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Strongly adsorbed comb copolymers with rigid side chains
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9747 AG, Groningen, The Netherlands
2Institute of Petrochemical Synthesis, Russian Academy of Sciences, Moscow 117912, Russia
(Received 8 November 2000; published 22 May 2001

We study the conformational behavior in a plane of a comb copolymer molecule, consisting of a semiflexible
backbone and rigid side chains interacting via a van der Waals potential. Using a mean-field approach, two
different regimes are distinguished depending on the strength of the attraction between the side chains. In the
weak attraction limit the side chains are oriented preferably perpendicular to the backbone. The persistence
length N of the comb copolymer molecule scales as the second power of the length of the sidé:ckain
«L2. In the strong attraction limit all side chains become strongly tilted and the persistence length scales as
MocL4. The nonlinear bending regime is also studied and characterized by a change in structure and a decreas-
ing moment of bending force as a function of curvature, i.e., bending becomes easier.

DOI: 10.1103/PhysReVvE.63.061805 PACS nunier61.25.Hq

[. INTRODUCTION lations, this 2D confinement increases the stiffness of the
molecule even furthef15]. More excitingly, however, the
Comb copolymer molecules continue to attract consider2D confinement was shown to lead to unexpected spiral-like

able interest. It is usually implicitly assumed that comb co-conformations[22]. This problem was addressed theoreti-

polymer molecules consist of a flexible macromolecular®@y [23] and by computer simulation20] and a frozen

backbone densely grafted with flexible side chains. Due t@Symmetric distribution of side chains was put forward as a
the development of new synthetic methodologies, these sy£°Ssible explanation. Similar effects were examined a few
tems are indeed currently attracting a lot of attentjai years ago for linear chains, where as an intermediate state in

However, equally interesting representatives of this type othe cc(;il.- glgguéi transi.tiolr[;fS] tofroid;l strl;lcturesf czn be
molecular architectures are side chain liquid crystal poly-orm,e in 3D[ ]o.r spirals if confined to a a_t sur'aé 5.
mers, i.e., flexible backbones densely grafted with rigid sigdn this case attraction between the monomeric units was held

chains(usually via a spacgf2,3], and hairy rod polymers, '€SPonsible. . . . .

ie. a(rigid zackbong dsa[selgl grafted zvith fﬁaxi)éle side The pOSSIbI|.Ity _that attraction between side chains might
chains[4]. Additionally, recent developments have demon-a_ls‘0 Ieaq to sp|_raI|ng of comb copolymer_s has. hot been con-
strated that comb-shaped polymer-amphiphile Supramo|§|dered in deFall yet. The present work is a first attempt to
ecules, where the side chains are attached to the backbonR ‘i'y theoretically the mfluence of qttracﬂon between side
(flexible or rigid) by physical interactions such as hydrogenC ains on the c_onformat|onal propertles_of comb copolymer
bonding, ionic bonding, coordination complexation, etc., 0f_molecules confined to a plane. To obtain a tractable model

fer a unique concept to design functional polymeric materiald/€ restri(;t ogr_selv_es to a semiflexible backbone densely
[5-10]. g P g poly grafted with rigid side chains. The model should, however,

The conformational characteristics of isolated comb Co_equally well apply tp t.h.e case of Se”?‘f'eX‘b'.e side 'chains
polymers consisting of a flexible backbone and flexible or:"”th ﬁ‘ length not significantly exceeding their persistence
ength.

rigid side chains have been studied in detail. In particular, .
g P In Sec. Il the effect of the strength of attraction between

the possibility to obtain cylindrical brushlike conformations ide ohai heir ori . il be di d
in dilute solution has been addressed. Several theoretical arﬁlae side chains on their orientation will be discussed assum-
ing a straight comb copolymer brush, i.e., a straight back-

computer simulation papers discugkl—17 the effective . ;
elasticity, induced by the steric repulsion between Sidé:)one. Itis ShOW’? thatahlghly condensed state should_appear
for large attraction energies. In the subsequent section the

chains. It was shown that the persistence lengtf a comb ibility of the backb i introduced and the stability of
copolymer increases strongly as a function of the side chaiFLeX' ity o the backbone IS introduced and thé stability o
the straight conformation with respect to bending is exam-

length and grafting density. This induced stiffness is of in-; . . . . . o
terest because it could imply that for a suitable choice O]med. Dlﬁerent regimes of persistence behawor are identified
parameterge.g., side chain length, grafting density, solventand thg pos'5|b|'llty of globulelikéfolded, spiraled, etg.con-
quality) a nematic solution might be obtained. The existingformatIons is discussed.
experimental data indicate that in practi¢e.g., poly-
(methacrylate backbone with oligo methacrylates side
chaing indeed very stiff cylindrical brushlike structures are  We consider a comb copolymer molecule confined to a
formed[19]. plane and model it as consisting of a semiflexible backbone
Atomic force microscopy studies of comb copolymer cy-with persistence length, and rigid side chains. The side
lindrical brushes address the two-dimensiof2dd) shape of chains are rigid rods of length and widthd, equidistantly
the moleculeg21,19. As demonstrated by computer simu- grafted on both sides of the main chain, alternately pointing

Il. STRAIGHT COMB COPOLYMER MOLECULE
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FIG. 2. Test rod and its nearest neighbors for a straight comb

FIG. 1. Schematic representation of a 2D comb copolymer mol_copolymer molecule.

ecule. . . — .
small corrections to the system properties. Limits of applica-
“up” and “down” (Fig. 1), with a distanceb between two bility of this approxima'gion will be discussed belo'w. .
consecutive rods at the same side of the backbaleh( . Weak_ attractlc_m limit Let .fi(a) d_enote_the orientation
<L). We do not allow flipping over from one side of the dlstnbutpn function of the side chain. Her;r 1,2.denotes
backbone to the other. The effect of flipping will be dis- the two sides of the backbone afids the orientation angle

cussed briefly in the Concluding Remarks. Two types of inN the plane of t_he moleculesee Fig. 1

teraction between the rods are considered: steric repulsion " the mean field approach the free energy per rod can be
and van der Waals attraction. The attraction potentizd expressed as

unit lengthis modeled by the inverse sixth power lam

units ofkgT) F=%E jdefi(a)ln[fi(e)]Jr%E Jdafi(a)ui(a),

u=— 6—6 . (2.1)
r whereU;(0) is the interaction energy. In the present model it

Th i s th f attracti comprises hard core repulsion and van der Waals attraction
€ energy parameter represents the energy ot atlraClion panyeen 3 test rod and its nearest neighbbixed in their

between two small spheres of diametgrtouching each . P ; . .
. . . ver itiong; (i=1,2 i in Fig. 2:
other. If only steric interactions are important, the presencé’1 erage positions; ( ,2) as depicted 9

of many rigid side chains leads to a stiff cylindrical comb

; . uatr(e T<<o
copolymer brush, particularly in 2PL5-17. Therefore, we iui(g):[ (0 @i _ @i (2.4)
will restrict the discussion first to a straight backbone and kgT © otherwise.
devote the subsequent section to the bending elasticity of the ) .
molecule. From equation$2.3) and(2.4) we obtain the general expres-
Generally, the free energy of this complex molecule carfion for the free energy functional of a test rod in units of
be written as a sum of three terms: kgT
— + +
F=FootFsctFop-sc. 2.2 2F=f“’jdefl(e)mfl(ewJ“’fdafz(e)mfz(e)
HereF,, is the free energy of the backbofiee. of a semi- a1 “2
flexible chain with persistence lenghity), F refers to the 0T oF
side chains and includes both an entropy part and the inter- + | 2dofi(0UTT(0)+ [ 2dof(0)UST(6).
action between rods, and finally a cross tdfgy_s. repre- “ “2
senting the interaction between the backbone and the side (2.5
chains. We will assume th#t,,_ s.<Fs; and henceforth the o ) o
third term in Eq.(2.2) will be neglected. The distribution functiond;(6) are found by minimization,
We assume each rod to have complete rotational freedon®F/ of;(6) =0
apart from excluded volume constraints, in the plane above 1
or below the backbone. In practice, this can be realized by S _yjattr
adding a spacer between the backbone and the mesogenic fi(0) Z exi —Ui ()], 2.6

group representing the side chah3].

We start our theoretical consideration from tiveak at- whereZ; is the normalization factor.
traction limit where steric repulsion plays the main role and The free energy per rod follows from Ed2.5) and(2.6)
the van der Waals attraction between the rods causes onénd can fore small (weak attraction limit be written as

061805-2
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F=3(F1+Fy),

8 b sig
5[ sin(¢;) — d/b]?

«| 14 [sin(e;) ]+ '

Sinngi

t this point we should discuss the range of applicability of

he expansior(2.11). In order that it can be truncated after
e first term, sing)—d/b should be small. This condition

b _ d\ 3mediL 1
Fi:—InE—In sm(goi)—B

1 R
Fi=—In(g; — @;)+ﬁf“j U (e)de. (2.7
Pi — @i Yo

(2.11

As mentioned above, the attractive part of the potential isA
modeled as the well-known van der Waals attraction. In th
simplest case of two dielectric spheres it scales as the six

power of the distance. Also the interaction energy of twoCan be satisfied if we assume thifb=1— 62/2, where s

parallel |nf_|n|tely Io_ng thin rods_c_an be computed analyt|-<1 is a dimensionless small parameter. In this case the
cally. The intermediate case of finite nonparallel rods can be

considered only asymptotically if their length strongly ex- anglese; should be close tor/2, which implies that
ceeds the distance separating their central axes. This requires 52
the strong inequalityp<<L, which is assumed to be satisfied sin <pi:1—yi27, (2.12
in the present model.

Here we are interested in the attraction between tw
neighboring side chains, grafted on a straight backliite
2). The van der Waals attraction energy in this particulal
case has the relatively simple folreee AppendiXA5)]:

Q/vhereyi (—1=y;=<1) is a new parameter. Now, the second
term between square brackets in E2}11) is proportional to
'6* and can be omitted in a theory with accuracy upsto

For the straight symmetric brush both sides of the back-
bone are equal implying that; = ¢, (or y;=Yy,). Therefore,

attr, . 3TE d’L 1 1 1 1 combining this fact with Egs(2.12, (2.11), and (A6) one
Ur()=- 8 b5 Sirfo; 8x; (1—x)* - (1+x)* obtains the final expression for the free energy of the straight
' ' ! (2.9  comb copolymer molecule
, b&? 3me diL
with - N — — —y2)_ il 5,262
Fo In 3 In(1—y~) 8 oo [1+35y°567].

_Lsin(6-¢;) (2.13
' bsing The behavior ofF, can be studied by finding its minima.

Depending on the magnitude ef one or two minima are
In Eq. (2.8) end effects are neglected and the potential therepresent. The minimum at=0 is important in the regior
fore decreases as the fifth power of the distafsme Refs. <e€* (weak attraction, where

[26,27).
Next, the functionU2""(4) will be expanded in a series & _ 8 b (2.14)
around the pointp; 157 L(1—d/b)’ '
o attr It corresponds to all rods oriented preferably perpendicular to
Ugttr(e)zugttr(¢_)+_07 ui (‘Pi)(a_(P.)ZJF._. the main chain.
! : Y2 962 ! ' The existence ok* clarifies the exact meaning of the

(2.9 weak and strong attraction limits. Ferx e* attraction can
only shift slightly the quantitative characteristics of the mol-

where the first derivative term is absent becaus€Cule whereas qualitativelyscaling laws, conformations,

JUR(£)/a6=0 by definition of ¢;. Substituting Egs. etc) they remain S|mllar to the c_orrespondlng ci)mb copoly-

(2.9 and (2.9 into the free energy2.7) and taking into mer m_olec_ule_ with steric repulsion only. .FGFE (st_rong

account that the anglas® and ¢ for a straight backbone attraction limiy the picture changes qualitatively. Figure 3
1 I

4 ) presents/ found from minimization of Eq(2.13 as a func-
can be found from simple geomettyee Fig. 2 tion of e. The result is a second-order phase transitioa at

=¢e* and a strong decrease in tilting andkrong tilting
toward backbonefor larger values of.
Since we are dealing with a one-dimensional model with
local interactions(we used the van der Waals interaction
b d only between nearest_n_eilghbbra;he mean field _approach
@ —Qi=— [(Sin(%)— 5)’ (2.10 does not work in the vicinity of the transition point and we
will always havey=0 without phase transition at=€*.
However, the way this is accomplished in the strong interac-
we obtain the following expression for the free energy in thetion regime is by having alternating domains of oppositely
weak attraction limit tilted side chains. Geometrical considerations show that the

et
Pi TPT Sm((Pi)_B )

061805-3
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; - However, this result is correct only when the temperaiure
o o wm — --2_ :0
- - For T#0 fluctuations will break the dense packing and
7’ conformations with some free space between the rods will
4 appear, so that the orientation angle will be slightly larger
II than the minimal possible angle
i AS)
.d
I o= arcsmB +o'. (2.19
I
I Here¢' is considered to be a small parameter that gives rise
| to a change in the attraction energy given by
0 e .arcsin%
&

e g 1omeL /b2 Lo -

FIG. 3. Behavior of tilting parametsr (dashed lingand tilting

I lid li functi f the i i .
angle ¢ (solid line) as a function of the interaction strength This energy should be of the order of thermal enekg¥

(note thatkgT=1 in the present paperThis allows us to

defect zone between these domains has to be large. Henggy the value ofp’ and associated with it the characteristic

the extra free energy associated with a defect zone is larggy jjitude ¢ of the fluctuations of the angle between two
and consequently the domains with side chains stronglyoncecutive segments of the backbone of lerigth
tilted in one direction will be large. For a real comb copoly-

mer of finite size this would almost certainly imply a tilting
of all side chains at one side to the same direction. b [ d® 8
In order to obtain manageable analytic expressieng., ¥= L 1- ﬁg" “ 157 L2’ (2.18
Eqg.(2.13], we had to restrict the final discussion to the very
dense grafting limitd/b~ 1. In practiced/b will be usually
considerably smaller. For this case the above analysis re- [ll. BENDING ELASTICITY
mains valid, except that numerical factors will change. Here _ . .
precise results can only be obtained by numerical methods. S,O far we limited ourselves to the. co_nS|derat|on of a
Strong attraction limit In the strong attraction limit all Straight comb copolymer brush. The objective of the present
conformational properties of the comb copolymer moleculeS€ction is to anal_yze_the bending elast|C|_ty characterls_tlcs of
are dominated by the attraction part of the free energy. the molecule. This will be o_Ione by studying the behavior of
implies that the system will try to satisfy the condition of ("€ fré€ energy as a function of the curvature of the back-
minimum attraction energy, which corresponds to the mosPone: As beforq, we W.'" start W'th the weak.attractlon limit.
densely packed state. All rods will lie down on the backbone We&k attraction limit To examine theoretically the elas-

as shown in Fig. 4. The energy per rod can be estimated frofiCity, We should generalize the free energy13 for the
Eq. (2.8 as case of nonzero curvature. For our purpose we need an ex-

pansion ofF as a function of IR up to the quadratic term
only. In other words, the limiting angleg;”, ¢; and the

E—_ 3me E 2.15 attraction energyJ?"" have to be recalculated for the case
8 d’ ' where the main chain is uniformly bent with a radius of
curvatureR (R>L).
The limiting angles can be found from simple geometrical
d argumentgsee Fig.
. _ 2b( d L
PL=CL T S'”(<P1)_B+§ )
. 2b( . d L
P2 —¢2 =7 | SiNe2) —; — R/ 3.1

The attraction energy for the bent brush is given by B®)
FIG. 4. Dense packing of rods in the straight molecttee ~ in the Appendix. Together Eq¢$3.1) and (A8) lead to the
direction of tilting can also be opposite at opposite sides of thegeneralized expression for the free energy as a function of
backbong parametery,; andy,

061805-4
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FIG. 6. Ordering of side chains in the concave part of the mol-
ecule in the strong attraction limit.

the potential dominates in this regime. For small bending the
fluctuations are very important and this case cannot be de-

FIG. 5. The test rod and its nearest neighbors for a bent comicriped by the mean field approach. Therefore we use the
copolymer molecule. scaling approach described [ih8] and estimate the persis-
tence length for smalyy by

FI2I12+2L |12—2L
=—In—-=In|1-y?+ —|—=In| 1-y3—
A B R =22 (3.6
- lﬂzn .
3me d'L 1+5L2 . 552( 2,2 3.2
8 p° RZ 4 Yty ' Here ¢ is given by Eq.(2.18. This leads to the following

expression for the persistence length
The equilibrium values of the angléise., y;) are found from

minimization of the free energy. 29572 2pL4
First we focus on the solution far<e* where the only \= 2 o (3.7
stable value of the tilt angle correspondsytg,=0. In this d

limit the free energy has a very simple form
It strongly depends on the energy parameteilhe scaling

2 15mel )\ L2 dependence oh also differs from Eq.(3.5) and is much
F=Fo+ 5 8 R’ (3.3  stronger. In the limitT—0 (or e—x) the molecule is
R densely packed and the persistence lerigtf) becomes in-

whereF is the free energy of the straight brush. The mainﬂmt,\lely large. , he ch - di f
contribution is due to the repulsive part of the potential. The ow we can estimate the characteristic radius of curva-

. T, . y ture separating the linear and nonlinear bending regimes. The
attraction contribution is negative and reduces the stiffnes

of the comb copolymer molecule. The persistence length o ee energy per rod of the bent brush in the linear regime is
the molecule can be calculated on the basis of the generafven by equation3.4) and (3.7). Comparing this value to

relation Bl gives

b R 15meblL? 3.9

AF = E, (34) C 8d2 . .
where\ is the persistence length of the complex. Hence, it isThis radius is very large for strong attraction and long side
given by chains.
To study the large bending regimBR€R,), we start from
L2 1 157el the concave part of the bent molecule. Since the fluctuations
A=No+ o (1—d/b)? b (3.9 are not important here, we can safely put the temperature

=0. In this case the rods tend to be as close to each other as

Here\, is the persistence length of the bare backbone. Th0SSible and form the structure shown in Fig. 6. The orien-
correction tok, scales a¢ 2 and it is interesting to note that [@ton anglee, for this conformation is determined from

it decreases with increasing attraction strength. geometry

Strong attraction limit A qualitatively different behavior
can be expected in the region of large attraction parameter _ . 9 it B £ 3.9
e>€*. As stated in the previous section, the attractive part of P2=ACM TR 2R '

061805-5
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and the positions of all other rods in the same domain can be
calculated from the condition of touching. This leads to the
following recursive relation for the orientation anglék) of

the kth rod
k+1)=vy(k a k)é b 1 il b
/ y(k+1)=y(k) 5| ¢ y(k) 7R > Rs
(3.12
Knowing that the first rod is oriented according to E81.11)
as
1)=1 b
y()=1+ 525

and using the attraction energy between rods in the form
(A7) we obtain the change due to bending of the energy per

<o rod for a domain consisting of rods
(b) NP T PPIPSLCIN S
g po |2\ T2 RN
(3.13
The domain sizea can vary from 1 up te* (the value oin*
will be defined below The equilibrium value of can be
\ /] found from minimization of Eq(3.13. Two different re-
\ / gimes are possible depending on the magnitude of curvature.
- For very large radius of curvatui®>R* where
\’____—n* mds\l 2.2
R* =—, (3.19
bés
(C) the energy3.13 is a monotonously increasing function rof

This means that the minimal value of the energy will be
attained fom=1, a situation that is depicted in Fig(bj. In
this case, the energy per rod is given by

FIG. 7. Domain ofn rods on the convex part of the molecule:
(a) the general case considered in E8.13; (b) the ordering cor-
responding tm=1; (c) the “complete” cluster A=n*).

Proceeding with the calculations one should take into ac- AED="25 7 =
count the approximatiod/b=1— /2, substitute Eq(3.9) 8 p°

into the general expressi@A7) for the attraction energy and

expand it into a series of the small paramét&R. This leads For R<R*, AE™ decreases with increasimyg In this case
to a correction to the energy of the straight brush given by the domain will grow until the maximal size* allowed by
geometry of the bent moleculsee Fig. Tc)]. This sizen* is

to be found from Eq(3.12 by integration

L [0 dy
n _ny(l)Y(kJrl)—Y(k)' (3.19

(3.1

5( b

3me L
8 d

2R B R (3.10

AE oncae™=

Note that the linear term in the expansiorpissitive

For the convex part of the molecule the situation is quite
different. Due to bending, the available angle space inAfter direct calculatiom* appears to be proportional to the
creases. It makes the existence of a continuous structufegarithm of the radius of curvature
formed by rods impossible; inevitably some gaps should ap- 5
pear. The space filled by rods between two consecutive gaps = Eln@ (3.17)
will be called domain. Inside such a domain rods form a bé L ‘
densely packed system. The “first” rod in the domasee
Fig. 7(a)] will have the smallest angle allowed by steric re- Finally, the energy per rod in the domain shown in the Fig.

pulsion 7(c) can be found from Eq€3.13 and(3.17)
.d b Apro3TeLl L 252R+ a1
go=arcsin. — o (3.11 =5 gl%RN T T (3.18

061805-6
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M4 of the side chains.=L?/b. In the preferable conformation

all rods are uniformly distributed along the backbone and

stay perpendicular to the backbone position. This result co-
* incides with that predicted for comb copolymer molecules in

| three dimensiongl4].

l For relatively strong attraction the system switches to the
: tilting conformation and the molecule is characterized by a

| different scaling law for the persistence length, fibst

: =€?L*p/d* and beyond a critical curvatulRR,= eL2b/d?, a

| nonlinear bending regime appears with a nonpersistent
: mechanism of stiffness and decreasing bending moment of
L
R

force as function of the curvature.

In this regime the side rods arranged in the convex part of
the chain undergo the transition, when radius of curvature
FIG. 8. Schematic representation of dependence of the bendin :_R* ~2!_2/b6, from uniform Orde_rlng to nqngnlform or-

moment on the curvature. ering with formation of domains consisting ofi*
=2L In(26°RIL)/bé rods. This transition is connected with
Now the first term in the expansion is proportiona| td IR the fact that the minimum of the free energy is attained for
rather tharL/R [Eq. (3.15)]. the domain structure rather than for uniform orientation,
The total energy of the brush is the sum of the concavévhich is characterized by more free space. We also exfect
(3.10 and the convex part, where the convex part is giverfor some values of parametelRS' >R; is satisfied that the
either by Eq.(3.15 or by Eq.(3.18 depending on the cur- domain structure will be formed beyond the transition point.
vature. For radiufR>R* it reads In experiments the transition from the weak to the strong
attraction limit, which may be induced by lowering the tem-
perature, should show itself as an effective stiffening of
(3.19 comb copolymer molecules strongly adsorbed on a surface.
In practice the transition from the second power (@:) to

As follows from the expansion for the energy of the combf[he fogrth power Iaw(_3_.7) Z]ay bed acc_omp_z?fnle_d byfaﬁ
copolymer molecule its stiffness in the strong attraction limit'Sotropic-nematic transition due to drastic stifiening of the

has a nonpersistent character. The presence of a positive lifi0lecule. This is of considerable interest as a possible way

ear term implies that the brush will behave like a hard rod: &° adjugt the molecular ordering. For very strong attraction
finite force is needed to start bending. The moment of thi or gqu_lvr_;\lently for low temperatt_JrESNher_e_ nonlinear be-
force can be defined as the derivative of the free energy with V0" 1S important, bending requires a cr|t|caluvalue fyor the
respect to the curvatuld = dF/d(1/R) and equals moment of for.ce(3.20) qfter which it becpme; g;ofter. .
In the previous sections we were primarily interested in

the dependence of the conformational characteristics of the
. (3.20 molecule on the energy parameteiand the length of side
chainsL. We considered a completely symmetric and regular
Once the force applied to the straight molecule exceeds theomb structure. In principle it is possible to imagine a system
critical value the cylindrical brush will be “broken” and Where flipping of side rods over the backbone from one side
further bending will be much easier. In the linear regimeto the other is possible. This can be realized, for instance, by
M =\b/R increases with increasing curvatur&®1lThe mo-  thermal fluctuations for a comb copolymer molecule con-
ment Of the force as a function of Curvatura:ﬁs Shown in fined to the interface between two immiscible fluids. In this
Fig. 8. It passes through a maximum vale-eL?/d for ~ case the average value bfis a free parameter and can be
R~R.. varied by flips of side chains. For the weak attraction limit
the free energy expressid®®.13 shows that this will lead to
IV. CONCLUDING REMARKS an increase of the free energy. Thus even if flipping is pos-
sible, the rods will stay on different sides of the main chain

In the present paper we described the conformational bee optimize the average distance between two neighbors. For
havior of comb copolymer molecules with stiff side chainsstrong attraction the state with the smallest valuebaf
confined to a plane. A mean field approach was used to expreferable. This implies the possible formation of domains of
amine the properties in different regimes. It was shown thaside chains all flipped to the same side of the backbone with
attraction between side chains plays a crucial role and thatvall defects between two consecutive domains. The charac-
depending on its relative strength different types of behavioteristic length of such domains will be determined by inter-
are possible. play between energy and entropy of defesise Ref[28]).

In the weak attraction limit these comb copolymer mol- As a result inside one domain the molecule becomes asym-
ecules resemble persistent chains, although the corrections teetric. Molecules with different grafting densities at both
the backbone’s persistence lengthh are not necessarily sides of the main chain were considered in some recent ar-
small and scale as the second power of the molecular weiglhicles [20,22,23. There the authors assumed a frozen asym-

hIN v

_1ome L

R 6 Rr?|’

15me L? 13L
-8 d 3R
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and performing the integration in EAL) using the strong
inequalityL>h, one obtains for the energy

e 3mediL 1 1 L A3
T wadlao ) W
where
L sinA
x=T‘P. (Ad)

It is easy to apply expressioif\3) to the case depicted in
Fig. 9b) in order to get an expression for the energy of
attraction between the test rod and its nearest neighbors

E=-

3me diL 1 1 1
8 (bsing)® 8X\ (1—-x)* (1+x)*/’

(c) (@ "o

Hereh=b sin¢.
In the limit d/b=1— §%/2 with <1 considered in this
paper, it is easier to expand the general expresgdn for

FIG. 9. lllustration for the calculation of the attraction between
two rods:(a) two rods of lengthL at a distancén from each other
(h<L); (b) the test rod between its nearest neighbors fixed in theithe attraction energy into a series of the small paraméter
average position on the straight backbof@etwo arbitrary oriented

neighboring rods on the straight brudid) two arbitrary oriented and then solve th.e mtegrals. Yo andy,, are Om.amatlon
neighboring rods on the bent brush. parameters associated with the anglemd ¢ [see Fig. &c)]

according to

metry, whereas in our case it occurs spontaneously as a result

of the attractive interaction. _ E (Z_ )
Finally, note that the attraction can also result in spiraling y=5\27¢

of the comb copolymer molecul@s a part of coil-globule

transition if the contour length is large enough. the potential energy can be written in the form
ACKNOWLEDGMENT ( | 37re d4L 5 |_5( )
Uo(Yo.Yo) =~ |15 (VoY
The authors are grateful to Dr. H. J. Angerman for useful 0o 8 p° 2 b0 ¢
discussion.
+5|_252( 2 552( 2, 2
APPENDIX: ENERGY OF ATTRACTION b2 Yoo Ye g YotYe) |

OF TWO LONG RODS (AB)

Let us consider two rods of lengthgrafted as shown in
Fig. 9@ on a distancen<L from each other, interacting To generalize E(A6) for the case of the bent molecule one
with a van der Waals potential. The total energy of attractiorshould take into account that the anglegnd ¢ in Fig. 9(c)
can be obtained by an integration of EQ.1) along both for the straight molecule correspond to the angtesy/2

rods and 6— y/2 in Fig. 9d) when the brush is benty=h/R).
Rewriting these conditions in terms pf andy , we arrive at
L (L ds,ds, the expression
-] [(h—s;sinAg)?+( Ap)?P
0 Jo[(h—s,sin S;—S, COS
2 ¢ v ¢ (A1) 3me diL 5 y\LéS
. _ U(yqony&):_TF 1=5Yo Yot 5| 5
Introducing new variables
21242 2
y\2L28% 5 ( y
S — Z — 52 -
y:rz’ +5|yy y¢+5 o? +45 y0+25
% 2
_ S1—S,C0sA¢ + y¢——) (A7)
T h=s,sindg (A2) 26
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Note that in Eq(A7) 6 and ¢ are the angles between the rod and the tangent to the backbone in the grafting point. Similar
expression should be written for the concave part.

Finally, the energy of attraction of the test rod oriented with an afigléth respect to its two neighbofsoth are oriented
with ¢ to the tangentcan be derived from EqA6) and reads

1 Y Y b Y
Uneigh(yzp ryﬁ): E[UO( y(p_ 2_5!y0+ 2_5 + UO( Y(}_ 2_5!y(p+ 2_5>:| . (A8)
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