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Entangled Polymers: From Universal Aspectsto Structure
Property Relations

Kurt Kremer

Max-Planck-Institufiur Polymerforschung,
55021Mainz, Germary
E-mail: kremer@mpip-mainz.mpute

Simulationsarevery versatiletoolsto studytherelaxationsanddynamicsof polymermeltsand
networks. Thefactthatpolymerchainscannotpasshrougheachotherposesspecialdif culties
for analytictheories,while on the otherhandmary experimentsare dominatedby this fact.
The paperdiscussesomebasicconceptsand conditionsandwaysto studysuchproblemsby
computersimulations.

1 Intr oduction

In the previous lecturesof this schoolthe basicconceptsto describepolymer melts or
densesolutionswere introducedand discussedcf. chaptersby J. Baschnagett al, B.
Dunweg and W. Paul). Among othersrandomwalks, excludedvolume screeningthe
Rousemodelaswell asthereptationconcepthave beenincluded.In the presenthapten
mainlyfocusontheconsequencesf thefactthatchainscannotpasshroughbut only along
eachother which eventuallyleadsto the reptationor tube model. To discussthis | will
shortlyreview the backgrounccomingfrom the Rousemodelandthendiscusssimilarities
betweenpolymer melts and networks, asthey are obsened experimentallyand as they
canbe studiedin differentdetailsin a simulation. Sincemostof the informationgained
by simulationis complementaryto typical (scattering)experimentsan altogetherather
coherenpicturehasemegedover themary yearsof researcfrs.

Densepolymersystemsuchasmelts,glassesandcrosslinkedmeltsor solutions(net-
workssuchasrubberandgels)arevery comple materials Besideghe local chemicalin-
teractionsanddensitycorrelationswhich arecommonto all disorderediquids andsolids
the global chain conformationsandthe chain connectvity play a decisie role for mary
physicalproperties L ocal interactiongdetermingheliquid structureon the scaleof afew
A oratmostafew nm. This questiorhasbeenexaminedn detailby thecontrikution of W.
Paul,wheresimulationsof atomisticallydetailedmeltsarediscussedWhenwelook atthe
dynamicsof a polymerchainin sucha melt local interactionsdeterminethe packingand
the beadfriction but not the genericpropertieé. It is the mainfocusof the presentontri-
bution to discusgyenericaspectcommonto all polymersandthenlaterongo backto the
guestionto what extent chemistryspeci ¢ aspectglay a role or make a difference. The
consequencesf thelatterarealsotermedasstructurepropertyrelations(SPR)in applied
research®.

To stick to simplesituationswe considempolymermeltsor networks wherethe chains
areall identical. They canbecharacterizetdy anoverall particledensity andanumberof
monomerdN perchain.As shown in previouschaptersthe overall extensionof thechains
is well characterizedby the propertiesof randomwalks’. With * beingthe averagebond
lengthwe thenhave (for N >> 1) for themeansquaresndto enddistance
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PR3 (N)i ="« (N 1) “«'N 1)

andhRZ (N)i = 2hR?*(N)i for the radiusof gyrationrespectiely. "« is the Kuhn

lengthanda measurdor the stiffnessof thechain. This givesanaveragevolumeperchain
of

V/ hR3N)i¥2 N32 2)

leadingto a vanishingself density of the chainsin a melt. In orderto pack beads
to themonomerdensity , O(N *72) otherchainssharethe volumeof the very samechain.
Theseotherchainseffectively screerthelong rangeexcludedvolumeinteraction sincethe
individualmonomercannotdistinguishwhetheranon-bondedheighbormonomeibelongs
to the samechainor not. This generalpropertyis rmly establishedy experimentand
mary simulationg®.

On very large scalespolymersdiffuseasa whole andthe motionis well describedoy
standarddiffusion. However over distanceaup to the orderof the chainsize,the motion
of a polymerchainis morecomple, eventhoughhydrodynamidnteractionsarescreened
and do not play a role. A detaileddiscussionof hydrodynamiceffectsis given by B.
Dunwgy in this school. The randommotion of a monomeris constrainedy the chain
connectity andtheinteractionwith othermonomersTo avery good rst approximation,
the otherchainscanbe viewed asproviding a viscousbackgroundanda heatbath. This
certainlyis a drasticoversimpli cation, which ignoresall correlationgdueto the structure
of the surrounding. The advantageof this simpli cation is that the Langevin dynamics
of a singlechainof point massesonnectedy harmonicspringscanbe solved exactly®.
This was rst donein a seminalpaperby Rousé! and aboutthe sametime in a similar
fashionby Bueché?. In this model,which is commonlyreferredto asthe Rousemodel,
the diffusion constaniof thechainD N 1, thelongestrelaxationtime 4 N?2 and
the viscosity N. This describeghe dynamicsof a melt of relatively shortchains,
meaninge.g.M  20000for polystyrendPS]orM  2000for polyethylene[PE], both
gualitatively andquantitatvely almostperfectly thoughthereasoris not well understood.
Only recentlysomedeviations have beenobsered. The effects are rathersubtleand
wouldrequireadetaileddiscussiorbeyondthescopeof thislecture.For longerchains the
motionof thechainsareobsenedto besigni cantly slover. Experimentshav adramatic
decreasén thediffusionconstantD N 244 andanincreaseén the viscositytowards

N 341 Thetime-dependenmodulusG(t) exhibits a solid or rubbetlike plateauat
intermediatdimesbeforedecayingcompletely Sincethe propertiesfor all systemsstart
to changean the sameway at a chemistry-andtemperature-dependechainlengthN ¢ or
molecularweight M ¢, oneis led to the ideathat this canonly originatefrom properties
commonto all chains,namelythe chainconnectvity andthe factthatthe chainscannot
passthrougheachother Thisis whatl amgoingto discussn the subsequenthapters.

2 Polymer Dynamicsand Network Elasticity

The plateaumodulusG(t) canbe derived from the restoringforce of a polymermelt or
network after a stepstrain. Experimentallyusuallyan oscillatory shearis applied. What
one nds thenis illustratedin Fig. (1).
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Figure 1. Cartoonof the characteristictructureandresponsef a polymermelt (top) anda polymer network
(bottom)after a stepstrain. For shortchains(lengthN1) the restoringforce decaysto zerovery fast,while for
thelongeroneswith increasingengthN, asindicated,a plateauin thetime dependeninodulusoccurs,whichis
independeni

After adrasticfastinitial decayif thechainsarelong enoughthe modulusG(t) stays
almostconstanatavalueGy, for alongtime until G(t) eventuallydecay<o zero.Marny
relatedexperimentalndings canbefoundin Ferry'sbookfrom 1980%. Fig. (1)illustrates
the similarities betweencross-linked melts (rubber)and non-cross-linkd melts. In both
casesghe value of the plateaumoduluseventually becomesndependenbf N, which is
eitherthe chainlengthof the melt or the averagestrandlengthbetweertwo cross-links jf
only N is largeenough.Thesesimilaritiesleadto the famousreptationor tubeconcepty
Edwards® anddeGenne¥.

Edwardsin his work on cross-linled networks introducedthe conceptof obstacles
createdby the otherchains,resultingin a “tube” in which the monomeramove. Fig. (2)
shaws a “historical” sketchof the developmentof this concept.First considera network.
The gure shaws one strandof the network in the centermarked by a thick line anda
rathercrude sketch of the surrounding. Edwardsdiscussechow the black centerchain
could move aroundsubjectto obstaclesreatedby all the otherchainswhich in this case
arepartof the network. He notedthatdueto thetopologicalconstraintghe chainis much
morelocalizedthanexpectedustby thefactthatthetwo endsareconnectedo across-link.
All loopsandtheirlinks in thesystemareconsered;they causehestrandto beessentially
con ned to atube-like region (Fig. (2), middle part). This hypotheticaltube,built by all
the otherchains,follows the coarse-grainedonformationof the chain. Thelengthscale
of this coarsegrainingis calledthe entanglementengthN . anda sphereof the diameter
dr of the tubetypically containsd#: = N monomerswhere = 1/2is the random
walk exponent.Within this picturethe strandcanperforma quasione-dimensionaRouse
relaxationalongthattube.Later, deGennesealizedthatthemotionandspatial uctuations
of long chainsin meltsshouldbe governedby the samemechanisn{Fig. (2), lower part).
Whenthe chainsarevery long, mostof the monomersarefar from the chainend. Then,
on intermediatetime scalesthesemonomersdo not realizethat the endsarefree. Since
the densityof chainendsis very small, O( =N), the topology of the surroundingdoes
not changesigni cantly on theseintermediatdime scalesanda chaincanonly diffuseby
reptatingout of its original tube. ThisgivesD N 2; 4 N?3 aswell asa plateau
modulusatintermediategime scales.Consideringhe simplicity of the conceptthe model
describesnary experimentalndings remarkablywell. However, in spiteof its successes,
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severalopenguestionsemain,includinghow to formulatethereptationconceptonamore
fundamentabasis.

Figure 2. Sketch of the historical developmentof the tube constraintand reptationconcept. Startingfrom a
network Edwardsin 1967 de ned the con nementto the tube, while deGennesn 1971 realizedthat for long
chainstheendsonly play a smallrole for intermediatdimes.

A guantitatve structurebasedmodelor theoryof whatan entanglementeally is, re-
mainedlargely unsettleduntil somevery recentprogres$®2°. Also the discrepang be-
tweenthe obseredviscosityof / N 34 andthepredictedoowerlaw / N2 by now is
safelyattributedto a very slow crosswer towardsthe asymptoticregime?. Thisis a little
differentfor thediffusionof constanD , wherethemostcompleteandcarefulcollectionof
datands D/ N 2%“insteadof N 2. Hereit is notyetsettledwhetherthisis the“same”
crosswer effect’? or whetherthisis mostly dueto the socalledcorrelationhole? effect. A
detaileddiscussiorhowever is beyondthe scopeof the presentontrikution.

There have also beena variety of nonreptation/tubgghenomenologicaapproaches,
which only treatthe interactionshetweenthe chainseitherin anaveragedmean eld ap-
proximationor developa memoryfunctionformalism. Thoughthey canreproducesxper
imental datato somedegree,they fail whenit comesto the microscopicmotionsof the
polymersandthe con nementdueto the surroundingstrands.Herel do not discusghese
approacheary further Rathercomprehensi reviews aregivenby McLeis? andon the
simulationaspectsdy Kremerand Gresg(and referencegherein). In a similar way our
understandingf networks hasimproved over the lastyears.It hasbeenknown for along
time, especiallyalsodueto simulationsthatthe noncrossabilityf the chainsplaysanim-
portantrole for the elasticityandrelatedphenomenaExperimenton networks with the

aThe correlationhole is de ned by the self densityof the chainin the melt. Thedensity = (r)other +

self (r)with s ' N=R3/ N 172 Viewing thechainsasvery soft sphereshesespheredik e in aliquid
of ordinarysphereshave to leave their cagewhendiffusing around. This leadsto a backjump correlationand
slows down thediffusionbeyondthein uence of themicroscopiceadfriction. Notethatthe centerof gravity of
achainnot necessariljrasto move in orderto relaxthe overall chainconformation.
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sameaveragestrandengthbut cross-linlkedatdifferentinitial concentrationdirectly prove

this point. However, whenit comesto the questionof identifying the differentcontriku-

tions(cross-linksandentanglementstill conceptuaproblemsexist. Also, thecomparison
of scatteringexperimentsto theory/simulatioronly very recentlymadesomesigni cant

progress.Therethe relaxationphenomenareonly partially the sameasfor melts, since
thecross-linksatthe chainendsintroduceboundaryconditionsfor thetubecontourwhich

do not exist for uncross-linkd melts?23,

From the above it is clearthat computersimulationscan be a very versatiletool to
investicate such problems,sincethey offer the unique opportunityto have full control
over the chainconformationswhile simultaneouslytypical experimentalobsenablescan
be “measured”. ThoughCPU time intensize, simulationshave playedan importantrole
overtheyearsandwill continueto do so.

Experimentalquantitiessuchasthe viscosity diffusion constantand modulusdo not
directly probethe microscopicmotion of monomerson the chain. In contrastneutron
spin-echascatteringcoversthe appropriatdengthscalesput the time rangeis ratherlim-
ited. Pulsedarge eld gradientspin-echd\MR is ableto addressheappropriatédime and
distancescalesaswell. However, an experimenttypically probesoneaspectonly. Also
samplesarenever really idealandonemuste.g. dealwith polydispersityeffects. Simula-
tionsdo not suffer from suchproblemsandcannow beperformedon meltsof chainsof 15
- 20N, answeringa numberof unsohedquestions.

3 Theoretical Concepts

TheRouseandreptationmodelsarealsoshortlydiscussedh the contributionsby W. Paul,
J.BaschnagekndB. Dunweg. | now rst review somemoreof thebackgroundrestricting
myself mostly to quantitieswhich canbe investigateddirectly by simulation. In a melt
of homopolymersthe excludedvolume interactionis effectively screened.Thereis no
tendeny for achainto swellbeyondtheidealrandom-valk dimension.Only the prefactor
or morepreciselythe Kuhnlengthlx ('« = ‘c; in Flory's terminology#), is governed
by thelocal monomermonomerinteractions.

3.1 UnentangledChains - RouseRegime

In theRousemodel,all thecomplicatednteractionsareabsorbednto amonomeridriction
anda couplingto a heatbath. It wasoriginally proposedo modelanisolatedchainin
solution,thoughit actuallyworksverywell for shortchainsn amelt. For chaingn solution
we refer to the chapterby Dinwey in this volume. Herel follow essentiallythe book
of Doi and Edwards and a recentreview by McLeist?. The polymeris modelledasa
freely jointed chainof N beadsconnectedoy N - 1 springs,immersedin a Newtonian
continuum. Hydrodynamicinteractionsare neglected. Eachbeadexperiences friction,
with friction coefcient . The beadsare connectedoy a Hookeanspringwith a force
constank = 3kg T=IF, wheret? = ¢ . Eachbead-springunit is intendedto modela
subchainof the real molecule,not a monomer The equationof motion of the beadsis
givenby aLangevin equation.For monomeli(i 6 1;N) it reads,

ri=Kk@ri ri 1 risa)+f 3
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Usually the modelis solved for a ring with no free ends. If the chainendsarefree,
asfor all linearchains,the rst andthe lastmonomerhave to be treateddifferently For
i =1, the rst termontheright handsideis k(ri1 r») andsimilarly fori = N. The
distribution of randomforcesf; is Gaussiamwith zeromeanandthe secondnoment:

Hi(t) fi(t%i=6ksT j (t t%: (4)

Note that this model doesnot containary speci ¢ interactionsbetweenmonomers
exceptthosedueto the chainconnectity. Sincein a melt, thelong-rangehydrodynamic
interactionsare screenedit was suggestedhat this model could describethe motion of
thosechainsexceptthat arisesrom otherchainsratherthanthe solvent.

The Rousemodelcanbe solved by transformingto normalcoordinatesX ,(t) of the
chain.For a discretemonomerchainthesearegivenby®

1 X1 p (i + 1=2)
Xp(t) = ——— i s———
= g 0oy (5)
andp=0,1,2,:::,N - 1. Equation(3) canberewritten as
pXp = KoXp + fp (6)
where o= N and , = 2N forp 1land
ko = 8Nksin2— @)
P 2(N 1)
For smallp=N, onerecoverstheusualresult
kp=2 “kg=N = ———p (8)
Nk

with N b? = hR?i. Sincetherandomforcesf, arenotcorrelatedthe X , decoupleand
the motionof the polymercanbe decomposethto independenmodes.

For chainsin a melt, the Rousemodesare eigenmode®f the chains. This hasbeen
veri ed by MD for meltsof shortchains. The time correlationfunctionsof the normal
modesp 1, are

< Xp(t) Xp(0) >
< X3(0) >

("k)®NN

Re(t) = EEra

=exp( t=p); p= )

wherewe have usedthe smallp=N approximatiorfor k,. Thelongestrelaxationtime
is R = 1 NZ2. Forlongchainsin amelt, this equationis expectedo only describethe
relaxationof high p modeswith N=p  N. Therelaxationmodulusof the meltis given

by

kpT X

G(t) = Rp(21): (10)

p
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where is themonomerdensity This assumeshatthe singlechainRousemodescan
be taken as eigenmode®f the whole melt. This certainlyis an assumptionas brie y
discussedh theintroduction.For the Rousemodelthis gives

KgT X

G(t) = pT exp( 2tp?= g (11)
P
andtheviscosity reads
z 1
kgT X 2kgT )
= = = = — >
. G(t)dt N : p N R 3% <R N (12)

The self-diffusionconstantD canbe determinedrom the mean-squardisplacement
of X o =rem , the centerof massof thechain,

g3(t) =< (rcm (t) I'em (O))2 > (13)

Within the Rousemodelgs(t) t for all timesandthe diffusion constantD (N) =
limyy  gs(t)=6t is expectedo reachthe asymptoticvalue

ke T
D=5~ (14)

for relatively shorttimes. In simulationsoften the mean-squarelisplacemenbf a
monomery; (t) asafunctionof timet

1 X .
aM) =g = W@ O (15)
[
is studied.Usingthefactthatthe chainstructureis thatof arandomwalk, it is easyto
shaw that

8
<t t< o a(t) < Tk

a(t) . t¥% o<t< grrou(t). hR? (16)
T th t> g, g (t) & hR?i

For very shorttimes, when a monomerhas moved lessthanits own diametey it is
affectedlittle by its neighborsalongthe chain. This shorttime regime,t < ¢ is governed
by the local chemical/modepropertiesof the chains. Within the worm-like chainmodel
in which the chainis a continuous e xible path, ¢ is zero. For intermediatetimes, the
motionof amonomeiis sloveddown becausé is connectedo othermonomersThis can
beviewedasthediffusionof aparticlewith increasinglistancedependentnass.Theactual
massattimet is just the numberof monomerswithin a sphereof diameter g;(t). This
continuesuntil thechainhasmoveda distancecomparabléo its sizehR 2i 172, After thatis
obseredfreediffusionwith a diffusioncoefcient D N 1. It turnsoutexperimentally
thatthis extremelysimple modelprovidesan excellentdescriptionof polymerdynamics,
provided thatthe chainsare shortenough.Measurementsf ° aswell asNMR?>26and
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neutronspin-echascatteringxperiments” which probethemotionof themonomersagree
to that. Resultdor moleculardynamicssimulationson shortchainsalsoagreesurprisingly
well. For shortchains,it turnsout thatthe noncrossabilityof the chains,aswell asthe
chain natureand chemicalstructureof the surroundingof eachmonomermostly affects
the prefactorsin the diffusion coefcient throughthe monomericfriction coefcient
Why theseeffectsaverageto sucha simplecontribution still is not understood.

3.2 Entangled Chains

For chainswhichsigni cantly exceedthelengthN ¢, themotionis sloveddown drastically
Clearesevidencefor this slowing down comesfrom the diffusion constanD 428.29, For
N  Neg,

D N 2:::N 24 (17)

Severalforms for the prefactorof D have beendiscussedn the literature. Similarly
theviscosity increasesothat

N 3:4 (18)

comparedo N for shortchains. In the reptationtheory the motion of the chainsis
viewed as Rousemotion of chainsin a tube of diameterdy, which follows the coarse
grainedbackboneof the chain. Sincethe chainis modelledasa randomwalk, forcesat
the endshave to keepatubecontourlengthLt  N. In theoriginal conceptthetubeis

x edandthe chainhadto completelymaove out of the tubeto relaxits conformationand
ary stresdinked to the conformation. All other meansof relaxation,suchas constraint
releasedueto chainendsor uctuation effectslike contourlength uctuations of thetube
modify this schemeonly somavhatquantitatvely, but do notalterthe qualitative picture. |
thuswill herediscusghe simplestcaseonly?.

For shorttime scalesthe motion of the monomerscannotbe distinguishedrom that
of the Rousemodel,the motion of the monomeris isotropicandg; (t)  t*¥2. Only after
themotionreaches distanceof theO(d2  hR?(N.)i) the constraintdrom thetubeare
shaving up. Thecorrespondingime is the Rousetime of a subchairof N beadsnamely

e N2. After this time the monomerscandiffusealongthe tubeonly. By this forward
andbackward motion,the chainexploresnew spaceandslowly destrgstheoriginal tube.
The contourlengthof thetubelL  canbeestimatedoLt+ drN=N, N :Nézz. For
t > ¢, thechainperformsessentiallya onedimensionaRousemotionalongthe random
walk like tube turning the t2=2 power law for g;(t) into a t'** power law. However,
after the Rouserelaxationtime g, the monomershave only moved a distanceof order
L#zz Lt forN Ne. Following this regimetheoverall diffusionalongthetubegives
asecond!*? regimefor themotionin space Therethe elementaktepis thedisplacement
of a polymer chainalongits tube. The longestrelaxationtime is the meanlifetime of
thetube. Theinitial tubewill be destryed whenone of the segmentshasvisited O(N)
different contiguoussites. This requiresa time ¢ N3=N,. In this time the chain
hasmoved a distancecomparableo its own size, thereforethe diffusion constantD is
expectedto scaleasN 2. Thetheorypredictsthe following generalpower-law sequence
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for themean-squardisplacemenin spaceg; (t):

8tl; t< o
%tlzz; 0<t< ¢ NZ
au(t) t¥; e<t< g NZ (19)
th=2 g<t< g N3Ng
th t> g

which is shavn schematicallyin Fig. (3). For the motion of the centerof-massgs(t)
oneexpects

g th t< o N2
g(t) |t e<t< r  NZ (20)
Tt r<t
Thesepower laws are schematicallyindicatedin Fig. 3 Direct experimentalevidence
for theseintermediatetime regimeshasbeenseenNMR anddiffusion of polymersat an
interface however simulationsverethe rst to obserethecrosseerinto thet = regime’.
Indirectly thetubecon nementis alsoseenby scatteringexperiments.

ROUSE REPTATION

In 91(”

Int
Figure3. Schematiglot of the mean-squardisplacementor amonomerin the Rouseandthereptationmodel.

Thereducednobility alsoaffectstherelaxationof thelong-wavelengthmodesx ,. The
relaxationtime of modep, with N=p> N is enlagedby afactorof N=N, giving

_ NMR? N N N3

PREP™ T2 2k TNe " 32 p?

The plateaumodulusGY which was at the beginning whenthe similarities between
melts and networks have beendiscussedjs determinedfrom rheologicalexperiments.
Within the reptationmodel, it is relatedto the tube diameterd;y = hR?(Ne)i'™ and
thus N via G} = % kNBeT . The prefactor 4/5 arisesfrom tube length uctuations,
which allow for a someavhat more ef cient relaxationunderdeformation,which is not
thecasefor networks. Thetypicalasymptotiqpropertiesareagain summarizedn thetable:

(21)
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RouseReggime ReptationRegime
N <Neg,M<Meg N NegM Mg

Diffusion D/ N 1 D/ N 2
RelaxatiornTime r/ N? a! N3
Viscosity /' N / N3
ModulusG§ Gy =0 G/ K
t )

It is oneof the centralcurrentresearcttopicson entangledpolymersystemshow to
determineN, uniquelyandhow this actuallyquantitatvely determinessy, . Beforewe go
into thatwe discussshortlythe connectiorto classicahetwork elasticity* >3, For thiswe
go backto therandomwalk statisticsof the chainsandtheideaof the Rousemodelthatan
individual chainexperiencesll its surroundingonly asaviscousbackgroundot affecting
theconformationsatall. For this we startwith the probability distribution of chainends:

3 3=2
2 L'k
Sinceno speci ¢ inter-chaininteractionsareconsideredP (R) is the probability of a

chainin ameltor a strandbetweerntwo crosslinksn a network to be separatethy a vector
R. The total numberof possibleconformationswith a separatiorof R is the fraction

P(R) = exp 3R?=2L (22)

(R) = tP(R) of all randomwalk conformations. This de nes the entrofy for a
givenR as
S=kg 'k ( R)=const 3kgR?=2L g (23)
with theenegy U = 0 (chainis viewedasa freerandomwalk)
_ _ 3kgR?
F=U Ts= 3+ (24)

for the conformationdependentontrikution to the free enegy of a chainwith x ed
endpositions.This leadsto anentropicforce

3kg T
L'k

theforceof alinearelasticspring. Thewholechainactslike abondin theRousemodel.
A randomwalk atatemperaturd is aHookeanspringwith springconstant T=N. This
almosttrivial factis the basisof all theoriesof network elasticityaswell asa basisfor the
view of theRousechainto beastringof beadswith linearelasticspringsin betweenNo let
usassumae perfectnetwork with the crosslinks x edin space .Underdeformation_ they
move af nely with the macroscopialeformationof the box. Thenthe force contributed
from eachnetwork strandis

f=r F(R)= R (25)

*T 4R (26)
Ce = =

Each chain contributeswith a force constanti'fLKT to the restoringmodulusof the
system.Sincethereare =N chainsper unit volumepresentwe canusethis to estimate

f=

150



the stressin a givenvolumeelementof volumeV = B2. The probabilitythatonechain
cutsa planewith index j (j = 1;2;3) is just Rj=B. The force componentransmitted
throughthis planecontributesfrom this subchairto 3kg TR R; =L« B 3. Summingover
all strandspassingthroughour testvolumeandreplacingR; R; by the ensembleverage
PR R;i themicroscopicstresgensor j reads

_3keT

T TGN

In analytictheorynow usuallya continuougathis takenfor the chainandthentaking

the crosseer to anin nitely small volumeelement,usingL = °~ N andfor smallN:
Ri=N  @R;=@ onegetsfor thestresgensor

MRiR; i 27)

- SkeT QR @QR

Tk @ o

Transformingfrom the beadindex to the contourindex s and taking the statistical
segmentlength("" ¢ ) into accountthis rewritesto

(28)

for the microscopicformulationof the stressensorin a polymermelt or network. In
theafne picturethisyields

G=ksT =N (30)

In networksa variety of modi cationsareintroduced.Theabore equationassumesn
afne deformationof the whole system. This certainlyis not the case! In an alternatve
approactihe positionsof thenetwork beadsatthe box surfaceare x edandthewholerest
is only subjectto connectiity constraintsln this phantomnetwork modelthe modulusis
somevhatreducedIn generaldisrggardingary entanglementontribution onecanwrite

kT
G=-yI[ hl (31)

where is the numberof active strandsn a network (no closedloopsendingin the same
point, no free ends...) and is the numberof crosslinks. The quantity O h 1
interpolatedbetweerthetwo modelsandis oftentakenasanadjustableparameter

In the caseof very long chains,N N sothatthe simpleRousemodelassumption
thatthechainsor strandsactasnon-interactiomandomwalksa hierarcty of modelstrying
to identify constraint$hasbeenintroduced.They rangefrom theconstrainjunction uctu-
ationapproactof Flory all thewayto thetubemodel.ldeasalongthesdinesareemployed
to understandhespatial uctuationsin randomlycrosslinledsystemsinderstrain. Taking
all this onecanview the strandsn the Edwardstubeasa continuationof entropicsprings
of lengthN, which leadsto®®

Gy = (32)
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the

for networksandtakingadditionalrelaxationmechanismnto account

o _ 4kgT

N7 5 Ne
for melts. Thisis the formulacommonlyusedto determineN  from measurementsf
plateaumodulus.A typical examplein givenin Fig. (4).

(33)

5 160G
Different chain length N

i pkBT

e
2 Tis 22

iog G agnesrom’

tog sm‘

Figure4. Experimentateterminatiorof thefrequeny dependentodulusGY(! ) of polystyrenemeltsfor mary
differentchainlengths from!

mo

Consideringhepreviousdiscussiorsimulationsnovadaysdo not focusthatmuchary
reon the questionwhetherentanglementexist andwhetherthey arerelevantbut more

ontheirconsequenceandontheproblemof how to quantifythemproperly Typicaltopics
are:

Crosseer to asymptoticpower laws for andD, whatadditionalrelaxationmecha-
nismsexist andwhatkind of additionalconstraintsmnechanismsiightslow down the
diffusion?

How andwhy dodifferentmeasurements N giveratherdifferentresultsAVhatever
arethelinks betweendifferentexperimentabbsenations?

Whatarethe effectsof dilution and/orsolventquality in semidilutesystems?
Whatdoesthetube“look like"?

Tube deformationand tube relaxation, quantitatve and qualitatve differencesbe-
tweennetworksandmelts

Swellingbehaior with andwithoutthein uence of chages(polyelectrolytegels).
Polydispersityeffects,mixturesaswell asthein uence of branchedadditives

Structurepropertyrelations,canwe predictN from the chemicalstructureof the
polymeror ary staticmeasurement?

Thislist is notcomprehensi, but it shavsthattheconsensuthatentanglementdom-

inatemary crucialpropertieds not really theendof along developmentout ratherde nes
mary new researctopportunities.To follow this by simulationwe rst have to describe
how to prepare'good” initial states.
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3.3 Simulation Models, Equilibrated Melts

Most of the following will be discussedor a freely jointed beadspring chain. The ex-

tensionto othermodelsis straightforward®31°, To studyentanglemeneffectsonecan
constructspecialmodelsituationsandstudythose.However moreinformationapplicable
to experimentcanbe gainedby studying“well equilibratedsamples”.A variety of meth-
odsto generatehosehasheendiscussedn otherchaptersThe mostdirectway would be
to setup a systemin an arbitrary stateand equilibrateby runningit for a few relaxation
times. This however would needCPU time which by itself is of at leastof the orderof

the runningtime of the whole project. Employing standardMD onetypically canreach
around(2 4) 10° particle stepsper secondon a single processar A typical (large)
time stepis about10 2 for a denselLennardJonessystem(seebelon). For thatsystem
with ¢ 2000 (estimatedrom the meansquaredisplacemenbf inner beadstaking
the stressrelaxationafter a stepstrain . is estimatecdtloseto 10000 ), oneneedsabout
(2 5) 10* stepsoratleastonesecondf CPUtime perparticleto reach (32, Thinking
of aboutM = 100 chainsof N 800, aboutlON,, a systemjust big enoughto com-
petewith typical modernscatteringexperimentsfor the fully e xible beadspringsystem
de ned below, we get p e (N=Ng)® = 1 ., equialentto 10° secper particle.
Thusthe above systemon a singleprocessowould requireatleastM N 10°seg more
than20000hours. Modernparallelsystemgeducethis time signi cantly, however, more
complex models,suchassemi exible chainsor modelswhich morecloselyresemblehe
atomisticstructureeasilyincreasehetime by seseral ordersof magnitudetime. For typ-
ical all atommodelsonecanestimatetheincreasen CPUtime roughly by thefollowing.
Taking aboutthe samenumberof monomergor one entanglementolecularweightN ¢

(which is typically not enough)onecanmultiply the above time by the numberof atoms
permonomer(e. g. 4 for PEand16 for PS...) andthe averageratio of the integration
time stepswhich is betweenl0® and10*. To reachthe samerelaxation,about10* - 10°

timesmore CPU time is neededwhich is beyond reach. This estimatedid not take into
accounthetypically highercompleity of theforcecalculationsThesenumbersllustrate
thatthe computerf the nearerfuturealsowill notsolve the problem.Also, thetendeng
to reachhigh computingpower by increasinghe numberof processorgs not helpful since
our systemsaaremoderatéan sizebut needlong time runs. To studyin very detailthe nal

dependeng of the elasticresponsef a system,onewould needroughly 20 N andrun
that systemfor a time e andeventuallycloseto 4. Fortunately for equilibration
therearewaysout. However, this requiresa solid knowledgeof the averageequilibrium
conformatiord®. In a melt or densesolutionsthe chainsassumeandomwalk statisticsfor
all contourlengthsL Ix. Oncea “sample” which reacheghe asymptoticregime is
available,one canusethis as a referencestateeven for muchlongerchains. Valuesfor
internaldistancesh rij2 i, have to fall on a generalmastercurve. Therearetwo typical
options,internaldistancesr the chainform factor For the internaldistances riJ2 i one
nds

horzoqg AT TPITIT< (34)
b Jboppar k
For distances | beyondthelocal sphereor beadpackingthe crosseer betweerthe
two regimesis approximatedy theworm like chainmodel:
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!
2 l+hcosi 12hcosi 1 heosi”

2 =
T il 1 hosi n 1 tcosi 2 (35)
wherethe asymptoticprefactoralsois referredto as
1+ hcos i
% =T hos i (36)

with hcos i theaveragebondangle*measured’betweersubsequerttonds.Thisfunc-
tion hasto be determinedn a completesimulationof shorterchains. Thusin a melt a
systemspeci ¢ mastemlot givesh riJ2 i=lji jjvslji | jthecorrespondingontour
length. A characteristiexampleis givenin Fig (5). This shavs characteristideviations
from thetheoreticallyexpectedcurve for smalldistanceswherethe beadpackingis domi-
nant. For largerdistancesthe more e xible chainsstill shav signi cant deviations. There
theapproximatdormulaof Eq. (5) is only usefulasa generalguide.

3.5

1 10 100 1000
n

Figure5. Normalizedinternaldistancedor differentchainlengthsfor a standardbeadspring LJ polymer for
different'x rangingfromabout’ x = 1:7 t03:3 . Front3

In a similarway onecanapplytheanalysisof the chainform factorS(k)
* +
1 X
SOEE (37)
1=t iki
wheretheindex j k j denotesa sphericabverage In ameltone nds

8
sNO KR & IR
k “ s hR4i
S(k)/gkl i<2k_k<g_kG (38)
O(1) 2T> 2

Besidegheinitial decaythe form factordescribeonecharacteristicchainlengthin-
dependenturwe. Fig. (6) shaovs atypical example.

Oftenthe so-calledKratky plot, k?S(k) vsk, is shavn. Deviationsfrom slopezeroin
thek 2 regimeareeasilyto detectgvenby eye. This helpsfor aquick check.Masterplots
of S(k) orh rﬁ i canbeusedto controlthe equilibrationof melts.
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Figure6. Chainform factorS(q)vs g for fully e xible LJ chainsin a melt. Chainlengthsrangefrom N = 25to
N = 350.For ts theDebyefunctionwasused.Thestraightline indicatesa slopeof q 2, from34

3.4 Preparing an Equilibrated Melt or Network, Speci ¢ Systems

A ratherstraightforward approachis to run a systemby a reptationor slithering snale

algorithm. This beatgsheslow realisticdynamicsby a bit morethanO(N ), however, is not

reallyapplicabldor densecontinuunmsystemsFor semidilutesolutionsor latticepolymers
at moderatedensitiesand for moderatechain lengthsthis however is very appropriate.
For densecontinuumsystemsaswell assystemswith realisticchemicaldetailssuchan

approactfails. The stratgy we meanwhilefollow is asfollows®3:

Simulatea melt of mary short,but long enoughchains(N~ "¢ ) into equilibrium
by a corventionalmethod

Usethis meltto constructthe mastercurve or targetfunctionfor the meltsof longer
chains(cf. Fig. (6))

Createnon reversalrandomwalks of the correctbondlength, which matchthe tar-
getfunction closely especiallyat the longerdistances.Introduce,if heededeyond
theintrinsic stiffnessof the bonds,stiffnessvia a suitablesecondneighborexcluded
volumepotentialalongthe chain. (This might be a bit larger thanthe oneof the full
melt!)

Placethesechainsasrigid objectsin the systemandmave themaroundby a Monte
Carlo procedurg(shifting, rotating, inverting...,but not manipulatingthe conforma-
tion itself) to minimize density uctuations

Usethis stateasstartingstatefor melt simulations

Introduceslowly but not too slowly the excludedvolume potentialby keepingthe
shortrangeinteraction,taking carethatin the beginning the chainscaneasily cross
eachother(seebelow)

Run until the excludedvolume potentialis completelyintroduced. Control internal
distancepermanentlyto checkfor possibleovershootsdeviations.

Eventually supportlong rangerelaxationby so called end bridging®-2¢ or double
pivot moves
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Independenbn the detailsof the proceduresit is importantto continuouslycompare
the actualstructureto the masteror target curves. Ref 32 alsodemonstratesometypical
deviationsfrom the mastercurve asthey canoccurduringthe setup.

As anexamplel now discussthe above stepsalonga recentpublicatior?® on simple
beadspring chains”:28, An extensionto other chainsis straightforward. We consider
beadwith a unit mass.All beadsnteractvia a purelyrepulsive LJ potential,to modelthe
excludedvolumeinteraction.

4 ( =nt (:r)6+% rre

U, =
L 0 rre

(39)

with a cutoff r, = 217® | The beadsareconnectecy a nite extensiblenon-linear
elasticpotential(FENE)

o 0:5R2k h (1 (r=Ro)?) r R,
Ueene = 1 r> R, (40)
in addition to the Lennard JonesPotential. The parametersare usually taken as
k = 30= 2, R, = 1:5 in meltsimulations. Thetemperaturel = =kg andthe ba-
sicunitof timeis = (m=)%2. Volumeandtemperaturarekeptconstatandthe bead
densityis = 0:85 3. Thetemperaturavaskeptconstanty couplingthe motionto a

Langerin thermostat.An alternatve, which doesnot screenhydrodynamicss the DPD
thermosta{cf. contritution by B. Diinweg). The averagebondlengthwith theseparame-
tersis h'2i172 = 0:97 . Chainsof N beadseachareconsidered.

For this modelin ameltof density = 0:85 3 thebondlengthis H?i1*2 = 0:97
with ¢; 12 = Il = 1:7 2. Since,in our casetherearenotorsionalbarriersthe monomer
packingrelaxes quickly. It locally dependsvery sensitvely on the ratio of bondlength
to effective excludedvolume of the beads. Both do not allow any conclusionfor the
overall relaxationof the melt. The local packingonly characterizesin equilibrationon
thesmallesiengthscaleconsiderecndvery smallsystematideviationson thatscalecan
leadto signi cant deviationsfrom equilibriumatthelargelengthscalesontheorderof the
chainextension.For this systemchainsof N = 350 beadgwhich wasnot really needed
in thatcase)wereequilibratedby bruteforce simulationsrunningin the background Fig
(5) alsoincludessomedatafor stiffer chains.Fromthesedatawe getthetametfunction:

WR2Gi JENYi=ji i TGl T Tk (41)
Having thisreferencestate we canproceedasmentionedbefore. The crucial stepsare
thelasttwo. To introducethe excludevolumewe proceedasfollows:

1. Useaforce-capped-Lennard-Jones-potential

2. increasdhe push-of time to make the proceduré'quasistatic”.

bIn additionabendingstiffnesscanbeintroducedvia aneffective threebodyinteractionWith cos ; = (i 1
Pii 41 ), With f5 1 = (ri ri 1)=j ri ri 1 j andaccordinglyf;; +1 the bendingpotentialreads
Upend () = k (1 cos) By variationof k themodelcanbetunedfrom very e xible to very stiff.
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Theforcecappedotentialwe usereads

_ ot ree) Un¥ree)+ Ula(ree) r < rec
Urews (1) = U (r) rric (42)

In the presentcase f¢ ¢ is graduallyreducedrom the Lennard-Jonesut-off radiusr; =
2176 to 0:8 which is signi cantly smallerthanthe relevantinterparticledistancesas
illustratedin Fig. (7).

Ulr) T

+

Figure 7. lllustration of the “force capped”LennardJonesinteractionusedto introducestepby stepthe full
excludedvolumeof thechains.

Force-cappindnasthe advantagethatthis form of the soft potentialsystematicallyap-
proacheghe true potential. The typical time we usedto introducethe full potentialwas
about50000 , which is of the orderof twice the Rousetime of a chainof N=100beads.
Sucha procedureelatively safelyequilibrategheinternalconformationf the chainsas
Fig. (8) shavs. Therethe resultsof atoo fastanda properpushoff procedureareshavn
for illustration. Thetoo fastintroductionshows the characteristiovershootf theinternal
distancedor smalln. It is however alsooftenratherimportantthatthe averageendto end

<R2(n)>/n
<R2(n)>/n

1 10 100 1000 10000 1 10 100 1000 10000
n n

Figure8. Meansquardnternaldistancegor chainsof lengthN = 25 (+), 50 (x), 350(*) and7000( ) for atoo
fastpushof procedurga) andthe slower versionasdescribedn thetext (b), from32.

distanceis closeto the desiredvalue,eventhoughthe overall numberof chainsmight be
relatively small. Thenmethodswhich breakandrecombinechains calledthedouble-pvot
or bridgingalgorithmsareused.Notethatthey very effectively relaxandmanipulatdarge
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distanceshowever affect small scalesonly extremelyslowly! Having preparedmeltsby
theabove procedureve now caneitherperformstandardsimulationsto studythe melt or
crosslinkthemin orderto createnetworksby differentmethods.

Thepreparatiorof networksdeseresanotheishortcomment.irtheliteratureanumber
of differentcrosslinked systemshasbeenstudiedextensiely3*3%43, A typical rangeof
systemsn illustratedin Fig. (9)

Figure9. Typicalcrosslinledsystemsangingfrom randomlycrosslinkedmeltsvia variousversionsof endlinked
polymernetworksto theidealizedlattice structuresystemsandthe theorists dreamof an“olympic gel”

The randomlycrosslinked systemcertainlyis closerto experimentshowever encoun-
tersmary dif culties®°. Especiallythe danglingchainendscausethe relaxationto slow
down dramatically(The time grows exponentially!),becausét is linkedto a retractionof
thearms.Sucheffectsarealsoknown from othersituationsvherebranchegolymersplay
animportantrole?. In additionthe disorderor uctuations are quenched.Thus simply
runninga systemlongerdoesnotimprove the datain comparisorto experiment.For this
onewould need“many” mediumsizedsystemsor single extremelylarge ones. Thuswe
mostly stick to meltsin thefollowing.

3.5 EntanglementAnalysis: Melts and Networks

In the following | will give a few examplesof numericalexperimentsfor meltsandin
somecaseqetworksaswell. The rst almosttrivial questionis, whetherthe tubeexists,
the chainmotionis con ned andwhetherthe noncrossabilityclearly makes a difference.
Experimentallythe determinatiorof con nementis somavhatindirectanddoesnot easily
reveal the shapeof the con ning volume. Here simulationsoffer a uniqueway of visual
inspectiorof thechaindisplacementsTo dosoonesimply canplot theinitial conformation
of the chainandon top of that subsequentonformations.This is shavn in Fig. (10) for
network chains.

From otherinvestigationswe know that35 < N, and100 > N, which is nicely
con rmed by thepictures.Dependingntheview ontotheinitial conformationthetypical
conformationof arandomwalk is a attenedthick cigarwith aratio of principalmoments
of inertiaof R%, : R3, : R3; := 11:8: 2:5: 1) oneclearly canidentify the con nement.
The diameterof the con ning tubeactuallynicely ts resultsfrom earliersimulationson
the meansquaredisplacements.In a similar way one can also visualizethe motion in
polymermelts. There,however, dueto a continuougeleasdan the numberof constraints,
this for shorterchains,is moredif cult to visualize.Thusoneusesa smalltrick. Whatwe
now plot is not the bareconformation but the backboneof the staticallyaveragedchain
contour namely
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I dp from melt

Figure10. Time evaluationof the conformationof chainsin anendlinked network of functionalityf = 4,N =
100, whereall network strandshave the samédength. The chainsare,for clarity shavn withoutthe network. The
indicatedtubediametewasdeterminedn anindependeninelt simulation,from?°.

R = I (43)
j=1 n=2

This smoothenghe contourandby a properchoiceof n shouldbe closeto the back
boneof thetube. Heren = 35wasused.Thesecontourscanthenbe plottedvs time and
comparedo a differentsystemwherethe chainscaneasilycrosseachother For thefull
LJ interactionthe barrierheightis around70kT. Onecanintroducea potential,wherethe
chainscan cut througheachother but the pressurepR?i andthe beadfriction remain
unchangedThesetwo systemsarecomparedn Fig. (11)for chainsof N = 350. While
thecon nementis notaseasilyvisible asfor the networks, the differencebetweerthetwo

Figure11. Time evolution of the coarsegrainedbackboneof the chainsfor a melt of N = 350 beadchainsfor
timesup to the Rousetime g . Theleft panelshavs chainswith the full excludedvolume,while for the right
panelthe crossingbarrieris only afew kT, from34,

casess striking, andnicely supportghetubeidea.
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Another direct test which shows the relevance of the noncrossability of the
chains/netwrk strandsis shavn in Fig. (12) For thesenetworks with diamondlattice

Figure12. Elongateddiamondiattice networks,wherethe only sourceof disorderarerandomlinks betweemet-
work loops. The strandsarecoloreddueto their stretching(similar to the stresshey carry)from smallstretching
(blue)to strongstretching(red). Fron?

connectiity wereprepared.In orderto Il spacewith the conditionthatthe strandsobey
randomwalk statisticsseveralinterpenetratingietworks areneeded. This is the sourceof
randomlinking of the differentsubnetsBy this, “short topologicalpaths”throughthe net
arecreatedwhichunderstrongelongationcarrymostof thestress Notethatin this special
exampleall “short chemicalpaths”have the samelength.

After theseintriguing pictureswe canmoveto thedataanalysisvhichdemonstratethe
con nementnotthatdirectly, howeveris morecloselyrelatedto possibleaxperimentsThe
rst to look atis the meansquaradisplacemenbf the middle beadsandthe chains.Many
studiesonthis have beenperformed®4447, for anoverview se€ andcomputersimulations
actuallywerethe rst to obsere the slowing down of the motion clearly?®48, Fig. (13)
shaws resultsfrom a systemof fully e xible polymers. More complicatedmodelshave

100

10 |

9a(t). 9a(t) [s%]

o1r °

162 163 16“ 165 166
tft]
Figure13. Meansquaralisplacementg(t) (opensymbols)andgs(t) (closedsymbols)for chainlengthN =

350( ), 700( ) and10000 (4 ). Thestraightlinesshov power laws asguideto the eye. Thelocal reptation
powerlaws g (t) / t174 andgs(t) / t172 areveri ed with remarkablelarity32.
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beenstudiedby Faller andMlller-Plathé®° and® for instance.Fig. (13) shavs thatthe
expectedoowerlaws arereproducedvith aremarkableccurag. Fromthisatubediameter
of 7 dr 8 canbededucedcorrespondingo anN, of aboutNe 30, whichis
very small. To checkthe overall consisteng the onsetof thet1=* regime, the g, ; gs values
atthattime etc. areanalyzed.In all casegheresultsroughly agree! Experimentsalsoby
now are ableto analysethe chain motion directly and display the expectedpower laws.
They however typically only cover a too smalltime window. To overcomethis problem
ratherdifferenttemperaturesre employed. It shouldhowever be notedthat the shift in
temperaturenot only affectsthe ratio kg T= but via conformationalchangesalso N ¢!
Heresimulationsdespiteof their mary shortcomingsrestill superior

Anotherimportantexperimentatechniqués theneutronspinecho(NSE)method’. In
NSEexperimentdhemotionof theseggmentsanbeobtainedy measuringheexpectation
valueof thetime-dependergingle-chairstructurefunction

X
S(k;t) = Ni hexp(ik (ri(t) r;(0))i: (44)
8]

For reptatingchainsdeGennesalculatedanexpressiorfor S(k; t) neglectingtheinitial
Rouse-like motiorP*. In recensimulationsaslightly modi ed versionis applied?°3 which
is identicalto de Gennegesultwhena Gaussiarmodelof thetubeis explicitly assumed.
We usedthis formula togetherwith a correctionfor very long times (however, for the
experimentaNSE resultsor our presensetof datathis modi cation maybeneglected):

S(k;t) _ "

2 2 pi_
S0) - 1 exp (kd=6)> f k2 12Wt= (45)

X 2=
vexp (ka2 O &P =g
p=1 ;odd P

wheref (u) = exp(u?=36)erfq(u=6). Note, thatthe derivation of deGennesloesnot
take into accountchain end effects and thus the above formula may only be appliedin
a narrav rangeof k-spaceé—G . k. g—T Also sincethe initial Rouse-motioris not
explicitly describedthis formula only appliesfor t > ¢ (The shorttime motion only
entershroughtheinversefriction coefcient W = k7= ).

Whatone nds thereis aratherstrongdependeng of chainlengthN or the value of
dr deducedrom theplot. Evenfor N = 100000ne nds N signi cantly largerthanthe
resultfrom the meansquaredisplacementsThoughtheseare,to my knowledge,the best
dataavailable,theremight be someproblemswith the statistics(N = 10000). Note that
for thesedatathe conformationf thelongestchainswerenot preparedy the procedure
discussedbefore,while all the shorterchainssimply ranlong enough!

The standardxperimentalmethodto determineN¢., (for clarity we index N deter
minedfrom the plateau-modulewith an additionalindex p) is by measuringhe plateau
modulusunderoscillatorysheat®!. Alternatively, it is alsopossibleo measurehenormal
stresgdecay y (t) in astepstrainelongation. Sincethelatteris muchsimplerto perform
in a simulation,volumeconservingstepstrainrunswereperformedfor four differentam-
plitudes = 1:25, 1.5, 1:75and2:0. The normalstresswas n wasdetermineddy the
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Figure14. S(k;t) for differentchainlengths:N = 10000(M), N = 2000(), andN = 700( ) andthe
centeredsubchainof length550 of thesameN = 700 chains( ). Continuouscurvesaresimultaneousts to
theN = 2000 datacorrespondindo dr = 9:6 . Thedottedcurwe is a simultaneoust totheN = 700,550
monomersubchairwith atubediameterof d; = 12:9 3254
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Figurel5. N asafunctionof theKuhnlengthof thechains'y determinedrom themeansquarealisplacements,
the scatteringunctionandthe modulus.

microscopicvirial-tensor The plateau-aluesof the stresswere tted to the stress-strain
formulasfor classicalrubberelasticity(CREP® n = G 2 1 andto the Mooney-
Rivlin (MR) formul® y = 2G; 2 1 +2G; L todetermineGY, . MR gives
G{ = 0:010%g T 3 while CREgivesG{ = 0:00&g T 3. It is known experimen-
tally thatMR slightly overestimatethemoduluswhile CREalwaysunderestimateis. The
standardormulat to calculateN e.p,

o _ 4KksT,
N 5 Nep
givesNe,  65forthe MR t andNe;, 80 for the classicalformula. Both values

G (46)
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Figure 16. Scaleddiffusion constantD (N )=Dgr (N) vs. scaledchainlength N=Ne:, for polystyrene( )
(Mep = 14600, T = 485K ), polyettylene( ) (Mep = 870, T = 448K ), PEB2(N) Mep = 990,
T = 448K), thepresentbeadspringmodel(4 ) (Nep = 72), thebond- uctuationmodelfor = 0:5( )
(Ne = 30) andtangenhardspheresit = 0:45( ) (Ne = 29). All dataarescaledwith Ne:p from theplateau
modulusor with 2:25N ¢ from gy (t). Fron??2

aremuchhigherthanour previous estimate N = 32. From a theoreticalpoint of view
this discrepang might not be relevant, sincethe prefactorsin the reptationmodelarenot
rigorouslydetermined For practicalissueshowever, like comparingresultsfrom various
experimentsaandsimulationghe differences relevant.

At this pointwe canconcludethatwe areableto clearly obsere anddemonstraten-
tanglementffects. However the differentvaluesoriginating from differentexperiments
prohibitto give anoverall consistenpicture.Fig. (15)shovsthe outcomeof suchinvesti-
gationsaswe plot theentanglemeninoleculamweightasafunctionof stiffnessfor different
“experimental'tests.Thisillustratesthatonehasto decideon onede nition of N¢. Taking
the original discussioron the chaincon nements,the resultstaken from the modulusbe
takenasareferencestate.If donelike this, onecanusethis to scaleothermeasurements.
Fig. (15)shavsthescaleddiffusionconstantfor avarietyof experimentsTheactualdif-
fusionconstanD (N ) is normalizedby the hypotheticalRouseregime diffusion constant
Dr(n) asit canbeextrapolatedrom shortchainsimulationsor experiments However, ut
shouldbe notedthata similar plot employing e. g. S(k, t) will leadto different ts for N
for differentpolymersor modelssystems.

3.6 Structureand Property Relations

Thougha generalpictureemeges,thereis still the problemof the structurepropertyrela-
tion. Is thereaway to predictN. or atleastonevaluefor a speci c experimentbasedon
the conformationsmeaningthe chemistryalone?

We saw thatwith increasingstiffness thevalueof N decreasediowever, theratio of
the differentvaluesobtainedfrom the meansquaredisplacementsscatteringandmodulus
did notremainconstantAlso, themodulusalwayspredictedhelargestvalue. This seems
to hold for simplebeadspringchains,while therearechemicalsystemsavherethis is not
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the case.Polycarbonatasan exampleof a technicallyvery importantpolymer(e. g. for
compactdiscs)hasan N, 6 from the modulus,while the meansquaredisplacement
suggestwia a scalingfrom Fig. (15)avalueof N¢  12°7. Obtainingjustonemeasure-
mentobviously is notsufcient! Thusthereis a signi cant needfor a predictive theoryor
ansatzwhich determines valueof N from the chainconformationswhich thencanbe
usedto predictthe otherquantities especiallythe modulus.How differentN ¢, or M re-
spectvely is shovnin thetable.A typicalambientemperatureénotethattheM  depends
ontemperaturgust asthe overall chainextensiondoes)oneobtainsthe following values:

PE PS PDMS BPA PC
(Polyetlylene) (Polystyrene) (Polydimetlyl-Siloxane) (Polycarbonate)
Ne 100 170 135 5-7
Me 1400 18000 10000 1700

Evenwithin oneclassof materialssigni cant differencesanbeobsened,asindicated
in Fig (17). Theredifferentmodi cations of polycarbonatere shavn, which within ex-
perimentabccurag have aboutthesameKuhnlength™ ¢ but ratherdifferententanglement
lengths asindicated®>°,

OO

L _in

OOt

CHs CHsy CHs

n

Figurel7. Structureof differentpolycarbonatenodi cations, the respectie entanglementolecularweightare
Ne 6;10; 15 from topto bottom.

Theseresultsdemonstrata key problemfor a successfulink betweerthe morebasic
science,genericphenomenagrientedresearchand modernmaterialsscience. Our un-
derstandindhasto becomemore quantitatve. This holdsfor mary elds in the science
of microscopicallyor nanoscopicallydesignedmolecularstructuresas well asfor more
conventionalbulk systems.Becauseof the hugerelaxationtimesa factorof 2 in the en-
tanglementshangethe viscosityalsoby a factorof 2%4  2:6 andsimilar reduceshe
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diffusionconstantUncertaintiesf this orderin predictionsarerelatively small,however,
areof signi cant experimentabndtechnologicalelevance.

Is therea way to understandhesedeviations as well asthe sensitvity to chemical
structureandconformationvertheyearsseveralcriteriahave beendevelopedo identify
entanglementsOnesetof publicationsdealswith ananalysisof thetopologicalstructure
of anetwork andrelatedapproximationgor melt<°. For this the problemhowever is that
multi chain/ multi ring effectscanin all casegGaussantegrals, Alexanderpolynominals
...) canonly betakeninto accountup to a nite order How importantmary chaineffects
canbeis illustratedby Fig. (18)for anexampleof threechainsonly*?62,

Figure18. Constraintdetweertwo chains(red,black)dependn the presencef the 3rd chain.

In principleonewould needfor long chainsan“in nite” hierarcty of suchinteractions.
On the otherhand,in orderto obsere N, is dependenbn N for N Ne a constant
averagedensityof constraintaalongthe backboneof the chainis neededo provide the
tube. lwata and Edward$-%? tried to overcomethis by looking at the local valuesof
the Gaussintegral upon numericalintegral. All this suggestghat the local chain-chain
packingplaysa crucialrole. Thereforrelatively early rst attemptswere madeto relate
N to the numberof differentcainswithin the valued3 6364, All theseattemptsverenot
really satishctory More recentlya collectionof mary moduli dataof differentpolymers
Fetterset al'®1° suggesthatthe modulusis relatedto the so calledchainpackinglength
p = N= IRi, which is a goodmeasurdor the spatialpacking,in away thatG p 3.
Many polymersseemto follow thatwithin a 20% corridor. This however still doesnot
explain how this packingis ableto producethe entanglemenmesh.BeyondthatEveraers
etal?® just recentlyperformeda topologicalanalysisof a numberof differentpolymer
meltsand densesolutions. They studiedsimple beadspring chainsof differentstiffness
aswell assimpli ed modelfor polycarbonateln all caseshe dataof G derived from
thetopologicaldeterminatiorof the primitive pathandthe analysifrom analyzingnormal
stressdifferencesafter a stepstrain quantitatvely agree. Thusit seemshat (1) thereis
a way to relatepurely static quantitiesto the moduluswith reasonable@ccurag and(2)
the tube model can quantitatvely be linked to a topologicalanalysisof the stateof the
melt. With this we arrive at the questionof the very beginning, namelyto what extent
doesthe fact that the chainsdo not passthrougheachother in uence the relaxational
propertiesof thesefascinatingultra soft solids or viscoelasticliquids. Basedon recent
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progressin various elds extensionsto more complicatedsystemssuch as mixtures of
linear and branchedpolymersor morestiff polymers,asthey canbe foundin biological
systemsareundervay.

4 Summary

In the rst part of this contribution certainaspectsconcerningthe dynamicsand stress
relaxationin polymer melts or networks, complementaryto the other contributions has
beendiscussedin additiontypical “measurementsto studyreptatingpolymermeltshave
beenmentioned. From this a basicingredientto study the dynamicsof polymer melts
andnetworks, namelythe equilibrationandpreparatiorof suitablestartingconformations
hasbeenpresentedn moredetail. Thisis a crucial conditionfor the next step,namelyto
studyboththe dynamicdevelopmeniaswell asthe conformationapropertieof asystem.
Thena few typical examplesof numericaltestsperformedover the last yearsillustrated,
whatcanbe doneby simulationsanddensemodelsystemsmplg/ing modernnumerical
methodsandcomputers.
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