Solid friction in gel electrophoresis
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We study the influence of solid frictional forces acting on polymer chains moving in a random
environment. We show that the total reduction in the chain tension resulting from the small friction
between a polymer and fixed entanglement points is a steep nonlinear function of the number of
entanglementéexponential for stretched chajn¥ herefore, solid friction can drastically change the
dynamics and lead to trapping of long chains with a large number of entanglements. We present
explicit results for the decrease of the chain tension in the presence of solid friction forces, for the
limiting tension values, and for trapping thresholds for charged chains in an external field. The
trapping threshold increases with the decrease of the field strength and/or application of pulsed field
sequences as compared to static high fields. Our theoretical results on trapping thresholds are in
good agreement with experimental data on DNA electrophoresis. Our model also predicts new
nonlinear dependencies for the velocity of charged chains that are dragged through the gel by
external forces. We present explicit dependencies of the velocity on charge, external force and
polymer length for charged chains in external fields and for chains dragged by external forces that
are applied only to chain ends. These dependencies are different in large and sma(fiétdre

limits, which correspond to stretched and harmonic chains. The strong mobility on length
dependence which results from solid friction forces can serve to separate long linear charged
polymers of different molecular weight. @995 American Institute of Physics.

I. INTRODUCTION conventional theory and experiment is the behavior of large

There is considerable interest in understantitige entangled gham%. . )
mechanism of DNA electrophoresis because of its impor- Separation of long cham_s IS bf_’"eve‘?' to be connected
tance to molecular biology; for recent reviews see Refs, 1—4th strongly entangled chain configurations: so called
The separation of the charged polymer chains of diﬁerenPonf'gwat'onl’ U and “J” configurations, ™ "**zigzag
length is directly related to the characteristic time required®" “staircase”(see p. 32 and Flg-__5 in Ref) 8onfigurations.
for external electric fieldE to drag the charged chain through '€ length dependence of mobility that enables the separa-

the fixed obstacles that characterize the gel. In previous thedlOn arises from entanglements. According to Ref. 29, “under
retical worke~" and computer simulatiof 25 the mecha- 2 given set of electrophoretic conditionsplecules larger
nism responsible for the movement has been attributed tH'an @ threshold size become irreversibly entrapped in the
friction between the chain and the solvent as it moves alon§®! matrix and fail to migraté The pulsed field increases
a random path defined by its conformation among the fixedhe probability of entangled configuration and at the same
obstacles in the gel network. time it can mobilize trapped chain. The freezing threshold

The conventional theo?y!” describes correctly the main N* for entrapment is inversely proportional to the voltage
features of gel electrophoresis in static external figldin gradientE.**~**According to Ref. 31 “In high electric fields,
certain length intervals the mobility of chain decreases as thBegabase DNA fragments are found to be trapped, i.e., to
inverse of the chain length for the chains below some €nter or migrate in gel only very slowly, if at all.” However
critical length, which depends oB, temperaturel, and on  the empirical dependence presented in Ref. 31 for
gel concentration. At largé, the mobility becomes length N* ~exp(const E), predicts that the freezing threshold ap-
independent(See Ref. 26 for the discussion of the decline ofProaches a constant whéh tends to infinity. Irreversible
mobility on length dependence for low fields and high gelentanglement of charged molecules in gel matrix has also
concentration, where the chains are strongly entangled.  been reported”

Pulsed electrophoresis in which the direction of the forc- ~ The results of direct observation of charged polymers
ing electric field alternates at regular intervals between a forduring electrophoresidand the discrepancy of experimental
ward direction and a substantial orthogonal component oflata with conventional theory motivates a search for an ad-
opposite direction, improved separation by a factor of apditional type of interaction of polymer chain with a gél.
proximately 100 compared to constant field We** introduced an additional physical mechanism that
electrophoresié’? However, the conventional theory does should be important for relaxation of entangled long
not adequately describe electrophoresis of long chaih®  chains—the solid friction between the segments of polymer

The most troublesome discrepancy between predictions afhain and gelWe have shown that for entangled configura-
tions of the polymer chain the local solid friction is propor-

30n leave from Institute of Chemical Physics, Russian Academy of Sciencet.lonal to the local tension force and it reduces the mObIIIty of

Present address: Department of Chemistry, BG-10, University of Washing® €ntangled chain by the factor which _eXponemia”X d_e'
ton, Seattle, Washington 98195. pends on the number of entanglements. Since the dry friction
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coefficient for the fiber—chain interaction in the presents of
the solvent is small, solid friction does not change the dy-
namics of short chains and of large chains with small number @

of entanglements. However, it can drastically change the re-
laxation behavior and lead to trapping of long chains with .

large number of entanglements. n / \Tn*

The existence of forces of the similar type was predicted
in Ref. 35. A microscopic picture for local pinning of a long
polymer chain by a gel fiber, which on the mesocopic scale
should lead to solid like friction forcéSwas presented in .

Ref. 10. In recent friction force microscopy experiméhts
the oscillating in time force, acting on individual molecules, E

which in average results in solidlike friction for the atomic N

scale motion, was detected. On the other hand, the experi-

ments on DNA Electrodiffusion in 2D array of po&tsndi- /
cated that under particular experimental conditions a simple
post array(without solid friction effects will probably not
give rise to strongly dispersive electrophoretic mobility of
polymers. Thus, the direct experimental observafiois®®
and the theoretical estimatssupport the conclusion that
solid friction forces should be important in gel electrophore-
sis.

In the present paper we derive the general result for the
mobility of the stretchedropelike chain in arbitrary con-
figuration, consider some simple examples of different chain
configurations, analyze the mOb_”'ty 9f _harmomc chains, ?‘nq:IG. 1. Microscopic models: a—beads and springs model, b—Euler-type
present the results for the solid friction induced freezingmodel; ¢ and d present different orientations of the chain with respect to
threshold. The paper is organized as follows: In Sec. |l weexternal field.
present the microscopic equations for tension and velocity
with phenomenological friction force for each turning point
at polymer—fiber contact; in Sec. Ill we derive the coarsecauses fibers to become vibrationally exited, and the vibra-
grained functions which eliminate small scale chain fluctuational energy is dissipated as heat. On a semiphenomenologi-
tions; in Secs. IV and V we apply these equations to &cal level, local pinning of a static chain and energy dissipa-
stretched and harmonic chains and in Sec. VI—to chainsion for moving chain result in rubbing frictiofsee Ref. 36

bead

which are in “close to stretched” state. for the detailed discussion of the similar microscopic model
for solid friction forces acting on monomer particles

Il. MICROSCOPIC EQUATIONS FOR TENSION AND Some details of the phenomenological definition of the

VELOCITY friction force depend on the microscopic model of the chain.

In the conventional picture of electrophoresis an ex--or & béad and spring model of the chifiig. 1(a)], where a

tended polymer chain, assumed to be uniformly charged, i882d which is sliding along the gel fiber, is the source of
dragged free from entanglement about a fixed gel point b>$0|ld frlctl_on, the microscopic magnitude of this friction
the action of external electric field. In the absence of solid®c€ Frub IS

fr!ct?on this picture is similar to the rope being pulled over a Frn(n)=puN,,

frictionless peg through a viscous medium; the velocity with

which the rope is withdrawn is determined by a balance of N,= inLJr(T;JFT:)COS_n ,

the tension imposed by the external field and the viscous 2

drag. In the presence of solid friction this velocity is reduced 5

by rubbing force exerted at the point of contact between the if inlJr(Tnan:)cos_”;o, (1a)
moving rope and the fixed peg. 2

When a segment interacts with a gel point, the chain 9
tension, induced by the external field, leads to the local pin- N,=0, if inl+(T;+T§)cos7n<O,
ning of the chain in metastable local minima of the chain—
fiber interaction potential, which are produced by the inho-wheren is the segment indexy is the coefficient of sliding
mogeneity of the chain shap®The longer the chain and the friction,*® E, is the normal electric field\, is normal force,
larger the field, the deeper is the local minima. Estimategxerted by the gel point on the polymer segment. The latter
presented in Ref. 10 show that the depth of these locdorce is equal to the projection of the sum of all forces acting
minima is significant compared to the thermal energy for theon the segment to normal direction at the point of bead—fiber
experimental conditions described in Refs. 27 and 28. Falleontact. The sign of thqE term is determined by the orien-
ing from these metastable minima to a lower minimumtation of E with respect toN,, [see Figs. ) and 1d)], T,

Downloaded-23-Jan-2004-to-18.51.1.292 CREMisBMSioMab 3 (NG -:8p8 NaVemREL 88 ight,~see-http://ojps.aip.org/jcpolicper.jsp



8218 S. F. Burlatsky and J. M. Deutch: Solid friction in gel electrophoresis

andT, are the tension forces imposed by the left and right

neighboring springs, and, is the angle between these two

_srerggrs_,%()frﬁ(r)<w. For small friction coefficient,u<l1, v ‘ T NG
n n n:

For gel points with a diameter much bigger thanthe Fino =By
chain can be approximately treated as a rope wrapped around \d | e T T
a macroscopic obstac[esee Fig. 1b)]. For this model one oo\ ] -
has a famous Euler result for solid friction foréeithout (o0 o | ® o)
external field 8 !

Frp(m=T"(n[1—exp—pule))], (1b) - ‘
where ¢ is total wrapping angle, Qe<<w. For small w it

leads toT*~T ~T and

Frub(n) = T(n),u,| gD| . (1C) chIG' 2. The direc_:tion of various forces acting on a coarse grained z_alement of
e polymer chain. The steady-state segment velocity is in thg direc-
The above models are a simplification of the local interactioriion so the frictional forceé,,, andFy;c are in (+r) direction. The distance
of the fiber and the chain; we have adopted a macroscopi& 'S 309 the coarse grained polymer chain.
friction description for microscopic interaction. However,
only the following common main features of these models
are important for dynamics of the chaift) The solid fric-  For the bead and spring modek«+) =2 cos@(r)/2), for
tion force is opposite to the velocity directiof2) it in- the Euler-type model-«(r)=|¢|. If the chain does not
creases proportionally to the tension forces and it varies witlghange direction at given pointi(r)=# and cos9=0 for
the angle which the chain makes in the interaction point. In &ead and spring model as=0 for Euler type model, and
coarse grain description, which will be treated below, there igherefore F.u,=0. The chain makes different angles
no significant difference between the two microscopic solidy< 9(r)< 7 (0<@<) at the interaction points. It is impor-
friction models exhibited. tant that both cos}(r)/2] and|¢| are always non-negative
In steady state the projection on the path of all forcescontrary to co®, which can have arbitrary sign. The func-
acting on monomer is equal to zero. For a monomBich  tion «(r) can not become negative, since tension forces only
interacts with a fibeiit leads to push the chain down to the obstacle in turning points of the
T\ _ primitive path, where chain—fiber interaction occusee
Bu+Frupt (Tasa=Tn) —GE c040,) =0, @ Figs. 3 and Fig. &) and Xd)]. Let us also note that is a
where Bu is friction force exerted by the solvent on the measure of entanglement for one chain—fiber interaction and

moving segmentp is friction coefficient of each segment, 4, is a measure of solid friction resistance per interaction for
6, is the angle between the external field and the directioryiven chain configuration.

of chain motion, and andq are the velocity and charge of Boundary conditions for Eq4) are determined by the
chain segment. Directions of all forces are presented in Figexternal forcesT, and Ty, acting on the chain ends
1(a) and 2.

T(0)=T,, (4a)

Not each segment will interact with a gel point, if the
persistent polymer segment size™is smaller then the char- T(N)=Ty. (4b)

acteristic separation between gel points.™ Let us intro- N ) )
duce interaction probability function These conditions allow one to determinefor given end

forces from Eq.(4).

e(n,t)=2>, 8(n—ky), (3)

where § is the delta function for the continuous model and
the Kronecker function for discrete chain, akdare succes- T
sive numbers of segments which interact with gel fibers. For '\12
the discrete modek(n,t) is equal to zero, if the segment
with the numben does not interact with any gel fiber, and it
is equal to unity if it does. For example, for the configuration
of beads and springs presented on Fig.K3=1, k,=4,
k3: 12 .

In the continuous limit, we obtain the following equation
for the projection on the chain path of all forces acting on an
arbitrary monomer

dT(r)
dn

Bu+ we(r)[T(r)a(r)=qE sin 6(r)]+

FIG. 3. A fragment of a chain. Solid line—chain segments, dashed line—
—Eqcosé(r)=0, 4) primitive path.
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In gel electrophoresis the chain can be found in coiled Kit1
state, which exhibits harmonic properties and in extended f [o(n—ki)+6(n—ki.1)]dn=1. ©)
stretched staté-1214-2%we define,p(r)=dn/dr, a linear A
density of the chain along the path coordinat®y the defi-  After the substitutiondn=p dr, we obtain

nition it is equal to a number of segments per unit length Koy r(ki 1 1)
along the primitive path. For stretche@opelike chain f e(n)dnzf p(X)e(n(x))dx, (10
p=constant1/, wherel is maximum segment size; for a ki riki
elastic chainp is a function ofr. wherer (k) is the coordinate okth obstacle along the chain
The solution of Eq(4) with boundary conditiort4a) isa  path. Substituting local functions(x) and e(x) by corre-
nonlinear functional ok, p, «, ©, andv. The solutiod* is sponding coarse grained valuggr) ande(r), which arex
; independent on a length scale smaller tleenand taking
T(r)=¢(r)T0+f o~ Y(x){qE[ cos A(x) advantage of the definition of the distance between two
0 neighboring  obstacles along the chain path:
+eu sin B(x)]— Brlp dx, (5) r(k; +.1)—£1(ki):a, we obtain Eq.(7) for coarse grginec_i
functions®* Note that for a completely stretched chain with
where p=1/1, interaction probabilitye=I1/a, which equals to the
; number of segments of primitive patimteraction points
In (r)= —,uf e(x)a(X)p(x)dx. L/a, divided by the total number of chain segmemss L/,
0

wherel is entire chain length.

Since the functiorx(r) in Egs. (1), (4), and(5) is non-
. COARSE GRAINED FUNCTIONS negative[in contrary to co)], #(r) in Eq. (5) is a mono-
tonic function and one can introduce a mean functidior a

We introduce a mean-fieldlike approximation for coarse ined el f ol hai itlv. th |
rained(with coarse graining distancér=a) functions for coarse grained € ement Of polymer ¢ alln..Stnct y,_t € value
g of a will depend on the history of the chain in electric fiéfd.

the chain in the lattice of obstacles. The definition of theAfter a long time in a large static field the long chain will

coarse grained functiofir) is approach complete elongation andvill approach zero. In a
1 (r+¢ pulsed electrophoretic experiment, the chain has a random
f(r)= 5 fr f(x)dx, (6)  orientation at the beginning of the first pulse aads ap-
proximately 24r radian. The entangled configurations which
where ¢ is the coarse graining distance longer ttenthe  are usually created in pulsed electrophoresis are character-
average distance between gel poifgse Fig. 2 ized by relatively large value of.
In order to calculate coarse grainedwe choosesr =a The coarse grained form of E¢4) is
and consider a fragment of the chain, which is located be- dT(r)
tween the fiber with path coordinateand the next along the g, + — [T(r)+qE sin 6(r)]+
primitive path fiber with path coordinate+a. The coarse Sp pdr
grained interaction probability_(r) is equal t(_) the ratio of —Eq cos6(r)=0. (11)
the number of the segments with path coordinates<x<r
+a, which interact with gel points, to the total number of the Here we introduce a “screening” length s=a/ax, which
chain segments within this interval. Two of the segments of Qetermines the Iength scale of solid friction resistance forces
given chain fragment are subject to solid friction force if the Equations(4), (5), and (11) are the central results of our
segment size is bigger then a fiber diam®@end smaller analysis. In next sections, we shall apply these results to
then a distance between gel points, see Fig. 3. Since bofffretched and harmonic chains.
segments are at the boundary of the coarse graining interval,
pnly one is included in the numbgr of interaction; for thelv_ STRETCHED CHAIN
interval, the other segment contributes to the neighboring
interval. Therefore the number of interactions for this inter- ~ For a stretchedropelikg chain p=const. andn=pr.
val is one, anc equals to inverse number of the chain seg-The solutiod* of Eq. (11) with the boundary conditior4a)
ments for this fragment, which in turn is determined by thefor a stretched chain and constants
coarse grained linear densipy Since the number of chain p( r
s

segments between two successive obstacles is approximately T(r)=ex
equal topa, for coarse grained andp we obtain

e l=pa. (7

r X
{T0+qu exp{;) cos f(x)p dx
0

L
orf 21| i

K Here we ignore the term with the alternating sign,
f 'He(n)dn:l, (8) +gEsin d(r), because its sign change will average to zero
ki along the chain when there are entanglements.

+ Busp

Formally one can write

since the functione(n) is equal to zero for alih in the The velocityv is determined from the second boundary
interval k;<n<k;, 4, and condition (4b), which leads to
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PopS=— o —Lis)

qEJS§ exp(x/s)cos (x)p dx
* explL/s)—1

13

Sincel/a is equal to the number of segments of primitive
path, i.e., to a total number of chain—fiber solid friction in-
teractions, andvu is a measure of effective friction coeffi-
cient for one segment to fiber contatt,s=aul/a, repre-
sents a measure of solid friction resistance for the stretched
chain in a given configuration.

For au=0, v approaches the correct free draining limit

Bv=[qEh+p (T~ T)IIL, (14
where
L
h=f cosO(x)dx (15
0

FIG. 4. Polymer chain in A” configuration. The electric fieldE pulls the

. P P : : ; chain in the direction of lengthenirlg, . The in set indicates that on smaller
is the projection of the chain on the field direction. length scales the chain has achieved more favorable conformations with

For the chain with free endd,,=T_ =0, elongated in  regpect to the gel points and provides an averaged valae of
straight configuration co@®)=const., and no tension is in-
troduced along the chain. The flux determined by BEcd)

for this case in the presence of solid friction, is equal to _ ) )
A. “ A” configuration: Dynamic case

Pv=QE co10), (16) We consider now in more detail the simplest particular

i.e., it is the same as the flux for the chain without solidconformation of the coarse grained chain with free ends—
friction. so-called “A” configuration** depicted in Fig. 4. In sym-

Note that Eg.(13) is not symmetrical with respect to metrical “A” configuration with two arms of the chain,
chain ends, since the direction @fdetermines the direction Which make symmetrical constant angles with respect to the
of friction force. The chain leaks from the emd&-L to the electric field, cosP(r)] =—co90O) for 0<r<L, (i.e., for
beginningr=0. Equations(12) and (13) are valid only if the left, leading, arm of the chagimnd cosP(r)]=cog0O)
v>0. for L,<r<L,;+L, (i.e., for the right, trailing, arm of the

If there is no external fiel(or chain chargei.e., ifE (or ~ chain; and ©=constant. For this configuration E€L3) re-
q)=0, the dependence of tension on path coordiriEge), in  duces to
Eq. (12) exponentially decreases frofiy, to T, . Thus, the
tension forceT, (but notT,) is screjwbed by the effect of Bu=qE cos 0 2-exp—Li/s)—expl,/s)
solid friction. Random chains that are longer then the exp(Ly/s)—exp(—L1/s)
screening (or threshold) length=&/(au) experience an ex-
ponentially small tension and accordingly distant segment?t c
will not be moved by any externally applied force—the chai
cannot be pulled out of the tubln such a case an exponen-
tially small but finite forceT, will keep the chain in the
tube® In real systems such force could be provided by chain

(18

Note that this expression is not symmetriclinandL,.
orresponds to the physical case whereO in the direc-
"tion indicated in Fig. 4. It follows that; must be greater
thenL,. In the limit u—0, the flux approaches

Li—L,
stiffness or/and by fluctuation-induced effects. Bv=qE cosO ———, (19
The steady state segment velocity for the chain leaving 12
atr=0 with free end,T, =0, andE=0 is equal to which is the expected resuf.

T In the opposite limit ifL, is large enoughbut smaller
Bv= —0, (17)  thanL,) the chain will remairfrozenin gel. In contrast to a

pslexp(L/s)—1] chain without charge, a charged chain in the given configu-
ration can be trapped without any external forces acting on
Fhain ends Consider the extreme case whep tends to
infinity. According to Eq.(18), the flux vanishes when the
solid friction coefficient reaches the value:

which approaches correct free draining limit To/(BpL) if

u tends to zero. The first terms on the right-hand sides o
Egs. (12) and (13) provide a straightforward analog of the
Euler result. In the Euler case absolute valueuaf is a
measure o_f solid friction res_istance for the_z rope wrapped L,=s In(2). (20)
around a single obstacle, while/s=aul/a, is a measure

of solid friction resistance for a chain that makes random  This result can be understood by noting that as the lead-
angles. ing arm becomes infinitely long, its net effect is to place a
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tension at the apex point, at the end of the trailing arm. In the
presence of the solid friction this tension approaches a lim-
iting value

Tim=pS(qE cos© —v B). (21)

Equation(13) for the trailing arm with boundary conditions h
T(Ly)=Tim, (229 (=0
T(L,+Ly)=0, (22b

leads to Eq(20) asv tends to zero. Note that without solid
friction Ty, increases as a linear function b}, i.e., solid
friction provides screening of tension and therefore intro-FIG. 5. Polymer chain in U-shaped configuration with unequal arms caught
duces a finite limiting value for the tension of entangled®er 9€! points. The external field is directed downward.

chains

T(L,+X)=spE cos6,q{l—exd —(L,—x)/s]} (28

Let us consider the chain in the nonsymmetfit4lA” &t turning point, and then decrease to zero at the end point.

B. “ A” configuration: Static case

1

configuration. In this configuration the leading and the trail- The turning point location is

ing arms make different angles with the field. We examine

the static case, when equals zero. In this case the solid x=L,+s In

friction force acting on a segment is directed opposite to the

direction of apossible movef this segment, i.e., is opposite L, cos 6, L,

to the projection on the chain path of all other forces. Letus — \/1—exp( - ?) [ 1+ cos o 1—exp( — ?)H)
introduce a turning point, with a coordinate along the primi- 2

tive pathr=L,+x. At this point the solid friction force (29
changes its direction. For the segments with path coordinateor 3 symmetrical case wid,=6, andL, =L, the turning
smaller tharx, the direction of possible move is the same aspgint coincides with the apex point=0, which means that
indicated in Fig. 4. For the segments with path coordinatgne possible move direction for the left arm is to the left, and
larger thenx, the direction of possible move is opposite 10 for the right arm is to the right. The static solution exists if
the direction indicated in Fig. 4. Location of the turning the argument of square root in right side of E29) is non-
point tends to the end of trailing arm, i.&,tends tol,,  negative. For symmetrical configuration, withy=0,, and
when the movement of the whole chain begins and statiGyith large leading armi, ;>s, the static solution exists only

description becomes invalid. The equations T¢r) read if
T daT
—S+ W—Eq cosf,=0 0O<r<L,, Lz>sIn(2), (30
ps P i.e., under mobility threshold, which is predicted by E20).
T dT For largeL, and L,, L;, L;>al/(auw), the turning point
E+ m+ Eqcos#,=0 L;<r<L;+X, (23)  |ocation is of the order of screening length:

T dT _ COos #,+ cos 6,

—E+—p dr+Eq €c0s6,=0 L;+x<r<L;+L,. x=sln 2 cosé, =D

If x becomes larger theln,, the chain starts to mov&V/hen
c0s0O, tends ton/2, x tends to infinity, which means that
change in the field orientation can “unfreeze” the trapped

Note the sign before the solid friction terii ps. Equations
(23) together with free ends boundary conditions,

T(0)=T(L;+L,)=0, (24 chain
continuity equations for tension at the apex point,
lim T(Ly—e)=1lim T(L;+e¢), (25

0 C. “U”-shaped configuration

e—0
The influence of solid friction on the dynamics of
stretched chains in other situations can also be investigated.
For example, a long polymer chain, where the arms are leak-

ing from the end of entangled region, as depicted in Fig. 5,

and continuity equations for tension at the turning point,

lim T(Ly+x—¢e)=Ilim T(L;+x+¢€), (26)

e—0 e—0

lead to exponential change ir(r): growth fromT(r)=0 at
beginning point to

T(L,)=spE cos#q[1—exp —L,/s)]

at apex point, decrease to

(27)

corresponds to “U”-shaped configuratidfi’® which pre-
sents a physical situation envisioned in most of lattice com-
puter simulation studie®:*>8-22 Similar configurations
have been observed experimentaft” In this situation the
effect of solid friction is only present on the central arm
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which is oriented perpendicular to the electric field and
therefore T(r) 'for the stretched chain can be determined - L y=— Without solid friction
from Eg. (5) with /q_E
PBos
In y(r)=0, for O<r<L; and
0.6
for Ly+L,<r<L;+L,+Lg, (329 With solid friction
0.4
In y(r)y=(r—Ly)/s for Ly<r<<L;+L,. (32b)
0.2
Substituting these functions and using the free ends bound-
ary conditions, ¥ o o an
ul
T(0)=T(L,;+L,+L3)=0, (33
we obtain FIG. 6. Average flux for leakage from U-shaped polymer configuration in
the gel. The leakage begins with the entire polymer of lerigthligned
L, exp(—Ly/s)—Lg perpendicular to the field and ends with the entire polymer aligned parallel
Bv=qE . to the field.
L, exp(—L,/s)+Lz+s[1—exp—Ls/s)]
(34)

If Ly>L3exp[L,/s] the chain will move with a velocity
that extends the larger arim, until the chain leaks from the
entangled region. However, if;<L;<<Lj;exp[L,/s] then
the solution to Eq(11) is v =0 indicating thatthe chain is
frozen*? There is no value of external electric field that can 1
overcome the solid friction from the entangled region for v= L.
given configuration. fim

Again we conclude thatolid friction predicts freezing of \yhereL, . is the minimum length where leakage alohg
entangled configuration of long chains; this freezing does Nohegins and. is the total polymer chain length.
arise in the conventional picturdn the limit of perfectly Consider the limiting case wheie;=0 andL,,=0. If
stretched chains which was considered in present section thgere is no solid frictiorthen u,,,=[/28] according to Eq.
threshold of freezing, which is presented by E2p) and Eq.  (36) which is of the same order as the free draining solution
(30) and can be extracted from E(B4), does not depend yajye andndependent of chain lengttdn the other handf

length. The mobility isv/E wherev is the average velocity
over the lengthL; as the chain leaks from the entangled
region. This average velocity is

: dLll}(Ll), (36)

Liim

explicitly on E. o solid friction is presentthen according to Eq:35) there is
In the limit OlfGTg’ friction ©=0, Eq. (34) leads to the  gjgnjficant reduction and length dependence of this averaged
expected resuft’*® velocity and mobility as illustrated in Fig. 6.

Available experimental informatidf at low static fields
(35)  but high gel concentration where strong entanglement is ex-
pected, indicates a decline of mobility with long chain length

. . . 913

which shows that the flux is proportional to the difference in9réater _tharl p”red|cted by biased reptation théo%}_.

length of the dangling chain ends along the field direction. If ~ Similar “U”-shaped configurations should be important

L, tends to zero, the expression foiin Eq. (34) reduces to for the penetration of a chain into a gel. In this case the
the form of Eq.(35), without solid friction andL,=0, as horizontal arm lies on the top of the gel and two vertical

expected from simulation results of the chain trapped about 8'M$S enter it at random penetration points. Contrary to the
single gel point®1%18 This reflects the fact that slowing above case the horizontal arm is not entangled and the effect
down of chain leakage from solid friction only occurs when of solid friction IS present only on the .vert|cal arms. An
there is entanglement over large distafft@revious work external constant field forces the elongation of the larger ver-
has assumed that slow mobility arises from a small net eledical arm. The analysis of the influence of solid friction leads
tric force due to close initial length of the arms of the chaint® the conclusion that the chain becomes trapped if the

wrapped about a single gel obstacle. However Simp@maller horizontal arm is larger then the mobility threshold.

estimate® also show that these configurations are unstablecange in the direction of the field can “unfreeze” the chain.

and, therefore, can not significantly change the mobility. The

direct observatiord show that such configurations soon slip

off. In contrast, open circular DNA migrates much moreyv. HARMONIC CHAIN
slowly*® which we attribute to entanglement and resulting
solid friction.

The experimental significance of solid friction is clearly In order to explain by example the main features of solid
illustrated by the result of leakage from “U” configurations. friction for an elastic chain let us consider Euler-type model
Successful separation requires length dependence of the mpresented in Fig. 7 for a small harmonic string, which is
bility um0pand solid friction discriminates chains of different pulled around the obstacle by two frictionless ropes in the

Li—Ls

SRRl FEIPE

A. Mobility of the chain driven by one end
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harmonic spring .
o FN F(O0
<e INW.

FIG. 8. Elastic chain driven through the gel by the external fér¢@). The
frictionless ropes set of arrows on the right from the leading chain end indicates that due to
fluctuations and/or change of the direction of the fokd®) the chain re-

. . A . e roduces self similar entanglements.
FIG. 7. A harmonic spring which is subject of solid friction is pulled around P 9
the obstacle by the frictionless ropes.

T2 dT

Bv+%+%—chosa—O. 43
For the harmonic chain, the increase of tension leads to the
elongation of the chain, and therefore, to the increase of the
T=v(¢—¢g), (37) number of contacts with fibers, and simultaneously leads to
the increase of the normal reaction force for each contact.
Therefore the solid friction term on the right-hand side of Eq.
(43) is proportional to the square of the tension force.

First consider a chain witly (or E)=0, which contains
N segments. The chain is pulled at the right leading end by
. (38)  the constant forc&(0) through an entangled region, as de-

picted in Fig. 8. We suppose that during the motion the chain

For the harmonic spring the increase of tension leads to thF‘eproduces similar entanglements. The solution of the Eq.
elongation of the spring, and therefore, to the increase of th 43) with qE=0 is

angle ¢, and simultaneously leads to the increase of norma
reaction force. Therefore, the dependence of a frictional —arctafiT(n)/Vyspv]
force on tensior(38) is nonlinear. =A-n, (44)
) . . : . VBulvys
For successive harmonic springs with coordinatethe

tension is a linear function of the distance between the neighvhere A andv are determined by the boundary conditions
boring segments Egs. (48 and (4b) with To>Ty . We examine the different

regimes of motion.

small friction limit. For the harmonic string the Eqlc)
remains valid. However, the anglegains a dependence on
the tangential tension force

where ¢, is the initial angle for zero tension, angcg,* is
the effective elasticity constant. By the substitution of the
angle ¢ from Eq. (37) to Eq. (1¢) we obtain

Frop=uT

L
—to
y 0

T=y (riz1—ri—Xo), (39

wherel, is the equilibrium length of a spring and the effec-
tive elasticity y is inverse proportional té,. In the continu- 7 gmar tension

ous limit
q For small tension, when
r
Pil:%:rwl_riy (40 Tn<To (45)
which leads to the following dependence of linear density onand
tension To<\ysBv, (46)
1 we expand arctan in E¢44) for small argument and obtain
P= Tl @D t free dragging limit
y+lo e correct free dragging limi
Substitution of this expression for the density in Efjl) Bv=[To—Tn]/N. (47
leads to Substitution of Eq(47) into Eq. (46), leads to the criteria of
T(T/y+ly) dT small tension
+———+— —¢gE =0. 42
pv s dn dEcOsd 42 T<T*, (48)

For a harmonic polymer chain, the elasticity arises fromwhereT* is thecritical tension
entropy effects. In this caséy=0, the effective elasticity .
constant y=3W/b?, where W is thermal energy and T =ys/N, (49
W=Boltzmann's constant times the temperattir@hus, for ~ which equals the tension, which stretches the elastic chain,
the harmonic chain, we found that contains N harmonic springs, to the screening length s
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2. High tension, T ,>T*, at the leading end of the T(n)—Ty
chain and zero tension T =0, at the trailing end of the Bv= - (57
chain 2

The asymptotic expansion for arctan for large argumen(a‘t the bo_un_dary betwegn high and low te.nS|0.n regions, the
solvent friction termBuv is equal to the solid friction term,

leads to 2 T2/ ys:
T “YS 2
=" =T(ny)“/ys. 58
v 4,3(N+ ’yS/To)z . (50) .BU ( l) Y ( )
The limiting velocity forNTy> s is Taking advantage of Eq$55), (57), and(58), we obtain
S / NT
Bu— 772'yS: 7 2Ws 51) n].::I)',_ 1— 1__N>_ (59
AN? 4b°N<" N 04

This limiting velocity is independent of,, decreases as For smalTy, this leads to

N~2, and depends on both friction coefficiefgand au. It Ny~n,xN/2 (60)
is approximately equal to the chain velocity which should be
produced by the critical tension E@8) in the free dragging "

limit (47). The result predicted by the E¢1) is unusual ys—NTy

because the limiting velocity is independent of the force. We ~ Bv=——z— (61)
present below a qualitative analysis of E43) for a more

general case. which coincides with Eq(51) for Ty=0.

Extrapolation of the results Eq&0) and (61) to inter-
mediate trailing end tensiong,y —ys/IN=T *, leads to
3. High tension at the leading end of the chain, ni—N andy—>0. Thus forTN—>T* the chain bec;omes fro-
T,>T*, and low tension at the trailing end, T <T*. zen for arbitrary large tensioff,,> Ty at the leading end of
the chain. For large leading end tensidig>T*, and small
We denote the number of segments in the vicinity of thetrailing end tensionTy<T*, the chain velocity is deter-
leading chain end aBs, . For these segments the tension ismined by Eq(61) or Eq.(51) and does not depend @i and
high. We .Qenote t_he number of the segments in the vicinityI'N. For this case, the net effect of the increase of the exter-
of the trailing chain end as,. For these segments the ten- | force is to increase the lengths of the chain segments in
sion is low. In order to obtain a qualitative estimate for theine small chain region containing segmentsn<NT*/T,
velocity we assume that there is a sharp boundary betweettfl| is much smaller theN sinceT* <T,), near the leading
the high tension region and the low tension region and, theresnain end. The dependencewbn T, vanishes, because the
fore, thatn, +n,=N. _ _ friction term for the given chain fragment increases with the
~ Forthe leading end of the chainth<n,, the tension  jncrease ofT,, due to the elongation of the chain, which
is high, and therefore the solid friction ter/ ys, is larger  |eads to an increase of the total number of interactions with
than the solvent friction terngv, and Eq(43) (with qE=0) e gel points. The increase of force is compensated by the

can be approximated as consequent increase of solid friction. The velocity is inverse
T2 dT proportional toN?, since the effective tension fora&5),
%4- ﬁ=0- (52)  which drives the chain, and the net solvent—chain friction
(57) are both inverse proportional ¢ [see Eq.(61)].
The solution of Eq(52) decreases as One can argué that the harmonic chain approximation

is inapplicable to long chains since the computer simulation
(53) indicates that long chains are aligned by the field and
stretched. We estimate the validity of the pure harmonic ap-
For proximation by considering an anharmonic chain with
springs whose extension reaches a maximum vhblwhen
n>ysiTo (54 the tension tends to infinity. The harmonic approximation
T(n) loses its dependence diy, and the net tension, which becomes invalid ifT, is of the order ofyl which is much
the end of the high tension fragment of chain places at themaller than the critical tensioft*, if N> #2s/|. Therefore
beginning of the low tension fragment of the chain is equala sufficiently long chain can remain harmonic and at the

. 0
T(m= nNTo/ys+1°

to same time exert high solid friction and obey the unusual
_ dependence Eq$51) and(61). Note, however, that for long
T(ny)=ys/n;. ©9 chains which perform reptation in tubes, the effective end
For the low tension region, E¢43) reduces to tensile forces can provide high solid friction effects and com-
dT plicate the chain dynamics. For the stretched chain,(£).
Bv+ ﬁ=0 (56) shows that there is a limiting tension within the long en-
tangled chain that will not be exceeded when the chain
with boundary condition3 (N) =Ty andT(N—n,)=T(n,). length increases. We now demonstrate a similar result for the
The solution is harmonic chain.
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B. “ A” configuration

We consider a charged harmonic chain wgte>0 and
with free ends in nonsymmetrical A" configuration, see
Fig. 4. Taking advantage of E¢43) we obtain the following

equations of motion
T, T E =0 62
,8v+7_s+ﬁ—q cos#,=0, (629
T2
,8v+7—s+ﬁ+qE cos6,=0, (62b

for the left, leading, arm, €n<N,, and for the right, trail-
ing, arm,N;<n<N;+ N,, correspondingly. For the leading
arm the solution with zero boundary conditionsnat 0 is

1—exp(— yn)

T e )

(63

8225
where
3 (qE cosO,—Bv)
n—z\/ s (64
and
f=1\ys(qE cos©,—Bv). (65)

Note that forau=0 (or for smalln) the frictionless limit

T=(qE cos©,—Bv)n (66)

is regained. In the presence of solid friction, the tension of
the harmonic chain approaches finite limit, which is equal to
f, asn tends to infinity.Thus, solid friction reduces the lim-
iting tension in both cases, i.e., or stretched and harmonic
chains*®

The solution of Eq(62b) (for the trailing arm leads to

arctafi T(Ny)/\ys(Bv +qE cosO,)]—arctai T(n)/Vys(Bv +qE cos6,)]

V(Bv+qE cosO,)/ys

Taking advantage of the zero boundary conditions,

T(N;+N,)=0, and of largeN; limit, which provides
T(N,)=f, we obtain for the velocity

\/(Bv+qE cos0,)
N, .
¥s

(68)

qE cosel—ﬂv_
Buv+QgE cosO,

arcta

n—N,. (67)

The dependence on the temperature predictefrByis
not apparent, sinca and « should depend olV. Also ther-
mal fluctuations can significantly reduce trapping. Moreover,
a will depend onE in different electrophoretic experiments.
However for a given conformation of the chain Eq. (70)
explicitly predicts for N the same dependence on E as that
has been experimentally determirf€dAn increase of gel

This equation does not have a positive solution if the numbefoncentration, external field or number of chain segments
of segments in the trailing arm is greater then the thresholéf@d to the stretching of the chain. We assume, that the

value,N*,

VS cosO,
N* = \/————— arctan
gE cosO, cosO,
T ys w / Ws
4 VqEcosO, 4 VbZqE cosO,’

(69

threshold on E dependence which was reported in Ref. 31 is
the crossover to the field independeatue that is predicted
by Egs.(20) and(30) for perfectly stretched chain.

VI. TRAPPING THRESHOLD BEHAVIOR NEAR THE
STRETCHED CHAIN LIMIT

Here an increase in the field leads to the decrease of the

critical value of N,. Note thatN* tends to infinity when
cosO 2 tends tor/2 which means that the change in the field
orientation can ‘unfreeze” the trapped harmonic chain

[compare with Eqg. (31) for the stretched chain]. This sug-

gests an explanation of the increase of penetration of lon

static field
Taking advantage of a commonly accepted estififate

for the typical cosine of the angle between the tube segmeﬁl‘.e

and external field in the limit of lowgEa<W, field:

cosO~qEalkT, (70
we obtain
N* ~7W/4qEbvau (71

for the mobility threshold of harmonic chain.

For a perfectly stretched chain, Eq20) and (30) pre-
dict a field independent trapping limit. This prediction agrees

with experimental results. However the experimental depen-

denceN* ~exp (const E) (Ref. 31 contains much more in-

E1;0rmation. Particularly, it predicts the high field limit

chains into gels in pulsed electrophoresis as compared to

N* ~1+const E. (72

The chain in gel can be stretched by different physical
asons: small diameter of gel pores, tube fluctuations, seg-
ment rigidity and a high electrical field. We will examine
only the high field in order to obtain a simple estimate for

trapping threshold behavior.

The typical cosine of the angle between the external field

and the chain, which is stretched by the field is equéfto

2W
gEa’

gEa

W (73

(cose>=cot)—(
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For high fields, this leads to the typical value of the cosineVil. CONCLUSION

}Zggg tIoS Igf (t;'g) (xgii rh c\)/]\c/euw;)\//.eNu?sts dt?(?: :gr;rggg gﬁgi;t Thus, the theoretical results on trapping thresholds pre-
q " _sented in this work, Eq920), (71), and (80), are in good

For the Rouse bead and spring model with anharmonic o . . L
. ) ; : Guantitative agreement with experimental data. Qualitatively
springs the distance between two consecutive beeadss . .
our results agree with experimental results on gel depen-

equal to dence of electrophoretic mobility:>* Our model predicts the
( bT W) following.
Ar=1| coth—— —|, (74
W bT (1) The decrease of tension in presence of solid friction
whereb is Kuhn (segmentlength of polymer] is maximum forces and presents explicit expressions for the limiting
spring lengtt® For small tensions it leads to harmonic be-  tension values Eqs63), (64), (77), and(21).
havior; for high tension it leads to (2) The increase of the trapping thresholds with the decrease
of the electric field and/or application of pulsed electro-
Ar~|(1—ﬂ _ (75) phoresis as compared to static high fields, EH@9),
bT (71), (80) and Egs.(31), (69).

New nonlinear dependencies for the velocity of charged
chains, that are dragged through the gel by external
forces, applied to chain ends and/or by an external field,
acting on chain segments, for harmonic chains E4#,
(51), (61) and for stretched chains Eq4.3) and (17).

In order to evaluate the trapping threshold behavior We(3)
shall examine a symmetrical configuration, see Fig. 5,
with an infinitely long leading arm in a static case. The trap-
ping threshold can be determined as the maximum number of
segments of the trailing arm, which can be confined by the
net tension placed by the leading arm at the apex point. In
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