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ABSTRACT: We analyze static properties of a strongly confined semiflexible polymer, i.e., either trapped in a
closed space or compressed by external forces, in an athermal solvent. Like a flexible polymer case, we can
resort to an analogy with the semidilute solution, but a complication due to the additional length scale arising
from the chain rigidity results in more diverse behaviors depending on system parameters. For each regime,
scaling forms of the excess free energy of the confinement are derived. Effects of the confinement geometry and
the solvent quality are briefly discussed.

1. Introduction the confined system, where the additional length scale of the

Macromolecules are very soft objects. As a consequence, they=OnfinementD would produce a variety of behaviors.
can be squeezed into spaces with spatial size substantially It would be convenient to introduce the distinction between
smaller than their preferable size in bdii¢. Understanding ~WCR and SCR for semiflexible chain, too. Scaling laws
behaviors of such confined polymers serves as the basis for adescribing properties of a semiflexible linear chain trapped in
range of phenomena encountered in polymer industry, biotech-the capillary or the slit (WCR) are the same as those of a flexible
nology, and various molecular processes in living cells. Thanks one if the size of the confinement is much larger than the
to the progress in nanofabrication techniques and single persistence length (~1); the effect of the stiffness shows up
molecule observations, experiments in this field are now rapidly just through the definition of link size. AD < |, however, the
developing® 10 chain is obliged to be bent sharply. This leads to the introduction

We have recently pointed out that polymer chains can be of the Odijk deflection lengttio = D243, which provided
intensively compressed in certain situations so that the excesslependences of various quantitiéskecent observations of a
free energy of the confinement exhibits a nonlinear depen-  single DNA chain in a narrow channel have shown the crossover
dence on the chain lengbh This led us to propose two distinct ~ from a flexible to a semiflexible chain regime around the channel
confinement regimes, i.eneak confinemerfi’V'CR) andstrong sizeD = |.1°
confinemen{SCR)** The qualitative differences between these A congeneric level of argument seems to be lacking for the

two are easily understood using the example of a flexible linear semiflexible linear chain in SCR, e.g., in a closed cavity, and it
chain. Suppose that a long flexible chain with the bulk $%ze s the purpose of the present paper to provide a qualitative guide
= bN¥ (b is the monomer size) is confined between the parallel for such a problem. In particular, we discuss scaling forms of
plates with their separatiod < R. In a length scale smaller  the confinement free energy, which is one of the most important
thanD, the behavior of the chain is not perturbed by the wall, quantities in the problem, with their physical origin in various
and this introduces the blob siZg inside which there arg = regimes. To do so, we first discuss the static property of a
(D/b)¥> monomers. The local monomer volume fraction inside flexible linear polymer in SCR in some detail in section 2. On
blob ¢ = by/D3 = (b/D)**is independenof the chain length.  the basis of the semidilute solution analogy, we show that the
This corresponds to what we call WCR. The extensive nature confinement free energy scalés~ N°* under good solvent

of the free energy, therefore, results in the conventional scaling condition, while F ~ N3 at “lower” temperature and high

form of the confinement free enerdy ~ (b/D)**N, which is  concentration. [In good solvent regimes, the exact critical
proportional to the chain lengf¥ The same argument is  exponent is known to be = 0.588 + 0.001 due to the
applicable for the chain confined in the capillary, too. However, correlation effect® and this results iff ~ N23% In the present
it no longer holds for the chain trapped in the closed cavity, paper, we use the mean-field exponert 3/5 for simplicity.]
This provides the simplest example of the SCR, in which several semiflexible linear polymer. As we shall show, the presence of
distinct properties are expectéd. multiple length scales, i.e., the cavity size, the Kuhn length,
In ref 11, we generalized this concept to the branched and the correlation length of the concentration fluctuation, leads
polymers, where the constraint imposed by the connectivity to rich confinement regimes even in the athermal solvent. Some
results in nontrivial confinement behaviors. Another requisite of these can be viewed as a semidilute solution as in the flexible
extension is examining the effect of thffness The reason is chain case, and in such cases, we can direcﬂy app]y the result
immediately recognized by the fact that many biopolymers such known in the theory of semidilute solution of semiflexible
as DNA and various proteins have a quite large stiffness chainsl2.14 However, there are other regimes which manifest
aspect ratig = I/b, wherel is the Kuhn segment length. Even intrinsic effects of the confinement originated from either a
for less stiff chains than DNA (note that any real polymers reduction in the conformational entropy or a sharp bending.
possessed some degree of intrinsic stiffness), such a considerthroughout the article, we assume that the segment concentra-
ation may become apparent in a denser system, in particular intion of the confined chain is not very high, in which the model-
independent universal behaviors can be discussed. To make the
* E-mail: sakaue@scphys.kyoto-u.ac.jp. discussion simple, we also assume that the confinement
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D/b whereB* = &3 is the renormalized second virial coefficient.
This is equivalent to assigning the energy on the ordegdf
(D to each blob.
a In the opposite case, > 7 < & < &y, the chain conformation
b is Gaussian in all the length scale, which indicates the
applicability of the mean-field theory. This corresponds to the
(1D semidilute inf-solvent regime. The volume interaction energy
per unit volume can be expressed in a virial expan§jgtks T
¢ = 1/2Bc + 1/3Cc +, whereB = v7 andC = 2 are the second
}/: and third virial coefficients andc = ¢/v is the monomer
: concentration. The monomer pair-correlation function is cal-
: culated by a random phase approximatitit>

72 N=L/b
Figure 1. A diagram of confinement regimes for a flexible chain in a 3c _r
closed sphere (logarithmic scale). Regions | and Il correspond to the [dc(r) oc(0)= a%r ex Eve ®)

fluctuating semidilute and semidilute éhsolvent regime, respectively.
Shaded areas are irrelevant; i.e., upper left is a dlk (R), and lower
right is not accessiblep(>1). Border lines between regimes are (a) where the correlation length in this regime is, instead of eq 1,

D/b = U5SN¥5, (b) D/b = (N/z)¥3, (c) D/b = N3, and (d)D/b = N2 given by

geometry is a sphere (the effect of the shape will be addressed 2 .

in section 4). g2=2 1 ol (4)
MF - 12\ksT dc

2. A Flexible Chain in SCR

Let us consider a flexible linear chain (contour lendith where the osmotic pressure (due to volume interactions) can
dissolved in a solvent. Large-scale properties of the chain arebe expanded in a series of poweasIl/(kgT) = Bc® + 2Cc®
conveniently modeled as a sequencaldihks of sizeb (volume + .... Under the present conditiopn > 7, the interaction is
v = bd), i.e., the standard bead-on-filament model, with the dominated by the three-body contribution; therefore, the total
distance between neighboring beads along the chéiFor a volume interaction contribution to the confinement free energy
flexible chain, the natural choice M = L/b anda = b. The and the correlation length are evaluated as
excluded-volume effect becomes important when the parameter

z(N) = BNY%/ad is larger than unity, wherB = v7 is the second vol 33 [b\6 3

virial coefficient. The solvent quality is designated by a reduced T CcD” = (5) N (5)
temperaturer = (T — 6)/0 with T and 6 being the absolute

temperature and & temperature, respectively. From the Evr D\3

condition z(gy) = 1, the number of monomergy, = 72 N (—) Nt (6)
constituting the thermal blob is obtained. Inside the thermal b b

blob, the chain conformation is Gaussian, leading to the ther- . . .
mal blob size&, = brL. The chain conformation in a bulk ~ Note that short chainsN( < gy) are in thed-solvent regime

solution can be envisioned as a self-avoiding walk of thermal @réady in the bulk isolated state, to which egs 5 and 6 always

blobs of size& ~ biz, which leads to the overall chain size 0!d upon the confinement. The confinement regimes of a
R =~ bNB/5;1/5, flexible chain in a closed cavity is presented in diagrammatic

Then, consider that the chain is brought into a spherical cavity ©orm in Figure 1. _
of sizeD < R. This corresponds to the simplest example of the '€ scaling form of eq 2 in the athermal solvent has been
SCR. A key observation is that the strongly confined chain can confirmed by a recent computer simulatinwhile the con-

be viewed as a semidilute solution with the volume fracgon  J€cture has been proposédhat the form of eq 5 would be
~ bEN/D3! j.e., the correlation of concentration fluctuations 'elevant to resolve controversial experimental results on the

is suppressed at the length scale partitioning coefficient of a flexible polymer into a protein
pore>17-19
E s wa_ (D 9/4N_3,4 1 1 In both regimes, gside from the_ volume interaction free energy
b=? T =p T @) (bulk term), there is a contribution from the nonuniform link

concentratiomF (surface termj! These are calculated in the
The above expression for the correlation length is obtained from Appendix and given by
a scaling argumef{by imposingé must be (i) independent of
N and (ii) equal toR at the overlap concentration) and valid as AF _ $32 1/2(9)2 - (2)5’211/2,\]3/2 )
long as¢ < 7 = & > & This corresponds to the fluctuating ke T b D
semidilute regime. Inside the blob, the correlation is evident;
thus, the number of monomers in each blob is obtained from i, {he fluctuating semidilute regime and
the relationt = bg®>r/>. At larger length scale, the application

of the mean-field argument is valid with the blobs of s&e AF _ [(¢D\2 b\4
being the renormalized monomers. A free energy arising from == (—) = (—) N 8)
) . . KgT b D
volume interactions is, thus, evaluated as
= (N/Ig)? b5/ in the semidilute inv-solvent regime.
L?I' ~ B~ = Ng”* % =~ 5 N34 (2) For a flexible chain, the dominant term is always given by
Ks D the volume interaction, i.eE = F,,. However, as we shall see
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Figure 2. A diagram of confinement regimes for a semiflexible chain

in a closed sphere under athermal condition (logarithmic scale). Each

labeled region designates (I) fluctuating semidilute, (II) mean-field
semidilute, (l1l) liquid crystalline, (IV) ideal chain, and (V) bending

regime (see the main text for details). Shaded areas are irrelevant; i.e.,

upper left is a bulkD > R), and lower right is not accessiblg &1).
Border lines between regimes are @ = p>N®5, (b) D/b = pN“3,
(c) D/b = (pN)*?, (d) D/b =~ N'3, (e) D/b = (pN)**, (f) D/b = N/p, (g)
D/b = p, and (h)D/b = N.

below, there is a regime in whichF plays a central role for a
semiflexible chain.

3. A Semiflexible Chain in SCR

Our result is summarized in the diagram of Figure 2.
To discuss this diagram, we first assumel{i} | and (ii) L >
pD (here p is the stiffness ratio mentioned in section 1).

As we shall see later, these conditions are requisite for a
confined chain to be viewed as an analogue of bulk semidilute

solution.

Let us begin with the evaluation of the volume interaction
parameterz = BNY3/a3. There is a freedom on how to break
the chain into links, and we adopt the simplest, in which the
chain is represented &s= L/b links with their volumev = b3
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The dominant term in the confinement free energy comes from

the volume interaction

FFuo D® (b\154 34 o
z—z—f_«(a) p¥N (10)

(I Mean-Field Semidilute Regime(pN)¥3 < D/b <
min{ pN3p~IN}. A correlation lengthEé becomes shorter
with the increase inL (or decrease inD) and becomes
comparable td at D = INY3(= ¢ =~ p~3). This indicates a
crossover to the mean-field semidilute regime. One can also
recognize the meaning of this condition through the Ginzburg
criterion:

Ve 2 [0 dr &' e(r) oc(r)O< ¢? (11)
1 oITI\12

o (@_ %) =< CUp3/2 (12)

—p°s¢ (13)

where brackets denote the statistical average\and &g is
the correlation volume. The correlation length is calculated from
eq 4 with ignoring the third- and higher-order terms in virial

expansion
p 1/2 D\3/2, p 1/2
=l =(s)

(Note that the eq 12 also provides the borderline for a flexible
chain discussed in the previous section.)

Here again, the confinement free energy is dominated by the
volume interaction, which is evaluated by the mean-field theory.
In the case under consideratiorbl{()® < D), the binary
interaction is the most dominant than higher-order terms in the

gMF

Y (14)

(bis the chain thickness). Then, for the model to be consistent, Virial expansion; thus

the distance between links should be sed as(bl)¥212 It should

be emphasized that results obtained are independent of such a

modeling (one can also sbt= L/I, » = bl2, anda = I). For
simplicity, we shall focus on the purely repulsive case, i.e.,
athermal solution:t = 1 (thus,B = v). Fromz = 1, we find
the length scaléy, = bp?, below which the excluded-volume

F Fuo N? b\
el

This scaling form has been proposed on the basis of a self-
consistent-field calculatioff, but here one should notice the

effect is insignificant (the corresponding number of monomers range for the applicability, i.e., only valid for a semiflexible

is gin = (£w/@)?): for semiflexible chainsgy, > b even in the
athermal limit. As a consequence, the chain Witk p® behaves
as a Gaussian chain; i.e., its size in bulk is giverRoy (IL)Y2.

chain in the present regime.
(1) Liquid Crystalline Regime: makp,NY3} < D/b <
(pN)¥3, If the density is further increased, the volume interaction

On the other hand, the excluded-volume interaction should be hecomes higher and the correlation length becomes comparable

taken into account for the longer chain, iR 5= &n(N/g)3/° =
(b|)1/5|_3/5_

Along with the same argument as in the flexible
chain, one can distinguish (l) the fluctuating semidilute regime

to the Kuhn segment length B = (bIL)Y3(= ¢ =~ p~1). This
indicates some role of model specificity on the flexibility mecha-
nism at higher concentrations, the analysis of which is beyond
the scope of the present discussion. Here, we just note what is

and (Il) the mean-field semidilute regime depending on the expected from the bulk theory. According to the standard

relative ratio of &, and the correlation length of density
fluctuations.

() Fluctuating Semidilute RegimegoNY3 < D/b < pl/SN3/5,
According to the analogy with the semidilute solution, a

theory?! the system responds by breaking the isotropic sym-
metry; i.e., the competition between steric repulsion (evaluated
by the second virial approximation) and orientational en-
tropy results in the first-order phase transition at the volume

confined chain is viewed as a dense packing of blobs of fraction ¢ ~ p~L. The transition proceeds with the coexis-

size& = &n(g/gm)®® (g is the number of monomers in each blob).
This indicates the conditiog/Z%3 = N/D3, from which one
finds

t§) o (2)9’4p71/4N73/4

: (©)

tence of isotropic and nematic phasescat™ < ¢ < cpt
(numerical coefficients depend on the flexibility mecha-
nism), which suggests an interesting possibility of an “intra-
chain” separation for a confined chain. The free energy in the
nematic state is dictated by the loss of the orientational
entropy and, thus, evaluated to be proportional to the number
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of the statistical segment

F_Foi _
kT kg P

—1

(16)

This is just a crude approximation since the degree of the
ordering increases (even rather slowly) with the concentration.
At much higher concentration, this would not be certainly correct
due to higher-order terms.

(1V) Ideal Chain Regime: mdp,p~IN} < D/b < (pN)¥2 We
now consider the meaning of the second condifiol. < D
necessary for the bulk semidilute solution analogy. To do so,
let us compare the correlation length of the concentration
fluctuation with the cavity size. In the fluctuating semidilute
regime, the conditiorD > & (eq 9) is equivalent to trivial
condition for the confinemeri® < R. On the other hand, in the
mean-field semidilute regimeD > &ur (eq 14) leads to
nontrivial conditionD < p~IL. Note that for chains not too long
(N < pd) this lengthp~1L is still smaller than the natural chain
size in bulkR = (IL)Y2. Here the correlation length calculated
in bulk exceeds the system size, indicating that the confined
chain is no longer analogous to the bulk semidilute solution at
D > p~lL. This regime can be regarded as a critical point
analogue in a finite confined system (“critical region”) and never
expected for a flexible chain. Approaching to the IDe= p~iL
from the mean-field semidilute regime, the bulk region decreases
and finally the whole system becomes nonuniform. The free
energy associated with the nonuniformity is no longer regarded

as the surface term and the confinement free energy is evaluate@ Polymer with largep,

from the integral of eq 22 by replacingwith D.

~ Al(g)sz + Az(g)gNZ

F AF
T ™ oT 40

(A1 and A, are numerical coefficients of order unity.) In the
present case witld > p~IL, the first term (arising from the
reduction in the conformational entropy) is dominant; i.e.,
excluded-volume interactions are disregarded, and the confine-
ment free energy is approximated by that of an ideal chain
trapped in a cavitiy/(ksT) = (b/D)?pN.

(V) Bending Regime: ¥ < D/b < min{p,N}. The behaviors

of the confined chain should be strongly dependent on the
flexibility mechanism once the cavity size becomes smaller than
the Kuhn segment length. In particular, it is obvious that a freely

jointed chain cannot be placed inside such a small space. We

consider here a wormlike chain, which is suitable as a model
of DNA packing inside virus capsid. A wormlike chain
possesses a uniform elastic modulus along the chain corntour
= kgTIl/2. When such a chain is confined in a small cavity with
sizeD < |, each chain section is forced to retain the curvature
on the order oD~1. On average, the bending energy is almost
uniformly distributed along the chain. Thus, our estimate for
the confinement free energy is
2
ofon

"N TkTp? 4o

The loading force is not length dependent, which is supported
by the result of computer simulation if not the segment
concentration is too highp(< 0.2)22 Again, at high concentra-
tions, segmental interactions become important so that the
confined chain may exhibit some structural order and eq 18 is
no longer applicable. There are several studies for such a
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situation in connection to the problem of DNA packing inside
virus capsicf?-24

4, Discussion

In this section, we shall discuss some generalization of the
obtained results. We have assumed the confinement in a
spherical container only. This is just for the simplicity and the
generalization to asymmetric geometry is straightforward. For
instance, let us compare a chain confined in a rectangular box
of volumeV = LjL,L3 (L1 < L, < L3) and that in a sphere with
equal volume (radiud = (3V/4x)'3). Since the link concentra-
tions are the same, the confinement free energies are also the
same in the leading order in regimes | and Il, and the slight
difference just comes from the surface tetia. We expect that
this explains the subtle shape effect of the capsid found in a
recent simulation that a sphere packs more quickly and ejects
more slowly a flexible chain than an ellipscitl.On the
crossover from the confined to the unconfined situation, there
appears a WCR between SCR< L;) and bulk R < L4), where
the correlation length is set by the smallest size=(L,), i.e.,

a chain confined in a slit. The border between regimes Il and
IV is given by LyL3/L; = L/p, and in regime IV the entropic
contribution as a dominant term is set by the smallest size, i.e.,
F/(ksT) = (b/L1)%pN.

The effect of the solvent quality is also easily included by
adding the reduced temperature term in the second virial
coefficient, i.e.,B = v, provided that the corresponding
semidilute solution stays in the one-phase region. However, for
the (intrachain) phase separation and/
or the transition to highly ordered nematic states would occur
abovef point as expected from the theory of the semiflexible
polymer solutiont?:2!

5. Summary

We have discussed static properties of a long linear polymer
confined in the closed cavity. Guided by an analogy between a
long confined chain in SCR and semidilute solutions, we have
found five distinct regimes for a semiflexible chaip & 1)
depending on the contour length and the cavity size. Three of
them have semidilute solution analogues, but other two are
intrinsic to a confined chain. We have not aimed to describe
high concentration states (liquid crystalline and bending regimes)
since properties there are not universal and more elaborate
models are require®#. 24 For other regimes, the obtained results
are rather general thanks to the universality of nonconcentrated
polymer solutions.

Approaching the flexible chain limitp(— 1), all the regimes
merge into a fluctuating semidilute regime, in which the
confinement free energy is given Iy~ N4 Flexible chains
such as poly(ethylene glycol) belong to this. Note that for a
confined chain the presence of a slight segmental attraction leads
to a semidilute in9-solvent regime £ ~ N°),

Now we discuss the experimental accessibility of the present
predictions. As an example of semiflexible chains, let us take
up DNA molecules. The Kuhn length and the width of the
double strand aré= 100 nm andb = 2 nm, respectively, in
usual aqueous conditions; thus, the aspect @ate 50 (note
that the electrostatic repulsion results in some thickening at low
ionic strength). First, we see that a fluctuating semidilute regime
requires very long DNAL = bp® = 250um). Although many
natural DNA in biological origin is long enough to satisfy this,
it is difficult to treat such long chains in a reliable manner.
Therefore, other regimes are more easily accessible and relevant
to most experiments. For moderate (but still rather long) chains
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(5 um < L =< 250 um), a variety of regimes are expected evaluated as
depending on the cavity size. For example, if T4 DNA« 56

um) is trapped in the cavity with size ca../n, a mean-field AF D a 2 1 2

semidilute regime K ~ N2 is most probable, while an @ - fdsfégdr{g(w/’(r)) + Y ¥(r) } (22)
orientationally ordered state may be observed in the small cavity

of a few submicron size. In the case bDNA (L = 16 um), bpzDZ

an ideal chain regime=~ N) is expected as long as the cavity = (23)
size exceeds a few submicrons, etc. For shorter chains % SvF

um), we expect an ideal chain regime or a bending regime

depending on the relative size ratio betwédemdD. The same result is obtained from a slightly different way. The

Although qualitative (all the numerical coefficients of order surface free energy is equal to the work required to create a
unity are not determined), we believe that the present discussiondepletion layer against the osmotic pressure. In a mean-field
provides a useful guide for emerging techniques operating long @Pproximation, the osmotic pressure is given by
polymers, such as DNA, in nmv um scale spaces, where
molecules may be highly compressed geometri¢atly by = kBng_’_ (24)
external field® In certain situations (e.g., a polymer compressed BB
by electric filed against a wall), a nonuniform link distribution
should be taken into accoutt® If the confining vessel is not  Therefore, AF =~ [dSII x &we), which is shown to be
rigid enough, the polymer and vessel may find an optimum equivalent to eq 23.
compromise by deformation and swelling. An important ex-  The latter approach can be conveniently applied to other
ample is a DNA trapped in a soft tube (formed by a lipid situations such as@solvent and a fluctuation dominant regime.
bilayer)2” A model free energy employed in ref 27 is of mean- In the semidilute ing-solvent regime, the osmotic pressure is
field type, and the distinction between mean-field semidilute approximated aBl = ksT¢3/b® (dominated by third virial term).
and ideal chain regimes (with the vessel deformation) is The surface free energy for a flexible cham= 1) is, thus,
discussed. The same effect is also relevant to phase behaviora\F/(kgT) = (D¢/b)2 = (D/Ewr)? (eq 8). In the fluctuating
of composite soft matter systems such as a microemutsion semidilute regimeJT =~ kgT/&3, where one should notice the
polymer systen® correlation length is obtained from the scaling argument

. (egs 1 and 9). This leads WF/(kgT) = (D/&)? = ¢3/%(pr)Y/2
Acknowledgment. Comments and advise from T. Ohta were (D/b)? (eq 7).

very helpful to brush up the manuscript. This research was
supported by JSPS Research Fellowships for Young ScientistsReferences and Notes

No. 01263).
(No. 01263) (1) Cassasa, E. B. Polym. Sci1967 B5, 773.
. . (2) Daoud, M.; de Gennes, P.-G. Phys. (Pariy 1977 38, 85.
Appendix. Calculation of AF (3) de Gennes, P.-GScaling Concepts in Polymer PhysicSornell
Here we review briefly what is needed for our discussion. University Press: Ithaca, NY, 1979.

- . . . . . . (4) de Gennes, P.-GA\dv. Polym. Sci1999 138 92.
Consider a long semiflexible chain confined in a spherical (5) sirycture and Dynamics of Confined Polymégasianowicz, J. J., et

cavity (radiusD). The solvent is assumed to be athermal, and al., Eds.; Kluwer Academic Publishers: Dordrecht, The Netherlands,

the cavity wall is repulsive (no adsorption). The local link ©) 2H?a?12:ck on S, E.- Misakian. M. Bobertson. B.: Kasianowicz. J. J
PO . o s rickson, S. E.; Misakian, M.; son, B.; Kasianowicz, J. J.

concentration is almost unifornz(f) = ¢ = N/D?) within the Phys. Re. Lett. 2000 85, 3057.

cavity but drops the near the wall towae@t = D) = 0. If the (7) Nykypanchuk, D.; Strey, H. H.; Hoagland, D. Macromolecules

local fluctuation is negligible, the concentration profile can be 2005 38, 145. ,

obtained by self-consistent-field calculati®iihe self-consistent ®) ;ﬁ"';g‘gg' M.; Matsuzawa, ¥.; Yoshikawa, B. Phys. Soc. Jpi2005

equation Is (9) Reccius, C. H.; Mannion, J. T.; Cross, J. D.; Craighead, HPIs.

Rev. Lett. 2005 95, 268101.
(10) Reisner, W.; Morton, K. J.; Riehn, R.; Wang, Y. M.; Yu, Z.; Rosen,
P(r) = ey(r) (29) M.; Sturm, J. C.; Chou, S. Y.; Frey, E.; Austin, R. Phys. Re. Lett.

6 kT

2005 94, 196101.
(11) Sakaue, T.; Raphkd=. Macromolecule2006 39, 2621. There are

2 ) r
(_ivz_}_ SCF()

i i i several misprints for the scaling exponent in this refereneg:~
wherey(r) is the grand stazlte eigenfunction of the propagator RS oG2S, for o 30;% © ?a5Nds 21Dy - for eq 32:
(normalized a(r) = [y(r)|?) and the potential is Dmin = aM- D/, for eq 36:R; ~ (aSME2/6/D2)12 for eq 39;& ~

ag4+ /5, for eq 40:E ~ [D20.+2)gs DM +2Vd] VI3E-d)] for

USCF(r) 2 eq 41;& = [D30:+2)/gbdMdst2] V26-d)] ~ g(D/DMiN)3(+2)/12(3-0)] for
= v|yp(r)] (20) eqs 46 and 47| ~ [(a5/D2)PE2IA1L5 for eq 50; & ~ [D2C+2)
kBT a5 DI, 2)Vd] U3GE-0)] for eq 51.
(12) Grosberg, A. Yu.; Khokhlov, A. RStatistical Physics of Macromol-
By imposing the boundary conditiop(D/2) = 0 andy(r) = ecules;American Institute of Physics: New York, 1994.

cl2 far away from the wall, one finds the grand state eigenvalue 823 gg#;é;rérMS?(/c\)/Tgloe;r?rI\eyg??g':Lg’inlcgut?\}apromoleculeQQBQ 13

€ = vc (consistent with the free energy eq 15) and the profile 1280.
(15) Doi, M.; Edwards, S. FThe Theory of Polymer DynamidSjarendon
D—r Press: Oxford, 1986.
c(ry=c tanﬁ( ) (r=D) (21) (16) Cacciuto, A.; Luijten, ENano Lett.2006 6, 901.
g (17) Bezrukov, S. M.; Vodyanoy, |.; Brutyan, R. A.; Kasianowicz, J. J.
12 . . Macromoleculesl996 29, 8517.
where{ = b(p/3¢)"% which is, in essence, the correlation length  (18) Merzlyak, P. G.; Yuldasheva, L. N.; Rodriques, C. G.; Carneiro, C.

(€ = &wr from eq 14), signifies the range for the depletion layer M. M.; Krasilnikov, O. V.; Bezrukov, S. MBiophys. J.1999 77,
i is g i 3023.

near the wall. The essemla"y Same_ form an eq 21 is glyen n (19) Rostovtseva, T. K.; Nestorovich, E. M.; Bezrukov, S.Bibphys. J.

ref 3 for the monomer concentration profile of semidilute 2002 82, 160.

solution near the repulsive wall. The surface free energy is (20) Kong, C. Y.; Muthukumar, MJ. Chem. Phys2004 120, 3460.



Macromolecules, Vol. 40, No. 14, 2007 Semiflexible Polymer Confined in Closed Spaces211

(21) Grosberg, A. Yu.; Khokhlov, A. RAdv. Polym. Sci.1981 41, 53. (26) Sakaue, TEur. Phys. J. E2006 19, 477.

(22) Kindt, J.; Tzlil, S.; Ben-Shaul, A.; Gelbart, W. NProc. Natl. Acad. (27) Brochard-Wyart, F.; Tanaka, T.; Borghi, N.; de Gennes, P.-G.
Sci. U.S.A2001, 98, 13671. Langmuir2005 21, 4144.

(23) Odijk, T.Biophys. J.1998 75, 1223. (28) Nakaya, K.; Imai, M.; Komura, S.; Kawakatsu, T.; Urakami, N.

(24) Odijk, T.Philos. Trans. R. Soc. London 2004 362, 1497. Europhys. Lett2005 71, 494.

(25) Ali, I.; Marenduzzo, D.; Yeomans, J. NPhys. Re. Lett. 2006 96,
208102. MAO70594R



