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Collapse of a semiflexible polymer in poor solvent
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We investigate the dynamics and pathways of the collapse of a single, semiflexible polymer in a poor solvent
via three-dimensional Brownian Dynamics simulations. An example of this phenomenon is DNA condensation
induced by multivalent cations. Earlier work indicates that the collapse of semiflexible polymers generically
proceeds via a cascade through metastable racquet-shaped, long-lived intermediates towards the stable torus
state. We investigate the rate of decay of uncollapsed states, analyze the preferential pathways of condensation,
and describe the likelihood and lifespan of the different metastable states. The simulations are performed with
a bead-stiff spring model with excluded volume interaction, bending stiffness, and exponentially decaying
attractive potential. The semiflexible chain collapse is studied as a function of the three relevant length scales
of the phenomenon, i.e., the total chain lengththe persistence length,, and the condensation lengtf
=vkgTL,/ug, whereu, is a measure of the attractive potential per unit length. Two dimensionless ratios,
L/L,andLy/L, suffice to describe the dimensionless decay rate of uncollapsed states, which appears to scale
as (L/Lp)1’3(L0/Lp). The condensation sequence is described in terms of the time series of the well separated
energy levels associated with each metastable collapsed state. The collapsed states are described quantitatively
through the spatial correlation of tangent vectors along the chain. We also compare the results obtained with a
locally inextensible bead-rod chain and with a phantom bead-spring chain. Finally, we show preliminary results
on how steady shear flow influences the kinetics of collapse.
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[. INTRODUCTION AND MOTIVATION volves only local rearrangement of the chain configurations,
while the dimensions and configurations of the whole chain
The conformation of individual polymer chains dependsare weakly modified. The pearls then grow attracting mono-
on the solvent propertigd—3|. In good solvent, the mono- mers from the bridges, which become increasingly stretched
mers effectively repel each other, preferring to be surroundednd then shrink as the collapse proceeds. Eventually, the
by solvent. This effect leads to a swollen coil conformationpearls come into contact, coalescing into a single globule.
for flexible polymers in good solvent. In poor solvent, con- Many polymers, however, exhibit substantial bending
versely, the monomers try to exclude the solvent and effecstiffness, i.e., they are semiflexible, and they collapse in poor
tively attract one another, and a flexible chain forms a comsolvent towards very different equilibrium states, and follow-
pact globule of roughly spherical shape to minimize theing different kinetics. Semiflexible polymers can be de-
contacts between monomers and solvent. The dynamics atribed by the wormlike chain model; examples include
the coil-globule transition in flexible chains are well known biopolymers(such as F-actin, DNA, and xanthaas well as
[4-7] and involve the formation of a pearl necklace and thesynthetic polymergsuch as PPTA and PBQused for pro-
gradual diffusion of large pearls from the chain ef@$]. duction of high-performance fiberge.g., Kevlaf™ and
An early theoretical picture of the phenomenon predictedZylon™). Such polymers form open, extended structures in
the initial formation of a dense, uniform, sausage-like shapgood solvents. In poor solvent, the effective self-affinity of
aggregate, which in a second stage forms a globule, drivethe chain leads to chain collapse. The collapsed state con-
by surface area minimizatidd]. The first experimental evi- figurations and the pathways to their formation are the result
dence of a two-stage kinetic was later obtained using a thiof the interplay between two opposing forces: the bending
capillary tube cell for dynamic light scattering measurementgorce related to the chain stiffness and the attractive force
[8]. More recently, simulations showed that capillary insta-due to the poor solvency of the environment.
bility prevents the formation of such sausage-like shapes and A compact globule is energetically unfavorable for semi-
that the condensation pathway actually involves an initiafflexible polymers because it involves bending over short
fast crumpling of the unknotted polymer chain, with the for- length scales. The collapsed ground state is instead a torus,
mation of pearls of collapsed, dense phase connected by uwhich reduces the monomer-solvent contacts without caus-
collapsed bridges, and a subsequent slow rearrangement iofy excessive bending penalty, i.e., ensuring that the chain is
these pearls to form a compact glob(i&9]. Each stage is still roughtly straight on short length scales. Theoretical
characterized by a length scale, and by a time scale increaanalysis[10,11], Monte Carlo simulation$12], and experi-
ing with the relevant length scale. The pearling stage inmental evidencg13,14] have detailed the stability, the fea-
tures, and the packing of the collapsed tori. The dynamics of
the collapse of wormlike chains in poor solvent have been
*Electronic address: mp@rice.edu investigated more recentlyl5-17, strongly suggesting a
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possible generic pathway for the collapse of Semif|eXib|€Ubend=kTLpfgdsau(s)/as is the bending potential related
polymers, featuring a series of long-lived, partially col- tg the chain stiffness) son is the connector potentiall ooy,
lapsed, racquet-shaped intermediate states, before the evescripes the monomer-monomer interaction, and the
tual collapse to a torus. Such intermediate states form agrownian term accounts for the rate of fluctuating momen-
energetically driven cascade of increasingly compact conforyym transfer due to the random collisions of small solvent
mations with sharp transitions between their energy levels. particles with the chain.

The dynamics of collapse of semiflexible molecules is  The potentialU,,, chosen to account for the effect of
relevant for understanding DNA condensation. DNA fre-poor solvent is an exponential attractive potential with an
quently forms condensed structuris vivo, e.g., in DNA  excluded volume repulsive term:
replication, viral transfection, and compaction within sperm
heads and nucleosomggist]. Controllablein vitro DNA con- ~ [r(s)—r(s’)]
densation is involved in nonviral gene therapy—which is Usolv:_f de dS'erXF(—R—)
used in the treatment of various kinds of disease, including ar
cancer—for packaging in, and transfection from gene deliv- ~ o 12
ery vehicles. Multivalent cations, in particular polyamines, +f dsf ds’uo(—,> ,
have been used to induce condensaiiowitro, showing that [r(s)—r(s')]
condensed DNA exists in toroidal and rodlike structures. -

Polyamines present ubiquitously in living cells in millimolar Whereu, defines the depth of the potential welyy, is the
concentrationge.g., putrescine and spermidjrare also be- range of the attractive forces, and is the radius of the
lieved to induce condensatidn vivo [18]. A better under- excluded volume region. With this potentialg= RyUo.
standing of the dynamics of condensation would lead to imDifferent choices for the shape of the potential should not
provements in gene delivery technology, as it may helpchange the stable and metastable configurations for the
defining the best conditions and protocols to obtain DNAwormlike chain in poor solvent, whereas they modify the
condensation. actual value of the condensation lengithand they may alter

In the present work, we verify previous hypothe$#S]  the speed and the dynamics of the collapse. Our choice of the
of the suggested pathway for the collapse of semiflexibleexponential potential is related to the physics of the conden-
polymers and further explore the effect of the relevant lengtisation phenomenon. DNA and polyelectrolytes collapse be-
scales on the phenomenon. The natural length scale for tteause of charge inversion and counterion induced attraction
polymer stiffness is its intrinsic persistence length, de- [20]. The attractive forces are therefore due to highly
fined as the ratio of the bending stiffnessto the thermal screened electrostatic charges, which typically show an ex-
energykgT, which represents the length along the chain forponential decay, mimicked by the potential selected in this
which tangent vectors remain correlated in a theta solventyork.

i.e., in absence of energefiattractive or repulsiveinterac- The Brownian Dynamics code used in this work solves in
tions between chain and solvent. In a poor solvent, the baldimensionless, discretized form the Langevin equation of
ance between intrachain attractive forces and bending forcesaotion of a linear wormlike chain dfl beads with positions
can be considered in terms of the so-called “condensatioR,, ... Ry, connected byN—1 connectors of equilibrium
length” Lo= VKTL,/ug, whereu, is the value of the attrac- length a=L/(N—1) with unit tangent vectors;=(R;
tive potential per unit length. We choose as time scale for the- R;)/a. For most of the simulations reported in this work,
collapse event the rotational diffusion time of a perfectlywe use quadratic springs as connectors, with a force constant
rigid rod with L=L,, Trot’LngLS/(72(BT), where( is the  equal to 100kT/a?, which ensures a small variation of the
transverse friction coefficierjftl9]. Therefore we useq | connectors’ length. This choice allows for longer time steps
' without interfering with the spring relaxation time. We use a
r%jdstep algorithnj21] to compute the bead trajectories gen-
erated by the equation of motion

@

as unit of time andg T as unit of energy in presenting allpthe
results of the present work. We investigate the sequences al
the likelihood of different collapsed structures formed at
various solvent qualitydescribed byg) and chain stiffness. dR.
gb[ d_' _ ’}’ Ri] — Fi — Fibend+ Fielast+ FiSO|V+ Firand ] (3)
Il. SIMULATION DETAILS t

The dynamics of the continuous wormlike chain are de-Here,{,={a is a bead friction coefficient, the bending force
scribed by an inertialess Langevin equation: IS

ar . U N1
Gl vr=—5"*n 1) FFe“d=K/aj:22 a(uj-uj_ 1)/ R, (4)

Equation(1) balances the hydrodynamic force exerted on the[he elastic force due to the spring is
chain by the surrounding fluid with the force due to the I pring

global potential acting.on the chaiﬂaJbeendnLUCqnn Fielast:H[(|Ri_Ri_1|_a)ui_l
+Ugqy, and the Brownian force per unit length, with
correlations  (n(s,t) p(s’',t"))=2kgTLS(t—t") 8(s—¢s’). —(IRi11—Ri|—a)u;], (5)
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the potential force related to the effective interactions be-
tween the beads of the chain, repulsive within the hard core,
attractive at short distance is
ox ;( |ARij|)
- 12
FSO|V ,l] 2 Rattr _ 120- AR” (6)
iZi Rattr |AR;; |12 | ARy

whereAR;;=R;—R;, and the random force i&*".

Another relevant issue in the simulations is the accurate
description of the high curvature of the collapsed states. For
a fixed level of arclength discretization, the computational o ‘

error in the discretized wormlike chain model grows as the (d)

chain curvature increases. To achieve an accurate represen-

tation of highly curved states characteristic of raquet heads

and tori(see Sec. Ill beloya sufficiently large number of

connectors within the characteristic length scale of the col-

lapsed structure is needed. The typical size of the tori and of

the racquet heads are of the same order of magnitutlg of FIG. 1. Typical configurations of an ensemble of collapsing

In the simulation conditions examined here, we found thaghains at an intermediate time /L, =8, uo=1.2%T/a).

using 20 connectors pér, yields an accurate description of

chain curvature. of the preferred collapsed configurations. Sec. Il D provides
We also performed simulations with a bead-rod modela comparison between the results obtained with the different

[22,23, which ensures local inextensibility of the wormlike computational modelgphantom chain and bead-rod chain

chain. The computational cost for this model is, howeverSome preliminary results of the effect of shear flow on the

significantly higher ¢10-50 time} than that for a bead- Kkinetics and pathways of collapse are presented in Sec. Il E.

spring chain model, mainly because a smaller time step is

required for convergence. While performing most of the

simulations using the bead-spring model, we compared the

results for few conditions with the bead-rod model, as dis- Figure 1 shows a typical snapshot of an ensemble of semi-

cussed in Sec. 11l D. In that section we also compare some dfexible chains during collapse. The 3D structures of the mol-

the results with that obtained using a bead-spring phantorficules are shown here as 2D projections on a convenient

chain, i.e., without excluded volume interactions. plane. At a given time molecules coexist in different configu-
For S|mpI|C|ty we use isotropic drag in the simulations, rations, from completely uncollaps¢tholecule(a)], to par-

and we neglect hydrodynamic interactions between segmeni@”y collapsed[molecules(b), (f), and(g)], to higher order

of the chain. Including such interactions would likely give racqueimolecules(c) and(e)], to torus[molecule(d)].

minor corrections to the evaluation of the time scales of the The fraction of collapsed molecules increases monotoni-

phenomena, but it would not change the kinetic pathway&ally with time, confirming that collapsed states are energeti-

and the lifetimes of the intermediate states, because at tHlly favorable in a bad solvent. Many other ensembles with

beginning of the simulations the chains are locally straightdifferent values ot./L, andLy/L, show a similar behavior.

and after the collapse the hydrodynamic interactions wouldiowever, if the attractive forces are not strong enough or the

A. Molecule configurations and collapse pathways

be dominated by the attractive forces. bending stiffness is too high there is no evidence of collapse
and the open conformations persist in time. As already ob-
Il RESULTS served iN15], a collapse sequence can evolve following two

different generic patterns. The first pattern involves the direct
This section is organized as follows: Sec. lll A reportsformation of a torus from the open conformation, when the
qualitatively the results of our simulations, describing thetwo ends of the chain meet while the tangent vectors are
various possible intermediate configurations and the typicdbcally parallel and pointing in the same direction; (uy
pathways. Section Il B presents a more quantitative descrip~1). In this instance, the chain collapses without formation
tion of the collapsed states in terms of the correlation funcof any intermediate, the end to end distance drops quickly to
tion between tangent vectors along the chain and of the era value of the order of the torus dimension, and then fluctu-
ergy levels associated with each different collapsed statetes as the chain keeps folding into the final structure. Mean-
which confirm that the toroid is the stable configuration, andwhile the total energy of the chain keeps decreasing mono-
show how the collapse proceeds through a cascade of subgenically until it reaches the equilibrium value. Conversely,
quently more energetically favorable metastable states, thiae second pattern involves the formation of intermediate
various multiple-heads racquets shapes, as predicted frometastable states: initially a single-headed racquet which
theory [24]. The decay rate of the number of uncollapsedfolds quickly into a short-lived, 3-head racquet configuration,
states is investigated as a function of a proper combination adnd then rearranges as a toroid via a subsequent folding.
L, Lo, andL, in Sec. Ill C, together with a statistical analysis Figure 2 shows the two different pathways. We no-
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1.0 _ _ main in the uncollapsed states for the whole duration of the
0.75|  formation of torus through higher run, equivalent to 25, . For these molecules, the ther-
= o‘rger racquet . P .
& 05 S P mal fluctuations never lead two branches of the chain close
0.25 R enough together to initiate the collapse. The other molecules
- B typically reach lower energy states by collapsing in sequen-
0 50 100 150 200 250 tially higher order metastable conformations. The energy lev-
20 els for each racquet-head shape of increasing order are well

e T “slow” raveling of the
"wLhain
A

separated, and there is a rather large gap from the highest
order racquet observe@ixth ordej and the stable tori, as

total energy
(unit kpT)

1;) g expected from theory24]. It is interesting to compare the
_ chain foldine on itself actual values of the energy levels obtained in these simula-

0 0 50 100 150 200 250 tions with those calculated using the theoretical approach.

time (unit of T,y ) Schnurret al. [24] obtained the conformational energies

of the intermediate racquet states in the absence of thermal

FIG. 2. (Color online Comparison between time series of end to fluctuations, relating the annealed shapes to a particular case
end distanceR and total energy for direct formation of toroid and of Euler’s elastica. In their calculations, the relative energetic
formation through intermediate states. advantage for segments of the chain to bundle has been
) ) ) ) evaluated expressing the energy as a surface tersioh
tice here that the direct formation of a torus is @ more Unsolyent-exposed sites. For the simulation condition of the
likely pattern in 3D—and in fact observed with scarce gata reported in Fig. 3 we get the two sequences of relative
frequency—than in 2D. Whereas in 2D the relative orientaenergiegtheoretical and from simulationseported in Table
tion of the two ends is described by a single angle, twoy |n hoth cases, the energy of a straight, uncollapsed chain is
angles are required in 3D and both need to be closerto?  set to 1, and we report the energy of the collapsed configu-
the direct formation of a torus to take place; therefore, mostations relative to this one. We note that there is a very good
of the chains initially form a single headed racquet, as deagreement for open chain, 1-head, 2-heads, and 3-heads rac-
scribed below25]. quets, whereas the simulation results show lower energy lev-

The time evolution of the total energy of an ensemble ofe|s for higher order racquets. The reason for these discrepan-
collapsing chains is shown in Fig. 3. The total enet§pf  cjes, substantial for the more compact conformations, may
the chain during collapse is defined as the sum of the bendie in the finite range of the attractive potential in the simu-
ing energyUpeng and the interaction energy along the chain|ations. While the theoretical calculation using surface ten-

Usaw - In the discretized form, sion accounts only for the local coverage of the filament
N_2 NN cross section, the finite range in the simulations allows for
U=KkTL 020+ T 7 next-nearest neighbor interactions, leading to higher stabili-

pigl ' 121 k;'ﬂ sohvjk ™ Zation for tighter structureévhere each bead has more nu-

merous next-nearest neighbprs
where ¢; is the bond angle andg, j is the interaction Most of the chains initially form a single head racquet:
energy evaluated between the bepdsdk along the chain. after the first monomer-monomer contact and the formation
The time series in Fig. 3 reports most of the possibleof the racquet head, the two sides of the chain tend to be-
evolutions observed in our simulations. Few molecules reeome parallel and form a neck region, which ensures the

torus

open
Lk 1 head racquet

2 heads racquet @

3 heads racquet

4 heads racquet oo
e 5 heads racquet (b)
A& | /",_;"‘;,’N'”‘::‘;, .
E 1.1, .| 6 heads racquet ?%g%::\i
3 L
et NN
>
2
o
=
[

0 50 100 150 200 250

time (unit of ‘l:m,,_p)

FIG. 3. (Color online Time series of total energy for an ensemble of molecules, with labels of the corresponding configurations and
actual shape ofa) 1 head,(b) 2 heads(c) 5 heads racquets, arid) torus.
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TABLE I. Comparison between the energy level of the meta- When the chain collapses, the actual shape assumed by
stable condensed states from thep2#] and present simulations the molecule can be inferred from the spatial correlation be-
(L/Lp=8.0,L/L,=65.3). tween connectors. The spatial correlation matrix for a single
head racquet, for example, will be a block matrix: one block

Conformational energy (kT) Theory Simulation will show values close to 1, corresponding to the almost
open chain 1.0 1.0 stra_lght f!lz;menF |In the neclf of thF rac;:]uet, foIIowedhby a
1-head racquet 0.86 0.87 region with rapidly decreasing values rom 1 tol—the

racquet head—and by another block with values close to
2-heads racquet 0.75 0.79 N . .

—1, indicating the other filament of the neck, with the same
3-heads racquet 0.71 0.73 . . - . -

direction but opposite orientation.
4-heads racquet 0.70 0.66 . . . . o .
5 heads racquet 0.68 0.57 The spatial correlation matrix can be simplified into a

i q : : spatial covariogram for the molecule. The covariogram is a

6-heads racquet 0.65 0.42

standard statistical measure of spatial covariance as a func-
tion of distancg26], and is defined as

maximum number of monomer-monomer contacts without N N

increasing the bending penalty. The molecules then fold C(h):l/N(h)E E {Zi—M}{Z,‘—M}, 8
again on themselves, forming higher order shapes. Depend- j=1i=1

ing on how the molecule folds back on itself, the next con-

figuration can be a 2-heads or a 3-heads racquet shape. F'\%’hereh is the distancein time or in spack between the

ure 3 shov_vs examples of both pathways. _S_uccesswe foldin bservationZ; andZ;, N(h) is the number of observations
leads to higher order racquets. The transition between eact !

single metastable conformation is very rapid and driven by ba dlst?ncdr}, at?]d“ IS thet exp(alctgd ?veragehvalule Ofl the
the deterministic attractive and bending forces. In contrastoooc v o on- I e Presem anaysis, fof each molecu'e we
the initiating event for each successive collapse is related tgonitruct the spatial cov.arlogra@gp assum|ngZi—ui e.md

the Brownian motion of the molecule, and therefore the timex =0 We therefore obtain a scalar function of the distance
interval between folding events is completely random for thedlong the chains, bounded betweer1 and —1, which
simulations that we have performed. In the simulations offontains all the relevant information about the shape of the
longer chains I(=10L,) we observe combinations of the molecule. _
conformational elements described above, e.g., chains par- Figure 4 shows three relevant examples of this type of
tially folded in a racquet shape at one end while still uncol-2nalysis: the actual shape of the semiflexible molecules is
lapsed at the other. Those conformations have intermediaf'oWn together with the spatial correlation matrix and the
energies between the well-defined levels corresponding tdPatial covariogram. For a uncollapsed chidity. 4], the
racquets and tori and quickly disappear in favor of moremMatrix shows rar!domly alternating regions of positive and
compact and ordered structures. In contrast, the metastagi@gative correlation along the length of the chain, corre-
high order racquets are extremely long-lived, and the enePonding to the typical open configuration of a semiflexible
getic barrier for reaching the equilibrium shape is of the or-chain in good solvent. The corresponding covariogram
der of severakgT. While the partial unfolding of a torus in shows how the connectors correlation decays from 1 to va]—
a racquet is never observed, simulations show the formatioH€S around 0 along the length of the chain; the decay is
of a torus via metastable configurations, and this, togethe@xpone_ntla_ll at short distances and relate_d to the stiffness of
with the lower total energy shown by the tor(see Fig. 3,  the chain, i.e.Ci,=exp(—9L;). Atlonger distances, the cor-

confirms once more that the latter is the equilibrium configuelation randomly fluctuates between negative and positive
ration. values. As shown in Fig. 4, a single exponential curve with

the theoretical coefficient-1/L, fits very well the spatial
covariogram of the open chain, thus confirming the validity
of this quantitative analysis.

The configurations and the shapes of semiflexible mol- For a racquet shape with multiple heat¥s,has a struc-
ecules in bad solvent can be studied through direct visualizature of alternating blocks with strong positive and strong
tion of the collapsing chain. While this method is a valuablenegative correlation, as shown in Figh#t The five straight
way to gather information on the kinetics and pathways offilaments in the neck of the racquet correspond to these five
collapse, it is time-consuming and not quantitative. We thereblocks in the matrix; the size of the blocks is approximately
fore define a spatial correlation matriM to analyze in a the same and indicates the length of the racquet neck. The
more systematic way the collapsed shapes. The elements ebvariogram shows four zero-crossings, each corresponding
M are defined adl;; =u; - u; . With this definition,M is sym-  to a head of the racquet, and can be fitted quite accurately
metric; a perfectly straight rod had;;=1 Vi,j, as all the with a fourth order harmonic; the parameters of this fit are
connecting normalized vectors have the same direction anglated to the curvature of the racquet heads. From the analy-
orientation. An uncollapsed semiflexible chain with persis-sis of the covariogram only, we can extract) the number
tence lengthL, will have M;;=1, while the off-diagonal of heads in the racquet, which is equal to the number of
termsM;; would be smaller and decaying exponentially with zero-crossing of the covariogram. This relationship can be
the distance along the chain between the connectansl|. easily understood recalling that the tangent vector at the edge

B. Quantitative description of collapsed states
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FIG. 4. (Color onling (a) Actual shape(b) correlation matrix, andc) spatial covariograntwith fitting curve for (1) an uncollapsed
molecule,(2) a metastable racquet-head shape, @ stable torus.

of the head is perpendicular to the tangent along the neckiVe have studied the effect of the relevant length scales of the
and(2) the size of the collapsed molecule, from the distancegphenomenornl.,, Lo, andL, on the kinetics of this collapse.
between two subsequent zero-crossings. In the collapse coBy systematically varying the total length of the chain (
figuration in Fig. 4a.2, for example, the length of the =3 , 5L | 8L,, and 1), as well as the strengthug
4-heads racquet can be correctly estimated from the covari= O.25kT/a%, 0.5T/a?, and kT/a?) and the range R,
ogram to be about B,,. =5/40L, and 1/6.,) of the attractive forces, we have ex-
For a torus, the spatial correlation matrix appears complored the effect of these parameters on the decay rate of
pletely different[Fig. 4(c)], showing a structure with diago- uncollapsed molecules. We define the time to collapseas
nal bands. In fact, the correlation between pairs of connecthe time required by the molecule to form the first metastable
tors at the same distance is the same, regardless of thaipllapsed structure. We obtain from simulations the average
position along the chain; this translates into bands along thealue oft.,, in an ensemble of collapsing chain under each
diagonals of the matrix. The distance between a diagonaondition, normalized withrroty,_p. The inverse oft.y is

with values close tO 1 and one with values close-td taken as a measure of the decay r@t@)” of unco”apsed
corresponds to the diameter of the collapsed torus. The samgolecules. The distribution of the times to collapse follows
information can be extracted from the covariogram, which IShe expected |ogn0rma| distribution, typ|ca| of such dynami-

a perfeCt SinUSOid, instead of a hlgher order harmonic fUnCCa| processes, with a peak close to the average value and a
tion: the period of the sinusoidal function correspondsrto |ong tail, as shown in Fig. 5.

times the diameter of the torus, and the number of complete At g given value ofL/L,, the decay rate increases, i.e.,
periods in along the chain indicates the number of loopghe molecules collapse faster, for decreasing valuekqof
formed by the collapsed molecule. Again, from the covari-j e  for increasing values afi,. Similarly, the decay rate
ogram alone we can deriv@) the number of loops formed increases for longer chains at a given value of the attractive
by the torus, equal to half of the number of zero-crossing angyotential and persistence length. We can collapse the values
(2) the size of the collapsed chain, which is in the case ofyf D ON a single curve as a function of a proper combina-
Fig. 4@.3 equal to roughly 1.5 . tion of the two dimensionless ratiog,/L, and Lo/L,,
(L/L)"3(L,/Lg). Figure 6 shows the mastercurve for the
decay rate.

The fraction of collapsed semiflexible molecules in a bad Table Il reports the statistics of chains conformations for
solvent increases monotonically with time, as already statedlifferent values ofL/L, at two different times, i.e.tl

C. Kinetics of collapse
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O 705 1 15 2 25 3 (/L™ (Ly/Lo)
Lot/ <teon™ FIG. 6. (Color online Masterplot of the decay rate of uncol-

. . o . lapsed molecules.
FIG. 5. Normalized collapse time distribution for all the simu-

lation conditions. is a constrained model which ensures local inextensibility of

the chain, but is computationally more expensive, due to
=100r4, Ly andt2= ZOOTth At t1, the single head rac- more stringent time step requirements for convergence.
quet is a conformation much more likely than the torus forWhile local inextensibility is fundamental when analyzing
all the explored values df/L,. This confirms that the direct the polymer contribution to the stress ten§dg], its effect
formation of a torus is an unlikely event, as discussed in Sed®n the pathways and dynamics of collapse is less relevant, as
Il A, and most of the chains collapse through a sequence otonfirmed by our results. In fact, we observe qualitatively
folding events. Att2, the percentage of molecules in the similar pathways to collapse in the simulations performed
1-head racquet configuration does not vary substantially withvith the bead-rod model. The preferred pathway includes the
respect tot1, because while uncollapsed molecules fold toformation of metastable racquet shapes, similarly to what
form new 1-head racquets, some of these configurations fuwas observed in the bead-spring simulations. The kinetics of
ther collapse in higher order metastable racquets and stable collapse are slower for the locally inextensible model; we
tori. The number of chains collapsed in tori or multiple headPelieve that this is due to how the constraints are imposed,
racquets monotonically increases within the observed span &€., by projecting the random forces onto the constraints, and
time. For shorter chains the likelihood of tori and multiple therefore not allowing any fluctuations along the chain. A
racquets is similar, while the metastable states seem to ggore detailed comparison between the collapse kinetics in
initially more favorable for longer chainsL(L,=8 and the two models is prevented by the high computational cost
L/L,=10). Overall, the results show that the intermediates®f Simulating the constrained system.
conformations in the collapse phenomenon are extremely We also perform simulations with a phantom bead-spring

long-lived: only 8.4% of the simulated chain has reached th&hain, i.e., a chain with no repulsive hard core. Once more,
equilibrium, torus state after 26Q, , . we find that the dynamics of collapse are qualitatively the
TP

same, although the actual shapes of the tori and of the rac-
quets formed by the phantom chain are slightly different. The
absence of hard core repulsion allows in fact for tighter
We have performed simulations of collapsing chains withstructures, as shown in Fig. 7. In particular, in the metastable
different computational models in order to verify the resultsmultiple racquets the neck for phantom chains appears much
obtained and the appropriateness of the model chosen. arrower than for the chains where excluded volume inter-
particular, we have performed simulations with a bead-rodactions are taken into account, while it is noticeable that the
model, where the chain connectors are rigid rods rather thashape and the curvature of the racquet head appears un-
a stiff elastic spring. As noted in Sec. Il, the bead-rod modethanged. The traces in time of the energy level for the phan-

D. Comparison of different computational models

TABLE II. Statistics of chain conformations for differemt/L , at tlzloorrmp and t2:2007r0[YLp
(percent values

L/L,=3 L/L,=5 L/L,=8 L/L,=10
Conformation t1 t2 t1 t2 t1 t2 t1 t2
open chain 62.0 43.2 48.0 30.0 43.3 36.6 49.0 36.8
single head 31.0 43.2 36.0 42.5 33.4 30.0 24.5 23.7
multiple heads 35 6.7 8.0 15.0 20.0 26.7 20.4 31.6
torus 35 7.9 8.0 125 3.4 6.7 6.1 7.9
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FIG. 8. (Color onling Plot of the decay rat® .y vs Wi for
L/L,=3,5,8,Up=1KT, andRgy=10/3.

chains in fact, different segments of the chain contribute very
ey differently to the viscous drag: the segments in the core of
S o /‘0 6 0.8 the polymer coil—or globule in the poor solvent
T 0.2 *e\//‘/o 2 0.4 7 hijl conditions—are partially shielded from the flow, thus reduc-
b 0 o T ing the overall viscous drag. For a stiffer chain, however, this
effect is negligible, because locally the molecule is straight
FIG. 7. (Color onling (a) Metastable racquet-headed state for aand the shielding effect from the other part of the chain is
phantom chain andb) corresponding correlation matrix. Inset in highly reduced. The appropriate approach therefore is using
(a): energy traces in time for collapsing phantom chains. slender body hydrodynamics; in this context, the friction ten-
sor can be written ag= {juu+ {(1 —uu). For a slender rod,
tom chain show the features already discussed in Sec. Il A§|=0.5. Because the anisotropy of the friction coefficient
well-defined energy states corresponding to metastable strugffects the dynamics only marginalfglthough it affects the
tures, with rapid transitions between thésee Fig. 7, ins¢t  Viscous component of the stress tensor the present simu-
However, the average life of metastable states appear slightltions we set;=¢{ (isotropic drag for simplicity.
shorter than in the complete model: intuitively, this is due to  We show here that strong enough shear flow considerably
the wider range of motion of the phantom chain, which per-speeds up the collapse kinetics because it increases the like-
mits folding paths otherwise prevented by the excluded vollihood that the two ends of the chain meet. Figure 8 shows
ume interactions. the trend of the decay rate as a function of the Weissenberg

number Wi, where W4 'yrrotva, for three different values of
E. Effect of shear flow L/L,. The Weissenberg number describes the ratio between

We discuss here the results of some preliminary work orfhe polymer chara}cteristic rglaxation time and the time scale
the effects of steady shear flow on the collapse dynamics dif the flow. Consistently with what was done in the other
semiflexible chains. In particular we monitor the decay rateS€ctions of this paper, we use the rotational diffusion time of
D,y at different flow strengths, and we compare the path® rod of lengthL, as the polymer characteristic pme. For
ways of collapse with those at equilibrium. Flexible chainsshear flow, the characteristic time scale is given by [29].
expand in shear flow, i.e., the average end to end distand®hen the Weissenberg number Wi is smaller than one the
increases while the molecules tend to orient with the flow;polymer can relax—in this case rotate over a sectigh-in
the effect of the flow is therefore counteracting that of thethe time scale of the flow, while for Wi1 the flow is fast
attractive forces, which tend to form compact globuli. Stiff with respect to the polymer relaxation. At WD.1, the de-
semiflexible chains, witt ,=L shrink in shear flow, due to cay rate does not change much with respect to the equilib-
a buckling instability| 27]; such rigid chains, however, would rium value, and there is not a clear trend among the different
not collapse to form tori and multiple racquets in bad sol-L/L,. At Wi=1, the increase in decay rate becomes instead
vent, as the open, rodlike shape is stable at equilibfiz#h  significant, as the average time to first contact halves; for
In this work, we consider the collapse of less stiff semiflex-Wi= 10, the effect of shear flow is completely dominating
ible molecules: is not cleaa priori what to expect for the and the decay rate under the three different conditions is
collapse dynamics under shear flow. almost equivalent. Under shear flow, the semiflexible mol-

We use a freely draining model for the chain under shearecules undergo a sequence of compressions and extensions
While hydrodynamic interactions are crucial in describingwhile tumbling in the plane of shear; in the compression
the dynamics of flexible chains in shear fl¢@8], their ef-  region, the molecules tend to shrink, therefore raising the
fect is far less relevant in a semiflexible chain. For flexibleprobability that two sections far apart along the chain back-
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o°° sible: direct formation of a torus and successive folding of
"3 the chain in progressively higher order racquets. The latter
‘;‘ one appears to be more probable for the range of parameters
**ee} investigated. The decay rate of uncollapsed states for all the
different conditions of the simulation can be plotted as a
function of a proper combination df/L, andLy/L,. Fur-

ther work is needed to confirm the validity of this empirical
scaling and verify it in a wider range of parameters. In par-

°%, ticular, this scaling does not provide a proper dependence of
‘E the decay rate from the persistence length alone, bedgyise
is never varied I ,=20 connector lengths for all the simu-
lations.
(a) (b) We also performed simulations with different computa-

tional models, therefore confirming that the observed meta-

stable conformations and pathways are general and do not
depend on the model details. However, the kinetics, i.e., the
) ) actual value of the decay rate, can be different: in particular,

bone come in contact. The attractive forces then trap thg, 5 constrained bead-rod model the kinetics of collapse

molecule in the partially collapsed configuration, preventlng‘,mpear slower, possibly due to the way the Brownian noise is
it from straightening back in the extension region. projected onto the constraints.

However, the'contmuous tumblllng of the chain and alter- \yia show preliminary results on the kinetics and pathways
nation of extension and compression does not allow the forg¢ collapse of semiflexible chains in shear flow. Strong
mation of the higher order, compact structures observed gl ,gh shear flow increases the decay rate of uncollapsed
equmb_num. In particular, t_he shear flow seems to_mh|b|t thestates, but prevents the formation of the compact, well-
formation of the torus, which was never observed in the highyefineq configuration observed at rest, and seems to inhibit
shear flow simulations. Figure 9 shows two typical configu-ihe formation of the torus. Based on this evidence, the fastest
rations observed in strong shear flow; while they show thg;natics of condensation should be achievable by shearing
basic features of the metastable racquets, the structures &, molecules initially—to promote the initial collapse—and
less compact and do not reach the same level of energy of th&ep, stopping the flow to let internal forces drive the final
equilibrium conditions. collapse to the compact configurations. While these results

IV. DISCUSSION have been obtained in unbounded shear flow, future work
will consider the interaction of the collapsing molecules with

The dynamics of collapse of semiflexible molecules ina solid surface, which could be attractive or repulsive for the
bad solvent has been recently investigated in the literaturghain. Also, a future possible direction of research includes
Direct, visual experimental evidence of the formation of torithe effect of local defects along the chain, which make the
and high order racquets has been obtained studying biopolynolecule locally more flexible or stiffer, as well as the dy-
mers with sufficiently large persistence lengthi8,14. The-  namics of compaction when specific binding sites are in-
oretical work and Monte Carlo simulatio$1,12,24 have  duced in the chain, for example, by proteins on DNA mol-
confirmed that the torus is the stable conformation, but interecules.
mediate, metastable racquet-shaped conformations exist and ACKNOWLEDGMENTS
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