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Electrophoresis of an end-labeled polymer chain: A molecular dynamics study
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We study the conformational and the dynamic properties of an end-lalflxthelig polymer chain
embedded in a porous medium made of randomly distributed immobile spherical obstacles using a stochastic
molecular dynamicgMD) simulation method for several obstacle densifigs, and for various field intensi-
tiesF, applied only to one end of the chaiRor F,=0, the chain initially shrinks with increasing density of
the obstacleg;,,. In general, for smalF, and lowp;y,, the chain elongates along the direction of the force
and shrinks in the transverse direction whereby this effect becomes more pronounced at larger chain lengths.
However, we notice that for moderate valuespgf, andF,, the conformational properties exhibit extrema
before reaching a saturation at larger valueg;pf, andF, . Likewise, we also find that the drift velocityy
of the center of mass of the chain is a nonmonotonic function of the field intensity in the sen%g tiab
exhibits a maximum at a critical value of the field intend®§/"* beyond which it decreases. Our MD results
indicate that for largen,, the chain still can be described by a self-avoiding random walk, which contradicts
the prediction of variational calculation using the replica trick, but supports a more recent analytical result
using the optimal fluctuation method, as well as a Monte Carlo simulation result for a slightly different
disordered medium.
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[. INTRODUCTION ecutes ordinary random waR§~N, and for high impurity
_ o densities ¢>w), the chain is localized withR;~ p/, N2,
The behavior of a polymer chain in random mefilz?] The MC calculations by Muthukumar and Baumgartner

has gained considerable attention for more than a decade. f9,10] are consistent with these results. On the contrary, a
a fundamental level the study of a polymer chain in disor-second analytic calculation using optimal fluctuation theory
dered media stands as a testing ground for the extension ail terms of a small parameter predidtsl] that for large
applicability of the theory of reptatiof3,4]. At the same impurity densities the conformational properties of a chain
time the flow property of a polymer chain can be immenselyare still described by a self-avoiding random walk. When a
useful in understanding many important processes, e.gpolymer chain moves through a random medium it encoun-
length dependent fractionation of DNA via gel electrophore-ters cavities of different lengths. As the radius of gyration
sis, complex polymer mixtures, hazardous waste in sea etR,) of the chain becomes comparable or larger than the
Quenched disorders have nontrivial effects on the dynammean pore size it encounters entropic barriers as it passes
ics and conformational properties of either a diffusing or athrough bottle neckgLO]. It has been argudd 1] that replica
drifting polymer chain. It has been argued that disorder incalculations relying on a single variational parameter might
troduces transverse fluctuations, and for the center of mass abt be adequate to describe a more complicated free energy
the chain, these transverse fluctuations are purely diffusiveandscape justifying the need for further work to settle some
[5]. Much of the earlier works on polymers in random mediaof these issues. The transport properties of a polymer chain
have been primarily directed to test the predictions of reptathrough porous medif9,12] reveal some unsettled issues as
tion theory. For a Gaussian chain, both the Monte Carlavell. Earlier MC calculations suggef®] that chain dynam-
(MC) [6] calculations and analytic calculations using the rep4cs in a dense system can be different than reptation. But
lica trick [7] predict that in presence of quenched disordermore recent MC investigation of diffusion of a polymer
the chain shrinks and the length dependence of the diffusiohain through a sea of frozen polymer chains by Yamakov
constant gets slower than what is predicted by the reptatioand Milchev[12] indicates that reptation is still the dominant
theory[3,4]. The extension of these studies from a Gaussiamnode of polymer diffusion in random media.
chain to a self-avoiding chain adds another dimension to the The above discussions refer to the diffusive and confor-
problem. For a self avoiding chain, the competition betweermational properties of polymers in random media. Motivated
the strength of the excluded volume interactand that of by practical problems, e.g., electrophoresis of biomolecules
the disordew yields very interesting conformational and lo- under an external field, these studies of neutral polymers
calization propertieg8—10]. For a polymer chain of lengtN  have also been extended to polyelectrolytes where the entire
embedded in porous media characterized by the impuritghain is charged and driven by an electric figldl A special
density pirp,, the variational calculations using replica trick case of this variety is a telechelic polymer chain where only
[8] predict three different regimes for the polymer conforma-a block in either end of the chain is charged, and the rest of
tions; while forw>uv, R§~N1'2, for w=v, the chain ex- the chain is neutral. The conformational and drift properties
of these end-labeled chains are of significant practical impor-
tance and have been studied previously analytically and by
*Corresponding author’s email address: aniket@physics.ucf.eduMonte Carlo method§f5,14—17. In the absence of bias, es-

1063-651X/2002/6@}/0418067)/$20.00 66 041806-1 ©2002 The American Physical Society



A. BHATTACHARYA AND A. MILCHEV PHYSICAL REVIEW E 66, 041806 (2002

timates of both the transverse and the longitudinal size of &ecs. Ill and IV we present the statics and the dynamic prop-
stretched polymer chain can be obtained using simple scalingrties of the chain. In Sec. V we summarize the results and
argumentg3,18]. Analytic results which have been obtained discuss ongoing and prospective future work.
using optimal fluctuation method indicate that the transverse
fluctuations of the center of mass of a polymer chain are Il. MODEL AND NUMERICAL PROCEDURE
similar to that of a Brownian particle and exhibit diffusive
behavior[5]. These calculations also obtain the first order
correction to the drift velocity due to impurities. A recent
MC simulation indicates that in presence of the impurities,
these scaling properties are weakly violaféd]. The simu-
lation data also shows that there exists a critical value of th
bias beyond which a “jamming effect” is observétls).

The purpose of this paper is to examine the properties of - R .
an end-labeled telechelic polymer chain, where only the first ri=—VuU;=I'n+W(t), (1)
monomer of the chain is influenced by an external force us- .
ing a stochastic molecular dynamics simulation metfid@-  whereI' is the monomer friction coefficient and/;(t) that

The molecular dynamics method that we have imple-
mented here is the same as that previously employed by one
of us[20] and very similar to the method adopted by Grest
and co-workers earligrl9]. To simulate a constant tempera-
ure ensemble, the monomers are coupled to a heat bath and

e equations of motion read as

, =TI,

Uchain(r): —kin/ 1—

21] and calculate the dynamic properties of the chain directlydescribes the random force of the heat bath acting on each
from the simulation as a function of bias and impurity den-monomer is a Gaussian white noise with zero mean satisfy-
sity as well. There are some distinct advantages of carryingng the fluctuation-dissipation relation:
particular problem. First of all the drift velocity and other (Wi(t)-VV,-(t’))=6kBTF5”5(t—t’). 2
dynamic properties can be obtained directly from the simu- . .
lation and do not require any assumption. Secondly, for largd he potentialU; consists of two partdJ, ;, and Ucpain-
implementing the Boltzmann factor expBAE). On the con-  any two pair of monomers
trary, in MD for large bias one needs to go to smaller time 1 6 1 5
steps which renders the calculations more expensive albeit Upy(r)=4de (E) _(E) _(i) +<g)
r r re re

and the diffusive properties of the chain at zero bias. To the
best of our knowledge, this is the first molecular dynamics ) ) ) )
study of the electrophoretic behavior of a polymer chain inwherer . is the cutoff distance beyond which the LJ interac-
the results obtained through dynamic MC and other methodgions of theith andjth monomers, respectively. The param-

The key features of our calculations are as follows. Foreter € is the LJ energy parameter andis the LJ length
the zero bias case, we find that the radius of gyratRy) of parameter. The LJ interaction is a purely repulsive potential
(pimp) exhibiting a minimum. This trend was not reported in When r.=2.50. Ucp,jn is the finite-extendable nonlinear
the previous MC calculation®], but has been observed in elastic(anharmonic springpotential acting between pairs of
more recent MC calculations for a slightly different nature ofsuccessive monomers along a chain:
more general validity for a variety of disordered media. As a
function of the increasing biak, we observe a saturation
ties of the chain. For moderate and large values of the impuin which k is the energy parameter of the potentlais the
rity density, the geometrical properties, e.g., the radius oflistance between two neighboring monomers of the same
gyration(Ry), end to end distancéR,) etc., either exhibit chain, and, is a length parameters which describes the ex-
chain still can be described by a self-avoiding random walkchosenk=30 andl,=1.5 which make chain crossing prac-
this result contradicts the prediction of replica theory but istically impossible[19]. We use the reduced units throughout
in agreement with a theory using a small parameter and M@his study. So the unit of time is(m/e)Y? and the unit of
longitudinal and transverse sizes of the chain in presence dfiteraction of the polymer chain with the randomly placed
disorder. Consistent with several MC3,15-17 results, we  impurities is described by the repulsive part of the LJ inter-
also find that the velocity of the center of mass as a functioraction. A constant force is added to tkeeomponent of the
tial use in electrophoresis in other related experiments where We have integrated the equations of motion following an
the filtering method depends of the mobility of the chains. accurate scheme developed by van Gunsteren and Berendsen
The organization of the paper is as follows: in the follow- [21] which uses a bivariate distribution of Gaussian random

out molecular dynamic¢MD), as opposed to MC in this
bias the MC approach may suffer practical difficulties inHereU; is a Lennard-Jonef.J) potential acting between
feasible. As a by product we also study the conformational
presence of quenched disorder. This may also serve to cheien is set to be zero and=|r;—r;| andr; r; are the loca-
the chain is a nonmonotonic function of the impurity densityif the cutoff distancer,=2"¢, but has an attractive part
the quenched disordét3]. This indicates that the result has |2

o @
effect in both the conformational and the dynamical proper-
maxima or a saturation. But for large impurity density thetension range between two successive monomers. We have
work. We do not find any obvious scaling property for the temperature ig/kg wherekg is the Boltzmann constant. The
of the bias exhibits a peak. This observation can have poterierce on the first monomer to simulate a telechelic chain.
ing section we discuss the method and simulation details. Inumbers for the stochastic forcg22]. A very fast Gaussian
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random number generatf®3] and a link-cell-lis 24,25 for
calculating the forces help to make the integration quite ef-
ficient. Time steps for most of the cases were chosen to be
(A7) of 0.01(in reduced unitswhich produced stable inte-
gration at temperatures of interest. For very large value of
the external force and especially for large chains
~0.0025 was necessary which rendered the calculations for
N=64 very time consuming. The calculations were carried
out on a ten processd@il. GHz) Linux cluster and required
few months of continuous operation.

Ill. RESULTS

The simulations are carried out for chain lengths 8,
16, 32, and 64 and for many different combinations of po-
rosity (up to 0.6 and bias which renders these calculations
very time consuming. For chain lengths 8, 16, and 32, the
maximum bias that we apply is 5 and requires a time step
A7=0.004 for the algorithm to be stable. FNr=64 it be-
comes very difficult to increase the bias beyond 2 even with
a time stepA7=0.0025. Here we present the main results
while more detailed and quantitative informations will re-
quire more computer time and will be reported later. The
results that are shown here are averaged over 500—1000 ini-
tial configurations of the impurities. The error bars for the
static quantities are very small and within the width of the
symbols in the figures; however, the calculations of the drift
velocity require a very large number of independent runs.

In Fig. 1 we show two snapshots of a chain of length 64 £ 1 The snapshots of two different conformations of a
representing different typical conformations of a chain drift-g|echelic chain of lengthi=64 in porous media Withimp=0.1. In
ing through the porous medium which determine essentiallyoth cases the external field points from left to the right. The upper
both static and dynamic electrophoretic behavior. Figéa 1 snapshot shows a situation where the rest of the chain has overtaken
corresponds to a case when the head is stuck and th@mail the immobile head which has got stuck between obstacles. The
which no external field is exertgdhas overtaken it, and Fig. lower snapshot displays a freely drifting chain among obstacles.
1(b) shows a freely drifting chain with the head pulling the Most of the obstacles have been removed for better visibility.
rest of the chain.

impurities distances are scaled down without affecting the
chain so that the average pore size becomes smaller. If the
chain still could be accommodated in this particular pore it
First we show the results for the zero bias case and conwill have a smallefRgy). This continues untip;n,, reaches
pare our numerical results with those obtained from the anapifmg_ For largerpim,, the average size of the cavities can
lytic theories, as well as previous MC resullt?]. Figure 2 not accommodate the full chain and the chain stretches in
shows the radius of gyratiofR;) as a function of impurity  between the cavities with an increas,) as alluded in the
densityp;m,, for chain lengthdN=8, 16, 32, and 64, respec- work of PanyukoJ11]. This qualitatively explains the origin
tively. The ubiquitous feature is that the average size of thef the minimum in Fig. 2. For very long chains, this feature
chain initially decreases to a minimum valuej" at  will be present only at extremely low impurity densities and
pm,;g(N) with increasing impurity density. The position of therefore, may not be observed in the simulation.
pm,:B(N) is a function of chain lengthl and shifts to a lower We have calculated the effective Flory exponepi; for
value for longer chains. Similar result was found by Yama-various values of the impurity densipy,,, as shown in Fig.
kov and Milchev for a different system where the disorder3(a). Evidently, at certain obstacle densjty,, the medium
was made of initially relaxed and subsequently frozen netereates random channels, characterized by “persistent
work of polymer chains. Since all the interactions consideredength” which exceeds the persistent length of the polymer
here are purely repulsive, the origin of the observed minichain and effectively rectifies it thus leading to larger values
mum is due to the entropic traps and barrid@]. Imagine a of v¢:=>0.6. At still larger obstacle concentration, some
situation where a chain is fully confined in a particular cavity channels are interrupted and the polymer is confined in the
connected to other neighboring cavities through bottle necks:avities of comparable size which suppress its extension.
In this case the chain under consideration encounters erfrigure 3a) shows that the chain may still be described by a
tropic barriers to wander in to the neighboring cavities asself-avoiding random walk for large values of the impurity
explained by Muthukumar and co-workers. Now imagine thedensity.

A. Static properties of the chain: Zero bias
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FIG. 4. (Ry) as a function of the biaB, for different values of

Pimp Pimp: (& for chain lengthN=16, (b) for chain lengthN=32, re-
spectively. O, O, ¢, A, <, V, and[> correspond t0pim,
FIG. 2. (R,) at zero external field as a function for different =0.0, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6, respectively.

values ofpjn, for chain lengthga N=8, (b) N=16, (c) N=32,
and (d) N=64, respectively. The characteristic minimum occurs at

We have also monitored the average bond length between

a lower value of the porosity as the chain length is increased. ~ @djacent monomers as a function @f,, which shows that
the adjacent monomers are squeezed compared to their

length without impurities; the average bond length decreases

in general ag;n,, increases and tends to saturate at larger

density. The relative squeezing is less for longer chain
0.70 lengths as shown in Fig.(8). The change of bond length is

0.68
0.66
Veff
0.64
0.62
0.962
Ieff

0.961

0.960 f ' ' ‘
0.0 0.1 0.2 0.3 0.4 0.5

. Pimp

very small and therefore can be neglected for the subsequent
discussion.

B. Static properties of the chain: Nonzero bias

Now we look at the static properties of the chain in pres-
ence of a bias. Figuresa@ and 4b) show the typical con-
formational behavior of a chain, where we have plottBg)
as a function of the external field for different densities of the
obstacles. For low densities of the obstaclé,) increases
with increasing bias without any signature of saturation. For
high densities of the obstaclg®;) becomes very quickly
insensitive to the bias. For moderate densities we find that
(Ry) exhibits a maximum and decreases subsequently. We
believe that this is a generic behavior of the chain in a ran-
dom media in presence of a bias. The peak position is a
function both of the chain length and the bias. Similar quali-
tative behavior is observed for the end-to-end distaiRg
and for the ratigR3)/(R3). In Fig. 5 we comparéRZ)/(R?)
for a fixed density of the obstaclepf,,=0.2) as a function
of the bias. It is evident that the longer the chain is, the more
sensitive it is to the external field. Even for a tiny bias the
longer (N=64) chain has a significantly larger value of the
ratio (R3)/(R?%) compared to its value in absence of the bias.

FIG. 3. The effective Flory exponent; and the renormalized The ratio{ RZ)/(Rg) lies in between 6 and 12 for a Gaussian
bond lengthi ¢+ as a function of the impurity densiy,, for chain ~ chain and a fully stretched chain. We notice that Ifor 64

lengthsN=16, 32, and 64, respectively.
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lengthsN=16, 32, and 64 ab;y,=0.2. 0.0 05 1.0 15 20
the chain is mostly stretched. For a given chain, an estimate F

of Fy could be obtained from the dimensionless quantity FIG. 7. (Re))/N and(Ry)/\N as a function of the biak, for
FxRy/kgT. We find that for lowp;y,, the chain stretching chain lengthe\=16, 32, and 64 ap;,,=0.2.
reaches a saturation fét,Ry/kgT~1. Moreover forpjq,

0.2 the average pore spacingis ~ 1.2, while the radii of stretched along the direction of the bias but shrinks in the

. transverse direction. However, with the increasing bias and
gyra“O’? for N i 16, 32, and 64 are-2.5, 5.0, and 12'.0’ the impurity density, a saturation effect is obser?/ed while
respectl_vely which are larger tham. Therefc_)re, the ratio  \yith a further increase in the bias the effect is reversed. For
ro/Ry dictates the minimum value @i for which the chain  the case when no impurities are present it is easy to show
is mostly stretched. o __that for the longitudinal component of the end-to-end dis-
We now look at the longitudinal and the transverse sizeSance(Re,)=((R%)/kgT)F, and (Re))=NI(Fl/kgT)?? for
separately to get a better idea about the conformational proRima|l and large tensions, respectivesy. Similarly it can be
erties of the chain. Since the chain is stretched along thgnown that the transverse component of the radius of gyra-
direction of the bias, it is worthwhile to compare the trans-tjgp, <Rst>~N|2(kBT/FX|)1/3_ Figures Ta) and b) show the
verse and the Io_ngl_tudlnal extensions of th_e chaln. Figure ?)Iots of (Re))/N and(Rgt>/\/N for different chain lengths as
shows the qualitative feature of the longitudinal and they fynction of the bias. They exhibit maxima/minima at dif-
transverse extensions of the chains as a functlon_ Qf the biggrent values opimp, for different chain lengths. Evidently, in
keepingpimp as a parameter. For moderate densities of theyresence of the impurities, the simple scaling laws(fy;)
impurities and low bias, evidently, the chain is not only and(R,,) are not observed in our simulation. A proper scal-
ing analysis in presence of the impurities, would require the
9.0 ratio ro/(Rgy) to be taken in to account as an additional di-
mensionless variable as mentioned in the previous para-

4.0 F

3.0 170 graph. However, it is worth noticing that the effect of the
R, 50 impurity and the bias becomes more drastic with the increas-
00 | ing chain lengths and the computational effort for averaging
' 130 over sufficiently many runs and different impurity configu-
rations becomes a problem even for modern computer facili-
ties.
R C. Dynamic properties of the chain

We have monitored the average rms displacement
X2 . (t) and the velocity of the center of mass of the chain

V4= X¢m. along the direction of the force as a function of
both F, and pjmp. For low p;m,,, the velocity increases lin-
early with the increasing bias, as expected. However, the
FIG. 6. (Ry) [Figs. 5a) and §b)] and (Ry,) [Figs. Sc) and velocity exhibits a maximum for intermediate values of con-
5(d)] as a function of the bial, for different values of the impurity ~ Centrations as shown in Fig. 8, where we have shown the
densitypim,; for chain the lengtiN= 16 [(a) and (c)] and for the ~ variation of the drift velocity for several values of the impu-
chain lengthN=32[(b) and (d)]. The symbolsO, O, ¢, A, < rity density pim, for the chains of lengths 8, 16, and 32,
correspond tg;,,=0.1, 0.2, 0.3, 0.4, and 0.5, respectively. respectively. Figure 9 explicitly shows the length dependence
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for a given impurity density;,,=0.2. From Fig. 9 it ap-
pears that the critical biak;"'~1/N for p;,,=0.2. Occa-
sionally, at large bias, the chain can overcome the entropic
barrier and access regions of high entropic penalty from
which it becomes difficult to get out which explains its re-
duced drift velocity. If we compare Fig. 9 with Fig. 5, we

Xoul)

3 9 9
g \

notice that the ratios for different chain lengths beycFr‘)iél't

are significantly larger than 6 which indicate that, for a large
bias, the chain does not have sufficient time to meander its

way around the obstacles and encounters the repulsive bar- 10 100 1000 10000
rier of the obstacle as happens in a “head-on” collision more t

frequently. The rest of the chain, being neutral, samples the 5 1 Log-log plot ofx?
available volume which is consistent with the fact that the|engthsN:16 (left) and 32(right) for pimp

&—ON=16
B—a N=32
¢—oN=64

10 f
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FIG. 9. V4 as a function of the biaB, for for chain lengthdN
=16, 32, and 64 gb;n,=0.2.

<m(t) as a function of time for chain
=0.1 and 0.2, respec-
tively. In each figure the bias increases from the bottom to the top.

Flory exponent is=0.6. The reduced drift velocity is also
manifested in the observed deviation from linearity in the
log-log plot of theXﬁlm.(t) as a function of as shown in Fig.
10. For low impurity density; m (t) ~Vg(pimp.F)t, there-
fore, the slope of the straight lines is 2. But we notice a
deviation from linearity for the chain lengti=32 and for
pimp= 0.2 (right bottom) for larger biases.

IV. DISCUSSION

In summary, we have investigated both the static and the
dynamic properties of an end-labeled telechelic polymer
chain in presence of quenched random impurities and driven
by an external field using a stochastic MD simulation
method. Our numerical data shows a minimun{Ry) with
increasing density of randomness. The trend suggests that for
very long chains this effect will disappear as the position of
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the minimum shifts towarg;,,,— 0 for longer chains. Fur- extending our calculations for larger chain lengths and for
ther systematic runs with smaller densities and longer chaimore numerous biases and impurity densities. In particular
will settle this issue. the intermediate density regime, where both the static and
In absence of a bias, our MD data reveals several importhe dynamic properties exhibit extrema, are worth investigat-
tant results. For the impurity densitigg,,=0.0—0.6, our  ing in more deta|!. Our smulapon does not take into account
simulation results show that the effective Flory exponentny hydrodynamic effects which may also play a role, how-
ve1=0.6, which indicates that the conformation of the chain€Ver, one expects that at small free volume in the system
at high impurity density is still described by a self avoiding hydrodynamic corrections will be small. The most straight-
random walk(albeit with the “persistent length” of the me- forward method to include hydrodynamic effects in a com-

dium, as proposed in a paper by Panyukov. This has alsButer experiment is to simulate explicitly all molecules of the
been,observed previously in MC calculatift8]. This is an solvent in addltlon to those of the polymer chains. As the
important result and probably indicative of the limitations of SOIVent particles are much smaller than the monomers, and

the variational calculations using the replica trick as it pre_compnse a _d?ﬂse fluid themselvgs, such simulation would
dicts otherwise. require prohibitively long time and is nowadays hardly man-

The effect of the bias is more drastic for the longer chains23€able- A smarter method which allows for hydrodynamic

Therefore, it seems plausible that in the limit of very long effgcts albeit without congidering the solvent_ particles ex-
chains and in presence of a weak disorder, an extremel licitly, has been recently introduced by combining the Lat-

small but nonzero bias would be sufficient to stretch thel!C€ Boltzmann method and ME26]. It is worth exploring

chain completely. From our simulation data it appears that iriiS New method in the present context for low and ineterme-

presence of disorder the simple scaling laws for the transdiate desities of the obstacles. The drift of the chain in vari-

verse and the longitudinal components are violated. A mor@YS re_gular and periodic geometries may also reveals impqr—
refined scaling analysis would require an obvious additionzﬂa,nt differences when compared with the resglts reported in
variabler o/(Ry). this paper. Furthermore, the MD approach will be very de-

The observed maximum for the drift velocity as a func- sirable to take into account dynamic environmenof the

tion of the bias is consistent with the idea of jamming. Onceobstacles. Some of these issues are currently under investi-

the telechelic head gets stuck in a narrow channel amongat'on and will be reported in a separate publication.
obstacles and the large bias does not let it get loose, it can
take very long time to escape out of that region which would
explain the observed reduction of the drift velocity at large  This work is partially supported by the National Science
bias. Note that the neutral tail of the polymer does not helg=oundation (ENG/ECS and CISE/EIA under Grant No.
the immobile head in this situation. It will be worthwhile to 0103587(AB) and partial support for computation at UCF.
calculate the residence time for such event as a function chndrey Milchev acknowledges the hospitality and support
the chain length, randomness and the bias. Presently we afiem UCF.
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