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Full Paper: Solid-supportechyperbranchegolymerisa-
tion of 4-(5-hexynyloxy)g,B-dibromostyrenewas mod-
elledusingMM2 forcefield. Theresultsshowthatat least
up to the 6" generatiorthereis no excessivestraindueto
the steric hindrancesn the molecule.Moreover it seems
that stericenegy per atomtendsto a limit with the num-
ber of generation. Steric hindrance betweena single
bound hyperbranchedmolecule and the supportare far

lessthan the attractivevan der Waals interactions,inde-

pendentof the natureof the polymeric supportand the

generatio numberof dendriticmolecule.The only impor-

tantsterichindrancewvasfoundbetweentwo boundhyper

branchedmoleculesattachedto adjacentactive sites of

the polymeric support.In this particularcasethe distance
separating two attached hyperbranchedmolecules is

stronglyaffectedby the stericinteractions.
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Intr oduction

In recentyearsthere has been consderableinterestin
macromoéculeswith architectues differing from classi-
cal linear polymers such as dendrmers and hyper-
branchedpolymers. Some advantage of hypertranched
structuresare better solubility comparedto linear anale
guosanda high corcentrationof the endgroupsevenfor
high modecular weight polymers. While the perfectly
brancheddendrtic structuressynhesisedby a laborious
multi-stepsynthess, the hyperbraighedpolymersarepre-
paredby a one stepsyntheticprocessyet they maintain
many of the architectiral featuresof perfectly branched
dendrimes. Howeve, the lack of control over molecubr
weight, polydispesity, anddegreeof branching in hyper-
branchedpolymersis the price paid for their easypre-
paratiort®. Solid-sypported hyperbrached polymeisa-
tion wasfound to improve the control over the structure
of the hyperbrarchedpolyme's. Moore et al. found” that
the useof solid suppot reducespolydispersityof hyper
branchedolymersandprovidesthe contrd overmolecu-
lar weight in the range of 5000-25000. The present
authorsreporteda similar effect of solid-supporédhyper-
branchedoolymerisaion on polydispesity andfoundthat
all otherthings being equal the molecubr weight of the
hyperbrached polymer found in solution is always
higherthanthatformedon solid supportandthe malecu-
lar weight dependson the nature of the supprt®®.
Although the clear understandig of the medcanism of
theinfluenceof the solid supporton hyperbrantiedpoly-

merisdion is of vital importancefor syntheticchenists
no consisént explanationof this phenonenonhasbeen
providedupto date.

The goal of this work is to model the effect of poly-
meric solid suppot on hyperbrarthed polymerisadion
using mixed molecular mechanic and semiempirical
methods appro@hesto gain someunderstandig of this
effect.

Methods

To model the effect of polymer support on hyperbranched
polymerisaton the following apprach hasbeenchosen
The polymeric supprts usedin the polymerisation of
AB, type monomer 4-(5-hexynylaxy-)B,B-dibromostyr-
en@ arerepreseted by model oligomeis shownin Fig. 1.
Suwports 7S1 and 14S1differ only in the chain length
thus allowing the estimation of the effect of themolecula
weight of the modelmolecueswhile in the caseof 14383
and7S1 modelsthe steric hindrancecausedoy dendritic
molecules attached to the adjacentactive sites can be
evalated.7S2 differs from the others by the nature of
active sites(dibromovinyl). The hyperlranchedpolymer
at differentstagesof growth is modelledby a setof per
fect dendimers from first to sixth generaibns as shown
in Fig. 2. In addtion to intranolecuar steic hindrances
affecting the solution polymerisaion of AB, type mono-
mer arising from crowdedarchitectureof hyperbraghed
polymer, therearetwo morefactorsneededo be consid-
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Fig. 1. Model molealesrepresating differentkinds of polymericsupports

eredin the caseof solid-sipportedhyperbraiched poly-
merisaton. The first is the interacton betwenthe bound
hyperlranchedmalecule and polymeric support and the
secondis the interaction betweenthe hyperbranched
molecuks attacled to the adjacentactive sites of solid
support To takeinto account thesefeaturesof solid-sup-
ported hyperbrarched polymerisation the method of iso-
desmic reaction was used (Fig. 3). The readions 1-6
represehthe methamlysis of bounddendrimes to form
free supports and the derdrimers. Since the numker and
the type of chemcal bonds and atomsare not changed
during the transformaton, AE of the reactons shouldbe
entirely dueto non-bondinteractons betweenthe dendi-
mer and suppot with additional termsincluding interac-
tions betweenwo adjacentlybound dendrimemolecuks
for reactiors 2 and5. Due to the sizeof the systemsunder
the study (mary thousandof atoms)it seensthatthe only
practical method for their modeling is molecubr
mechanics(MM). AlthoughMM cannot propely predict
the enegetics of thereactons, in the caseof the reactiors
1-6 MM shoud perform reasmably well since AE of
thosereactonsis mainly dueto nonbondednteractons.

The modified Allinger’s MM2 force field'?, asimple-
mentedin Chem3Dpro (Version5.0) packagewasused
for the modelling The principal additionsmadeto Allin-
gers MM2 force field are: (1) A chage-diple interac-
tion term. (2) A quartic streching term. (3) Cutoffs for
electrostat andvanderWaalstermswith 5th orderpoly-
nomial switching function. (4) For models containng =
systemsit perforrs a Parise-Par-Popler orbitd SCPV.
The SCFcomputationyields bord ordess which areused
to the scaleof the bond strething force consants, stan-
dardbord lenghs, andtwofold tordonal barries. (5) Tor-
sionalandnon-tondedcorstraints.

To assurehat modified the MM2 model perfomsrea-
sonablywell on thesesystemsthe enegy differenceof
model reacton 6 was calcuated using AM1'?, PM3'9,
andMM2 method. The geometryobtainedafter optimi-
sation with MM2 force field was usedfor optimisation
with semiemjrical AM1 and PM3 method. AE calcu
latedfor reaction6 with MM2, AM1, andPM3 were 4.9,
1.3, and4.8 kcallmol, respetively. As canbe seenthere
is a good agreemeh betweenMM2 and PM3 models
which is known to be the bestin prediction of heast of
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Fig.2. Dendritic model moleculesrepresentinghyperbanchedpoly-[4-(5-hexynyloxy)$,B-dibromostyene] at differert
stagef growth
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1 D,-7S2 + MeOH =D, + 7S2
n=1-5

2 2(Dy-758'1 + 2MeOH =2D, +78'1
n=1-6
3 D,-7S1 + MeOH =D, + 751

n=1-6

4 D,-14S1 + MeOH =D, + 1451
n=1-5

5 2(D,)-14S'3 + 2MeOH =2D,, + 14S'3
n=1-5
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Fig.3. Isodesmiaeactionsof methaolysisof bounddendrimerdo form free supportsanddendrimers

formations amang semiemjrical method'¥. Therefore, conformdions at stepsof 4 ps generagd during the last
the modified MM2 model was usedfor all subsequent 100 pswere minimisedusingMM2 force field andtheir
calcultions. averageenegy was taken as the enegy of the corre-

To equilibratethe geometriesof the models,the mole-  spondingmadlecules.In MD simulatons a stepof 0.001
cular dynamics (MD) wasrun at 370°C for 150 ps. 25 psandaheatng time of 2 pswere used.
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Resultsand discussion

Fig. 4 shows the steric enegy per atom for dendrimers
from the 1 to 6 generabn. As it canbe sea the steric
enegy tends to a limit with the numberof generatbns.
Similar trendshave beenobseved for 1 — 2 dendritic
polyacetyene using more precise B3LYP/3-21G//PM3
model chemisty*®. The resultsimply that at leastup to
6" generan, which corespondgo a molecular weight
of 22848, the hyperbranchedpolymer is not excessivey
strained.In Tab.1 the resluts of calculationsfor various
isodesmicreadionsto estimatethe effect of the presece
of the supmrt molecuk on the relative stabiity of the
dendriticmolecue aregiven. Thefirst important obsena-
tion that can be madefrom the resultsis thatin most of
the casesAE is postive or to put it differertly thereis
somekind of the attractive interacton betweenthe sup-
port and the derdrimer evenfor very bulky 5" and 6"
generatbns for all supports excepp 1433. In the caseof
7S1 supprt, AE becomesslightly negaive for most
bulky 5" and 6" generatbn, howeer, accoding to the
results obtained for the 14S1 molecuk, which differs
from 7S1 only by the numker of repeatingunits, all AE’s
are positive This phenonenon shodd be due to the
attractive van-derWaalsinteractons betweenthe support
and bound dendrimer molecue. The larger 14S1 mole-
cule providesbetterintermoleailar interactonswith den-
drimersthus contibuting to a higher AE. It follows that
the steric hindrancebetweenthe supportand the dendri
merup to atleast6™ geneation do not contributemuchto
the instabilty of the systemderdrimersuppat. On the
contrary there is an attractve interacton betweenthe
dendrimemoleculeandthe support

While the steric hindrance betweenthe bound dendrt
mer molecuk andthe suppot is negligible evenfor the
6" geneation derdrimer as follows from the obtained
results, there coud be significant steric hindrances
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Fig.4. Stericenegy peratomfor dendrimersfrom the 1 to 6
generation

Tab.1. Calculata enegiesof studiedmoleallesandisodesmic
reactions

n D2-7SP + MeOH=D, + 7S1 AEY
(kcal/mol)
EY/ E/ E/ E/
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
1 -113 1 18 -94 36
2 -118 1 21 -94 44
3 -19 1 122 -94 10
4 204 1 369 -94 70
5 550 1 510 -94 -134
6 1697 1 1698 -94 -94
D,-7S2+ MeOH=D, + 7S2
1 -152 1 18 -78 91
2 -167 1 21 -78 109
3 526 1 122 -78 -482
4 160 1 369 —78 131
5 367 1 510 -78 65
2(Dy)-7S1+2MeOH=2D,+ 2 7S1
1 -96 2 36 -97 33
2 -161 2 42 -97 104
3 9 2 244 -97 136
4 379 2 738 -97 260
5 1045 2 1020 -97 124
6 118 2 3396 -97 2281
D,-14S1+ MeOH=D, + 14S1
1 —249 1 18 —234 33
2 0 1 21 —-234 —-212
3 -215 1 122 -234 -102
4 -4 1 369 -234 132
5 184 1 510 —-234 91
2(D,)-1483 + 2MeOH= 2D, + 14S1
1 -20 2 36 -15 3
2 -103 2 42 -15 74
3 43 2 244 -15 184
4 483 2 738 -15 238
5 2003 2 1020 -15 —998

¥ D, = dendrimerof generéion n

' SeeFig. 1 for structure.

9 Changen enegy of thereaction.
9 E = stericeneny.

betweentwo growing hyperbranchednoleculesattached
to the adjacentactive sites of polymeric support The
modelling of this partricular caseis represerdd by sup-
ports 7S1 and 14S3. As se=n from Tab.1, the chemical
structure and the archtecture of the suppot seemsto
hardly affect the stericinteractionsof the derdrimersup-
port which is followed from quditatively similar AE for
all types of suppot presentedn Tab.1 when a sinde
derdritic molecuk is bound to the support. As can be
seen from Tab.1 in the ca® of supmrts 7S1 and 1483
when to dendriic molecules are attacted to adjacent
active sites,for low generatbn dendrimes AE is positive
indicative of the attractive interacton betweendendrmer
and the suppot, moreaover for the 7S1 supportevenfor
6" geneation AE is highly postive showing thatthereis
no importart steric hindrance between two dendritic
moleculesbound to the support. The situaion is different
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however for the 1433 molecuk. As seenfrom the Tab. 1
for relatively small derdritic molecuks (from first to
forth generatbn) AE is postive andincreaseswith gen-
eration numbe. For two fifth generatbn dendimers
boundto adjacentactivesitesof the support AE becanes
highly positive reacting 998 kcal/mol which implies a
significant steric hindrance betweenthe two dendrtic
molecuks. To ensurethat the abose mertioned negative
AE is dueto the sterc hindrancebetweenadjacentden-
dritic  molecdes, the Connoly’s solvent excluded
volumes of Ds, Dg, 7S1, 1483, 2Ds-1483 and 2Ds-7S1
were calculatedusing the equilibrated conformation after
the molecula dynamt run. The Connoly’s solvent
excludedvolume represets the volume containedwithin
the cortact molecdar surface creaed when a probe
sphere(representig the solvent molecue) is rolled over
the molecubr shapé®. A proberadiusof 1.4 A wascho-
sento fit the van-derWaalsradiusof elementscomposing
themoleculeto ensurethe correctedimation of themole-
cularvolume.The sumof the volumesof two Ds andone
731 molecules was found to be 74860 A3, while the
volume of 2Ds-7S1 fragmentwas 76340 A3, This mears
thatthe 2Ds-7S1 moleculehasa relatively loosestructure
without any steric hindrancewhich is confirmed by the
high and positive AE. On the otherhard, similar calcula-
tions carried out for 2Ds + 1433 and 2Ds-14S3 mole-
culesgave39910and38210 A3, Thesereslts showthat
thereshoud be significant steric hindrancebetweenadja-
centD5 molecuksin the cas of the useof 1433 suppot,
thusexplainng alargenegaive AE in this case.

This is due to the structural differencebetween7S1
and 1483 solid supprts as seenfrom the Fig.5. The
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Fig.5. Equilibrium distarcesbetween active sitesof 7S1 (1)
and14S3 (2) suppots

minimisation of the geometryof the dimers comrespond

ing to 781 (1) and 1433 (2) suppors with MM2 force

field showedthatwhile the equilibrium distancebetween
halogenatomsin 1 is 14.5A, the distancebetweenadja-
cent dibromovinyl grougs in 2 is more then twice that
value. Thus, all other things being equal, when two

hyperbracchedpolymer chairs grow attacdedto adjacent

functionalties, 7S1 provides more spacefor growing

hyperbrached moleculesallowing themto reachhigher
molecula weight compaed to 14S1 support It seens

thatin the caseof a solid-sipportal hyperbrantied poly-

mer synthesisit is possibleto regulae the molecubr

weight of the hyperbrarhed polymersby changingthe

distancebetweenactive siteson the support Thesecor+

clusionsare corfirmed by the experimental data. Thus
the solid supported polymerisationof 4-(5-hexytyloxy)-

B,B-dibromostyrere using an S1type of support produces
hyperbrached polymer with M, of 7300 while when

usingS3type suppot M, wasonly 4200-4300accoding

to GPC9,

Conclusions

Theresultsof the molecdar modelling showthat at least
up to the 6" geneation of hyperlranchedpoly[4-(5-hexy-
nyloxy)-B,B-dibromostyrere], which comrespondsto a
molecula weightof 22848, no excessie straindueto the
sterichindrancesn themolecuk exist Moreove it seems
that stericenegy peratomtendsto alimit with the num-
ber of generatbn, which agree with the resuts obtained
for 1 — 2 hyperbrarched polyacetyene using more pre-
ciseB3LYP/3-21G//PM3modelchemisty.

Steric hindrance between a single bounded hyper-
branchedmolecuk and the support is far lessthan the
attractive van-cer-Waalsinteractons, independenof the
natureof the polymeric supportandgenegationnumber

Theonly important sterichindrancewasfoundbetween
two boundedhyperbrached molecules attacted to adja-
centactive siteson the polymeric support In this particu
lar case the distance separatingtwo attacted hyper
branchedmoadlecules is strongly affected by the steric
interactonsthusallowing the control of molecuar weight
of the hypertranchedpolymersby changimg the distance
betweeractivesitesof the support.

It seemghatthe mostimportart restrictionimposedby
the solid-suppaoted hyperbraichedpolymerisationon the
molecula weight of the polymer arisesfrom the steric
hindrancebetweeradjacentendrtic molecues.
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