RAPID COMMUNICATIONS

PHYSICAL REVIEW E VOLUME 56, NUMBER 3 SEPTEMBER 1997

Dynamics of a polyampholyte hooked around an obstacle

H. Schiesset, I. M. Sokolov, and A. Blumen
Theoretical Polymer Physics, Freiburg University, Rheinstrasse 12, 79104 Freiburg, Germany
(Received 12 December 1996

We consider polyampholyte®As), which are polymers carrying positive and negative charges. The PAs
are submitted to electric fields and collide with single obstacles. Field separation of PAs depends drastically on
7,, the time to unhook. Our analysis showg to be very sensitive to the charge distribution of the
chains: Unhooking is diffusional for regular, multiblock PAs, withdepending on the length of the blocks;
for random charge distributions, increases exponentially with the PAs’ length and unhooking is subdiffusive.
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PACS numbds): 87.15~v, 05.40:+j, 82.45+z

Gel-electrophoresi$GE) is a widely used technique for ian motion and the friction between PE and fiber, one has
size separation of polyelectrolytéBE9 of different length _
such as DNA fragmentpl]. During GE the polymer gets NZbm(t)=2qEm(t)—gqEN. (1)
temporarily hooked around gel fibers, and the release time
determines the overall process. In a more general fashion ol Eq. (1) m(t) denotes the number of the monomer which is
investigates the time-u needed by p0|ymers to disentang|e in contact with the fiber at tlme, b is the monomer Iength,
from single obstacleésay posts[2—7]. and( the friction constant per monomer. The solution of Eq.
A related problem is the behavior of polyampholytes (1) with initial conditionm(0)=mis
(PAs), which are heteropolymers that carry both positive and
negative charges, in gels under external electrical fields. In a m(t) = ( m— ﬂ) ex;{E t} i ﬂ ©
series of work§8-12 we have investigated the behavior of 2 N¢Zb 2°
PAs in dilute solutions and found that the charge distribution
(CD) leads to a great variety of static and dynamical lawsFrom Eq.(2) the timer, is given implicitly bym(r,) =0 for
[9,12] which furthermore depend on the intramolecular elec-M<N/2 and bym(7,)=N for m>N/2. Thus, say form
trostatic coupling[11,12, on the solvent's quality11,12, <N/2, one hasr,=(NZ¢b/2gE)In[N/(N-2m)]. Hence, as-
on the chain's extensibility{10] (cf. also the paper of sumingm=m(0) to be equally distributed we find by aver-
Winkler and Reinekef13]), and on the hydrodynamically aging overm
mediated monomer interactiof&2]. A study of the PAS’
motion using the biased reptation framewdtd| revealed (b
the paramount role played by the detailed distribution of T“_Zq_E N. )
positive and negative charges along the chain on the overall
PA’s mobility in a network. We hence focus here on howWe note that other models, as long as the chain is inexten-
7., the time to unhook from a single obstacle, depends omsible, lead to the same dependence on the parani&ters
the PA’s particular CD. As we proceed to show, we indeedFor Gaussian chains, however, one hgsN? [5,6]. Con-
find 7, to depend drastically on the CD. sider, namely, a bead-spring model, whose harmonic springs
Before discussing PAs we recall the findings for PEs enhave equal spring constarks The tension acting on each
tangled to a fiber. Just after the collision the PE coil getsarm increases from the free end to the hook, where the force
unraveled by the external field and shows in the simplests of the order ofgfEN. Thus the extensioal of the springs
case only two arms, left and right of the fiber, consisting ofnear the hook is of the ordesl~qEN/K; taking Al as the
monomers 1 tan andm+1 to N, respectively. In general, typical segment length, i.e., assumibgr Al, Eq. (3) takes
we denote byg,, the charge on thath monomer, so that for now the formr,~¢N?/K which is independent of [5,6].
PE, evidently,g,=q for all n. The total charge on the left Furthermore, the same power-law dependences,ain N
arm isQ,=maq, and on the right arnQ,,;—Q,=(N—m)g,  also hold in the non-draining case, despite the complex PE
where Q,,;=Qy is the total charge of the PE. Hence, the behavior discussed in RéfL5]. Hence, for PEs, is a power
tangential forceF(m) acting along the chain from right to law of N; now, since the standard deviation of 7, is of the
left is F(m)=QmE— (Qii— QmE=29Em—-gEN Assuming same order tham, itself (for the inextensible case, discussed
the chain to be free-drainin@.e., the friction to be propor- above, one hasr,=v27,), collisions with individual ob-
tional toN) and to be inextensible and neglecting the Brown-stacles are not a powerful means to separate different PE
according to lengtlisee the discussion in Rg#]).
As shown, a PE gets unhooked due to the difference in the
*Present address: Materials Department, University of Californiforces acting on its two arms. As we proceed to show, the
at Santa Barbara, Santa Barbara, CA 93106. unhooking scenario of PAs is generally different, since in
TAlso at P. N. Lebedev Physical Institute of the Academy of Sci-many cases a PA requires thermal activations to disentangle
ences of Russia, Leninski Prospect 53, Moscow 117924, Russia. from a fiber. This leads to an exponentidldependence of
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7, (and, indeed, to a standard deviatiopof a similar form. E
Note that due to the exponentildependence long chains ;

stick for very long times to the hook, times in which most of
the shorter chains unhook.

Let us first calculate the deformation of a free PA with the
charge distribution{g,} having a vanishing total charge
Qtotzz,’f:lqkzo. We use the Gaussian, bead-spring model, in )
which the monomers are connected by harmonic springs to a
chain; the(entropig spring constant i« =3T/b?, whereT
denotes the temperature in units of the Boltzmann constant
ks . We take the external field to point in tiedirection and
denote byY(n) the time-averaged position of timth mono-
mer in the Y-direction relative to the first, i.e.Y(1)=0.
Thus, Y(n) is the sum of all the elongations of the finst .
—1 bonds. For the free PA the mean distance between the
monomersk andk+1 in the direction of the field, i.eY(k
+1)-Y(k), can be calculated as follows: The bond con-
necting the beadk and k+1 subdivides the chain in two

parts, one C(?(nsisting of the monomers-1,...k with the A simplification of the model can be achieved by assum-
chargeQ=2{_,q;, and the other consisting of the mono- g the PA to be restricted through a slip-lifk9,20 located

8
slip-link 71

FIG. 1. PA hooked around a fiber. Depicted is a small part of the
chain with a minimum at.

mersn=k+1,... N with the charge—Qy. Hence,Y(k 5t the point of impact. The motion is then one-dimensional
+1)=Y(k)=—Q«E/K and thus and the potential energy of a chain hookedas given by
sz n! 2 n—-1
Y(n)=——— 4 b2F oE
(M="37 2, & @ UM =FeY(M=-"2=F Q. ©

(cf. also Eq.(16) of Ref.[12] with i=0 andj=n—1). In Eq.
(4) we neglect the intramolecular electrostatic interaction ofvhere we setJ(1)=0. We expect the introduction of the
the charged monomers. This may be realized experimentall§fip-link to capture the main physical aspects in the determi-
for weakly charged PA chains: For randomly charged PAdation ofr, and we relegate towards the end of the letter the
with Q=0 in a ® solvent, the coupling between the discussion of the additional degrees of freedom which are
charges can be neglected as long Nis (b/flg)? holds  involved for a PA colliding with a fiber. In Eq(5) we as-
(weak coupling limit[12,16]. Heref denotes the fraction of Sume further that the external force is small enough so that
charged monomers arg=q%(¢T) is the Bjerrum-length the perturbation off(n) caused by the hook-chain interac-
(¢ is the dielectric constaptin water at room temperature tion can be neglected; this perturbation is of second order in
one haslg=7 A. These arguments remain valid for non- U(n), which restricts our theory to moderate valuesAaf
neutral chains as long as the charge asymmetry is smadifdependent of the field strengtbee below Furthermore in
enough:Q,,w<qNY2[12,17]. Note that neutral and/or weakly the linear regim¢assumed in Eq4)] one has no lever ac-
charged PA solutions can be prepared without counterion80n since the dynamics in the directions perpendicular to the
[18]. field direction is decoupled from the dynamics in field direc-
We assume now that ttfeee PA drifts moderatelywith a  tion [8,12], i.e., we have here no rotation of the whole chain
constant velocity,; this may be due to a uniform flow field around its anchor point. _
acting on the PA or due to a small excess cha@ggwhich ~As we will show, the dynamics of the PA through the
is added uniformly to the PAso that each monomer carries Slip-link depends strongly on its CD which enters Eg).
the additional chargeq=Q,,/N which is small compared We consider two cases: periodic CDsultiblock PAg as
to the characteristic charge per monomaNe denote by well as completely rand(_)m patterns. As we proceed to show,
For=QuE the overall external force which induces this drift. the f|r.st case Ieads.to dllffuswe behavior whereas the second
Note that the additional excess charig per monomer does Case is highly subdiffusive. o
not influence the internal deformation of the PA, i.e., &j. Consider first multiblock PAs consisting of regular pat-
remains valid(cf. Ref.[12] for a rigorous discussion terns_of posmvely and negatively charged bIocks._Fo_r math-
Let us now consider the potential energy of a PA in con-€matical convenience we take the ¢@,} to be periodic,
tact with a fiber; such a situation may arise when the PA
drifts through the geldue to a flow or to a small additional 4= 005(2an
charge. Let the contact occur at theth monomer; the situ- n N
ation is shown in Fig. 1. Assume, for instance, ta>0.
ThenY(m+1)—Y(m) as well asy(m)—Y(m—1) have, in with 0O<n=<N. In Eq. (6) p is the number of repeat units,
general, the same sign, as depicted in Fig. 1. This is differergach consisting of N/p monomers. We haveQ,
from the PE problem where a hairpin situation develops=(qN/2m7p)sin(2zprVN)+nAq and thus Q,;=Qn=NAg.
with two arms directed parallel to the field; here, it is evenNow it follows from Q, that for gN/p>NAgq, i.e., Aq
not clear that the PA will stay in contact with the fiber during <q/p the interaction with the hook affects only slightly the
the whole unhooking process. conformation of the free chain, E¢4) (this is independent

+Aq, (6)
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of E). InsertingQ,, (without the smallAqg-correction term b2F o E
into Eqg. (5) leads toU(n)=A,[cos(2rpr/N)—1] with A, AUEV<U2>E+ N3, (10

= EF,0°N%/(127%p?T).

Let us now calculate the timeg, needed by the PA to free ) )
itself from the slip-link, by having one of its end-monomers AU iS also a measure for the typical depth of the largest
pass through it. We make use of arguments from activatiofinimum of U(x). The typicalr, for random PAs follows
theory. If the potential barrieAU is much larger than the (€N as an Arrhenius-type law:
thermal energyT, i.e. if p<po=bN\QEF/(67°T?) the
chain will be trapped in one of the minima, situated at the b?FodE o,
monomer positions, = (k—1/2)N/p with k=1, ... p. The 7y TN exp —=7— N7,
escape timer, from each of these minima is the same and
can be estimated from the Arrhenius-Kramers argument to bﬁ/
7,=(67N{T/FqE)exp(2A,/T) (the preexponential factor
follows from Eq.(XIl1.2.2) of Ref.[21]). Thus the dynamics
of the multiblock PA through the slip-link may be viewed as

being a hopping process from one minimum to one of thefusion [22-24. In this case one has diffusion in a random-

:jv;/r?]enr]sei:)%g??gggor;nw;ﬂa;T thifalllsoneeﬁigttlt\wlghlg Ag er?gs}swalk-like potential, which means that the local bias fields are
- 1Yp y uncorrelated. Sinai showed that in this case the mean-

reached when the number of steps is of the opfeso that squared displacemer? of the random walker displays a

(11)

here the preexponential factegy depends only weakly on

Let us draw now comparison to a similar, classical ex-
ample for diffusion in disordered media, name8inai dif-

7, follows, L -
logarithmic time-dependence, nameby?exIn® [22]. Thus
6aNLT b2qE Fyg N2 the random.extclarnal potential leads to a drastically slowed-
Ty = pzrp; p2exp ——— —3/, (7)  down, subdiffusive process. In our case we have also a ran-
qEFio 67T p dom potential, being however, the integral of a random walk,

sinceU(n) is proportional to the sum of th@, [cf. Eq. (5)],
for p<poy. Now 7, grows with decreasing and attains its  which itself is a random walk. Due to the correlations of the
maximal valueruocNF;,tleXQCFthz] for p=1 (c is a nu- potential the scaling argument given above indicates that
merical constant The limit of validity of the Arrhenius ar- then the mean-squared displacement is even slower than in

gument is reached whem approache®,; then the Sinai case, namely?e«In®3t [cf. Eq.(11)]. This is con-
sistent with the results of Ref§23, 24, where it is shown
b2N?N¢  b?N2 that correlations of the potential of the form(J)2ecN+*
W= T Tp o ®) (with A>—1) lead to a mean-square displacement of the

form x2« (Int)¥*M): our case corresponds ko= 2. Thus we
find that long PAs with random CDs will practically not
become disentangled.

Up to now we have tacitly assumed that the hindrance
(fiber, post scans the potential, E@5), sequentially along
the arclength of the chain. There may be, however, over-
(7) and (8) also follow from the solution of the corre- hangs as depicted in .Fig.. 1: Inthe referenp_e frame of the
sponding one-dimensional diffusion problem, IeadingCha'n the hook may erft directly from the position of thth
to 7,=(b2N2/D)[1(A,/T)] [wherel,(x) denotes the hy- monomer to the position of thieh one. Nevertheless, such a

N P situation will not lead to a significant perturbation of the
gynamics of the hooked chain since in any case the PA will

whereD =T/(N{) is the diffusion constant of the free chain.
Evidently, Eqg.(8) holds also fop>pg, since then the ther-
mal energyT is larger than the amplitude of the potential so
that the Brownian motion given by E@8) is not affected
by the external potential. The two limiting cases, Eqs

perbolic Bessel function of order zdro

Let us now consider PAs whose charges are randoml
distributed along the chain, so that each monomer carrie
either the charge-q or —q. For an uncorrelated distribution
of charges one ha(sqiqj)=q25ij where the brackets denote
the average with respect of different realizations{qf;}.
Such PAs, however, have typically total charggg of the
order of =q\/N, whereas we requir®y=NAq with Aq
<qg/yN (this ensures that the collision perturbs the PA’s
conformation only slightly. This is achieved by distributing
(in addition to the excess charga per monomerN/2 posi-
tive andN/2 negative charges along the chain, resulting in
small negative correlatioff]

ecome trapped in the minimum ht In three dimensions
3D), however, rotations of parts of the chain around the
fiber during such noncontact periods may allow the fiber to
bypass one or several neighboring minima or may even re-
lease the whole chain from the entanglement. Nevertheless,
despite these effects the trapping in the deepest minimum of
U(n) controls the dependence of the unhook time, i.e., Egs.
(7) and(11) are good estimates fat, .

In 2D, which may be achieved by confining the polymer
between two parallel plates, such disentanglement mecha-
%hisms can be avoided. Let the chain be confined betieen
=0 andZ=h with h being much smaller than the radius of
L gyration of the chain. Assume that the PA is initially ordered
(9iq;)= 2 for .|=.] 9) in the X direction (i.e., X,;+1>X,) and is not allowed to

P =9%(N=1)  for i#]. cross itself. Then the fiber will practically see all minima

along the PA’s contour; we expeg} to be larger in 2D than

This leads ta (S}, Q,)2) = q2N3/12 from which the typical in 3D. Especially in the case of multiblock PAs one has
fluctuationsAU of the potential, Eq(5), follow, 730 < 72D) " with 7{2D) given by Eq.(7); assuming in the
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3D-case that the chain’s conformation in tk& plane(per- Our thanks are due to Professor J. Klafter and to Dr. G.
pendicular to the electrical fields Gaussian, one has typi- Oshanin for discussions. We acknowledge support by the EC
cally Vp minima which are effectively accessible for the (Grant No. CHRX-CT93-0354 by the Deutsche Fors-
hook instead ofp ones in 2D. Thus we predict—ffD) chungsgemeinschaft and by the Fonds der Chemischen In-
~72D)p. dustrie.
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