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Extended conformations of isolated molecular bottle-brushes:
Influence of side-chain topology
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SUMMARY: A Monte Carlo study is presented to discuss the influence of the side-chain topology on the
enhancement of the persistence length of a molecular bottle-brush in a dilute athermal solution due to the
excluded volume interactions between the side chains. The structures investigated consisted of freely jointed
backbones of 100 hard spheres (beads) of diameter 1 to which 50 equally flexible side chains were grafted.
The diameter of the side-chain beads was varied from 1 to 3 in the same units. For every given size of the
side-chain bead, the length of the side chains was varied from 4 to 20 beads. The ratio between the persi-
stence length and the bottle-brush diameter, which is the determining factor for lyotropic behavior of conven-
tional semi-flexible chains, was found to be almost independent of the side-chain length. At the same time, it
was found to increase considerably with increasing size of the side-chain beads, suggesting that by a proper
choice of the chemistry lyotropic behavior of molecular bottle-brushes due to excluded-volume interactions
between the side chains might be achieved. Moreover, relatively short side chains can be used since the side-
chain length has only a minor influence on the ratio between the persistence length and the diameter. These
findings are in a good agreement with recent experimental observations.

Introduction the characteristic length over which a chain section
Recently, there has been a growing interest in so-callg@mains straight, and the diamerof the bottle-brush.
molecular bottle-brushes, defined as comb copolymefince longer side chains have a stronger net excluded-
with a high density of side chaifi3”. Molecular bottle- volume effect, the persistence length is expected to
brushes may have many special properties, such as lyioerease as a function of the side-chain lendth,How-
tropic behavior in a dilute good solvent as well as highlyever, concerning the possibility of lyotropic behavior of
ordered microphase separated structures in thelfneltbottle-brushes in a dilute solution, the critial parameter is
Another interesting aspect is that the attachment betweéme ratio betweeri and the diamete, of the molecule.
the side-chains and the polymer backbone may be coviaer semi-flexible polymers this ratio has to be of the
lent, but a strong association between end-functionalizezider of 10 or moreA/D > 10) in order to lead to lyotro-
oligomeric chains and homopolymers also suffices. In theic behaviot®®. Theoretically, opinions agree on the
latter case, self-assembled mesomorphic structures in thealitative statements that botrandD increase steadily
melt or concentrated solutions are formed only if thavith increasing side-chain lengf, however, they vary
association is strong enough to prevent macrophasensiderably as far as their ratio is concerned. According
separation and if the backbone side chain repulsion is suf Birshtein and co-worket$, the ratio should be inde-
ficiently strong to induce microphase separation. In thpendent of the side-chain length, whereas Fredrickson
case of covalently linked side chains, macrophase sepac@me to the conclusion thafD o« M*8 implying that the
tion is obviously not possible. required extension can be achieved simply by increasing
The conformations of isolated molecular bottle-brushethe side-chain length.
are directly related to the solvent quality. Of special inter- These conflicting opinions prompted us to investigate
est is the case of a good solvent for the side chains, inolecular bottle-brushes by computer simulations. In a
which case the side chains effectively repel each otheecent papé?, we demonstrated, using a 3d continuous
leading to extended conformations. In this work, we focuspace Monte-Carlo model, that for an isolated molecular
on the equilibrium conformations of isolated moleculaibottle-brush, where the freely jointed beads of the main
bottle-brushes, assuming a good athermal solvent agbain and of the side chain have identical size, the persis-
covalent bonding of the side chains. Important parametetgnce length indeed increases considerably due to
are the persistence lengihof the backbone, defined as excluded-volume interactions, however, the rafitD
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remain& nearly constnt (in the regime studed) as a
function of the side-clain lengh, thussuppoting the pre-
dictionsby Birshteinandco-workers”. Moreower, for the
model studied,this ratio was not nearly large enoughto
satisfy the inequality requiredfor lyotropic behavior of
semi-flexble chairs.

Experimentally, the recentresuts of Schmidt and co-
workers— are direcly relatedto this issue.They suc-
ceededn polymerizingbottle-brushesconsistingof poly-
methacylate (PMA) backbonestogetherwith covakntly
bondedoligostyrene side chairs (700 < M, < 5000 g/
mol). Usingdynamiclight scatteng and X-ray scdtering
techniques, they noticed that for dilute solutiors in a
good solvent, toluene, the chairs adopt extremdy
extendedcorformations charcterizedby a persistence
lengthof upto A = 1000 A. For polymer concentations
of 30 wt.-% and higher they observeda very narrow
X-ray scatteing peakwhich wasinterpretedas evidence
thata nematicsolution wasobtained.Therdore, our com-
putationalresuts'® seemto contradct theseexperimenal
resultd. Howewer, there are important differences
betweenthe systemstuded by Schmidt and co-workers
andthe compuer model we used First of all, the size of
the styreneside-unts is undoubtedy biggerthanthe size
of the methacylate monomes making up the backoone
and,secondly both backbore andsidechairs arealready
considerdly stiffer thanfreely jointed chains.Moreove,
and this could be the main factor, the number of side
chainsper Kuhn segnentof the backbonds constlerably
larger thanin our cas. As a consequenrg, the effective
excluded-wlume interactons betweenthe side chairs is
also consterably larger. One way of achieving a larger
excluded-wlume effect for the computer simulationsas
well is by selecthg the samenumlter of side chairs as
before,however with side-chan beadswhich are larger
than the backbone beads.The resultsof this endeavou
arepresentecdhere.

Simulation method and model

Monte Calo (MC) simulaions were usedto study the
conformaions of molecukbr bottle-brushcopolymers.The
modelusedis descibedin detal in our previaus papet®.
All the structureswere modeledin continwous 3d space
as linear chairs of had spheres(beads) freely jointed
together to which side chainsconsising of beadsof a
givensizearegrafted. In this study the diameterof side-
chainbead wassetequal to 1.0,2.0,2.5 and3.0,whereas
the diameterof the mainchain bead in the sane units
equalsl.0. The only constrait in the systemis the non
overlappirg condiion and,therefoe, the potentialenegy
takestheform:

if i andj areneighboursor r; > 0.5 (d + d})

0
- _ 1
Ui {oo otherwise @)
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wherer; is the distancebetweenbead i andj, d; andd,
arethe correspondingliametrsof the bead (i. e., for the
main-chainbead dmain = 1.0 andfor the side-ch@n beads
dsice = 1.0, 2.0, 2.5, or 3.0, however for a given bottle-
brush dsi¢e is the samefor all the side-chainbead). The
distances between the ceners of mass of connectd
(neighbou) bead i andj wasalways setto the minimum
possble, i.e.to 0.5 (d; + d;). The had spherechamcter
of themodelsimulates a goad, athemal, solvent.

Configurationspacds samped accoding to the Metro-
polis importancesampling schemé&. Firstly, for every
trial stepit is decided whetherit is attemped to move a
main-chainbeador a side-chan bead.The probabhlity of
trying to move a main-dainbeadis given by*®

N3

nM3 + N3 (2

p =
where N is the numker of main-chain bead, M is the
numter of beadgersidechain,andns is the total numbe
of sidechains.After that, a beadis choserrardomly from
the main-chain bead or from all the side-clain beads.
Thetrial movethenconsistsof arotation of the beadover
arandomly choserande aroundthevecta definedby the
neighboring beads.This procedurecan be consideed as
an off-lattice variant of the microrelaxation (L-flip in a
lattice) first introduced by Verdientet al.?Y In the caseof
a graftedmain-chainbead,alsothe side chain connectd
to it is rotated.This type of motion refers to the ideasof
the pivot algarithm?? which has beenstuded for linear
chains both in cuhic®® and tetrahedalP? lattices and in
continuous spacé”. The three different trial-move types
corcerningrotationsof “common beads; “grafted main-
chan bead”, and “chain-end beads” are illustrated in
Fig. 1. The trial moveis acceptedf the new position of
the beadsdoesnot violate the non-ovetapping require-
mert, otherwseit is rejeded.

The structures studied consised of 100 main-dhain
bead (99 chainsegmentspf diameer 1.0 carring 50 side
chans of M bead of diameer 1.0-3.0 each.The main-
chan bead from which a sidechan is grafted were cho-
sen equaly along the backborm, i.e. evely other main-
chain beadcarried a side chain Side chainsof lengths
M=4,6, 8, 10,12, 16 and 20 were consderedtogether
with side-bead of diameters1.0, 2.0, and 3.0. For the
side-kead diameer 2.5, only the structurewith 50 side
chans of lengh 20 bead was corsidered.Every bottle-
brushstructurewasfirst equilibratedby running the simu-
lation for at least 5-10° MC main-chain steps and
50 M2 MC side-chain stepsFor the main-chain oneMC
step correspndsto 100 (=N) attemps, whereasfor the
sidechairs it corespondgo 50+ M attempgs. After equi
libration stepsthe simulation wasdividedinto 10 blocks,
eachconssting of 100- N2 MC main-<hain steps(=10°
MC steps)and 100+ M? MC side-clhain steps.The aver
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Fig.1. [lllustration of Monte Carlo moves (a) Bead that is
neitheran endbead,nor a main chainbeadconnectedo a side
chain. (b) Main chain beadconnectedo a side chain. (3) End
bead

agevalueof the quantily of interest{(A) wasestimatedas
an averae of the block averagegA)uoc, €achof which
was calcdated using 500 conformations taken from the
simulation block atequaly spacedntervals.
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Results

In this section,we presenthe resultsof our Monte-Carlo
simulationson bottle-brushesconskting of a main chain
of 100 beadsof size (diameter)1.0 linked with 50 side
chains of 4-20 beadsof size 1.0-3.0. To suppessthe
chain-end effects, which might becomemore importart
as the side-chén size increaseswe excluded 5 main-
chan bead from both chainendsandall the bead of the
side chains connectedto these bead. Therefore, the
structurewe actudly focuson consistof a mainchainof
90 beadsand 45 side chairs of a given length and size.
However when taking Monte-Carlo steps,all the beads
(whetherincludedor excluded)were treatedequally

To discussthe possibility of lyotropic behavia of bot
tle-brusheswe haveto studytheratio betweenthe persis
tenee lengh andthe bottle-brushdiameterand therefore
the definition of thesequantities becanes essentil. As
previously denpnstrateé, a correct desciption of the
bottle-brushbackbonerequiresat leasttwo charaterictic
lenghs: at a small length sale the backbor behaves
quite flexibly, while the extensionoccurs at a larger
lengh scale.Conseuently the expres®ns of the worm-
like chain modef®, relating the persistene lengthto the
radus of gyration, underestimag¢ the persistene length
we arereally interesedin. A bette way is to useinstead
thereldion betweenthe persisencelengthandthe bond-
ande correlation function,whichis givenby

{cosh(s)y = e ¥* 3

where {cosf(s)) is the averagecosire of the ande
betweerchainsegmatssepaatedby alengths.

Fig. 2 shows the bondangle correldions for sdected
bottle-brushe (for clarity only for M = 4, 6, 10, 20) haw

A
AAAAAAAAAAA
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3 o M=6
A M=10
014 © M=20
0 1l0 ZIO

Fig.2. Bond-anglecorrelation{cosf(s)) asa function of the sepaa-
tion, s, of the main-chainbeadsfor side-chainengthsM = 4, 6, 10, 20

of structueswith side-b@dsize3.0
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Fig.3. Persistencéength/ of the bottle-bruushbackibne obtainedby using
the bord-anglecorrelationdata. The error barsdueto thefitting aresmalle
thanthe symbolsusedto presehthe data,unlessspecifcally shown

ing the diameter3.0 for the side-chainbeads. Although
not shown, the samedatawere calcdated for structures
havingside-beadliametes of 1.0,2.0,and2.5. The most
appropride estimatefor the persistencéengthis obtained
by usingthe middle linear parts(we choo® 10 < s < 40)
of the curves. This type of fittin g leadsto the valuespre-
sentedin Fig. 3. The error bars shown include only the
errorsdue to the fitting of the given functional form to
the datasincethe othersourcef inaccuacy aredifficult
to edimate. The datashowa steadiy increasim behavio
of the persistencelengh as a function of both the side-
chainlength andthe side-beadsize.It canbe seenthatthe
persistencéength exceedghe conour lengh of the bot
tle-brushbackborm, being a strong indication of the side-
chaininducedstretding, for structureshaving morethan
6 beadsof diameter3.0 perside-clain. The mostreliable

edimatesarethe onesobtainedfor the larger valuesof M
sincethenthe contribuion of the self-avading chaacter
of the backbore conformationis lessimportant Although
the exactscalingof the persigencelengthasa function of
M cannotbe obtainedfrom theseresults the datastrongly
sugeest,in this regime a scalingcloserto 4 ~ M%7 sug-
gestal by Birshtein and co-workes'” thanthe 1 ~ M*®
predictionof Fredricksort®.

The bottle-brushdiameter D, canbe defined astwice
theroot mean-squa averae of the distancebetweerthe
graftedbaclkbonebeadandtheendbeadof thecorresponed
ing side-cham. Howeve, important scaling information
canfirst be obtainedby looking at the closely relatedroot
mean-squae averageof theend-teenddistance,R,, of the
sidechans (in our notationthe graftedbackbonebeadis
notapartof thesidechair), shownin Fig. 4. Of coursethe

0.687

307 —o—Sizel : R _=1.00 *M
. 0.711
a5 —O—Size2:R =199*M A
—a—Size3 : R =3.04* M7
20 1 /
/A O
154 /
R ] /A o
O/ o
N O/ D/
5 o D/D/D/
EI/D/
0 T T T T
0 5 10 15 20

Fig.4. End-to-enddistanceof the side chainsof the bottle-brushstructures
asa function of the side-chainlength, M. The error barsare smallerthanthe

symbolsusedto presenthedata
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Fig.5. Theratio of the persisencelength, 1, overthe bottle-bushdiameer, D,
asafunctionof theside-chainlength,M. Insetshowstheratio asafunction of the
side-bad size for the largestbottle-brushesconsising of 50 side chainsof 20

beadsach

bottle-brushdiameer will showa very similar behavior
Thedatahavebeenfitted with apowerlaw equaion which
leadsto scding predicions R. ~ M%7 for side-beackize
1.0, R. ~ M®™ for side-beadsize 2.0, and R, ~ M®"*8for
side-beadsize 3.0. Sinceall the exponentsare consider
ably larger thanthe 3d Self-Avoiding Walk (SAW) value
of 0.588 it is clear that the excluded-volume effect is
operationalfor the structuresstudied. In particdar, the
exponergfor side-bed sizes2.0and3.0seemnto suggesa
leveling of to approximately 0.72, which happengo be
exactly the samevalue as predictedby Birshteinand co-
workers?. It is alsocloseto the2d SAW value of 0.75.

As pointedout before, the critical paraneterfor lyotro-
pic behavig is the ratio betweenthe persistencdength
and the bottle-brush diamete, which is presentedin
Fig. 5. Seweral striking observaibns canbe macke. Firstly,
theseresultsindicatethat, in the regimestudied,theratio
betweenthe persistene lengh and the botle-brushdia-
meteris almost a constantas a function of M. Futher
more, this constantincreasesteadly with anincreasen
size of the side-clain beads,being abouttwice as large
for the bottlebrusheshaving side-beds of size 3.0 than
for the structureswith side-beds of size 1.0. This beha
vior is illustratedin the insetof Fig. 5, which showsthe
ratio asa function of side-keadsizefor the largeststruc-
turesconsising of 50 sidechairs of 20 beadseach.

Basedon thereslts presented severl conclusionscan
be drawn. In geneal, as obsened before, the originally
flexible backbor of a bottle-brushcanbe stretchedcon-

siderally due to the excluded-volume interactons
betweenthe flexible sidechans. However in the regime
studed, the increasein the persistencdengthis of the
sane orderasthe increasein the diameterasa function
of the side-chain length. Therefore,in our freely-jointed
chan model, lyotropic behavia canrot just be induced
by using longer side chairs. By contast, increasng the
side-teadsizefrom 1 to 3 changedi/D from about1.9 to
3.9, which is still too small for nematic behaviar but
suggests that, dependiig on the precise topolagy (for
instanceadditional stiffness)of the side chains,it might
becanelargerthan10, thusenaling lyotropicity. In fact,
the resuts of Schmidt andco-workers= may provide an
experimental exanple. Finally, our results do indicate
that the length of the side chairs is not realy a crucial
parametey sincethe ratio betweenpersistene lengh and
diameer remainedhearlyconsantalreadyat very moder
atesidechan lengths.

Conclusions

In this paper the equilibrium confarmationsof isolated
molecular bottle-brushs consising of a freely-jointed
main chain of had sphereqbeads)grafted with freely-
jointedside chairs of hard spheresvere consideed. The
effect of the side-cham topology was studiedby varying
the size of the side-chainbeadsbetween1.0 and 3.0,
expressedn units pettaining to the size of the backbone
beads. Up to thelargeststructurestudied,a main-chainof
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100 beads and 50 side chairs of 20 beadseach,the ratio
betweenthe persistene lengh and the bottle-brushdia-
meterremaired apprximately constantas a function of
the side-chain length. On the other hand, the ratio
dependsstrongly on the side-beadsize, suggeshg the
importan@ of the side-chain topology Thesefindings
suggestthat in real bottle-brush systems the ratio may
becomelarge enoughfor lyotropicity due to the prope
side-chainchemisty.
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