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We study single—chain motion in semidilute solutions ofypmérs of lengthV = 1000 with excluded—
volume and hydrodynamic interactions by a novel algoritfiime crossover length of the transition from Zimm
(short lengths and times) to Rouse dynamics (larger scalgspportional to the static screening length. The
crossover time is the corresponding Zimm time. Our datacatdi Zimm behavior at large lengths but short
times. There is no hydrodynamic screening until the chades ¢onstraints, after which they resist the flow:
“Incomplete screening” occurs in the time domain.

PACS Numbers: 83.10.Nn, 61.25.Hq

The dynamics of polymer chains in solution [1,2] has beenVe therefore first equilibrated the multi—-chain system waith
the subject of long—standing theoretical investigatiaa&n the computationally expensive solvent, using a combinaifo
for the simple case of flexible uncharged chains in good solstochastic dynamics and slithering—snake Monte Carlo siove
vent. While in the dilute limit the validity of Zimm scaling comprising several momomers (roughly one blob, see below).
predictions [1-4] is generally accepted, as confirmed by exThis run produced a set of configurations, which were after-
periments [3,5,6] and computer simulation [7-9], the theo-wards coupled to the solvent. For further details of the rhode
retical understanding becomes much more involved as soone refer the reader to Ref. [9].
as one considers finite concentrations [10-17]. This is so Semidilute systems are characterized by a very low
due to the complicated interplay between excluded—volumenonomer concentratian which is nevertheless large enough
interactions, hydrodynamic interactions, and entangtéme to induce strong overlap of the coils. The static conforma-
Only for the opposite limit of dense melts, where the first twotions are well understood [2] in terms of the “blob sizg},
interactions are fully screened, a fair level of understagd i. e. the typical mesh size of the temporary network. On
has been achieved in terms of the Rouse or reptation modstales belows, the chains are self—avoiding walks (SAWS)
[1,18,19]. However, the details of the crossover, the ugeer characterized by the scaling lal® ~ aN”, wherea is the
ing mechanism of the screening of hydrodynamic interastion monomer sizeR the chain extensiony the degree of poly-
and the concentration dependence of the screening length hamerization andv ~ 0.59. The concentration dependence
been a subject of considerable debate. of &5 results frome ~ ¢5*(¢s/a)'/”. On scales abovés

Inthis Letter, we present the first computer simulationgtud the density is homogeneous, and the excluded—volume in-
which is able to contribute to the resolution of these questeraction is screened, such that the chains are random walks
tions. Experiments, such as light scattering [20,21] or-non (RWs, R ~ aN'/2). The overall chain is thus a RW of
equilibrium methods [22] usually focus @ollectiveconcen-  blobs with R? ~ g?gN/(gg/a)l/". This picture implies
tration fluctuations, whilesingle—chairmotions are only ac- that rather long chains are necessary in order to clearly ob-
cessible by labeling techniques (neutron [14] or light Edts  serve both regimes; guided by the idea of having roughly
tering). Computer simulations can in principle analyzehbot 30 blobs of 30 monomers each available, we cha¥e =
types of motion; however, for reasons of statistical accyira 1000, and varieds by studying the concentration values
we had to confine ourselves to single—chain motion. ¢ = 0.00837,0.0397,0.0734,0.134, 0.231 for the statics, and

We study the equilibrium fluctuations of a three— the latter three values for the dynamics (data are alwayngiv
dimensional semidilute system of flexible bead—spring poly in the Lennard—Jones unit system of Ref. [9]). The number of
mer chains with full excluded volume interactions, coupledchainsM = 50 was kept fixed; this is large enough to ensure
to a hydrodynamic background to fully take into account hy-that even the most concentrated system does not exhibit self
drodynamic interactions, using an efficient method which weoverlap due to the periodic boundary conditions. Our data
have recently developed and tested [9]. The polymer systerfor the static chain conformations fully agree with the blob
is simulated by Langevin stochastic dynamics, the solvgnt bscaling picture [25], as did those of previous extensive tdon
a stochastic D3Q18 lattice Boltzmann model [23,24], and &Carlo simulations [26,27].
point—particle coupling is introduced via a monomericfric  Dynamic scaling for a single chain which exhibits no spe-
tion coefficient. The present work uses the same model witlcial length scale exceptand R impliesT « R?, wherer is
the same parameters but in the semidilute regime. One pathe conformational relaxation time, and= 3 for the Zimm
ticular advantage, without which the study would have beemmodel (applicable to dilute solutions without chain ovprla
unfeasible, is the fact that the lattice Boltzmann solverdsd  where hydrodynamic interactions are fully developed),levhi
not alter the good solvent statistics of the chain confolonat 2z = 4 for the RW Rouse model (applicable to dense melts
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where hydrodynamic interactions are fully screened; we do 2 2

Kt
not consider reptation—like slowing down, which occursyonl

for sufficiently long chains and / or sufficiently dense sys- .
. : FIG. 2. Decay ofS(k,t)/S(k,0) on length and time scales as
tems [28], and does not play any role for our simulation. . S : . o
dat hich tricted to Short ti In t f th indicated, suggesting Zimm scaling for short times (maiarég and
a a_" W Ic . are restricte _0 short times). -n erms S ouse scaling for long wavelengths (inset).

chain diffusion constanb this corresponds, vidr ~ R?,

to D o« R! for Zimm (chain as a Stokes sphere) and

D « N~' for Rouse (monomers as independent frictionregimeR ! < k < a ! as0.2 < k < 1.5. From(Ar?) we

centers). Furthermore, the scaling of lengths with theecorr read offt. ~ 10?; the nonuniversal regime < 30 was dis-

sponding times implies a subdiffusive behavior for the grg carded. Figures 2 and 3 show that for short tieg ¢, the

monomer mean square displacemérﬁﬂ) x t*#, and  decay can be described quite well by Zimm scaliregard-

a k*t behavior for the single—chain dynamic structure fac-less of wavenumbewhile fort ~ t. there is a simultaneous

tor S(k,t) = N~1Y",. (exp (zE (7 (t) — Fj(O))) inthe  smooth crossover to Rouse dynamics for those wavenumbers
‘ which have not yet fully decayed, i. e. fér< k.. Note that

scaling regime of intermediate length scales (betweand SO . .
the initial Zimm regime of these wavenumbers can be easily

R) and time scales (betweem, the microscopic time for ) ; ) !
monomer relaxation, an). overlooked in the representation of the inset of Fig. 2.

For a semidilute system, one expects a crossover betweenThe physical picture which results from this observation is

these cases. Indeed, our data(fM2> do exhibit a crossover thus free Zimm mot|on up t_o the cro_ssovert_lrw @ll length _
from a Zimm—like 2/3 behavior at short times t6'/2 at scale$, after which screening sets in, leading to Rouse—like

: . : motion. Hence the most important finding of our simulation is
longer times. The behavior at short length and time scale ; . X .
: . : . : at hydrodynamic screening must necessarily be viewed as a
is thus Zimm-like. The pure Zimm model [1] predicts that oo . .
) ) . dynamic time—dependent phenomendke consider this to be
the decay rate, i. e., in the given context, the prefactor

of the Iaw(Ar2> — A4#2/* should only depend on solvent the logical consequence of the (correct) original treatrbgn

viscosity and not on concentration. We nevertheless found ge Gennes [11] (see below). Nevertheless, this has so far bee

weak concentration dependencetofroughly20% within the ove_rlooke(_j inthe literature, the main reason being th@eifn
given concentration range, see below). Figure 1 thus sstudieChaln motion on length scales beyofds not accessible to

<Ar2> J(A#/3) = f(t/t.), wheret, is the concentration— standard scattering experiments [20,21] which are sgagili

. . o . collective concentration fluctuations: On scal€s< 1 the
dependent crossover time, which again is the Zimm relax- L .

e . . overall solution is homogeneous, and one observes a simple
ation time of a dynamic crossover length (or hydrodynamic

screening length),. o &3, and f(z) o z~'/6 for large. diffusive deca}exp(_D?""pk%) With Deoop o £71. Accord-

We find a very good daIt{a collapse assuming fiatx &g ingly, single—chain motion on scales beyghdas not treated

or . oc c—3/Bv-1) — 23 as done in Fia. 1. The as- explicitly in Ref. [11]. The experiments on labeled chains

sumcptionsf o o1 [1_0 13] a’ndg o o—1/2 [%6] p.roduced [5,14] produced data which are fully consistent with oumyie

poorer collgpses in pa'rticular fcI){r the case The simu- but were interpreted incorrectly (see below). The rest ef th

lation is thus con,sistent with de Gennes’ preaicﬁ@noc £s paper W?” be devoted to further discussion of the undegyin

[11], as are experimental data [20,22] (for finite—concatitin mechanism. . L

corrections, which also occur in our system, see below) Hydrqdyna_lmm |nteract|on. 'S the presence of long—ranged
Sk, t) wé\s studied for the most dilute syétem: 0 0734' correlations in the stochastic displacements of a system of

We prefer scaling plots of the raw data using asymptotic eXpoBrownlan particles, caused by fast diffusive momentumdran

nents over fits to functional forms derived from approximateport thr_ough the s_urroundmg fluid. They can be calculated
theories. Froms(k, 0) we estimated the crossover Wavenum-by solving the stationary Stokes equation around a system of

_ . spheres [29], resulting in a complicated multipole expamsi
ber between RW and SAW as. ~ 0.45 and the scaling which contains many—body terms representing the multiple
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who observed Zimm scaling on all length scales in the initial
decay rate of dynamic light scattering of labeled chains.

The simple model and the more refined version by Richter
etal.[14] are at variance with both our data and our theoretical

5 arguments for the short-time behavior, see below. It shbeld

(,5’) ' noted that the “incomplete screening” model must have fun-
E 0.10 ni‘ damental conceptual difficulties, Singg,;..:i,», appears in the
o Ik - short—time dynamics, althougfy,.iion IS €stablished only

T ## .‘.,.,- on time scales beyond the overall chain relaxation.

'.;'."" ,.-" It is therefore clear that a consistent theoretical desorip

|-" . o has to study the dynamics of the coupled polymer—solvent sys

001 L W tem. The first attempt by Freed and Edwards [10] considered

! R 10 a multiple scattering series of the flow around the monomers,

which is in spirit somewhat similar to the multipole expan-
FIG. 3. S(k,t)/S(k, 0) in the RW regime).2 < k < 0.45 with sion of Ref. [29]. After some approximations an effective

: . 1 .
both Zimm and Rouse scaling, using a representation whigtham Darcy equation re_sults, Wity xcen. Latgr this scheme
sizes the short—time behavior. was shown to be inadequate; in Ref. [12] it wasventhat

a system ophantomchains (which do not interact with each
other, but to which the original approach [10] should apply

scattering of the flow. In the dilute limit, however, it is Buf  5¢ well)does not exhibit any hydrodynamic screening whatso-
cientto just consider the leading—order pair interactaimich ey This absence of screening is consistent with recent com-
decays liker™!, wherer is the interparticle distance (Oseen pyter simulation results on colloidal suspensions, foralhi
tensor). Converselgcreenedchydrodynamic interactions are he problem is under intensive debate, too [30].
described by a Yukawa-like decay' exp(—r/¢p) defining With respect to hydrodynamic screening in polymer solu-
the hydrodynamic screening lengfly. Such an interaction tjons we can thus draw the following conclusions: (i) nei-
occurs for Darcy flow through a porous medium, whigxed  ther does the presence of higher—order terms of the mutipol
frictional obstacles with friction constagtexert a force-(i expansion [29] at finite concentrations of scattering asnte
on the flow with velocityi. Denoting the obstacle concen- |gad to screening; (i) nor can such terms be of any impor-
tration with ¢, the flow is described, on scales beyond theiance in the semidilute limit, where one can reach arbitrar-
typical interparticle distance, by a modified Stokes equmti jy small monomer concentrations while still keeping the
pdii/dt = Vi — (cit, wherep is the fluid density ang the  chains at strong overlaps; (iii) as this “colloidal” mechsmiof
viscosity. This impliesj¢,,* = ¢c. screening does not apply, the underlying physics must rathe

The simplest approach to hydrodynamic screening in polype polymer—specific; and (iv) the mechanism must lead to
mer solutions just replaces the'! Oseen interaction by a g time—delayed screening. (i)—(iii) were noted before [12]
screened Yukawa-like interaction, leading to uncorreldis-  \ypile (iv), to our knowledge, has not yet been spelled out ex-
placements of monomers whose distance excégds The plicitly.
resulting motion of the chain is Zimm-like on short length Concerning the short-time behavior, we note that the
and time scales and Rouse-like on length scales begond semidilute system is governed by a Kirkwood diffusion equa-
for all times[14]. The Darcy flow thus produces the desired jgn [1], with a pure Oseen—type " diffusion tensor, which
Crossover. describes the short-time diffusive behavior, and a forom te

Unfortunately, this picture generates as many questions afye to connectivity, excluded volume, and entanglements.
it answers. In particular, the obstacles must bertiwbile  \jthin this formalism, it can be shown rigorously [1] that
polymer chains themselves, whereas strict Darcy flow reguir he initial decay rates of correlation functions anely gov-
fixed obstacles. Moreover, momentum is present and beingined by the diffusion tensor and the statistics of the chain
transported infinitely far in polymeric as well as in simple-fl  conformations. In particular, considering the initial dgcate
ids. This fundamental conceptual difficulty was recognizedyf the single—chain structure factor [3], one obtainsghme
by Richteret al.[14]. In their “incomplete screening” model formula as for an isolated chain in solvent — the effect of
they proposed that the hydrodynamic interaction shouldcro the other chains is merely the modification of the conforma-
over to a secona™' regime on very large scales, but with tions. Zimm chains, however, have always= 3 indepen-
the overall viscosity as a prefactor. For the single—chaindenﬂy of chain statistics; the initial decay rate is given b
short—time behavior this model also predicts Rouse—like MOT (k) ~ (kpT/n)k®, while the fractal dimension only en-
tion. However, this regime is now restricted to length sgale {grg the prefactor [1]. For systems in the semidilute limit w
€ < k1 < EaMsotution Msotvent- ON larger scales there is thys conclude, in accordance with our simulation results an
an additional Zimm regime. Richtet al.[14] used thisto in-  he experimental data by Martin [5], that for short times the

terpret the mixture of Rouse— and Zimm-like signals in theirsingle—chain dynamics is Zimm-likindependently of length
scattering data. Similar arguments were used by Martin [5]gcgles
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