
Simulation of the Dynamis of Polymersin Solution via a Hybrid Moleular Dynamis-Lattie Boltzmann ShemeBurkhard D�unweg, Patrik Ahlrihs, and Ralf EveraersMax-Plank-Institut f�ur Polymerforshung, Akermannweg 10, D-55128 Mainz,GermanyAbstrat. We present a novel sheme for the simulation of polymers in solution,inluding hydrodynami interations via oupling to a Lattie Boltzmann bak-ground. This is applied to a system of 50 hains of length N = 1000, thus allowingfor the �rst time to study the rossover from Zimm to Rouse dynamis when theonentration is inreased and the hydrodynami interation is sreened. Our resultsare in agreement with de Gennes' piture, and indiate a time-delayed sreening,whih is related to the entanglement-driven sreening mehanism.An important goal in polymer physis is understanding the Brownianmotion of exible hains in solutions or dense melts. This is of immediatepratial relevane for rheology, sine the thermal motion of the hains alsogoverns the thermal utuations of the internal stresses, whih in turn, vialinear-response theory, diretly ontrol the visoelasti behavior of the uid[1℄. We are here onerned with three-dimensional polymer solutions in thedilute and semidilute regime in good solvent, in the absene of any long-rangeeletrostati interations. The meaning of these terms is as follows: Dilute so-lutions are those where the onentration is so low that the individual hainshave no overlap and thus assume the onformation of a self-avoiding ran-dom walk (SAW), where the typial hain extension R (for example, theroot mean square end-to-end distane) sales as R / N� with � � 0:59, Ndenoting the number of monomers of the hain. The hain exibility (onfor-mational entropy) favors suh a random onformation, while the good solventquality leads to hain swelling relative to the random walk (RW, R / N0:5)via exluded volume interations (if the solvent were poor, the hain wouldrather be a ollapsed dense globule, R / N1=3). Semidilute solutions areharaterized by an extremely low monomer onentration , while neverthe-less the hains are long enough to generate strong overlap. These solutionstherefore have, besides the hain extension R, and the monomer size a (orpersistene length, i. e. the length sale beyond whih the bond vetor orien-tations an be onsidered as random), another relevant length sale �, whihan be viewed as the orrelation length of onentration utuations (i. e. thesolution is homogeneous on length sales beyond �), or as the typial meshsize of the temporary network formed by the hains. In the semidilute limit,a � � � R. It is well-known that, due to an entropi paking e�et [2℄, the



2 Burkhard D�unweg et al.exluded-volume interations are e�etively sreened beyond the length sale�, suh that RW statistis applies there. The onentration dependene of �,whih is also alled the \blob size", diretly results from noting that a blobontains (�=a)1=� monomers, i. e.  � ��3(�=a)1=� . The overall hain is a RWof blobs with R2 � �2N=(�=a)1=� .Exept for stati sreening, there is also the onept of dynami sreening,i. e. sreening of hydrodynami interations, whih indues a onentration-driven dynami rossover from Zimm to Rouse dynamis (see below). Thephysis of this sreening is onsiderably less-well understood.The Rouse and the Zimm model both aim at the desription of polymerBrownian motion. Starting from the observation that the onformational de-grees of freedom are by far the slowest in the system, one writes down anoverdamped Langevin equation for the monomer oordinates ri (here in adisretized form with a �nite time step h), whih in its most general formreadsri(t+ h) = ri(t) +Xj $�ij F jh+ %i: (1)Here F j is the (e�etive) fore ating on the jth monomer, due to interationswith other monomers (onnetivity and exluded volume). $�ij is the mobilitytensor, whih desribes the veloity response of monomer i to a fore onmonomer j. Finally, %i is the stohasti displaement of monomer i, withh%ii = 0 andh%i 
 %ji = 2kBT $�ij h = 2 $Dij h (2)(utuation-dissipation theorem). Rouse and Zimm model di�er with respetto their assumptions onerning $�ij . The Rouse model simply assumes thatthe stohasti displaements are unorrelated, $�ij= �0 $1 Æij , while the Zimmmodel takes into aount that in dilute solutions there ours fast di�u-sive momentum transport through the solvent whih introdues orrelations,whih an be approximately alulated within the framework of low Reynoldsnumber hydrodynamis:$�ij= �0Æij $1 + (1� Æij) 18��rij �$1 +r̂ij 
 r̂ij� ; (3)where � denotes the solvent visosity. The Coulomb-like 1=r interation isgenuinely long-ranged, and thus plaes the Zimm model into a di�erent dy-nami universality lass than the Rouse model. Starting from the salingassumption that the internal relaxation of the onformation of a single testhain happens on the same time sale � as the time needed for the hain tomove its own size, one easily derives the saling laws � / Rz with z = 3 forthe Zimm model (regardless of hain statistis) and z = 2+1=� (i. e. z = 4 forthe RW ase) for Rouse dynamis. It is important to note that Zimm motion



Simulation of the Dynamis of Polymers 3an in essene be viewed as the motion of a Stokes sphere with size R. Theexponent z then shows up in the sub-di�usive behavior of the single-monomermean square displaement, 
�r2� / t2=z for a2 � 
�r2�� R2, orrespond-ing to �mi � t � � , where �mi is the \mirosopi" time sale assoiatedwith single-monomer motion. Similarly, one has for the single-hain dynamistruture fatorS(k; t) = N�1Xij hexp fik � (ri(t)� rj(0))gi / k�1=�f(kzt) (4)for R�1 � k � a�1 and �mi � t � � (note that the prefator k�1=� givesdiret information on the hain statistis and an be used to distinguish theRW and SAW regimes in semidilute solutions { RW for k� � 1, SAW fork� � 1). For further details, see [1℄.It is known from experiments and simulations that Zimm dynamis ap-plies for dilute solutions, while Rouse dynamis holds for dense systems aslong as the hains are short enough to prevent reptation [1℄. Therefore thehydrodynami interations must be unimportant, or sreened, in dense melts,while in semidilute solutions there is a rossover. The physial mehanism is,stritly spoken, unknown. In our opinion, it is most probably the mirosopimehanism of momentum transfer: While in dilute solutions the momentumin essene propagates linearly (more preisely, aording to the solution ofthe Stokes equation), this annot happen in dense melts: Here, a hain-hainollision in essene leads to propagation along the bakbone, due to the on-netivity fores. This indues a randomization and e�etive removal of thedynami orrelations.A simplisti piture of sreening arises from the notion of Dary ow.Here, one onsiders a random array of �xed obstales of onentration ,through whih the solvent ows. Assigning a frition oeÆient � to eahobstale, one arrives at a modi�ed Stokes equation%�u�t = �r2u� �u; (5)where % denotes the solvent mass density. This yields a modi�ed hydrody-nami interation exp(�r=�H )=r with ���2H = �, i. e. a sreening lengthwhose saling (�H / �1=2) di�ers from that of the stati length (� /��=(3��1)). De Gennes [3℄ has however argued that, apart from prefators,�H and � should oinide. The physial essene of this argument is based onthe observations that (i) the polymer hains move, and thus one annot usea piture of �xed obstales; that (ii) Zimm hains behave like rigid Stokesspheres, and thus exatly oppositely as �xed obstales (i. e. embedded in theow); and that (iii) the entanglements, i. e. the strong oupling of the hainto the temporary matrix, prevent unrestrained Zimm motion and rather tendto on�ne the blobs. Thus the physial objets whih atually serve as obsta-les to generate Dary-type ow are the blobs. However, Stokes' law implies
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Fig. 1. (S(k; t)=S(k; 0) in the RW regime 0:2 < k < 0:45 with both Zimm andRouse saling, using a representation whih emphasizes the short-time behaviorthat the blob frition oeÆient is � ��, while the blob onentration is ��3.Thus, using the analogous reasoning as for �xed obstales, one obtains���2H � ����3 � ���2: (6)Furthermore, this piture neessarily implies that sreening is an intrinsiallydynami phenomenon with a time delay before sreening omes into play. Thishas so far not been notied in suh an expliit fashion. On time sales belowthe rossover time, whih is just the Zimm relaxation time of a blob, t / �3,a single test hain will simply not feel the surrounding hains. They justontribute to the overall ow. Only after t, the entanglements beome (onaverage) important, suh that the hain an no longer follow the ow. Afterthat, there is a substantial veloity di�erene, whih generates a ounter owor Dary-type sreening. The onsequene is that the dynamis is Zimm-likeas long as t � t, regardless of length sales, i. e. even for the RW regimek� � 1 (in the SAW regime k� � 1, i. e. within the blob, this is obvious).For t � t, the dynamis rosses over to Rouse-like motion; on these timesales the semidilute solution an be viewed as a Rouse melt of blobs.Our large-sale simulation [4℄, whih is the �rst to be able to study thedynami rossover between Zimm and Rouse, supports these arguments. Forthe �rst time, the desribed time delay was not only observed, but also in-terpreted within the outlined piture. In our opinion, previous experiments,whih indiated Zimm behavior on long length sales [5,6℄, have been inter-preted inorretly by not taking the time dependene properly into aount.Thus we believe that a reasonably onsistent desription of hydrodynami



Simulation of the Dynamis of Polymers 5sreening has been obtained. Figure 1 shows S(k; t)=S(k; 0), with k restritedto the RW regime, for both Zimm (k2t2=3) and Rouse (k2t1=2) saling. Clearlythere is a time-dependent rossover from Zimm to Rouse.Our simulation method [7℄ is based on the following onsiderations: In or-der to resolve both the SAW and the RW regime, we need rather long hains.Guided by the idea that we should have at least 30 blobs of 30 monomers eahavailable, we hose N = 1000. Furthermore, the desired blob size de�nes theonentration, while the ondition of avoiding \wrap-bak" onformationsgives us the minimum size of the required periodi box, and the number ofhains. We thus simulated a system of 50 hains. Diretly implementing (1)is impossible for 5� 104 Brownian partiles, sine in every time step one hasto alulate the square root of a matrix of that size. We therefore expliitlysimulate the solvent degrees of freedom. Doing this via Moleular Dynamis(i. e. by introduing many solvent partiles around the hains) is again ex-eedingly diÆult: Firstly, we found that Moleular Dynamis is roughly afator of 20 slower than our algorithm [7℄, whih is based upon oupling thepolymer system to a stohasti Navier-Stokes bakground. More important,however, is the fat that the surrounding partiles introdue a slight hangein the hain onformations, ompared to \vauum", while the Navier-Stokesbakground does not. Therefore, our approah allows us to equilibrate thepolymer system without the solvent, and to use eÆient Monte Carlo moves(slithering-snake moves on the sale of the blob) for that purpose. Only afterequilibration the polymer system is oupled to the solvent, suh that fromthen on the short-time regime of the dynamis an be studied. It was thuspossible to observe the rossover from Zimm to Rouse, while running thepolymer plus solvent system beyond the overall hain relaxation time wouldsimply have been muh too expensive. Our pratial implementation usesthe Lattie Boltzmann method as the Navier-Stokes equation solver. Thelattie onstant roughly mathes the bond length, suh that our largest lat-tie ontains 883 sites. The oupling is purely dissipative, and based uponintroduing a monomer frition oeÆient. For further details of the method,and our results, see [4,7℄.Referenes1. M. Doi, S. F. Edwards: The Theory of Polymer Dynamis (Clarendon, Oxford1986)2. P.-G. de Gennes: Saling Conepts in Polymer Physis (Cornell, Ithaa 1979)3. P.-G. de Gennes: Maromoleules 9, 594 (1976)4. P. Ahlrihs, R. Everaers, B. D�unweg: ond-mat/0009196, submitted to Phys.Rev. Lett.5. D. Rihter, K. Binder, B. Ewen, B. St�uhn: J. Phys. Chem. 88, 6618 (1984)6. J. E. Martin: Maromoleules 19, 1278 (1986)7. P. Ahlrihs, B. D�unweg: J. Chem. Phys. 111, 8225 (1999)


