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Stretching an adsorbed polymer globule
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Using molecular dynamic simulation, we study the stretching of an adsorbed homopolymer in a poor solvent
with one end held at a distanegfrom the substrate. We measure the vertical fdrom the end of the chain
as a function of the extensiag and the substrate interaction energyThe force reaches a plateau value at
large extensions. In the strong adsorption limit, we show that the plateau value increases lineanygiood
agreement with a theoretical model. In the weak adsorption limit, a polymer globule with a layered structure is
formed and elastically deformed when stretched. In both cases a simple theoretical model permits us to predict
the relation between the necessary force to fully detach the polymer and its critical extension.

DOI: 10.1103/PhysRevE.70.012801 PACS nunmder6l.41:+e, 87.15.Aa, 36.20.Ey

With the new development of single molecule experi-for which the onset of poor solvent effect are present. We do
ments, the nanomanipulation of individual polymer chainsnot investigate here the weak adsorption regime for which
and biological macromolecules is becoming a very importantost of the chain can evaporate from the substrate. Simula-
subject in order to understand their mechanical propertiefon results for the retracting force on the fixed end as a
and characterize the intermolecular interactions. Forces ofunction ofz, andw are compared with an analytical model.
the scale of the pico-newton have been measured with imAs we stretch the polymer, we observe that the force rises
posed deformation on the scale of the nanometer with atomiantil it reaches a plateau value which dependsaon
force microscop€AFM) [1] or optical tweezer§2]. Experi- We use a molecular dynamics simulation technique where
ments with AFM have been conducted with different kindsthe equations of motion are integrated with the Verlet algo-
of biological molecules such as DNR&], Titin [4] and more  rithm and the temperature fixed with a Nosé-Hoover thermo-
recently Myosin[5]. Although experiments on a flexible stat[20]. The interactions between monomers consist of two
polymer are more difficult to conduct due to its small persis-parts: V(r)=Vy(r)+V,(r) (r is the distance between two
tence length, there have been several recent studies in bathonomers V,(r)=a(r—dy)?+b(r-dy)* is the valence inter-
good and poor solvent conditiorj§,7]. They show that a action between nearest-neighbo(sIN) monomers and
stretching experiment can give insight on the determinationv,(r)=4e((o/r)*?-(o/r)®) the Lennard-Jones interaction be-
of different mechanisms of adsorption and on the intermotween non-NN monomers which englobes the poor solvent
lecular forces inside the macromolecule. On the theoreticadffect. Here for simplicity surface tension effects do not de-
side, the stretching of chains in a poor solvent has been stugrend on the polymer configuration, although this dependence
ied by Halperinet al. [8] who predicted that at weak exten- can be taken into account as dong#1], using many body
sions the spherical globule deforms into an ellipse and thaorces. Finally, we simulate the presence of the atomically
for a finite stretching force there exists a sharp first ordeflat substrate by adding an attractive interaction between the
unwinding transition between a globule and a chain. Numeriwall and the monomers/,(z2) =w((o,/2)°— (02/2)%), wherez
cal and theoretical studies have confirmed this scenario ang the distance to the wall. In the following we take o
have shown that there exists a coexistence state between=g,=1, a=3000, ando=10000. The energies and distances
globule and a stretched chaif—16. As shown in[14] the  are, respectively, expressed in unitseadind o and the time
critical value of the force saturates toward a finite valuestep isAt=10"3. For the present study we takgT=0.8 so
when the polymerization inddX goes to infinity. In the pres- that the simulated polymer is under poor solvent conditions
ence of an adsorbing substrate force-extension relations hawaad still above the freezing temperatjigd]. We simulate a
been obtained theoretically for an ideal Gaussian cf&ilh polymer adsorbed on the substrate with one end fixed at a
for a polyelectrolyte in good solvelil8] and for a polymer distancez, from the wall(Fig. 1). In a first run, starting from
chain in a good solvenfl9]. More recently, experimental a free adsorbed globule, a constant fo(asually f=10) is
results have been obtained for a stretched polymer chain ina@pplied to the end of the chain until it reaches the valué
poor solvent adsorbed on a substrate In this Brief Report,  second run, of roughly fomolecular dynamic$MD) steps
we consider the problem of an adsorbed polymer globule imwith z, fixed, ensures thermal equilibrium. Finally, during a
a poor solvent with one end fixed at a distamgperpendicu-  third run of 10 MD steps, different quantities like the time-
lar to the adsorbing substrate. The substrate is characterizederaged force on the end of the chdinthe density and
by an homogeneous interaction enemgyvith the polymer.  energy profiles are recorded. As shown in Fig. 1, the ad-
We mainly investigate the effect of strong adhesigrnow-  sorbed globule has a semispherical shape due to the effect of
ever we also perform simulations for intermediate adsorptionhe poor solvent.
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FIG. 3. Force-extension diagram in the strong adsorption limit
for T=0.8 andw=60. Circles are simulation results and the line is
the theoretical prediction presented below. Inggt:18, time varia-
tion of the force together with its associated probability density
function illustrating the dynamical coexistence between the two
states withN.=18 andN;,=19 monomers.

N

FIG. 1. Snapshot of the polymer adsorbed on the surface with gtra_te .and forms a bldlm_enSIOHQED) globule. Thes.e
fixed end.(Simulation atw=4, T=0.8, N=100, andz,=15) oscillations are due to the discrete character of the chain and
the peaks correspond to the transfer of a monomer from the

) globule to the chain. As we increagg f increases rapidly

We consider a polymer composed lf=100 monomers  njl the next monomer can escape from the 2D globule. The
for which we perform a set of force-extension measurementstretching tension is then released, drtiminishes abruptly.
for a broad range of values off (2<w<80) and forz.  As we still increasez, this process repeats as long as there
varying between 3 and, the critical value at which the are enough monomers adsorbéd. being the number of
polymer fully detaches from the substrate. For w&ll we  monomers in the chain, we furthermore observe a dynamical
observe that the force rises as we increassnd saturates to coexistence between states with and N.+1 monomers in
a force plateau valug, for the largez, values. This is illus-  the chain. This is illustrated in the inset of Fig. 3 where we
trated in the inset of Fig. 2, where a full force-extensionplot the dynamical variation of together with its associated
curve is plotted. It is then possible to piigas a function of ~ probability density function. For a fixed value nf=18, the
w (Fig. 2). We observe that in the strong adsorption regimesystem can be in two different states witi=18 andN,

the dependance of the plateauvinis linear. For weakew =19. As a consequence the distribution functionfa$ bi-
values, the poor solvent effects become prominent and th@odal. For smaller values o the morphology of the ad-
relation betweerf, andw deviates from linearity. sorbed polymer is qualitatively different. As shown in Fig. 1,

In Fig. 3, we present a force-extension diagram in thd the weak adsorption regime the polymer forms a 3D glob-
egime Of Srong adsorpioNw=60) that presenis pro- ¢ PATAlY Weting e substte. A we il ciscuss belon
nounced oscillations. For these large valueswpfthe un- P g

tretched part of th vmer is full hed on th belastically deformed. As a consequence, the necessary force
stretched part ot the polymer 1S fully squashed on the€ Subg, eyiract a monomer varies continuously and the oscillations

in the force-extension curve almost disappéaset of Fig.
2).

We present a phenomenological model in order to under-
stand the different results reported above. We assume that the
fixed force and fixedz ensembles are equivalent. This is in
principles valid, only in the thermodynamic limit. We there-
fore assume that the system is big enough to have small
fluctuations. As shown in Fig. 1, the globule-chain system
can be described as a stretched chain in coexistence with an
adsorbed globule. There are two main contributions to the
free energyF of the system: the free energy of the stretched
chainF. and the free energy of the adsorbed globejelL et

FIG. 2. Graph off, as a function ofw for T=0.8. Circles are Ny and N, be, respectively, the number of monomers in the
simulation results of the plateau value. The line corresponds to thadsorbed globule and in the chain, so thatN:+Ny. The
theoretical prediction obtained by minimizifgwith respect ta\,. major contribution toF, comes from the reduction of the
The inset is a force-extension diagram for 8. fluctuations of the stretched chdiaZ]
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koT
F.=—NckyT log <4w%sinh(fdolka)> +fz, (1)
0

where the potential energy of the chain is neglected. The
dominant part of-; comes from the interaction energy of the
monomers with the substrate and the interaction between the
monomers. We can neglect here the entropic contribution to
Fg [23]. In the regime of strong adsorption, the interaction
between monomers within the 2D squashed globule can be
neglected relative to the substrate interaction. For lavge
values we havé;=—-N,Wni, wherew,, is the substrate po-
tential minimum(wq,;,=0.38v). We write the total free en-

f(ec™)

ergy F=F.+Fy, wherez, is fixed andf is an implicit func- FIG. 4. I_:orce at the detachment poiftfor different values of
tion of z, andN.. Herez, is given by the nonlinear Langevin W andN. Diamonds:N=100,w=3,4,6,8,10,20,40,6@om left
relation[22]: to right. Circles:N=200,w=4,8,10,20,40SquareN=400,w=4.
Full lines are theoretical predictions.
fdg| KT . .
Z.= Ndy| cot 1) el (20 monomers are still adsorbed on the substfdle<N). This
b 0

is analogous to the first-order unwinding transition observed
on a globule under tension and discussed in the Introduction.
We finally investigate the globule structure in the regime
numerically the free energly with respect taN, by keeping qf weak adsorptiqn in order to quan'gify i?s elastic deforma-
w andz, fixed. For a large value of,, we substitute in Eq. tion upon stretching. We repres_ent in Fig. 5 the_ monomer
(2) the obtained value dfl; to get the plateau forc,. The density p(z) and energyE(z) profiles alongz for different
simulatedf, values presented in Fig. 2 are in good agreemenYalues 0fz.. The densityp(z) presents decaying density os-
with our theoretical model for larger. In the highw limit  Cillations similar to the one observed for a liquid in the pres-
and forT=0, we expectf, to scale linearly withw so that ~ €nce of a solid substrag@4]. The presence of the density
z:=N.d,. In this case the entropic contribution can be ne-0scillations are due to the poor solvent effect.We have
glected relative to the free energy of the globule energy s§hecked that in the good solvent case there are no density
that f,>0.38w in relative good agreement with the simula- oscillations. As shown in Fig. gop) the overall shape of the
tions (f,0.40w for T=0.8). In the weak adsorption limit, density profile in the globule is invariant, up to a normaliza-
the model underestimatefg since the interaction between tion factor, as we stretch the chain. The layered structure can
the monomers has not been includedrip In this case one therefore co-exist with the stretched chain. As the monomers
should add td=; monomer-monomer interactions of the wet- &€ extracted, the globule shape remains qualitatively the
ting globule together with surface tension corrections. TheSame, independent of the size and of the tension as long as
surface tension correction gives a contribution of the order ofn€ number of monomer in the globule is large enough. In
¥(N-No)? to Fy, where y is a phenomenological surface Fig. 5 (bottom, we plot the energy density profilesS(2)
tension parameters. This contribution plays only a minowhereE(z) is the sum of the valence and of the Lennard-
role. We find by performing the same minimization as aboveJones interaction energies. We can see fEif@ plotted for
that there is a very slight decrease of the plateau valug as different values ofz, that there exist three different regions.
increased, this is also confirmed by our MD simulation. Aln the first region(z<3) mostly corresponding to the first
good agreement between simulation and theory is also found . : .
for the extension-curve of Fig. 3 obtained for various values - ! ! =

We express the free energyas a function of the unknown
N, by inverting numerically Eq¢2) for f. We then minimize

of z, using the same procedure as above. The smoothing out P — Free globule -
of the peaks is due to the dynamical coexistence between N BAA z=15
states withN, and N.+1 monomers in the chain. This dy- e Ze=20
namical coexistence is induced by the thermal fluctuations i ‘ T
and gives rise to important time variations fof s | : :
As we increase the value @f, we assume that the poly- U g

mer fully detaches from the substrate whén=N. Using the
relation betweeri, z, andN, given in Eq.(2), we obtain the
relation between the force and the critical extensior at

which the polymer detaches from the substrate. We plot in L
Fig. 4 the theoretical curv&(z}) and the simulation results m 5

for different values ofw and different system sizes. Here z (0)

again a good agreement is found between theory and simu-

lation for the largew values. The agreement is slightly less  FIG. 5. (Top) N=100, density profilep(z) showing layering for
satisfactory for weakew values. In this case, we observe a free globule and globules with,=15 and 20(w=8). (Bottom)

that the detachment occurs suddenly when a finite number @&nergy profilesE(z) for the same parameters.

E(¢e)
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adsorbed layers, the energy is independemt.ofhis is con-  shown thatf, depends only weakly iN and finally saturates.
sistent with the above discussion on the negligible globuleTo summarize, our simulations have shown that there is a
shape variation upon stretching. A second region, roughlylateau value for the force that depends on the substrate in-
comprised betweez=3 andz=8, is formed between the teractionw. In the strong adsorption limit the unstretched
globule and the chain. In this matching region the top of thepart of the polymer forms a 2D globule. A dynamical coex-
globule is elastically deformed and pushed up by the tensioristence between states willy, and N.+1 monomers in the
The overall vertical mechanical equilibrium is ensured by thechain has been observed. For weakevalues the adsorbed
elevation of the top of the globule. The small difference inpolymer forms a 3D globule wetting the substrate and elas-
the energy profiles computed faz=15 andz.,=20 in the tically deformed upon stretching. A simple theoretical model
second region also demonstrates that the elastic deformati@i the force extension relation is presented and leads to a
is independent of the stretched chain length. Finally the thirdyood agreement with simulation results. The influence of the
region(z>8), corresponds to the stretched chain with a verychain persistance length, of the temperature and of finite size
small potential energy, confirming our main theoretical hy-effects will be presented elsewhere. We hope that this work
pothesis. will motivate new experiments on the stretching of long mol-

The picture we have presented above holds also for largexcules and biomolecules. The weak adsorption regime will
value of N. Simulations which are not presented here havebe investigated elsewhere.
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