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Single-chain simulations of densely branched comb polymers, or “molecular bottle-brushes” with
side-chains attached to eveigr every secondbackbone monomer, were carried out by off-lattice
Monte Carlo technique. A coarse-grained model, described by hard spheres connected by harmonic
springs, was employed. Backbone lengths of up to 100 units were considered, and compared with
the corresponding linear chains. The backbone molecular size was investigated as a function of its
length at fixed arm size, and as a function of the arm size at fixed backbone length. The apparent
swelling exponents obtained by a power-law fit were found to be larger than those for the
corresponding linear polymers, indicative of stiffening of the comb backbone. The probability
distribution function for the backbone end-to-end distance was also investigated for different
backbone lengths and arm sizes. Analysis of this function yielded the critical exponents, which
revealed an increase in the swelling exponent consistent with values found from the molecular size.
The apparent persistence length of the backbone was also determined, and was found to increase
with increasing branching density. Finally, the static structure factors of the whole bottle-brushes
and of their backbones are discussed, which provides another consistent estimate of the swelling
exponents. ©2004 American Institute of Physic§DOI: 10.1063/1.1651052

I. INTRODUCTION sequently reducing the salt to the metallic sfftédoreover,
the enhanced backbone stiffness of these molecules produces

Molecular bottle-brushes are comb polymers with a hightwo-dimensional local ordering on a surfdtend lyotropic
density of branches along the main chdor backbong  main-chain liquid crystald.A similar behavior was also
Typically, such polymers are obtained by polymerization offound in related systems where end-functionalized oligomers
an end-functionalized macromonontérand therefore they strongly associate to linear polymers through hydrogen
often carry a side chain per backbone monomer, so that Nngonds® The resulting system is akin to a bottle-brush where
flexible spacer is present between adjacent branch points. ffe side chains are held in place by interactions weaker than
such a backbone carries sufficiently long arms, it displays apgyalent bonds, and yet strong enough to induce mesomor-
unusual rigidity characterized by an enhanced persistenc&hic behavior in the melt up to at least 80 °C.
Ien.gtT,3 7despite -the int_rinsic flexibility of its chemical Schmidtet al.1'5’8provided many experimental results on
units: This stifiness 'S relate_d to the eXC|Uded_'V°|umebottle-brushes by light-scattering and atomic force micros-
interactions among the side chains, and therefore it depen%%py, and probed their use as templates for nanotechnologies.

on their length. Because. of th!s feature, amphlph|!|c molegu Some computer simulations were also carried out on these
lar bottle-brushes carrying diblock copolymer side chains . . 10.11 . 512

. . olecules, including both on-lattit®'! and off-latticé
were used as templates for producing gold nanowires an

. : ; methods. In particular, the MC simulations of ten Brinke
clusters by loading the inner blocks with HAuGind sub et al1? focused on the possible lyotropic behavior of these

systems, investigating the molecular aspect ratio, although
dAuthor to whom correspondence should be addressed. Electronic maibmy at a fixed backbone length. Theoretical analysis of this
fabio.ganazzoli@polimi.it . 3 ) }

http;//ISSUé has shown that the aspect ratio of bottle-brushes

YElectronic mail: edward.timoshenko@ucd.ie. Web page: : : ]
darkstar.ucd.ie should increase with the arm length slightly faster than pro-
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portionally, so that lyotropic behavior may be expected only

: h . . kBT 2 1
asymptotically. Earlier, the influence of branching on the be- H= —22 rij+ EZ V(rij), D
havior of comb polymers had been investigated by Birshtein 2671~ 171
et al,** through scaling methods assuming a roughly cons

, ! , Wwherer;; =|X;— X/, X; being the vector position of thi¢h
stant aspect ratio. We point out here that there is a substantigb 4 | Eq.(1), the first sum accounts for the harmonic
disagreement among the experimental, simulation, and the%‘prings between connected beads, indicatet-by, and the

retical studies concerning, for instance, the swelling expogecong one for the pairwise interaction potential. For a hard-
nent relating the molecular size to the backbone length. Th'§phere potential/(r) is given by

exponent was theoretically predicted to be the same as in

linear chaind>!* in keeping with some computer simu- +oo if r<d,

lations!! but in clear disagreement with other otfeand V()= 0 if r>d @)

with experimental resultsA similar disagreement was also ’

found for the swelling exponent relating the arms size towhered is the sphere diameter. With the definition of the

their length>1%13 spring constant in Eq1), the mean-square distance between
From a theoretical and computational viewpoint, mo-connected beads in a random walk(i§; , ;)=3¢2. In the

lecular bottle-brushes comprise a subset of branched polyollowing, we use the reduced unikgT=1 and¢=1, and

mers, for which generic techniques were developed by outaked={ as a convenient choice.

Milan and Dublin groups, irrespective of the connectivity of ~ We consider comb polymers witN,, backbone beads

the macromolecular architectut&}” In the past, we suc- andf arms, each comprisin§l, beads, evenly distributed

cessfully applied these techniques to studies of stars and dealong the backbone. It is useful to define the branching den-

drimers, both homopolymers and copolym&r$$*® Given  sity m=f/Ny, so that the total number of beadsNs=N,

that there are still open issues and some controversy abodtf-N,;=Ny(1+m-N,). Here, we study highly branched

the conformational behavior of molecular bottle-brushes, weeomb polymers withm=0.5 and 1 (neglecting the end

carried out an independent study of these systems. In particlpeads, indicated for brevity as low- and high-densityr LD

lar, in addition to a new estimate of the swelling exponentsand HD bottle-brushes. Note that fon=0 and forN,=0

and of the backbone stiffness, we investigated in detail botkve obtain a linear chain with the same length as the corre-

more advanced statistical observables, such as the probab#iponding comb backbone.

ity distribution functions(PDP and the critical exponents We employ the Monte Carlo method in continuous space

associated with them, and the static structure factors of thesing the standard Metropolis algorithm as described in de-

whole molecule or of its backbone, that may be directly com-ail in previous papers The procedure involves random lo-

pared with appropriately designed experiments after suitableal moves of a randomly selected bead with a minimum

labeling. To the best of our knowledge, a systematic study oflisplacement of 0.0%in € units) adjusted to achieve an ac-

these quantities has not yet been carried out so far. ceptance ratio of 0.5, which helps to avoid nonergodicity
A well-tested approach based on Monte Carlo simulaissues in the phase-space sampling. We carried out long

tions in continuous space is applied here to study flexiblesimulation runs ofQ independent samples, collecting a large

homopolymer bottle-brushes in a goddthermal solvent.  numbert of almost independent configurations after equili-

As we are interested in the generic features of bottle-brushebyration to calculate the statistical averages. Thkenfigura-

we use a coarse-grained bead-and-spring model, assumitigns were separated by a large number of sweeps¥, a

no intrinsic rigidity for the backbone or the side chains. Thesweep corresponding 1 attempted movesbut in principle

inter-bead potential is simply described through hard-sphereould still display residual correlations affecting the esti-

interactions, so that we indeed have an athermal systenmated standard errors. Let us denotefas i=1,2,...f, |

equivalent to a self-avoiding walk with the connectivity con- =1,2,...Q the value of the generic observallein the ith

straints. In the next section, we briefly summarize the modetonfiguration of thejth sample. If all theQt values ofA!l

and the simulation methodology, and define the relevant obwere uncorrelated, then the average valué efould be

servables and the procedure used to estimate their standard ot

errors. Afterwards, we discuss our results in termsipthe (A)= iz 2 Al

molecular size and its dependence on the backbone and arm Qti= =

length; (ii) the probability distribution function of the back-

bone end-to-end-distance and the relevant critical exponent

(iii ) the apparent persistence length of the backbone and the 1 o

molecular aspect ratidjv) the static structure factors of the d?(A)= — 2 E (Af —(A>)2

whole molecule and of the backbone. Qt=1 =1

gue dispersion of its distribution

and the standard error qi) 5A= \/o?(A)/Qt. However, if
there is any correlation between theonfigurations of th&
Il. SIMULATION METHOD independent samples, then there is a statistical inefficiency
s>1 such that actuallpA= /o?(A)-s/Qt. In order to esti-
We adopt a bead-and-spring model with a hard-spherenates, we group thet configurations of a given run if,
interaction potential to describe excluded-volume interacblocks, each comprising, configurations (=1, r,) and
tions (athermal solvent The system Hamiltonian is given by calculate the average
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FIG. 1. An example of the estimate of the statistical inefficieadyr three

LD bottle-brushes wittN,=5 beads per arm. The three cases correspond to

Np=10 sampled fort=1000 configurationgfilled trianglesg, and N,=70
sampled for a total of =1000 and 5000 configuratioempty and filled
circles, the number of blocks being in all cadgs=10. Here the observable
A is the molecular radius of gyration, whilg is the number of configura-
tions sampled in a blocksee text

123
I A.
Th izl !

and variance

(A)p=

Ip
?((A)p) = %;1 ((A)p—(A))2.
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® linear
1000‘ ) LD
A HD
ey
« -
S
100
10 100
n,
s linear
e LD
1001 o HD
N/\
=
Q
104

10 100

n,

FIG. 2. The mean-square backbone end-to-end distéRgeand radius of
gyration(Sﬁ} plotted as a function of the backbone lengtf for linear
chains(squaresand LD and HD bottle-brushgsircles and triangleswith
N,=5 beads per arm. The solid lines are the power-law fitting curves ac-
cording to Eq.(7), the best-fit parameters being in Table I. In all cases, the
error bars are smaller than the symbol size.

Upon increasing the block length, we expect the correlation

within each block to decrease so that((A),)~ 1/z,
for large 7, due to the central limit theorem. Therefore,
we can estimat® s from the relationship s
=lim [7,0°({A)p)/ c®(A)]. An example of such esti-

Th — + 00
mate is reported in Fig. 1, whereis the molecular radius of
gyration. All standard errors in the following were corrected
for statistical inefficiency according to this procedure.

The average quantities characterizing the molecular sizE general]

9, and the back-
), and radius of

are the mean-square interbead distan
bone mean- square end-to-end distan

tions of persistence length, we adopt the following one, in
terms of the projection of the backbone end-to-end veRtpr
on the generidth spring®

k
I E)e)rs: < Rb> :

may depend on the spring location within the

Mk k+1

®)

|rk,k+l| '
(k)

) X pers
main chain.

Finally, the static structure factor of the backbone is ob-

gyration, (S2), the latter being given by the mean-squaretained from the expressmn

distance of the backbone beads from their center of mass,

<Sb>—— 2 (rd) 3

2N2i ]

S(q) = E g(la)),

(6)

’QVI(Q)=<9XF[iQ'(Xi_Xj)]>

Analogous expressions can be used to characterize the arms,

with an a subscript, or the whole molecule, with no sub-
script.

Another important quantity, not easily accessible experi-
mentally, is the probability distribution functioer PDF of
the distance between the generic bead pairwhich is ob-
tained through the expression

1
gij(r):<5(rij_r)>:m<5(|rij|_r)>- (4)
In the following, we focus on the PDF for the backbone

end-to-end distance, wherg =R,

The chain stiffness is characterized through the persis-

2g,/(r) ”(qr) 3

— -
q being the scattering vectdg=|q|=4msin(@/2)/\, 6 be-
ing the scattering angle and the radiation wavelength
while the double sum is performed over the bead pairs of

the backbone. An analogous expression can be written for
the whole molecule dropping thHesubscripts.

Ill. RESULTS AND DISCUSSION
A. The molecular size

The backbone mean-square end-to-end distafi®

tence length along the backbone. Among the possible definand radius of gyratioS?) are shown in Fig. 2 as a function
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TABLE I. The fitting parameters of Eq$7) and (8) for linear chains and

LD and HD bottle-brushes witN,=5 beads per arm. The standard errors 1000
on the last significant digit) are reported in parentheses.

R2 2 2

(Rb) (sh) (rh 1004

—~
aR VR as Vs ajj vij ~k""”
Linear 3.046) 0.5882) 0.5706) 0.5701) 3.731) 0.577Q5) he
LD 2.805) 0.6782) 0.4388) 0.6742) 3.8233) 0.66391) 10-
HD 3.24) 0.70717) 0.515) 0.70311) 4.283) 0.70711)
1 10 100

li-4]

of the backbone lengtm,=N,~1 for the LD and HD FIG. 3. The mean-square distance between backbone bazpl)dplotted as
) s . . 3. -squ i
bottle-brushes at a fixed arm Iengma—S, In comparison a function of their topological separatidin—j| for the linear chainlower

W|th |Ineal’ ChaInS It can be seen that bOtﬂe-bI’UShES have @n’ve and LD and HD botﬂe-brushe@entrm and upper curve, respec-
much larger size than linear chains of the same backbonively) with N,=5 beads per arm. The backbone comprisgs 100 beads

length, the more so the larger is the branching density due t@nd_”;]e I$ta”i”9 bﬁadf_i? 20 éNb=70 alndi =fléai)” HDI bf:_tt'e-tl;]fuih The |
- - . traight lines are the fits to the power law o neglecting the terminal
the repUISIVe interactions among the arms that force théo beadg(15 in HD bottle-brushto avoid end effectgvisible as a slight

backbone to assume a slender shape. Of course, this effefynturn at largdi— j| due to the larger swelling of the central portians
becomes stronger both with a larger arm density, and witlThe best-fit parameters are in Table 1. In all cases, the error bars are smaller
longer arms due to their larger excluded volume. than the symbol size.

The data points in the figures cannot be fitted by theo-
retical equations valid for stiff chains such as the wormlike

. ) . more slowly. Moreover, these results produce again the large
model. Therefore, they were simply fitted with the power law y b g g

value of the swelling exponent of bottle-brushes.
2\ o 2% A recent lattice simulation studyappears to be in con-
(X%)=a,ny %, (7) i : ya
flict with our results. In fact, for similar backbone lengths

whereX is eitherR, or S,, andv, the corresponding swell- and branching density, a swelling exponenpt=0.588(65)
ing exponent. The best-fit values af and v, (solid lines in  was reported, equal to the Flory exponent of linear chains
Fig. 2 are reported in Table | with their standard errors.  (the value in parentheses is the standard error on the last

For linear chainsyp is equal to the current best theoret- significant digits. While lattice artefacts, which are known
ical and simulation results of the Flory exponéhf} while  to be difficult to deal with for branched systems, cannot be
vg is slightly smaller because it reaches its asymptotic valueuled out, the reported exponent is quite surprising in view of
more slowly. Therefore, the values in Table | may still be inour results, even in the presence of the large error margin. On
the crossover region. In fact, for finite chains the meanthe other hand, other lattice simulations using the bond fluc-
square radius of gyration can still be affected by topologi-tuation model yielded different results consistent with ddrs.
cally close bead pairs not yet in the asymptotic regime. Orin particular, for HD bottle-brushess was found to increase
the other hand, bottle-brushes show much larger exponentgith the arm length from 0.6Q) for N,=0 (linear chain up
(see Table)leven withN,=5 beads per arm only, while for to 0.975) for N,=64, with a value of 0.6@) for N,=4 that
shorter arms the swelling exponents are closer to the lineanicely agrees with our value in Table I.
chain value. It may also be noted that at short backbone Interestingly, our swelling exponents do reasonably
length both(R3) and (S) are smaller than the value pre- agree with the experimental results of Schmedtal® at a
dicted by Eq(7): this feature, particularly evident in the HD constant arm length. These results were fitted with the
bottle-brush, reflects a crossover towards a compact molecwvormlike-chain model, even though some discrepancies
lar topology somewhat reminiscent of star polymers. were apparent at “low” molar masses. However, we can ana-

Another interesting quantity is the plot of the mean-lyze the same data in terms of a power-law relationship in
square distances among the beatfﬁ as a function of their the “high”-molar-mass region either graphically, or by fit-
topological separationi—j|. Considering the backbone ting the wormlike curve employing Schmidt’s parameters.
beads, these plots provide a check of the swelling exponentslotably, we obtain an apparent exponent that increases from
because in analogy with E¢7) we expect a power law re- 0.60 to 0.63 up to 0.68 for arms with 28, 38, and 54 mono-

lationship mers, in fair agreement with our results.
2\ 2w 3 As for the arm length, the mean-square end-to-end dis-
(rip=ay-|i—j*" 8) tance(R2) can also be expressed through a power-law de-

with v;; equal tovg andvg in the long-chain limit. A typical ~ pendence on the number of borus,

result for linear chains and for LD and HD bottle-brushes (R2)=a . p2Vam 9

with an arm length oN,=5, is shown in Fig. 3, while the ar amTa

fitting results(solid lineg are reported in Table I. In all cases in analogy to what done for the backbone. We first point out
the exponentsy;; are consistent with those of the whole that most arms display a uniform size within a given bottle-
backbone. In particular, for linear chaimg lies betweervs  brush independent of their location along the main chain,
andvg, thus confirming thats reaches the asymptotic value apart from those close to the free ends, and independent also
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of the backbone length, suggesting that the interarm repul-
sion is essentially local. The best-fit parameters in(Epfor
an LD bottle-brush withN,=20 are a,,=3.24(4) and
vam=0.6083), slightly but significantly larger than the
linear-chain valugsee Table)l The increase of,,, above
0.5882) due to the interarm repulsions is much less than that
found for the backbone, but it agrees with the value (B0
previously obtained with the bond fluctuation modfeOn
the other hand, this exponent is not as large as the value of
0.682 recently found by other simulatiohsr the theoreti-
cally predicted® one of 0.75.

It should be stressed that our swelling exponents for the

bottle-brush backbone are apparent ones, bemg S“ghtly die‘—_IG. 4. The normalized mean-square backbone end-to-end distance of two

pendent on its length. This feature is particularly evident for_p pottie-brushes with different backbone length plotted as a function of the
the HD bottle-brush at smatl, (see Fig. 2, where the mol-  arm lengthN, . The normalization factofR2),, is the mean-square end-to-
ecules bear some similarity to star polymers due to theignd distance of the corresponding linear chain. The solid lines are the best-

if saturation curve$R2)/(R2) =1+ A[1—exp(—N,/B)] with fitted values
short backbone length. Thus, the exponents may chan " 0.277(6) andB—2.1(1) for the shorter, and\—0.89(3) and B

somewhat in the asymptotic limN,—c. In fact, general  —47(4) for the longer comb. The horizontal asymptotes are shown with
theoretical arguments suggest that thexponent of linear dashed lines.

chains and of comb polymers with finite side chains should

eventually coincide. These arguments rely on the observation

that for a fixed arm length the comb diameter, convenientlydensity, but we cannot extract general relationships apart
defined as 2R2)'?, is independent of the backbone lendth, from saying that they increase witt, .

as pointed out after Eq9). Therefore the ratio between the The saturation curves of Fig. 4 are certainly affected by
backbone contour length and the diameter divergesNfpr the short backbone length, which prevents an unbound in-
—», making the molecule akin to a linear chain. Accord- crease iR5) and produces an almost starlike behavior of
ingly, the influence of side chains can be described purely vi#he molecules at larglN,. However, though large, the
effectively renormalizing the persistence length of an equivaPresent values still indicate a coiled backbone conformation
lent linear chain. Clearly then, a semiflexible chain wouldWith some apparent stiffening. While the backbone behaves
become totally flexible if the number of links tends to infin- @S @ coil at scales beyond the persistence length, it does not
ity but the persistence length remains finite, andvould ~ compare to a semiflexible linear (_:hain of the same persis—
eventually be 0.5882 for both topologies. A rigorous proof oft€Nce length, as said befo.re.. For instance, confor_matlons of
this argument could only be obtained by an accurate renofhe latter would never exhibit any sharp tumns, which would
malization group study, but this task is not easy, given thaPe energetically rather unfavorable, whereas our Hamiltonian

one must somehow retain the finite arm length. Moreover, i10€S not really penalize the backbone for doing a few sharp

is possible that the effective semiflexible linear chain ideaUMs: Thus, a semiflexible linear chain is not fully equivalent

may be somewhat flawed due to nonlocal effects mediatelf the comb backbone.

by the arm volume interactions. On the other hand, our re-

sults suggest that in bottle-brushes with a very large branchs the probability distribution functions

ing density such limit might only be reached for huge back- N o ) )
bone lengths, well outside the experimentally accessible 1he Probability distribution functioiPDF) of the dis-

range. Therefore, while the above limit is of great interest@nces among the bead paigg(r), was defined in Eq(4).
academically, it may be irrelevant in practice. For convenience, we report it in the reduced dimensionless

We now consider the dependence of the overall molecuf-Orm

lar size on the arm length, for a fixed backbone length i (H=(ri)¥g;(r), T=r/(rf)¥2 (10
N,. We report again results obtained for the mean-squar
end-to-end distance of the backbo®R?2), using short LD
bottle-brushes wittN,= 10 and 20 beads. The results shown
in Fig. 4, normalized by the corresponding linear-chain value to o n A T an A 1

(R2)n, indicate that the interarm repulsions significantly in- fo dF P2y (7) = JO di 74g;;(7) = o (12)
crease the molecular size with increasihg, up to an _
asymptotic constant value, with a corresponding backbonid/e focus here on the reduced PDF of the end-to-end dis-

stiffening. The data points can be fitted by the saturatiorfnce: ir_1dicated E_lgR(r)' This function is shown in F_ig. 5
curve, (RA/(R2)n=1+A[1—exp(—N,/B)]. This expres- for two linear chains and two LD bottle-brushes of different

backbone length. In keeping with previous theoretical and

fh this way, the reduced PDF satisfies the double normaliza-
tion conditions’

sion correctly reduces to unity foi,=0, while A gives the

; ; 7,22-24 : ; ;
relative increase ofR2) over(R2);i, in the asymptotic limit. ?n:utliatr:on results; we fitted the data points with the
The fitting parameteré& and B, reported in the figure cap- unctio

tion, depend on the backbone length and on the branching gg(f)=Ay-fY0exp —By-1%). (12
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of 2.422). Moreover, we checked that within the statistical

0.20 - i i L
Linear chains accuracy, it is also equal 6, (end-to-center beadand 6,
0.15. X N,= 50 (center-to-center beads in keeping with theoretical
NG + N, =100 predictions?® Using for & the relationship
0.10 S=(1-v) ¢ (13
0.05 - we obtain a new estimate for the Flory exponent,
v=0.5874), in excellent agreement with what obtained by
0.00 -x , . TH%i0uene0enene the power-law fit of Eq(7) to the mean-square end-to-end
00 05 10 15 20 25 distance(see Table)l As for 9, it weakly depends on the
7 backbone length and cannot be unambiguously extrapolated
to an asymptotic value. However, the value for the long lin-
0.20{ LD bottle-brush N, ear chain with 100 beads is in good agreement with the the-
X 50 oretical value 0.27®).?! From 9, (see Table I, we can
0154 f + 100 estimate the critical exponent Two relationships were ob-
g, (") tained for flexible linear chair’s,?*
0.104 /. .
YA~
Vo= , 14
0.05] [ £ oy (14)
! 3v—yg—1/2
0.00 . , . _ B "
00 05 1.0 15 20 25 Yo 1-v (14)

r The former expression is the short-distance version, relevant
FIG. 5. The probability distribution function for the end-to-end distaRge ~ t0 describe the contact probability density, whereas the latter
of a linear chain withN,=50 and 100 beads and for an LD bottle-brush one applies to the long-distance tail of the PDF, which is
with two backbone lengthsN,=50 and 100 beaglsand an arm length of obtained more accurately by our simulations. In tusn,

N,=5 beads. The data were obtained with>dBP and 3.0< 10° indepen- : g N
dent samples for the linear chain, and withX¥ 20" and 2.0< 10* indepen- yields the number of self-avoiding wallgs, for a chain with

dent samples for the LD bottle-brushes. The solid lines are the fitting curve§ Segments if— ),
obtained with Eq(12) with the parameters reported in Table II. _
Z,~Zn" 1y (Z,u=cons). (15)

Using the fitted values off, and v, given by Eq.(13), we
obtain two different values oj via Egs.(14') and(14"), with
q7A weakly decreasing anglg increasing with chain length.
However, for the largest chain, the values match within the
standard error, close to the theoretical valug=1.1602).
Additionally, for linear chains our values df; and, (end-
to-center and center-to-center beaale 0.471) and 0.842),

In principle, gr(t) is expected to follow a simple power-law
dependencg at smallt [gr(F)=r %] reflecting the correla-
tion hole at the origin due to the self-avoiding condition, an
a power-law times a stretched exponentf@g(r)or o
-exp(—By-r%)] at largerf, the &, exponent being somewhat
different in the two limits. However, in practice the single

Eq. (12) provides an excellent picture of the overall behavior o : . .
A 700 o - again in close agreement with previous simulatiand the-
of ggr(r).*"““ Here the 0 subscript is meant to indicate theOretical resylt2426

backbone end-to-end distance, following des Cloizeaux’s The PDE for the backbone end-to-end distance of LD

notation®* while 1 and 2 subscripts are used to indicate the e-brushes display a maximum at lardetthan linear
end-to-center and center-to-center distances. Due to the nor: play ge

malization conditions, the constang and B, have known chains, and become broader, but their overall shape is quali-

expressions, but are treated here as fitting parameters just tastn{ely S|m|Iar ' arjd 'S again We". reproduced by HA42) .
RN (asolld curves in Fig. b The best-fit parameters reported in
Yo and &, for simplicity.

For linear chainsg, turns out to be independent of the Table Il show that boths, and ¥, are larger than in linear

backbone lengtlisee Table If, and takes the average value chains. Assuming that Eq$13)_ and (14) also apply _to the
comb backbone, we can derive the apparent critical expo-

nentsv and y shown in Fig. 6. The swelling exponemt
TABLE II. Exponents of the PDF for linear chains and LD bottle-brushes much larger than for linear chains, is fully consistent with the
with N,=5 beads per arrfisee Eq.(12)]. The standard errors on the last yalue previously found for the power-law dependence of the
significant digit are reported in parentheses. backbone size. Again, this exponent weakly depends on the
Linear LD backbone length, and when plotted veré\l@l [see Fig.
6(a)] it can be linearly extrapolated foN,'—0 to an

No % o % o asymptotic value of 0.738), even larger than that found for
10 2.423) 0.394) 2.624) 0.644) finite chains(see Table)l From 9, and Egs(14) we derive

38 2.413) 0.383) g-%‘éi; 8-3;(2; two values ofy that show a different dependence Np [see

0 2.412) 0.322) 3_'17(6) 0:80(5) Fig. 6b)], and do not converge to a common value. There-
100 2.452) 0.262) 3.339) 0.41(6) fore, no extrapolation foN,—c can be attempted, and the

asymptotic value ofy for bottle-brushes requires further
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0.72 0204 LD
a) bottle-brush
s 0.154 N,
-05 5 (F = 0 (linear
g, (lincar)
Y 0.10 e 2
R a 5
0.64 0.05+
J
bottle-brushes X 0.00-s . . .
0.60 , . 0.0 0.5 1.0 1.5 2.0 2.5
0.00 0.04 0.08 0.12 .
1/N, iz
FIG. 7. The probability distribution function for the end-to-end distaRge
1.6 {/-{- b) of a linear chain and two LD bottle-brushes with different arm lengths and a
\% ’YA backbone withN,=20 beads. The data were obtained with>1@°, 5.0
T X 10%, and 3.6< 10* independent samples, from top to bottom, and the solid
>f lines are the fitting curves obtained with EG2).
T 144§
> ik }
12 / B backbone stiffening induced by the interactions among the
: T/g(/l side chains which increase with the arm length.
X
T
Lo LD bottle-brushes

C. The backbone persistence length and the molecular

20 40 60 80 100 aspect ratio

N

b The average projection of the end-to-end ved®gron

FIG. 6. (a) The Flory exponenvy extracted via Eq(13) from thesexpo-  the generidkth backbone spring yields the backbone persis-
nent obtained by fitting the PDF in Fig. 5, plottedNi§ . The values apply  tence Iengthg‘e)rs[see Eq(5)]. This quantity is plotted vk in

to LD bottle-brushes wittN,=5 beads per arm and were fitted neglecting Fig. 8 for linear chains and LD bottle-brushes of different
the right-most data point. From linear extrapolatiori\tpl—>0, we obtain g.

vr=0.706(7).(b) The critical exponent extracted via Eqs(14) from the |ength- Due to the greater freedom of the free emtgs is
fitting 9, exponent of the PDF in Fig. 5 plotted %, for the same bottle-  larger for inner springs, where it develops a well-defined
brush as in pandla). The solid curves are drawn as a guide for the eye. plateau. The average plateau value defines the effective per-
sistence length ¢, Which increases with the backbone
length, whereas in ideal models it is a local property inde-
study. We have also analyzed 'Fhe PDF of the distance; "b‘endent of molar mass. Thuseis affected by excluded-
volving inner backbone beads in the LD bottle-brush withy,q)yme interactions among topologically distant beads, but it
N, =100 backbone beads aht{=5 beads per arm. The data pgvides nonetheless a good measure of apparent stifiness. In
were again well fitted by Eq12), producing the exponents Fig. 9, | ersis plotted as a function of the number of back-
91, 6, (end-to-center beagi|nd 9, &, (center-to-center pone springsn,, for linear chains and LD and HD bottle-
bead$. The resulting values are’,=1.21(5) and ¥,  pryshes at a fixed arm length showing the larger stifiness of

=1.9(2), showing a pronounced widening of the correlation pottje-prushes. Moreovel,e,s does increase with increasing
hole, with an upward curvature at smalunlike that found

for the end-to-end beads. As for theexponents, we ob-
tained 6,=3.18(5) ands,=3.049), which are not signifi- 10
cantly different and are both very close &g (see Table ),

suggesting that they may attain a common value just as in 8 f*yyﬁﬂﬁ%}gg

linear chains. 1K) %
Finally, we note that the}, exponents of Table Il imply pers 64 LD bottle-brush A

that the detailed shapes of the PDF curves for linear chains w*g %

and bottle-brushes reflect quantitative differences basically 4-? Jop I W X’ff%s

related to the width of the correlation hole at the origin, linear -

which depends both on the branching density and on the 21 *

arms length. In fact, Fig. 7 shows that the maxima shift to 0 ° N,=30 * N,=100

larger d_lstances upon increasing the arm Ien_gth, with a wider 0 20 40 60 80 100

correlation hole that would be even larger if we ugeith- k

stead off =r/(RZ2)*2 due to the increase dfR2) with in-

creasingN,. The shift of the maxima brings about also a FIG_. 8. The persiste_nce Iengt[jgrsobtained through E_c{5) for the linear

peak sharpening, so that the distribution of the enci_to_enaham(lower data pointsand the LD bottle-brushes with,=5 beads per

di b ’ ith ller fi . m (upper data poinjsas a function of the spring locatiok within the
Istance becomes narrower, with smaller fluctuations aroun ain k=1 andk=N,—1 are the terminal sprindor different backbone

the average value. This feature is consistent with an apparefhgths.
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FIG. 9. The persistence length., given by the average plateau value of
the data in Fig. 8, plotted as a function of the number of backbone sprlnggIG 10. The ratio Prusty

pera! | pers Plotted as a function of the number of back-
ny for linear chains and LD and HD bottle-brushes wN=5 beads per 56 gpringsn, for LD and HD bottle-brushes. The solid lines are the
arm. The power-law fit for linear chains, according to Eg), is shown

best-fit f Eq(1 ith A=0.6(2), B=1.5(1), C=19(5) for LD,
with the solid curve. No satisfactory power law holds for the bottle-brushes ezAl gu:;\(/j)s g 20|(7(2)WIC 15(5) f(or)HD bottl(e zjrushes( ) for
whose data points are smoothly connected by dashed lines as a guide for the
eye.

arm size similar to the increase f,sin Fig. 9, possibly to
branching densityn at a fixed arm length, (see Fig. 9 but  an asymptotic constant value. The aspect ratio is larger at
also with increasing\, at a fixedm andn,, to a constant larger branching density, but it barely exceeds unity. Recent

value (results not shown simulation$? reported a persistence length strongly increas-
Interestingly, for the linear chainyeshas a power-law ing with the arm length, but with an aspect rakjg,/D that
dependence ony, was constant for flexible side chains, and sharply increasing

(16) for stiff arms. It should be remembered here that when the
aspect ratio exceeds a value of 10 in a semiflexible chain,
wherea=1.61(8) and¢=0.181), confirming that it is in-  lyotropic behavior is predictet?’?®Clearly, no such behav-
deed affected by excluded-volume interactions. In fact, conior is expected with the present simulation parameters.
sidering that for linear chains with a contour lendgthr | ¢ In this context, however, it should be pointed out that the
we have (R2)=2LI,s we obtain(RZ)=3.22(8) n”§, definition of I e,sis by no means unique, and different defi-
where both the Flory exponemk=(1+¢)/2=0.59(1) and nitions or different ways of calculating it from simulation
the prefactor agree with the parameters of Table I. On theesults may lead to rather different values. For instance, ten
other hand, no satisfactory power-law relationship holds foBrinke et al!? initially attempted to estimatg, s by fitting
bottle-brushes, while for instance both an exponential satuthe calculated radius of gyration to the wormlike expression,
ration curve and a logarithmic-growth curve reasonably fitthus obtaining values quite similar to ours. However, they
the data points, possibly showing crossover effects due to th&lso obtained a different value from the plots of the correla-
limited range ofN,. However, if we normalize the bottle- tion function (cosd;) of the bond angles formed by the
brushes persistence lengths through the corresponding linebackbone segments as a function of their topological separa-
chain, the resulting ratuﬂﬂ:*ﬂ'r',’;rsshows a saturation behav- tion. Under the simplifying assumption of a simple exponen-
ior (see Fig. 1@ This ratio is larger than unity, indicating an tial decay, at least for not-too-close segments, this procedure
increased stiffness due to the interarm repulsion, and is well
reproduced by the functional form

I pare= A+ B[ 1—exp( —n, /C)] (17) 1.2

for both bottle-brushes. The very existence of a plateau for Lo /%

this ratio indicates that the effect of the good-solvent expan-

sion onl ,¢sis asymptotically the same in linear chains and in

bottle-brushes. In turn, this behavior suggests that the addi-

tional backbone stiffening in bottle-brushes compared to lin- 0.6+ /‘ / LD
o)

— 3
Ipers_ a-ny,

. /D
pers
=
\
==
\§

ear chains is basically local, and accordingly, the same

asymptotic behavior and Flory exponent should eventually 0.47¢

be attained. : . : . .

We additionally report in Fig. 11 the aspect ratio, defined 20 40 60 80 100

aslyer/ D, WhereD is the molecular diameter, taken as twice n,

the average root-mean-square end-to-end distance of the

arms. i.e.D= 2<R2>1/2 Because of the uniform value of FIG. 11. The molecular aspect ratig,/D, D being the molecular diam-
o T ar . eter, plotted as a function of the number of backbone spmgdsr the LD

<Ra> me_nt'oned befpre., and hence Df the aspect rath and HD bottle-brushes at a fixed arm lendth=5. The solid lines are

steadily increases with increasing backbone length at a fixedrawn as a guide for the eye.
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log V,-S,(9)

-1.2 -0.8 -0.4 - 00
.. 1
i %84

FIG. 12. The average cosine of the angle between thbackbone springs
plotted as a function of their topological separation mediated over all the
positions of the first spring according to E48) for the linear chairfbottom

data and for the LD bottle-brush with,=5 (in both casesN,=100). The
solid lines are the best fits obtained with a simple exponential in the range
10<|i—j| <30 for the linear chain, and ¥Qi —j| <40 for the LD bottle-
brush.

g-SH'""8(q)

yielded much larger values bf,s. Accordingly, we adopted

the same procedure, and calculated the same correlation
function, averaged over all the possible positions along the
backbone, through the expression

np—li—il
® 2 18 FIG. 13. (a) The static structure factor due to the backbone only plotted as
nb—li _]| = <ui uj>' ( ) Np-Sy(g) vs q in double logarithmic scales for the linear chdiotted
curve, and the LD and HD bottle-brushésolid and dashed curvesvith
where u;=r; /|ri| is the unit vector associated with thih Na=5 beads per arm and a backbone V\NEITSO beads. The. thin dotted
spring. The plot OKCOSﬁij> versus|i —j | is reported in Fig. lines are the best fits to the power I&y(q)eq~ *". (b) The static structure

. . . factor for the linear chain and the LD and HD bottle-brushes plotted as
éz_ fEr a Ilnle?zr chain and an LD bottle-brush. Following tenq<82>uzs(q) as a function ofg(S)“2 The two curves below the dotted
rinke et al,

we fitted the linear portion of the semiloga- curve of the linear chain show the structure factor of the whole bottle-
rithmic plot to a simple exponential, expf] —j|/|per9, thus  brushes(all beads are scattering centerand the two curves above it the
obtaining a different estimate df The best-fit lines. Structure factor of the backbone orftyie arms do not give any contrast with

) Tpers: . ' the solven), (S?)*? being herg(S2)Y2
shown on the plots, yieldetl,es=12.2(4) for the linear
chain, and 14.@) for the LD bottle-brush. Though clearly
dependent both on the assumed exponential decay and on the

fitting range, both values are much larger than those previz—ire 0.587) for the linear chain, 0.70€3) for the LD and

ously obtained, and in full agreement with previous restits. 0.781) for the HD bottle-brush. Such values well agree

We finally mention that we are presently carrying out new\l;\"t.h thosle rtla'pﬁ;tetlj n Ta}bletrll o:_'gxtt:aglolaged rf1rom Fig. 6,
simulations of LD bottle-brushes with the arm beads having €ing only slightly farger for the | ottie-brusn. -
A different display of the static structure factor is shown

a diameter twice as large as the backbone beads. PrellmlnalrrY Fig. 13b), where we plotg(S2)25(q) as a function of

results indicate larger persistence lengths, equal to(34.5 NI o
. . g({S°)*'* considering both the whole molecule and the back-
using our former procedure or to 1714 using the latter one. bone only. For the whole molecule, the LD and HD bottle-

It is thus possible that by modifying the microscopic model, . S
for instance by introducing an intrinsic backbone stif“fnesserShes display a sharper peak than the corresponding linear

and/or increasing the bead diameters we may reproduce tr%‘;';‘ :gflt);]gl:)?atr?cghgo'i?ﬁ;eﬁfﬁ gr?lgcgn:;?;g)rn dci)f];errr(]e%rc]:z_
rved lyotropic behavior of bottle-brusHés. : . . .
observed lyatropic behavior f hottle-brusfis between the two bottle-brushes in spite of the different

branching density. Conversely, the structure factor of the
bottle-brushes backbong,(q), is larger than for the corre-
We finally turn to the static structure fact&(q). Note  sponding linear chain, owing to the greater expansion and to
that, experimentally, if the side chains do not provide anythe backbone stiffening. In this case, some difference be-
contrast with the solvent, one can measure the backbort&een the two bottle-brushes is apparent. The format of Fig.
scattering onlyS,(q). Hence, we report this quantity in Fig. 13(b) was chosen because at lagysuch thag - | ,e,s> 1, stiff
13(a) for a linear chain and LD and HD bottle-brushes with chains should display a rodlike behavior, wiiq) propor-
N,=5 beads per arm, as a function @fin a double loga- tional toq~?, so thatq- S(q) should decrease to a constant
rithmic plot. At largeq, we expectS,(q) to scale asS,(q) value. No such behavior is obtained from our simulations
«q~ 1", as indeed manifested by the best-fit lines, providingdown to the shortest observation distance, roughly corre-
an additional estimate of theexponent. The resulting values sponding to the average spring length. This result is consis-

(costj) =

D. The static structure factor
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tent with the relatively small persistence length previouslyOn the other hand, the static structure factor of the backbone
discussed, and indicates once more that, with the prese®,(q) does not become proportional tp %, q being the
parameters, our bottle-brushes do not follow the wormlike-momentum transfer, unlike what expected at lagder stiff
chain behavior. On the other hand, such behavior for thehains and what has been observed experimentally by neu-
bottle-brush backbone has been experimentally observed hliyon scattering. Moreover, the backbone stiffening with a
neutron scattering in a pdighlorovinyl ethej grafted with  constant molecular diameter at a fixed arm length increases
polystyrene using matching conditions for the side ch&lns. the molecular aspect ratio, which however is not large
While our bottle-brushes are probably too short for a direcenough as to suggest a lyotropic behavior, unlike what is
comparison, we believe that our choice of the same beafbund experimentally in some cases, possibly due also to
diameter for the backbone and for the arms, as well as thpacking effects. On the other hand, by changing the model
lack of any intrinsic backbone stiffness yields a larger flex-parameters such as the bead diameter ratio for the backbone

ibility than observed in Ref. 29. and the side chains, as well as by adding an intrinsic bending
potential, we can achieve a further stiffening of the back-
IV. CONCLUDING REMARKS bone. We hope to address these issues in a future work.
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