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ABSTRACT

The phaseadiagramof A/B block copolymerds determinedvhenthe A blockis aflexible,
linearhomopolymerandthe B block hasaregularly branchedreestructurewith G generations.
Thepredictionsof a classical-patlanalysisanda lattice self-consistentmeanfield calculationare
in generalagreementThe phasediagramis considerablyskewedtowardkeepingthe A blocks
insidecylindrical or sphericalcoreswith the branchedlock forming acorona.Thereis little, if
ary, tendeng for thebranchedarmsto fold backto facilitatepacking.

INTRODUCTION

As thearchitectureof hyperbranchedoleculed1] hascomeundermoreandmore
spectaculacontrol[2, 3, 4, 5], thesemoleculescouldwell hold thekey to thedesigned
self-assemblyf interfaciallayerswith bio-specificadhesiorandsurfaceprotection[6] aswell as
ahostof otherapplications.Theapplicationof interesthereis gainingextra controloverthe
morphologyof lineardendriticblock copolymemelts. Ordinarymultiblock copolymersare
composedf long runsof same-typenonomergblocks)placedonalinearchain.The
strong-sgregation-limit phasediagramcanbe stronglyaffectedby the branchingof oneof the
blocks[7, 8, 9]. Roughlyspeakingbranchingsf the B block favor interfacial curvatureforcing
the B chainsto splayoutward,relieving somepackingconstraintsThe diagramscanbe shifted
towardskeepingan extrememinority branchedspecieon the exterior of thedomaing8, 9], with
aconsequentlgeveredistortionof the packed domains.An initial attemptto determinethe
propertiesof this system[8] employs an AlexanderdeGenneansat410, 11], in which all
dendrimeifreeendsarelocalizedon the samesurface.In relaxingthis requirement| have turned
to the“classicalpath” approximatior{12, 13] andto ScheutjenandFleernumericallattice
calculationg14]. While theclassicabpath,the Alexanderandthelattice calculationsall give
similarly distortedphasediagramsthe Alexanderapproximatioris foundto be particularly
unsuitedo estimatingfree enegiesfor branchecdhains.

CLASSICAL PATH MODEL

Thepolymersin questiorhave an A block composedf Ny monomergraftedto adendrimer
composeaf B monomersandG generationsvhereeachof the 26 — 1 branchedarmsis
composeaf Ng monomersThus,thetotal numberof monomersnthechainis
N = Na + (2° — 1)Ng. Thethermodynamiéncompatibility of the A andB monomersesultsin
the surfacetensiony betweerA andB rich domains.In thelamellarphasethe A blocksstretcha
distanceH from the commonAB interface,andthe B blocksstretcha distanceHg. Letting



H = Ha + Hg betheoverall stripewidth, andletting ¢ standfor the overall volumefractionof the
B specieperchain,with o copolymergperunit AB interface thelamellarphaseéreeenepy is

Fam= 0°N g(l_@)—i‘(fB(zo,(PaG)) +C—Z, (1)
wherefg(z, @,G) is thedimensionles$ree enegy of a G-branchedthainall of whosefreeends
areheldatthepositionz,, andtheangledbracletsstandfor a spatialaverageover all possible
valuesof z,. Theequilibriumpackingatthe AB interfaceis thendeterminedy 0F 5m/00 = 0.
Eventhoughthedendrimethas2®—1 free ends the classicapathapproximatiorensureshateach
chainsegmentwith the samechemical rank hasthe samestatisticq9, 15]. Thus,the notionthat
somearmsof thedendrimercanfold backtowardsthe AB interfaceto relieve packingis ruledout.

Thechallengas to calculatefg andits spatialaverage.Usingthefactthatsingledendrimers
arrangeghemselesin a“filled core”[16] scenaridthatis, with their free endsdistributed
throughoutheir volumeratherthanconcentrateat their exteriors),it is reasonabléo make an
ansatzthatwill have to bechecleda posteriori) thatfreeendsexist ateachO < z, < Hg, which
ensureshatthe monomeirinsertionpotential,P(2) is parabolic:
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whereP(z) = a— bz?/2, andSz(n)] is the single-dendrimefree enegy to hold the dendrimer
with its freeendsall locatedat z,. Thefactor f (n) countsthe multiplicity of statistically
eguialentchainsegmentsat each‘chemicalindex,” n, which runsfrom n = 0 atthetips of the
dendrimempto n = GNg atthe AB junction. For (G— 1)Ng < n < GNg, thereis asingle“root”
chain,so f = 1. For (G—2)Ng < n < (G —1)Ng, therearetwo equivalentbranchesso f = 2,
andsoon. Assumingthatthermalfluctuationsof z(n) aroundthosewhich minimize Sz(n)] are
forbidden,the minimizing trajectorysatisfies:

d (f(n)dz\
an (?%) = —f(n)bz(n), 3
whichreducedo arelatively simpleequationaslong asn doesnot correspondo oneof the
junctionpointswherethe chainfurtherbranchegfor eachof thesen, f(n) is constant):

1dz_
azdn?

Thus,the minimizing trajectoryis piecavise harmonic:

bz. (4)

2(Zo,n) = 2z5(A1coswn+ Bjgsinwn) when0 < n < Np (5)
2(Zo,n) = 2z5(Azcoswn+ Bysinwn) whenNg < n < 2Ng, (6)

andsoon, sothatz(n) is determinedy 2G constantsAg andBy. Theseconstantsanbe

determinedy demandinghatthetrajectoryis continuouqG conditions),andthatthe equationof
motion, Eq. 3 is satisfiedwhen f (n) changesliscontinuouslya furtherG conditions).Finally, the
unknowvn frequeng, w, (relatedto the parameteb in the pressureansat? mustbechosersothat
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Figurel: Trajectoriesz(n)/z, for upto G10dendrimersThekinksin thetrajectoryarerequired
for the balanceof tensionsat thoselocationswherethe numberof equivalentchainseggmentsde-
creaseéy half.

for each n thetrajectorysatisfie) < z(n) for all exceptthefinal monomerfor whichz(GN) = 0.
This uniquelyspecifieghetrajectoryof the chain,aswell asits self-consistenpressurdield, so
that fg canbecalculated Figurel shavsthetrajectoriedor G = 1 — 10thusdetermined.

With the piecavise harmonictrajectorieghusdeterminedit is possibleto determinethe
distribution of chainfree endsg,(z) throughouthe branchedayer:

Hp
0:/2 dZoE(Zo)g- (7)

Thus,chainscanbeaddedrom the outsideof the layerinwardsto uniquelyfill all availablespace
with b monomerslif this canbe donesothatthedensityof endsg(z) > 0, thenaphysically
relevantsolutionhasbeenfound,andthen

0N (fg) = /0 e dzoS2(N)]E (2). @)

Thedeterminatiorof both& and fg mustbe carriedout numerically but whenaccomplished
resultsin anestimateof the lamellarphaseree enegy. Thecylindrical andsphericaphasdree
enegy canbe calculatedwith the same fg, but the appropriatgphasespaceactorentersinto the
calculationof ¢ andthe spatialaverages:

(Ha+1)%1o = / ™ drof (1) (Ha+ ro)d—l‘;—z ©)

whered = 2 for cylindersandd = 3 for spheresin boththe cylindrical andsphericalkases,
however, it is necessaryo explicitly checkthatg is non-negative.
RESULTS

In Figure2 we have the phasadiagram,in the stronglysegregatedregime, of these
flexible-hyperbranchedopolymers.Theclassicalpathcalculationshave beenexecutedor



Figure 2. Phasediagramfor flexible/dendrimerblock copolymers. For large G, the dendrimer
componenis moreandmorestronglydrivento theoutsideof the curveddomains andthelamellar
phasestability is thusdriventowardssmall ¢, very asymmetriccompositions.The shadedegion

representsasesvhereanunphysicak, < 0 occurs,andthedashedinesrepresenthe resultsof a

numericallattice calculationon the lamellarcylindrical phaseboundaries.

G1-10,andthelamellar(L), cylindrical (C) andsphericakS) phasefiave beencomparedThe
solid linesindicatephaseboundariesascalculatedwith the classicapath. Thelamellarphasds
dramaticallyshiftedtowardslow ¢ (thatis, evena smallamountof B onthe chainis enoughto
stabilizethelamellarphase).The mostdramaticshift occursfor thelamellarcylinder transitionin
which the dendrimeroccupiegheinterior of the cylindrical domaing(the ¢« symbolsin Figure?2).
Interestingly the spherical phases arepushedentirelyoff the phasediagramandeitherstaythere
(dendrimerinterior to the sphericadomains) or enterthe phasediagramonly at relatively high
generatiomumber(G4). This hardlymatcheshe known stronglysegregatedoehaior of the G1
copolymergordinarydiblock copolymers)andis a symptomof the presencef “dead” zonesn
the calculationdor G < 4 andof thesphericalunit cell approximatiorthathasbeenusedto
calculatethe classicapathfreeeneny.

Theboundariestlow @ have the dendriticarmsinsidethe cylindrical domains andthe
flexible A blocksareontheexterior of thedomains.Theexterior A blocksmust exhibit deadzones
[12,17]. In all cases] have assumedhattheseA blocks,whenconfinedto the exterior of the
domainsaremodeledsatistctorily by the AlexanderdeGennegicture. For linearchains this
introducesafreeenepy costthatis largerby afactorof approximatelyl.2 thannecessaryfor flat
domains)andis muchmoresatishctorythanthe hugeoverestimatenadeat highervaluesof G.

Theshadedegionin Figure2 indicateshoseregionsin which thedensityof ends &(z,)
becomeseggative. This signalsa breakdevn in the parabolicansatZor the monomerinsertion
potential.A new self-consistenpotentialcanbe calculatedandareliableestimatefor the
classical-pathwith dead-zondree enegy canbe made but this goespastthe scopeof the present
developmen{17].

In Figure3 | comparehefreeenegiesof the branchedlocks, fg, asestimatedn the
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Figure 3: The AlexanderdeGennesapproximationbadly overestimateghe free enegy of the
branchedspeciesn thesecopolymers.

AlexanderdeGennesnodel[8] comparedo thatdeterminedn the classicapathmodel.As G
increasesthe Alexanderestimates clearlyin seriouserror, yetthe phasediagramascalculatedn
this modelis quite similar to thatl have producen Figure2. Essentiallythe classicapathmodel
allows mostof the elasticstretchingenegy to be concentratedear the AB interface, sothatthe
dendrimersareessentiallyunstretche@xactly wherethey have ageometricallylarge (26-1)
numberof equivalentchainsegments.

The spherical/glindrical unit cell approximatiorcanbe addressedith thelattice SCF
model.Here,the calculationshave beenexecutedn two spatialdimensionssothatlamellaesand
cylinderscanbefaithfully representedSphericaldomainsrequireafull calculationin three
dimensionsat presentoo expensve for a site-by-sitecalculationon a threedimensionakimple
cubiclattice,althoughsuchcalculationshave metsucces# adualspaceof orthogonafunctions
of therequiredsymmetry[18]. In ary casethedashedinesshaw the calculatedohaseboundaries
betweerlamellarandhexagonally-packdcylindrical domainsfor a variety of dendrimesflexible
copolymersFor all of thesecalculationsy = 0.5, andthe numberof B monomersnthechain
hasbeensetto 64. The numberof A monomersasbeenadjustedo attaina desiredvalueof ¢,
rangingfrom 32to 128,sothatxN variesfrom alow of 24 up to amaximumof 96. In all cases,
thesevaluedlie in the stronglysegregatedregime.

Thelamellarphasds dravn away from the extremesof the circular/sphericalinit domain
approximationput still tilt severelyoff towardsmall ¢.

CONCLUSION

Theflexible-dendrimercopolymermphasediagramhasbeencalculatedn the classicapath
approximationandcomparegavorablyto a numericalcalculationwith the lattice SCFtheory
While the AlexanderdeGennesgictureof thesecopolymerdomainsalsogivesa qualitatively



correctphasadiagram thatmodelseriouslyoverestimateghe stretchingenegy of thedendrimer
molecules As previously predictedthe hyperbranchingf oneof the speciess sufficientto
dramaticallyswingthe microphasealiagramtowardslow valuesof branchedsolumefraction.
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