectively,
by Egs. (22), (31), and (39). This allows us to find N, zp,
and R as functions of the applied electric field, that is, to
obtain N = N(E), zZwp = Zwp(E), and R = R(E). Then one
can compute the force acting on the target body. It reads

I3g?N*(logN—1) N
thop 21&

BIB Fbs
8Zlop

f(ztop)z Eztop - . (40)
where f = Bbf(zwop)s With f(zip) = —8Usp/dz10p, is the
reduced force for a particular force-deformation relation (8),
and i = u/bisthereduced Gouy-Chapman length. In Eq. (40)
we exploit Eq. (19) for & and the saddle point equation
iziop — OW/3E =0, valid for & =&, (see the Appendix,
Sec. 2).
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III. MD SIMULATIONS

We report MD simulations of a polyelectrolyte modeled
by a freely jointed bead-spring chain of length Ny + 1. The
(No + Dyth end bead is uncharged and anchored to a planar
surface at z = 0. All the remaining Ny beads carry one
(negative) elementary charge. Electroneutrality of the system
is fulfilled by the presence of Ny monovalent free counterions
of opposite charge, i.e., in our simulations ¢ = 1. For sim-
plicity, we consider the counterions to have the same size as
monomers. We also assume that the implicit solvent is a good
one, which implies short-range purely repulsive interaction
between all particles, described by a shifted Lennard-Jones
potential. Neighboring beads along the chain are connected
by a finitely extensible nonlinear elastic (FENE) potential.
For the set of parameters used in our simulations, the bond
length at zero force is b >~ oy, with oy the Lennard-Jones
parameter. All particles except the anchor bead are exposed
to a short-range repulsive interaction with the grafting plane
at z = 0 and with the upper boundary at z = L. The charged
particles interact with the bare Coulomb potential. Its strength
is quantified by the Bjerrum length Iz = e?/ckgT. In the
simulations we set [z = ory and use a Langevin thermostat to
hold the temperature kg T = €, with €1y the Lennard-Jones
energy parameter. For more details of the simulation model and
method see Refs. [23-25]. The free end of the chain is linked
to a deformable target body, which is modeled by springs with
various force-deformation relations. In this study we consider
the two cases that seem to be the most important ones in terms
of possible applications: linear and Hertzian springs described
by Egs. (1) and (3), respectively.

In the simulations we use two different setups: one where
the spring is anchored at the top plane (Fig. 1, right panel)
and another where the spring is attached to the grafting plane
(Fig. 2, right panel). For simplicity, we assume that the anchor
of springs is fixed and that they are aligned in the direction of
the applied field, i.e., perpendicular to the grafting plane. Under
these assumptions, the instantaneous length of the spring is
L — zyop in the first case and z, in the second one (see Figs. 1
and 2). Here we report simulation results obtained at total
chain length Ny = 320. The footprint of the simulation box is
L, x L, =424 x 424 (in units of oyy) and the box height is
L, =L =160.

A typical simulation snapshot is shown in Fig. 3. We found
that starting from relatively weak fields of Eqeb/kpT > 0.1
(recall that g e is the monomer charge), the adsorbed part of the
chain forms an almost flat two-dimensional structure. Small
loops of the chain rise out of the plane up to a height of
one monomer radius. The bulk part of the polyelectrolyte
is strongly stretched in the perpendicular direction to the
grafting plane with the interbead bonds being strongly aligned
along the applied field. In sharp contrast to the field-free case
[26-32], the counterion subsystem is practically decoupled
from the polyelectrolyte, which drastically simplifies the
analysis.

IV. RESULTS AND DISCUSSION

In Figs. 4-8 we show results of MD simulations compared
to the predictions of our theory. In particular, the spring length
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FIG. 4. End-point height Z,, = z0p/b of a chain linked to a linear
spring, as a function of reduced applied field £ = ge Eb/ kT . Lines
show the results of the theory symbols the MD data. The dashed
black line demonstrates Z,,, = N of the previous simplified theory
[13] with N taken from the MD data. The inset shows the reduced
force generated by the applied field f = fb/kzT as a function of
reduced field. The bar equilibrium length of the spring is 7y = 10b and
its force constant is ¢ = kb*/kzT = 1. The length of the deformed
spring reads L. — Ziop = 160b — zyop. The total length of the chain is
Ny = 320. The arrow indicates z,,, for the undeformed spring.

and magnitude of the induced force are shown as functions of
the applied electric field. The spring length characterizes the
deformation of the target body caused by the force acting from
the polyelectrolyte chain. Figure 4 refers to a linear spring
anchored to the upper wall. Figures 5-9 show the behavior of
Hertzian springs of different bare equilibrium lengths (i.e., of
colloidal particles of different size); these springs are anchored
to the lower wall. The figures clearly demonstrate the very good
agreement between theory and MD data obtained in our study.
We wish to stress the lack of any fitting parameters used in these

201

0 1 2 3 4 5
E

FIG. 5. Reduced length of a Hertzian spring Z = zip/b as a
function of reduced field £ = geEb/kzT. Lines show the results
of the theory and symbols the MD data. The inset shows the reduced
force generated by the applied field f = fb/kzT as a function of
field. The bare equilibrium length of the Hertzian spring (undeformed
colloidal particle) iS Zpo = d. = 20b and the force constant is
® = kb’?/kyT = 1. The total length of the chain is Ny = 320. The
arrow indicates z,op for the undeformed spring.

PHYSICAL REVIEW E 93, 032505 (2016)

FIG. 6. Same as Fig. 5, but for zip 0 = d. = 40b. The dashed
black line demonstrates Z,, = N of the previous simplified theory
[13] with N taken from the MD data.

plots. Note, however, that the theory has been developed for a
highly charged chain with a relatively strong self-interaction
and interaction with the charged plane. This results in an almost
flat two-dimensional structure of the adsorbed part of the chain
and small transversal fluctuations of the bulk part; the bond
vectors of the bulk part cannot be directed down. Although
the theory is rather accurate, some systematic deviations are
observed for very small fields and for the shortest Hertzian
springs with zy,p 0 = 205. In the latter case the deformation of
the spring and the force acting on a target body are slightly
underestimated. This possibly happens since the condition
N > 1 is not as accurate for short springs as for long ones.
The theory also underestimates the number of monomer
beads N in a bulk for small fields. While the theory is rather
accurate when E > 1, there occur noticeable deviations from
MD data at small fields £ < 1 (see Fig. 9). Fortunately, this
deficiency of the present theory with respect to N does not
degrade the accuracy of the theoretical dependences zop(E)
and f(FE), which seem to be the most important quantities
in terms of possible applications. It is noteworthy that for
aqueous solutions at the ambient conditions, the character-
istic units of force and field are kg7 /b ~ kT /lp =~ 6 pN
and kgT /be ~ kT /lpe ~ 35 V/um, respectively. The latter

—
-

120,

E

FIG. 7. Same as Fig. 5, but for zp 0 = d. = 60b.
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FIG. 8. Same as Fig. 5, but for i 0 = d. = 80b.

value is about one order of magnitude smaller than the critical
breakdown field for water [33]. Another feature is worth
noting. While the electric field is altered within a relatively
narrow range, the magnitude of the resulting force varies over
a rather wide range, which is clearly of great interest for
applications.

It is also noteworthy to compare the theoretical results
of the present study with the corresponding results of the
previous simplified theory (see Ref. [13]). Some representative
examples are shown in Figs. 4 and 6. Obviously the simplified
theory is accurate for linear springs, except at small fields
E < 1. At the same time it fails to satisfactorily describe the
behavior of Hertzian springs. The simplified theory drastically
underestimates deformation of a target body at small fields
(E < 0.5), noticeably underestimates it at intermediate range
(1 < E < 3), and overestimates it in strong fields (E > 4).
The simplified theory has an acceptable accuracy only in a
rather narrow field interval.

The phenomenon addressed in the present study may be
used in future nanomachinery: A prototype of a possible
nanodevice, which may be called a nanovice or nanonippers, is
illustrated in Fig. 2. Here the contraction of two polyelectrolyte

804"

60 =

40+

0 1 2 3 4 5
E

FIG. 9. Number of chain monomers in the bulk N as a function
of reduced applied field £ = geEb/kpT. Lines show the results
of the theory and symbols the MD data. The length of the
undeformed Hertzian spring is Zzip0 = 40b and the force constant
is # = kb>?/kgT = 1. The total length of the chain is Ny = 320.

PHYSICAL REVIEW E 93, 032505 (2016)

chains in an external electric field allows one to fix firmly a
colloidal particle, which would otherwise perform Brownian
motion. At zero or weak fields the particle will be released.
Using our theory, one can compute the magnitude of the
field needed to keep the particle fixed, although additional
knowledge about the intensity of the Brownian motion and
friction forces is required. Naturally, one can think about
other nanosize objects, e.g., viruses, cellular organelles, or
small bacteria. These objects would be characterized by other
force-deformation relations.

Consider, for example, nanovices in aqueous solutions at
the ambient conditions with [z = 0.7 nm. For simplicity we
analyze the case of only one chain (see the right panel of Fig. 2);
the generalization for a few chains is straightforward. Let
the polyelectrolyte chain be flexible and consist of Ny = 180
monomers of size b ~ [, each carrying a charge le. Let the
colloidal particle be of diameter dy = 506 = 35 nm. If we use
the Young modulus ¥ = 0.01 GP, as for rubber [34], for the
particle material and v = 0.1 for the Poisson ratio, we obtain
& = 2.86.2 In this case the field £ = 1 of about 35 V/um
generates a force of about 240 pN and the relative deformation
of Ad/dy = 0.123. Forty-four monomers remain in the bulk
and 136 are adsorbed. If the field increases up to £ = 2, that
is, up to 70 V/um, the force increases to about 440 pN, with
the deformation of Ad/dy = 0.186 and 41 monomers in the
bulk.

Naturally, there exist plenty of other possible applications
of the mechanism studied, which we plan to address in future
research.

V. CONCLUSION

We analyzed the generation of a mechanical force by an
external electric field, applied to a grafted polyelectrolyte
that is linked to a deformable target body. We developed a
theory of this phenomenon and performed MD simulations.
The case of strong electrostatic self-interaction of the chain
and its interaction with the charged plane was addressed. We
considered target bodies with two different force-deformation
relations, which seem to be the most important for possible
applications: (i) a linear relation and (ii) that of a Hertzian
spring. The first relation models the behavior of a coiled
Gaussian chain, while the second one represents that of a
squeezed colloidal particle. The theoretical dependences of the
generated force and of the compression of the target body are
in very good agreement with the simulation data. The theory,
however, underestimates the number of beads N of the bulk
part of the chain for weak fields and small sizes of colloidal
particles. Interestingly, the generated force strongly depends
on the applied electric field. While the magnitude of the force
varies over a wide interval, the field itself alters within a rather
narrow range only. The phenomenon addressed here may
play an important role in future nanomachinery. For instance,
it could be utilized to design vicelike devices (nanovices
and nanonippers) that keep nanosized objects fixed. Other

2The Hertzian force Fy; depends on the Young modulus Y, Poisson
ratio v, radius of particle R, and deformation & as Fy = k& 32 =

2 VYR £3/2 (see, e.g., [19,20]).

3 (1-2)
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applications of this phenomenon, which require manipulations ACKNOWLEDGMENT
with nano-objects, such as fusing them together by an applied

pressure, are also possible This work was supported by a grant from the President of

the RF (Grant No. MK-2823.2015.3).

J
APPENDIX

Here we present some calculational detail of quantities derived in the main text.

1. Computation of (Hge,p) y

First we show that Hgs;, given in Eq. (10) may written in the form (11). Using the integral representation of the § function

s(r)=(2n)™? / e*TdKk,

where d is the dimension of the vector r, we write

1 1 . 1 1 4 "
—— = —— [ dx | dke*Tm __ = / dk| — k- Y by
1] (2n>3/ X/ ¢ x| Qnyp e )or (2

s=l

dk 4 . “ 1 z
=[G (F) e <Zk o? i) "y
where 47/ k? is the Fourier transform of 1/|x|. Summation of |r;,,|~' with the prefactor g?¢?/2¢ overall [,m = 1, ... N yields

Eq. (11).
To find (Hgeir,p)y in Eq. (14) first we compute the average

52 1 2 2 52
<exp (iéZs:IkL -b§>>w =& ), dwl---/o dyy exp (iZkl -bﬁ). (A2)

§=S]

Due to the lateral symmetry, we choose the direction of the vector k| along the O X axis to obtain

52 1 27 27 52 )
<exp (ikl . be)){/ = oo ), dy -- ./0 dyry exp (ikJ_bZCOS /8 sm@s)

S=5] p—
52 2w dl// ) ) §2 5
- 13 /0 Z_nxe,mcos Yy sind, _ ]z—[] Jo(k b sin6;) = exp [; log Jo(k_ b sin 93)}
52 82 k2 bz . 203
~ exp [Z log(1 — k2 b* sin” 6, /4)} ~ exp [_ 3 %
S=5] §=s8]
k2 b|s) — Z
A exp |:——l |si | <1 — % , (A3)

where we use the approximation cos? 6, &~ Zfop /N? and keep in the Bessel function expansion only the leading terms Jo(x) =
1 — x%/4+ ..., where x ~ k. The latter approximation is justified since the main contribution from the integrand in (14) is
accumulated in the vicinity of k = 0.

Using now the approximation

52

Ztop(SZ —51)
N — A4
E 1, N (A4)

s=s]

and substituting it together with (A3) into Eq. (14), we obtain

2¢? dk 4 K2 2|5 — Z s
ﬂ(HSC]f,b)l// = IBq ¢ Z / < T )exp [ — M 1 _ ﬁ }elkzzlnphlsz/N- (AS)

3\ 12 2 2
2¢ = (2 )’ \ ki + k2 4 N
In this expression, one can integrate over Kk (first, over k,, using residues) to get the result
Ipq : NS 8
Heir )y = 29§ ST /4" gy (-) A6
BHuars)y = = g 5 (5 (A6)
S17#S52
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where h? = b%|s; — s;|(1 — Zfop/Nz)/4 and g = |51 — s2/Zip/N. Since Ziop ~ N and |s; — 52| ~ N > 1, it is easy to show that
g/2h > 1. With ¢ Erfc(x) = (y/mx)~! for x > 1 we obtain

lgg*N 1 lgg*N (N1 Nood lgq*N?
B9 _Ilrg dslf 2 B9 (log N — 1),

~

B(Hgeif,p)y = (A7)

2Ztop 12 ls1 — s3] Ztop 1 11 82 — 81 Ztop

that is, Eq. (16) of the main text.

2. Computation of Z;(z0p)
From Eqgs. (17) and (13) it follows that W (§) is defined as

1 1 N N 1 . N .
W(E) = log/ dm---/ dny exp {Z(z‘g - Es)ns} =10g1_[/ dngeE=Eoms :/ ds[log(e’* =% — 1) — log(i& — Es)).
0 0 s=1 s=1 0 1
(A8)

The integral fj;o d& exp[—i&Zip + W(£)] in Eq. (17) may be estimated with the use of the steepest-descent method, that is,
using the fact that for large N the value of Zp, is also large, zip/b >> 1. Then the saddle point equation reads

d N eiéfﬁs 1
1y + WO = —ifiy f ds| —— 0. (A9)
| ‘

With the new variable &, = i€, we obtain the equation that defines the implicit dependence of &, on Zp and N:

1 efo—E ] efomEN _
Ziop = —= | 10 — — 1o — . A10
Ztop I3 g £ — E g £ — EN ( )

For N > 1, one can find rather accurately the solution of Eq. (A10). Indeed, the assumption that §, ~ 1 < N leads to the
conclusion that zy,, ~ log N, which may not hold true for either the coiled chain or for the chain stretched by the force. On the
other hand the assumption & ~ N, which yields & — E ~ N, implies that one can apply the approximation log[(e* — 1)/x] ~
x — logx at x > 1. Using the evident condition & — E > & — EN one obtains

EZop >~ & — E —log(&y — E)
or
£ > (Ziop + DE + log ZiopE.
If we again take into account that Zi,p ~ N > 1 and E ~ 1 « N we arrive at an even more simple solution for &,
£0 > EZiop.

Hence we obtain the approximate expression of the partition sum

~ N—1_,—BUs—B(Hselt.p) = 1 |W//(";:O)|
Zp(ziop) X (2m)" e exp | = foZiop + W(E0) — 5 log — = ). (A11)

with &j given in the preceding equation and with W (&) defined by Eq. (A8). It may be written as

W (&) = (1/E)[Ei(Zo) + log [¢0/¢n| — Ei(zn)], (A12)

where Ei(x) is the exponential integral function and we abbreviate ¢y = & — E and ¢y = & — EN. Similarly, we write W” as
. esw et 1 1

W' (&) = E™! - -—+—| Al13

(60) [efN R + {0] (A13)

Finally, we obtain the free energy fb(zmp, N) associated with the bulk part of the chain (without taking into account counterions)

BFp(ziops N) = BUsp(ziop) + B(Hecttn)y — N 10227 + Eoziop — W(&0) + log [W” (&) /2. (Al4)

Note that for N >> 1 the term containing W” (&) is logarithmically small as compared to other terms and may be neglected.
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3. Free energy of counterions

The results of the MD simulations show that the counterions are well separated from the chain if the field and volume of
the systems are not very small. Therefore, the impact of the counterions on the chain conformation may be treated as a small
perturbation. Here we perform simple estimates of the free energy of counterions. We can approximate it as

FCOthZFCC+FCE+FCCh7

where F_. is the free energy associated with the counterion-counterion interactions, F, g refers to the free energy of the counterions
interactions with the external field E, and F_, is the free energy associated with the charged chain. In the case of interest one
can neglect the dependence of F,. and F,.g on the chain conformation, so we do not need to compute these terms. At the same
time F,., can be estimated as the electrostatic energy of the chain in the additional potential ¢.(z) caused by counterions,

N
Fen ® Y —qe@e(z)). (A15)

To find ¢.(z) we start with the equilibrium Boltzmann distribution of counterions p.(z) in the external field E neglecting their
self-interaction:
No€qE gei—vyjkst
SkgT ’
where L is the size of the system in the direction along OZ and S is its lateral area. To obtain constant py in the preceding

equation, we apply the normalization condition S fOL pc(2)dz = Ny. Next we compute the electric field E. due to counterions,
performing the same derivation as for the electric field of a uniformly charged plane

2
dr _ 2meqN
EC(Z) — _/ dZ]pL(Zl)/ d¢/ qNo 7quL/klgT[2 qeEz/kpT equL/kBT _ 1]
(z1 — z)2 Ja -2 +r2 &S

= (dreo./e)eEED — Qrea, /e), (A16)

pe(z) = poe?t /el =

where 0. = gNy/S corresponds to the apparent surface charge density due to counterions and L = L/b. The second term in
Eq. (A16), 2meo. /¢, corresponds to the renormalization of the external field E due to the counterion screening of the upper plane
E — E —2meo./¢e. From Eq. (A16), finally we get the additional potential

0.(z) = 2meo.z/e — (Ameo.b/s E)e" D). (A17)
Substituting Eq. (A17) into Eq. (A15) we obtain

N
2m o, dweo.b 7 e
Fen=—Y ; g’z + ¢ ELN eta, (A18)
i=1 i=1

Using Z; = Ziv ; cos O [see Eq. (7)] along with the approximation cos 6; = cos s = Ziop/N, we find for the first and second
terms in Eq. (A17)

N EGop—L
dmeocb o EL Z o Areoh eFGo—D)
cE  eEiw/N _

N N
2no.qe’b no.qe’h
3OS AT cosh, = TIIE Tz N,
& &

i=1 s=1

)

which yields Eq. (23) of the main text.

4. Computation of Z (R)

We start with the computation of (¢ ##«is), Using only the first-order term in the cumulant expansion of the exponent we

write
<exp ( -= ) Vi, -, >> A exp < - g Do v, - rsz)>p>. (A19)
p

51 #82 S1782

This is a mean-field approximation, which is usually a good approximation for systems with long-range interactions. Since V (r)
refers to the unscreened Coulomb interactions, we expect this approximation to be rather accurate.
Similar to Eq. (A1) we can write

dk . .
Vi, —ry,) = / oy V (ke T ra), (A20)
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where V (k) = (qze2 /e)@4m/ k?) is the Fourier transform of the interaction potential. This yields

1 27 2w Ny Ik . ‘
ZO(P)/() dr- /0 dgn, exp (ip-éds)vml -1, = / (2n)3V(k)(e’k'(rffrn))p
L 2 k. N, 5
= Zo(p),/o d¢ /0 don, / an ) V (k) exp <ip-S2:1:d_Y +ik, - ;dl)

_ [ _dk ()[Jouknmb)}"“'
~J @y Jo(pb) '

Here we take into account that p is a two-dimensional vector and use the definition (29) of Zy(p). Substituting Eq. (A21) into
Eq. (28) we arrive at

~ @y [ LR i ey |:J0(|kL+P|b)]|“ )

2@~ e / g e eI exp( am’ © Z Jo(pb)
_ Nq dp e B E/ dk -~ [JO(“(J_ +p|b)]|5132>
= (2m) f o) exp ( ip - R+ Nylog[Jo(pb)] 2 | Gy V (k) Z = ob)

Jo(k b [s1—s2|
= G )N/ @ny &P (_’p R—Noph” - / @ny ()Z[ 001&? l )} ) (A22)

Using the new integration variable

<V(rsl - rsz))p =

(A21)

2iR
G=p— 0,
P=Np
we obtain
dG - Jo(lkL + G + 75 b)
Z(R)=Q2r NVe’RZ/N"’2 NG A ayn I T / — V(k)exp||s s1|lo < N:b >
L(R) = (27) oy p ; Gy VO exp | Is2 = sillog (G + ZE 1)

dG . Jo(Ik1 + 355¢1b)
~ Ny ,—R?/N,b? —Nsb*G? /4 2 i ikt
~ 2m)Me (2n)2e exp : / ) V (k) exp |:|S2 — 51| log ( JO(Z’lRl) )
S1FS52

~ Q) ]\; - o~ RN —BWi(R). (A23)

To derive Eq. (A23) we take into account that since Ny >> 1, only values of G ~ 1/b+/N; contribute to the above integral. The
analysis also shows that R ~ N;b [see Eq. (32)], which allows us to neglect G as compared to (R/N, b2 and to perform the
Gaussian integration in the last line of (A23). Furthermore, we define

,3W1(R) /3 Z/ 3V(k)e—sz Rls2— 31\/N,e—k2b2|s1 —5|/4
(2m)
slyés

2 N,—1 N, 00 —ik ‘Rlsy—s1|/Ny ,—K3 b2|s1—s52]/4
~12 / ds, / ds, / dk, / dk, & ° , (A24)
2 1 s1+1 —00 kZ2 + ki

where we use again the expansion of Jy(x) and keep only the leading term. Integration over k, may be easily performed, yielding
7/ k. Hence we obtain

00 e kL RIs2=s11/N; —K3 b?s1—s2/4 00 . s 2
/ dkz / dkj_ — ﬂ/ ko_e—b \Sz—s1|kL/4/ et COS¢kLR\52_Sl|/Nsd¢
—00 0 0

k2 + k3
N —R2|s2—s1|/2N2b? 2 _
— 27-[2 /OO e*b2|52*31‘ki/4‘]0 IM dkl — 7.’:5/26 0 IO R |S2 S]| , (AZS)
0 Ns b«/ |S2 — S2| 2N52b2

where Iy(x) is the modified Bessel function of the first kind. Substituting the above result into Eq. (A24), we observe that since
R ~ bNj, the main contribution in the integrals over s; and s, comes from the region where |s, — s;| is small; here we can

032505-12



GENERATION OF MECHANICAL FORCE BY GRAFTED ... PHYSICAL REVIEW E 93,

approximate Iy(x) &~ 1.3 Therefore, we can write

o~ (R2/2N,p)y=x|

1 1
BWA(R) ~ g*l5 /TN / dx / gy
0 x VIy — x|

Here the function H(x) reads

. R?
_ 2 3/2
=q-l N"H| —— ).
q B\/; K) <2va2>

VT erf(J/X)(x — 1/2) + xe ™™

H(x) = o ;

it behaves as H(x) ~ \/Z for x > 1. Hence, for R* >> N;b* we obtain

n«/iqlest

BWi(R) = R

and finally, the conditional partition function

2R = C s
7 Ny

5. Calculation of Fj,(N,zp, R)

The conditional free energy of the system F(N,zp, R) may be written in the following form:

2 1 1 N
e PFWN-20p.B) =f dvyr, --~d1pr d cos 6, / dcosGN(S(ztop—chos@s)b
0 0 0

s=1

27 Ny
X / dey---dpn,é (Z d, — R) b2 e PUsp(@op) =B Hexw— B Hselr,s—B Hselr,s — B Hps
0
s=1

/drb/drxe*ﬁ(HlJer)e*ﬂbe
/dF;,ef’gH‘ /dl"sef’sH2

/dr‘b/dl"sefﬂ(h’h‘ﬂz)

= ¢ BN 2ap) =B (N R) (=Bl ~BFAN op) g =B Fs(Ns, R) =B (His )

N.zop,R €
which yields Eq. (5) of the main text:

F(N ,zw0p, R) & Fyp(N,z10p) + Fs(Ng, R) + Fps(N,Z10p, R).
Here Fps(N,ziop, R) = (Hps) N zp. 8- In Eq. (A29) we introduce the shorthand notation

2w 2w 1 1 2w
dehI/ d'(ﬂlf dlﬂN[ dCOSQ]/ dCOSGN, /dFYI/ d(ﬁ]d(ﬁ]\/s
0 0 0 0 0

N

N,
o PHI — = BUs(Cop)—BHe—BHoris § (Ztop —b Z cos es)b; e Pt — o= PHrsg (Z d, — R) b,
s=1

s=1

as well as

To compute (Hp,) w2,
Hys ~ (Hp)y . With this approximation one can write

N m N N m
<exp (ik . be +ik- de>> ~ <exp <ikl . Zb§)> <exp (ikzb . Zm +ik, - Zd5>>
s=l s=1 R s=I 14 s=l s=1

N,Ztop,

032505 (2016)

(A26)

(A27)

(A28)

(A29)

_r We use as previously the approximation of small transverse fluctuations for the bulk part of the chain

. (A30)

N»ZlopsR

with the same notation as above. The first factor on the right-hand side of Eq. (A30) may be computed as in Eq. (A3), yielding

N )
k2b*(N —1 Z
<exp <ikl. E bvl>> zexp[_ %(1 — ];’;’)] — o kihi
v

s=I

3More precisely, the function e Iy(x) is rather close to e™*

discussed approximation has an acceptable accuracy.
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Using the same approximation as in Egs. (A4) and (38),

N
by
s=I

we arrive at Eq. (37), which we write as

N
<exp (ik-st—Hk-
s=l

where &1, g1, and R’ have been defined in the above equations.

. <top
N

(N =D =g,

m

x))
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m

m
§d5 = FSR:R’,

_ e—kih%-&-ik;gl-&-iki-R’
- 9
NvZIop«R

Below we give the calculational detail of Eq. (39) where we need to compute the integral in Eq. (36) with the substitute from
(37). With the above notation for i, g1, and R’ it may be written as

1 f 4 oKL +ikgi+ik R )
@y J) K+ k2
First we compute the integral over k, using the residue at k, = ik :
Az 472
/ ——— e Sdk, = —eTh8 (A31)
—o0 kl + kz 1
Next the integration over k; may be performed to yield
47.[2 oo efkihffklg] 2 ) ,
i ki dk ik; R COS¢d
s73 Jy T kL /0 ¢ ¢
o k2]2 k 1 o0 2 h 2 / 1
— / e Kim—kig JO(kJ_R/)ko_ — _,f e % (h1/R") —z(gl/R)JO(Z)dZ ~ , (A32)
0 R" Jo [R? + g2
where we take into account that g; /R’ > h{/R’ for N ~ Ny > 1.
Using the above result for the integral over k we can find (Hps) v 2,85
N Ns dm IpN N, 5N Ny IgN
Bl =1 [t [ = b0g 7, + 20 hog Z, + P log zo, (A3
1 1 zlzop(]jvv;lp " R2["\1,—; Ztop Ztop
where
Z, = (Ztop/R) + \/ 14 (Ztop/R)2v (A34)
Zy = (R/ziop)[1 + /1 + (210p/ R)?], (A35)
R
Z5 = (A36)
2ZtopNs

and we use definitions of g, and R’ and approximate the summat
arrive at the expression (39) for (Hps) v z,,,.R-

ion over / and m by the integration. After simple algebra we
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