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Slow relaxation and solvent effects in the collapse of a polymer
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Using molecular dynamic simulations we study the quench of a homopolymer chain into a poor solvent at
finite temperature. We show that, depending on the quench depth, there are different relaxation pathways to the
collapsed state. Solvent effects are introduced through an effective Lennard-Jones potential depending on the
local monomer density. The various relaxation regimes are characterized by the contact correlation function. As
the quench depth increases, the system evolves towards a glassy state, and the relaxation dynamics continu-
ously changes from an exponential to a stretched exponential law. The characteristic relaxation time diverges
at low temperature following an Arrhenius law, like in the case of strong glasses. We found that the stretching
exponent depends on aging in a nonuniversal way. The solvent modifies the globular state by diminishing the
effects of frustration and glassy behavior.
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[. INTRODUCTION state is similar in both cases, the effect of frustration is
greatly diminished in the presence of solvent. The main ef-
When an unfolded polymer chain is quenched into a poofect of the solvent is then to reduce the attractive interactions
solvent it collapses to form a compact globule. This phenombetween monomers inside the globular state, facilitating the
enon has received in recent years a lot of attention in thescape from local energy minima.
literature from both theoretical and experimental points of We address the question of the quench depth influence on
view, mainly due to its application in protein folding and in the relaxation dynamics using molecular dynamics in a ca-
basic polymer sciencgl—9]. However, the physical charac- nonical ensemble and we introduce a simplified description
terization of the relaxation dynamics as a function of theof the polymer interactions with the solvent. We use an ef-
quench depth and the slow evolution of the globular metafective many particle interactiofat variance to the usual
stable states still remain to be thoroughly investigdted. binary Lennard-Jones potenjighrough a local density de-
Moreover, experimental results on single polymer chains impendent potential: the interaction between two separated
the globular state are still scarce because of the difficulty imonomers depends on the number of their neighbors. Our
avoiding aggregatiof4,5,11. Indeed, it was recently shown simplified solvent model neglects the hydrodynamic effects
that the homopolymer globular state shares many propertig$ong-range interactionsThis approach is somewhat differ-
with amorphous materials like glassg?2—14. Relaxation ent to usual models of hydrophobic interactions based on the
becomes exceedingly slow at low temperatures and agingccessible surface arésee for instance Ref27] where a
effects appear, in practice glassy systems may never reachany-body interaction was proposed to describe the hydro-
equilibrium on laboratory time scaldd5,16. The glassy phobic effect in protein folding We find that the qualitative
behavior of a homopolymer quenched below@@oint was  features of the chain-globule transition depend on the quench
recently addressed numerically in R¢14], where it was depth. For small values of the temperature differedce
shown that a close resemblance exists between the correla-| T—©|, below the® point, the polymer collapses isotro-
tion or structure functions measured in glasses and in singlgically. For larger values oAT, initial density fluctuations
polymer chains. The usual picture of polymer collapse whergrow to form clustergalso referred as to peafl$7,18,29),
quenched below th® point[2,17-24, shows that nonequi- or, at higher values dfAT|, to form sausagelike structures as
librium effects are important, especially the influence of thepredicted by de Genng8]. For large values ofAT| solvent
solvent, the relaxation pathways, and the glassy properties efffects are neglected the globular density may be nonuni-
the globular state. form, the topological chain constraint imposing frustration.
The effect of a solvent on the polymer collapse pathway3Ve observe that these metastable states tend to disappear in
was recently studied numericallt0,25,2§. Simple Lange- the presence of solvent interactions. The polymer does not
vin dynamics and molecular dynamics including Lennard-get trapped in high energy metastable statdégh energy
Jones solvent molecules were compagd]. It was shown minima) even if the quench amplitude is very strofitQ].
that the main differences between Langevin dynamics an@hese results are presented in Sec. Il together with the nu-
molecular with solvent is that in this last case the polymemerical scheme and the solvent model.
does not get trapped in local minima as observed with The description of the glassy behavior of the globular
Langevin dynamics. Although the evolution to the globularstate is presented in Sec. llI. Previous studies of this problem
were done using hard sphere potent{dl4]. In order to in-
vestigate quantitatively the glassy dynamics we must take
*Electronic address: frisch@irphe.univ-mrs.fr into account the fact that a polymer, in contrast to usual
"Electronic address: verga@irphe.univ-mrs.fr glasses, is formed by a chain of monomers and not of free
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, fori#j,jx1, (5

molecules. It is then desirable to introduce specific quantitiesnonic and anharmonic interactior(sneasured in energy
that incorporates this topological constraint. We study theunits to be specified below(ii) the Lennard-Jones interac-
tion. This function characterizes the surroundings of a given
monomer and the duration of the contact with its neighbors. ( o ) 12 ( a)e
I rii

duced by Rabanet al. for Lennard-Jones systerfia9]. We . N
show that as one varies the depth of the quench belowthe | a0 »=1.0 is the potential depttchosen as the unit of

. . energy and o=1.0 the van der Waals radigsote that we
goes from a classical exponential decay to a stretched eXp‘ahosedozo but neighboring monomeiis=j+ 1 do not in-

. L eract withV,). In the numerical computations a cut-off of
terized by two parameters, a relaxation titgeand an expo- the long range attractive force gt=2.50 was used in order
nentB. We found that these parameters depend not only o
the temperature but also on the system age. Thgse a9!Mfe force term in Eq(2). To compute the Verlet list we
effects appear to be very complex and escape a simple daéfined two characteristic distances, an inner radigs .

: and an outer one=r,=2.7¢0 [30,31. Time stepping was
cuss the eﬁects of the solvent on the polymer relaxation. W‘f)erformed using an implicit Verlet-Newton-Raphson method
show that, in the presence of a solvent, the expogeap-

I ¢ di Conclusi d 1 Sec. IV O\t as the unit of time. The initial state consists in a
almost disappear. -onclusions are drawn In Sec. V. self-avoiding walk generated by a Monte Carlo method. This

Il. COLLAPSE PATHWAYS AND SOLVENT MODEL above the® point[see below Fig. ()].

A. The numerical method The ® point was found at the temperatu@e~0.45, for

T,he numerifal _sriwmulal}ionsl Welre performed_ usihng thetained by two equivalent methods, using the gyration radius
NoseHoover algorithm of molecular dynamics in the ca- 5 the specific heat as functions of the temperature. A solid
grgw [2.8’30’3]1 The polymgr chain contain monomers cated aboufT¢=0.1. In the numerical simulations we ex-
interacting through a classical long-range van der Waal lored the temperature rande=0.05-0.35, which lies be-
using a strong anharmonic potential for neighboring mol-
ecules. Most of the results presented here were obtained with

relaxation dynamics by means of a contact correlation function between non-neighboring monomers
A related quantity, the cage correlation function, was intro- Va(rip) =7
point the monomer-monomer contact correlation function,
nential decay. The stretched exponential relaxation is chara?

i introduce the Verlet list algorithm to efficiently compute
scription in terms of universal power laws. Finally, we dis-

X 31]. The time step was fixed akt=0.210 3. We used

proaches one, even for low temperatures, and aging effec

state is appropriated as an initial condition for a polymer

the above set of numerical parameters. This value was ob-
nonical ensembléwith fixed temperature and fluctuating en- giae transition, also identified with the specific heat, is lo-
forces. The connectivity of the chain was implemented b low the ® point

N=400. The NoséHoover equations for themonomer are B. The solvent model
: Fully explicit simulations with solvent particles are still
ri=pi/m, (D) very expensive numerically in three dimensiof0,25).
However, as recently shown by Chang and YetHit&)], the
o (9_Vi_§ . @) numerical simulations of a polymer in a solvent reveal that
Pi ar; Pi the collapse pathways change when polymer-solvent interac-

tions are taken into account. They used Lennard-Jones po-
o tentials to describe solvent-solvent and solvent-polymer in-
TeE= kB_T —(3N-6), (3 teractions. In the case of a strong quench, they observed that
the polymer collapses by forming first a sausagelike struc-
wherer;=(x; ,Y;,z;) andp; are the position and momentum; ture, but instead of getting trapped in high potential energy
over dots represent time derivatives. In order to control thestates, it slowly evolves towards an isotropic distribution.
mean kinetic energi{ ==, p?/2m; a “friction” variable ¢, The main effect of the solvent is to enhance the mobility of
and a characteristic time of the heat bath exchanges monomers inside the globule by an effective reduction of the
=2Q/kgT are introduced @=const=0.1). The total num- attractive interactions, and simultaneously to increase the at-
ber of degrees of freedom if\3-6 since we subtracted the traction between monomers exposed to the solvent. This is
translation and rotation of the center of mass. the usual “hydrophobic effect” that was also modeled in
The potentiaV, =E]N= LV(ry;) is the interaction energy of terms of the “accessible surface area,” or similarly in terms
monomeri with all other monomersr(; being the distance ©f the local density of monomers using a nonadditive attrac-
between monomerisandj, we always assumi|). It has tive potential[27]. _The mterest.of these methods is their
two contributionsV =V, +V,: (i) the valence interaction be- réduced computational cost, since the solvent degrees of
tween two neighboring monomers freedom are not exphcﬂ_ly_comput_ed, but the solvent action is
modeled by hydrophobic interactions. However, the potential
Vi(rij)=a(ri—dg)®+b(r;—dp)* fori=jx1, (4) usedis phenomenological and its physical origin remains to
be investigated.
wheredy=1 is the equilibrium distancéused as the length In order to describe the hydrophobic effect we propose a
unit) anda= 30, b= 100 are constants characterizing the har-method based on the idea that the van der Waals interactions
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Cij=1—)\(ni+nj—4)/2, (7)

where n; is the number of monomers within a sphere of
radiusr,, around monomeir(as given by the Verlet list in our
algorithm, andc;; is proportional to the mean number of
neighbors of thei(j) pair (excluding the near neighbors, as
indicated by the term )4 The coefficient, measures the
strength of the hydrophobic effect, and is chosen small
enough to ensure that<Oc;;<<1 even in the high density
state(with A=0.01). As the number of monomers surround-
ing the two monomers increases; decreases an¥f,(r)
becomes less attractive. As a result, inside the globule, where
the numbersn; are large, monomer interactions becomes
only slightly attractive allowing for a high monomer mobil-
ity. In contrast, the surface monomers would have a smaller
value ofn;, thus a larger;;, and stronger attractive inter-
actions. Extensions of this model may be considered in order
to account for example, for a concentration dependent Flory-
Huggins parametey, or for more complex effective poten-
tial forms (multiple minima and energy barriers between
stable states

C. The collapse pathways

Experimental observation of the collap&mil to globule
transition in synthetic polymers is difficult because at con-
centrations accessible to experiments, the intramolecular col-
lapse of single chains competes with the intermolecular ag-
gregation of chains. Consequently there has been only a few
studies on the kinetics of the collapse transition. These stud-
ies are too scarce to confirm or infirm the possible theoretical
pictures predicted for the collapse. However, the main pic-
ture that has emerged from different numerical simulations is
that collapse proceed following a series of steps, first the
rapid formation of blobgalso referred as peaylshat grow
and then merge, then the formation of a globular staf.

In Ref.[10] the importance of the quench depth on the col-
lapse was also underlined, and it was noted that there exists
a low temperature regimg@trong quenchfor which the sau-
sagelike structures can be observed after a rapid transitory
stage of blob formation.

We study the collapse pathways as a function of the
quench depthAT, for the polymer without solvents) and
also for the polymer in a solvei(6). We start the simulation

(long-range attractionare modified by the presence of the from an initial polymer in the coil state obtained using a
solvent, or equivalently by the number of neighbors of aSelf-avoiding random walk generated above hgoint [Fig.
given monomer. We assume that the attractive interactiond(@]. We consider first the case of small quench below@he
between monomers are modulated by their local densit0int AT=0.1 corresponding td =0.35. In this regime the
(proportional to the number of neighbardhis assumption Mobility of each monomer is quite high and monomer posi-
is compatible with a virial development in powers of the tion fluctuations are so large that density correlations disap-
polymer density, and with the effective solvent-mediated in-P€ar. The polymer collapses towards a homogeneous final
teraction measured by Chang and Yethjte]]. The form of ~ State in the form of a spherical globEig. 1(b)]. The col-
the interaction remains of the Lennard-Jones form, lapse evolution could, in principle, be described by a simple
We then decrease the temperat(ircrease the quench

' (6) depth to AT=0.2,T=0.25. In this regime the attractive in-
but its intensity is a functional of the number of monomersmonomers forming from initial density fluctuatiorgearls
surrounding a given one, can survive and groyFig. 2(@]. This regime is thus char-

FIG. 1. Molecular dynamic simulation of ld=400 homopoly-
mer for T=0.35. (a) A self-avoiding random walk generated by a
Monte Carlo methodt=0); (b) the final isotropic globular state
t=150.

mean-field theory1].
o 12 o 6
Va(rij)=n (r_) — Cjj IT)
I | . ..
J ' teractions are sufficiently strong so that small clusters of
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FIG. 2. Molecular dynamic simulation of ld=400 homopoly-
mer for T=0.25. (@) The pearls regimeg=10; (b) globule t

=100.
FIG. 3. Molecular dynamic simulation of ld=400 homopoly-

acterized by the formation of pearls that have been first obmer for T=0.05. (a) Sausage regime=20; (b) nonspherical glob-
served in numerical simulatiori47,18,20,21 and described ule trapped in a high potential energy metastable dtat200.
theoretically in Refs[19,24. The numerical results have
shown that the collapse is largely dominated by the growthresult, monomers tend to accrete rapidly to their second
of pearls. Pearls nucleate with more ease from the ends of theeighbors which then accrete to their next neighbors trigger-
polymer or from regions of high curvature. During the col- ing a cascade of long-lived attractive interactions. The result-
lapse process, pearls are locally in quasiequilibrium, linkedng collapsing object has a sausage like shgp&0] [Fig.
to one another by a fluctuating stretched chain. The entropid(@)]. In this case, the relaxation dynamics is complex and
tension exerted on the chain can significantly reduce thermalery slow. The equilibrium states cannot be reached within
fluctuations of the linking chain. The behavior of a singlereasonable time scales. We observed, in the case of long
pearl under tension has been investigaféd,28,32—-39  chains (N>500), that different sausages form along the
where it was shown that above a critical tension pearls unehain linked by more flexible regions. The chain bending
wind. The equilibrium states attained after successive geraround these regions allow the sausages to aggregate in a
erations of pearl merging is a well mixed globule whose stateandom way. This process leads to the formation of a com-
is liquid like. The final condensed stdteig. 2(b)] consists in  pact set of disordered sausages resulting in a highly frus-
a compact globule with a gyration radius scalinghdé’. trated state. The quasiequilibrium attained is an inhomoge-
For a very strong quench, for which the resulting temperaneous glassy state sharing some similarities with an
ture lies below the solidification poikT=0.4, T=0.05, amorphous solidFig. 3(b)].
the kinetic energy of each monomer is so small that the sys- It is important to note out that there is not a well-defined
tem is dominated by monomer-monomer interactions. As demperature transition between this three regimes but rather a
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FIG. 5. Gyration radiugxy versus timet; O: without solvent
A=0; +, with solventA =0.01.

(6). The monomers inside the globule do not get trapped in
high energy metastable states owing to the monomer high
mobility. The final state is thus a liquid globule with less
monomer mobility on its peripherjfFig. 4(b)]. This effect
may also increase the effective surface tension. The final
globular state is rather spherical, in contrast to the case with-

out solvent interactions for which we observed irregular
forms.

One possible experimental technique to follow the poly-
mer collapse is to measure the time evolution of the gyration
radius by light scattering of a highly dilute soluti¢im order
to get single molecule propertiedVe compared the evolu-
tion of the gyration radius with and without solvent effects
(see Fig. 5 for the same temperaturel £0.05, strong
quench starting from the same initial conditions.

FIG. 4. Solvent effects in aN=400 homopolymer forT In the absence of solvent effects, the gyration radius di-
=0.05, and\ =0.01. (a) The sausage reginte= 20; (b) the globu-  minishes first rapidly untit=50, and then decreases irregu-
lar state is spherical and liquidlike= 200. larly to its quasiequilibrium value. This function is clearly

not smooth revealing the signature of a complex process as-
smooth transition from the isotropic regime to the sausagsociated with the aggregation of sausages. It is hard to define

regime. Therefore, it is possible to observe a coexistence &f precise value for the collapse time since the ultimate
sausage and pearls at a given quench depth. As a consesymptotic value may not be knovenpriori. Moreover, the

quence of the existence of the different regimes describetunctional form of the time dependency of the gyration ra-
above, each one having its own time scale, and a typicalius differs with varying temperature, impending to find a

dependence on the thermodynamical variabésand T simple scaling law. However, a simple examination of Fig. 5,
[24,40, one must rule out a simple description of the col-reveals that a “characteristic” collapse time may be defined
lapsing process.

as for instance the time for which the gyration radius reaches
We now focus our attention on the collapse pathway for d@ts equilibrium value. In the present case it is of order
polymer in a solvent using the model introduced in Eg).

~70. Other numerical computations show that the collapse
We are specifically interested in the effect of the solvent ortime decreases with the raise of the temperature, as long as

the sausage regimeT=0.4, T=0.05, described just above. we remain below th& point.
Since the effect of the solvent is proportional to the density

In the presence of solvent effects, the time evolution of
of the polymer we expect that in the first step of the collapsehe gyration radius is much more smooth, reflecting a lower

the solvent has only a very small effect. As a consequencdtustration of compact regions. We observe in Fig. 5, that the
the second neighbors attraction is dominant and we recovewllapse time is now of the order of- 150, greater than in

the sausagelike structuf€ig. 4@]. However, as the poly- the absence of solvent. The value reached by the gyration
mer collapses its density increases so that the attractiveadius is larger in the presence of solvent interactions than

forces between monomers slightly decrease, as seen from Bgithout solvent effects. Indeed, on one hand with solvent, the
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1
P(ty,t)= nelty) & Xi,j(tw-t)>. (8)
with
[t/6t]
Xij(tw )= kljo H[1.—djj (t,+kot)], (9)

FIG. 6. Sketch of a polymer illustrating the definition of the
contact correlation function. Timig, the two monomersin black) where H is the Heaviside function ancuij(t)=|ri(t)
i andj are in contact: both are inside the sphere of ratiitmound  — r,—(t)| is the distance between non-neighboring monorhers
monomeri. Timet,, monomers andj are still in contact. Time;, andj. The functionnc(t,,) is the number of contacts at time
monomerd andj (now in gray are no more in contact, the distance t,,. The double sum is on all indexésandj excepti=j and
between them became larger than i=j+1. The sampling timest is chosen small enouglst
=100At so that our result do not depend on the sampling

effective intensity of the attractive forces is diminished. Ontime. Brackets denote an average over ten independent runs
the other hand, the form of the globule in the absence oyvith different initial conditions.(An average over five runs
solvent is not spherical, and the actual value of the gyratior#eads already to sensibly the same resultée finally nor-

radius varies significantly with the initial condition and the Tg“zﬁ]d the cgntacft cor;elal\gor; functt‘t;_on t:’ unity by dividing
relaxation pathway. it by the number of contacts,(t,,) at timet,,,

The observed final staf@s shown in Fig. é)], charac-
terized by a high mobility of monomers and high density, is nc(tw)=_2 Xij(tw,0), (10
reminiscent of the molten globular state often found in the b

context of protein folding. . . L .
P ¢ thus with this normalizationP(t,,0)=1 for all waiting

times. Therefore, the functioR(t,,,t) in Eq. (8) measures
the mean probability for two nonbonding neighbors in con-
The globular state dynamics has been studied using diftact at timet,, to be still in contact at timé,,+t and to have
ferent numerical methodgt1,42 (Monte Carlg, and[43]  remained in contact between tintg and timet,,+t. One
(molecular dynamics with hard sphere interactjoris has  important property oP(t,,,t) is that it is insensitive to the
been reported a slowing down of the evolution characteristiatumber of monomers provided thbitis large enough, this
of glasse$41,42, and an order-disorder transition inside the results from the fact tha is an average over pairs of mono-
globule[43]. As we increase the quench depth, we also nomers(we verified this property for th&l=400 simulations
ticed that the dynamics inside the globule slows down and
became more complex with a very large relaxation time. Ho- Numerical results
mopolymer transition are classically characterized by the be- . o .
havior of the mean-squared gyration radRigas a function The contact correlation functlo_n is also a functlon (_)f the
of the temperature. However, the gyration radius does nd€mperature. We have measured its time evolution during the
provide useful information on the internal structure of theC0llapse process for a large range of temperatures below the
globule and more appropriate quantities need to be intro® POINt. The origin of the waiting time,,=0 is taken to
duced. In order to investigate quantitatively the glassy dy<correspond to the instant of the quench. We computed
namics we must take into account the fact that a polymer, iff (tw,t) for a large range of,, andt values with their maxi-
contrast to usual glasses, is formed by a chain of monomer&um values chosen Ionge_r than. the maximum characteristic
and not of free molecules. It is then desirable to introduce dMe of the collapse mentioned in the end of Sec. Il C. We

specific quantity that incorporates this topological constrainPPServed on one hand for all cases we considered below the
in order to study the relaxation dynamics. ® point, a relaxation of(t,,,t) towards zero as a function

We introduce the contact correlation functib(t,, ,t) that of t. On the other hand, thg, dependence d(t,t,,) is very
characterizes the surroundings of a given monomer and thgMall at high temperature and becomes more important as we
duration of the contact with its neighbors. It is a function of lower the temperature. Figure 7 is a surface plot in thet)
two variables, the waiting time, and timet; P(t,,,t) rep-  SPace, (_)f the contact cor_relatlon function at a temperature
resents a mean probability of persistence of the contact of = 0-1, itst,, dependance is quasiabsent and the relaxation is
two monomers between timtg, andt, +t. We assume that duite smooth. However, at a lower temperatlire 0.05, as
two monomers are in “contact” if their distance is smaller Shown in Fig. 8, the relaxation is much slowerTat0.1.
than the lengtH .= 2Y8s, the equilibrium point of the van Mqreover, there is cledr, dependance signaling the onset of
der Waals forces, Fig. 6We checked that our results do not 29ing phenomena.
depend on the precise value lgf.) A related quantity, the
cage correlation function, has been introduced by Rabani
et al. for Lennard-Jones systerf29] in another context. The We shall first investigate the long waiting time behavior
contact correlation function can be explicitly written as of the contact correlation function. We observed that for

Ill. THE GLASSY STATE

1. The long waiting time behavior
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P(200,9)
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FIG. 7. Contact correlation functioR(t,,,t) for T=0.1. t

iting ti | tham. = 200. th t - . FIG. 9. The equilibrium contact correlation function for three
waiting times larger tham,,= » e System IS Ina quasl- yigeren temperatures: bottoif= 0.3, middleT=0.15, and topr

equilibrium state, except for low temperatures. Indeed, for_ 5 57 pata are fitted solid curves with formutil), with (from
low temperatures the system sets in a metastable state aggyom to top B=1, 0.87, 0.5, and,=0.7, 2, 23.

shows glassy behavior. For larger temperatures,tthde-
pendence oP(t,,,t) vanishes, as long dg is large enough, curves allows us to determine the two paramef§) and
and thusP(t,,,t) becomes a function afwhich we denote t.(T). The data were fitted using the whole range
by Pey(t). We were able to obtain quasiequilibrium states=[0,200. These two parameters depend in a nontrivial way
down to temperaturd=0.07. Below this temperature the on the temperaturé.
dynamic is too slow, so that an equilibrium cannot be at- The origin of the stretched exponential behavior is at this
tained in a reasonable computer time. We show in Fig. 9, thenoment not fully understood since there does not exist yet a
time behavior of the equilibrium correlation function for simple theory of the glass transition for a polymer. The well-
three different temperatures. Dots on Fig. 9 correspond t&nown mode coupling theor{44,45, applicable to super-
raw data which are fitted by a stretched exponential function¢ooled liquids, does not take into account the topological
constraint of the polymer chain. This constraint introduces
t AT spatial frustration and density inhomogeneities that are ne-
t(T) glected by the mode-coupling theory. However, it is worthy
adding that stretched exponential evolution laws are now
represented by a continuous line. This function contains twgommon in condensed matteglasses, electrical conductiv-
free parameterg,(T), related to the relaxation time, and the ity, random walk in disordered mediand are sometimes
stretching exponenB(T), which can be precisely deter- referred as Kohlrausch-Williams-Watts law5]. Stretched
mined by an error minimization routine. For a small quenchexponential laws are often the signature of hoping processes

atT=0.3, the relaxation is very rapid while far=0.15 and  Wwith a continuous distribution of trapping timg46].

T=0.07 the relaxation time is much longer. Fitting these Let us first examine the temperature behaviopofThe
stretching exponenB(T) decreases continuously from 1 at

high temperature, to 0.5 at low temperature, as seen in Fig.
10(a). We thus recover the classical exponential relaxation
law for temperatures abovie~0.25, for lower temperatures
the relaxation is anormal. The parametgiT), as shown in
Fig. 10b), increases when the temperature is lowered. Below
T=0.07, the aging effects become dominant, and we found
that a fit of the contact correlation function similar to the one
used for the quasiequilibrium statél), gives a very high
value of the characteristic timg(t,,,T)~110 (at t,,= 200
and T=0.05), showing the slow down of the relaxation in
the globular state.

From Eqg.(11) one may define a characteristic relaxation
time 7 (7 andt, are of the same order of magnitydasing
the relation,

: (11)

Peq(t)=exr{ -

0 tc
7= fo Pegt)dt=2T(L/B), (12

FIG. 8. Contact correlation functioR(t,, ,t) for T=0.05.
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g
1T

FIG. 11. Relaxation time as a function of the temperature:dog(
versus 1IT. The straight line corresponds to the Arrhenius law.

given by the change from exponential to stretched exponen-
tial relaxation. However, deviation from the Arrhenius law
were not found for the relaxation time computed using the
contact probability, as in formuld 2). This may be related to
the fact that the contact correlation function is an average
over all monomers, irrespective of their spatial position

this sense it is independent of for N large enough At
variance, the structure function explicitly depends on the
spatial distributionthrough the wave vectarTherefore, the
relaxation times deduced from the structure function are sen-
sitive to the spatial inhomogeneities, and eventually to finite

0.1 015 02 025 03
T (b}

size effects.

2. The effect of the solvent

We also looked at the effect of the solvent on the contact

FIG. 10. Stretched exponential parameters in the steady statéorrelation function(cf. Sec. Il B. We show in Fig. 12 a

(@ B, and(b) t; versusT.

surface plot ofP(t,,,t) at a temperature df=0.05(it can be

compared with Fig. B revealing that the relaxation is quite
hereT is the EulerT function. The characteristic relaxation fast and that aging effects are negligible. A one-dimensional

time 7 is shown in Fig. 11. It has an Arrhenius behavior,

AE
7=0.233 ex;é?), (13
with an activation energdAE=0.210. This divergence of
the relaxation time at low temperatures is characteristic of
strong glassef45]. It is well known that for polymer melts
there exists a critical temperatufie, related to the glassy

transition, for which the relaxation time, as derived from the " |

structure function, diverges algebraicdl47,48. In the case

of single molecules, finite size effects are important, and no
definite transition temperature was identified in our simula-
tions. In the recent workl4] an extrapolation to lower tem-
peratures was used to estimate the structure function relax
ation time, and fitted with a power law using a very low
value of T,~0.03+ 0.01(their ® point is higher than ours by

a factor 3, since their interaction potential is diffeferithe
principal manifestation of slowing down in the system wasx
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FIG. 12. Contact correlation functioR(t,,,t) for T=0.05 and

=0.01.
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P(200,t)

FIG. 13. The contact correlation function g{=200, solvent
effects. Top, data fof = 0.05 without solvent, the fit corresponds to
a stretched exponential wip=0.44 and.=110. Bottom, same as 100l
top in the solvent case with=0.01 (3=0.95 andt.=1.2).

cut of this surface plot at, =200 is shown in Fig. 13to- e
gether with a similar curve in the no solvent casetime at
which the globule is in quasiequilibrium. The curfg(t), il |
fitted as before by formul&ll), shows that the relaxation t
law is now nearly exponential. We found=1.2 and B
=0.94. This should be contrasted with the results obtained a 4a
the same temperature without the effect of the solvent for
whicht,=110 andB=0.44 (at comparablé,,).

It is also interesting to compare these results with the 2
evolution of the radius of gyration that was presented in Fig.
5. The collapse characteristic time scale increased in the

presence of the solvent up te- 150, this is a factor 2 larger o 20 % 80 80 10 120 140 160 160 200

than without solvent. At variancg, is strongly reduced, by a e (b}
factor 50. This means that, while the dynamics of collapse is . . .
slowed down(weaker effective attractionthe contact corre- FIG. 14. Aging effects without solventa) 8 as a function of,,

lations are highly reduced as a consequence of the increas& T=0.05; (b) t; as a function ot,, for T=0.05.
mobility of monomerdthe effect of the solveint

_ In the absence of solvent, the expongntlecreases con-
3. The effect of aging tinuously ast,, increasegFig. 14a)] and the characteristic

Aging effects are characteristic of the time evolution oftime t. increases as,, increaseqFig. 14b)]. The depen-
glassy systems after a temperature quench, such as polymetence of the exponerg on the waiting timeg,, might be
melts, spin glasses or supercooled liqujd$]. They may related to the fact that the system has a complex energy
reveal the nonequilibrium aspects of a system relaxing tolandscape which is slowly organizing. This may gives rise to
wards equilibrium. We thus studied the behavior of the cona stretched exponential behavior. The simple scaling form
tact correlation function as a function of the variabjeat a  obtained in Ref[14] for the dynamic structure factor is not
fixed temperatureT=0.05 with and without the solvent. verified in our case.

Here again, we obtained a very good fitRft,, ,t) given by In the presence of solvent effects, the behavior of the
a stretched exponential function of the following form characteristic timé, and the exponeng completely change,
as we can see comparing Fig. 14 with Fig. 15. The exponent

t B(T.ty) B, which in the no solvent case differed significantly from

P(tw,t)zex;{ _(W) , (149 unity, remained quasiconstant and nearly equal to[&ing

e ltw 15(a)], showing that the relaxation is almost exponential, as

in simple systems. We noted thatfirst slightly decreases as
where the exponen, which is positive and smaller than 1, t,, increases, and then reaches its asymptotic vakig.
explicitly depends on,,. This form has again only two free 15(b)]. These properties are compatible with the reduction of
parameters, and 8 that both depend oty, and onT. monomer attraction in the globular state. The solvent effects

041807-9
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: ! ; ; ! ! ; ; ' ! monomers and no extra computational work is required. It
1_ ...... .......... . ...... -\. LI T Trrr -\. ..... .- . ...... ._ Contalns One free paramepe|a||0W|ng for a reductlon Of the
: : ' : : : monomer attraction; for large values »fmonomer interac-
tions become repulsivén the condensed phgséNe ob-
served in the framework of this model that for strong quench,
the polymer does not get stuck in a metastable state. It folds
from the initial coil state, to a spherical molten globule,
through a series of stages characterized by sausagelike struc-
tures. Even though these structures are similar to the ones
; i i i encountered in the absence of solvent effects, the collapse
QBB oo el e e e relaxation is slowekas measured by the decay of the gyra-
: : P ' tion radiug, and the final state more homogenous. Most of
i i solvent effects are related to the enhanced mobility of mono-
1Y | R . ........... ...... . ERSSCYRE S R . ....... ........ _ mers, as the local densit&he number of neighbors of a
T A B R T given monomerincreases.
G o W e 1{ AR AN O 00 We also studied quantitatively the collapse of the polymer
by introducing a contact correlation function which exhibits
; : ! g ! g T ; T ; nonclassical relaxation behavior at low temperature. For in-
P i . i : homogeneous systems like a single polymer chain this quan-
tity, based on the persistence of contacts between neighbor-
ing monomers, is more useful than the dynamic structure
function (as applied to liquids or polymer melt§ he contact
correlation function can be fitted by a stretched exponential.
We showed that the stretching exponghtecreases when
the temperature decreases, and that the characteristic relax-
ation time r displays classical Arrhenius behavior. We also
found that aging effects are important at low temperatures
(strong quench The characteristic exponefitand the relax-
ation timer, depend in a nontrivial way on the waiting time,

B osr

@B g different to the self-similar law used in specific glassy sys-
: ' : : : : tems[15].
| P 2t o4 & B b 2 o o= The presence of a solvent strongly modifies the collapse
0 20 40 80 80 100 120 140 160 180 200 process. Aging and anormal relaxation almost disappear. At
e b very low temperatures we found that the characteristic expo-

nent is slightly smaller than one. For such a low tempera-
FIG. 15. Aging effects with solvent with =0.01. (&) B as @  tures, in the absence of solvent, a steady state was not at-
function oft,, for T=0.05; (b) t; as a function ot,, for T=0.05.  tained, and aging effects persisted. In contrast, the solvent
permits a normal stationary relaxation process, and the sys-

render the globule fluidlike, eliminating the frustration which tem rapidly approaches an equilibrium state. The relaxation

is at the origin of the glassylike behavior. time, which diverges without solvent effects, becomes very
short. A possible development of this work may be a com-
IV. CONCLUSIONS parison of the results obtained with our solvent model, with

) explicit solvent simulations.

We have studied the effect of the quench depth on the The presence of stretched exponential relaxation in simple
collapse of a homopolymer using molecular dynamics withsingle homopolymer molecules, shows that a complex be-
the NoseHoover thermostat. We have shown that dependingyayior already appears even in the absence of a diversity of
on the quench depth, the polymer collapse following differ-monomer interactions or sequence effects specific to pro-
ent pathways. For intermediate values of the quench depthgins. Therefore, it would be interesting to study the link
pearllike structures arising from initial density fluctuations petween this complex dynamics and the reduction in the
are favored. For a strong quench, sausagelike structures ai@mber of metastable states, characteristic of protein folding,

privileged during the initial stage of the collapse, and thethrough a self-organization process driving the system to its
polymer is trapped in high energy metastable states. In fachative state.

as the quench depth increases the frustration also increases
and the globular state become more anisotropic, with freezed
density inhomogeneities.

We have introduced an implicit solvent model in order to
mimic the hydrophobic effect. In this model, the depth of the We thank A. Halperin and Y. Yethiraj for fruitful discus-
Lennard-Jones potential is modulated by the local density o$ions.
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