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Plates, fences and needles: 
an example of the Skoulios effect 

E. RaphaEl  and  P.G.  de  G e n n e s  

College de France, 75231 Paris Cedex 05, France 

We discuss some morphologies for triblock copolymers with a rigid, unsoluble part ( R ) at the 
center and two flexible, soluble parts (F) - plus a solvent (S). Aggregation may lead to plates of R, 
covered by brushes of F (the rod axis being tilted, as analyzed by A. Halperin). But~ in certain 
conditions, because the F portions repel each other, the plates may be replaced by "needles" of R: 
the F chains can expand more freely near the tips of each needle, as first noticed (in a different 
context) by A. Skoulios. We show that this gives an energy drop proportional to the perimeter of 
the brush region. A third possibility is based on a "'fence" of R rods, decorated at both ends by 
"'bottle-brushes" of F. We also analyze the energy of these "bottle-brushes". 

1. Introduction 

1.1. A ires 

Block copo lymer s  wi th  r igid pieces  ( R )  and  f lexible  pieces ( F )  may  genera te  inter-  

est ing new fo rms  o f  rubbers ,  wi th  segregated R regions  ac t ing  as crossl inks be tween  

the F chains.  F o r  a g iven  chemica l  system (R,  F ) ,  it is o f  s o m e  interes t  to unders tand  

what  fo rm o f  aggregat ion shou ld  take place and  what  mechan i ca l  p roper t ies  can be 

expec ted  f rom them,  wi thou t  syn the t iz ing  too  m a n y  examples  o f  molecules .  In the 

present  note,  we start  wi th  a s imp le r  p rob lem:  n a m e l y  a so lu t ion  o f t r i b l o c k  F R F  mol-  

ecules, in a so lvent  which is good for F and bad for  R. They  will then  aggregate.  We 

want  to know which fo rm o f  aggregation is preferred.  We assume concent ra t ions  which 

are not  too  high, so that  we can cons ide r  a single aggregate uni t  and ignore  its inter-  

ac t ions  with o the r  aggregates.  

1.2. DrivingJorces 

The  s imples t  e q u i l i b r i u m  fo rm is the plate disp layed  in fig. 1. On  both sides o f  the 

R region, we have  a brush o f f  molecules .  An  essent ia l  fea ture  is that  the  F molecules ,  

which  repel each o the r  in good solvent  solut ions ,  f avour  a r r angemen t s  where  the in- 

terfacial  area  per  cha in  X is large, whi le  the  R por t ions  (because  o f  the high interfacial  

energy y be tween  R and  S ( s o l v e n t ) )  prefer  a small  X ( ~ a, a being a m o n o m e r  s ize) .  
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Fig. 1. A schematic cross-section of a plate formed by FRF molecules. The R portions are tilted by an 
angle ½n-0. The separation between two adjacent grafting sites is a/sin 0 in the plane of the figure, but 
remains equal to a in the perpendicular direction. 

One form of  compromise is obtained by t i l t ing the R chains; this has been discussed 

recently by Halperin [ 1 ], and can be summarized as follows: 

(a)  The free energy (per chain) o f  a brush, as analyzed by Alexander [2] ,  has the 

scaling form 

fv =Nv kTaS/6 , ( 1 ) 

where a=aZ/27 is the surface density of  stems, and 27=aZ/sin O~a20  - ], where 0 is 

the complement  of  the tilt angle (it will turn out that 0 << 1 ). 

(b)  The interfacial energy (per chain ) at small 0 is 

f = Ta20 - I . (2) 

Optimizing the sum ( 1 ) + (2),  one obtains the Halperin result: 

( K ~  6/ ' '  
0 ~  \ ~ - ~ /  , (3 )  

where K =  7a 2 / k T  is usually expected to be of  order unity. 

1.3. The  Skoul ios  effect 

Very long ago, Skoulios [ 3 ] encountered a related mismatch problem when study- 

ing the crystallography of  dry soaps (where the polar heads tend to have a small area 
27, while the aliphatic tails would prefer a larger 27). He found that in many cases, the 
polar heads segregate in the form of  ribbons (or discs) with a finite radius, thus allow- 
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ing more f reedom to the chains near  the edge of  the ribbons.  We expect a very s imilar  

phenomenon  to occur in some of  our block copolymers;  two forms then come to the 

mind: "needles"  (fig. 2) and "fences" (fig. 3).  A s implif ied form of  needles is con- 

structed in section 3, fences in section 4. All our  discussion is restr icted to the level of  

scaling laws. 

2. Edge energy of a brush 

( i )  Our  start ing point  is to construct  a free energy for a brush (paral lel  to the xy 

plane) ,  in condi t ions  where the chains may be t i l ted (along x) .  We describe this tilt 

in terms of  a "pola r iza t ion" :  

where 1/Do is the densi ty of  chain ends at the surface, while the x, are the posi t ions 

(along x )  o f  the var ious  monomers  along one chain. The number  densi ty of  mono-  

mers is related to OP/Ox: 

NF OP = I'o - ~P ( 5 ) 
r= D~ Ox Ox 

( i i )  The mean field energy (per  unit  a rea)  is a combina t ion  of  elastic and excluded 

volume energies, computed  at the actual  densi ty F: 

f =  Nv \ 2  N v a -  5 

where h is the brush thickness. Min imiza t ion  with respect to h leads to 

, f=.L - . f '  ox  + { f ' '  \ Oxl  + .... ( s ) 

where 

413 5 k T  a2 
f , _  15 k T  f " =  62/~ (9)  • 2.62/3 

( i i i )  We must  add  to ( 8 ) a term describing the elastic energy associated to P, of  the 

form 

F=~tcP  ~ , x = 1 2 k T N y  3 . (10)  
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From the sum f +  F, we can define a correlation length ~ for the P field: 

f,, ~2= -~2h~,  (11) 

where ho is the thickness for P =  0. 

(iv) Consider now a brush extending from x = 0  to x =  + ~ .  The spillover of the 

brush near x =  0 is described by a P field of the form 

P ( x )  = - P o  exp( - x / ~ ) .  (12)  

We determine Po by returning to the free energy: integrating f +  F over the region 

0 < x <  oo, we find an edge energy 

- f ' P o  ' 2 + ~X~Po = - 3 .  (13) 

We then optimize this with respect to Po: 

f '= l  Po= ~-~ (15)' /ZhoFo, (14) 

and obtain a Skoulios energy correction - 3, where ~ is given by 

3 w2 5 3/2kT / a \4 
~3=-~f'Po = N [K) ' (15) 

3. The simplest "needle" form 

A typical "needle" (with a cross section am~ ×am2) is shown in fig. 2. The needle 

contains n=  m~ × mR molecules. 

3.1. The naive model 

The simplest form of needle that one can imagine corresponds to a square cross 
section (m~ = m 2 = n  ~/2). The needle energy is then 

U(n)  = 4an l/2yL + 2 X const × yaEn/sin O-- 4an ~/2 ( 1 + l /sin 0) 3 .  (16) 

The first term is the lateral energy of the hard core. The second term is associated 

with the two terminal caps: it contains both the R/solvent interfacial energy and the 

brush energy (which are comparable at the optimum 0). The last term is the Skoulios 
correction (taken on both square edges). We see from (16) that if 

7L< ( l + l / s i n  0) ~ (17) 

there is an optimum number of molecules n* for the needle. The condition (17) is 
not unrealistic because ( 1 + 1/sin 0) 3 ~ N ~6/, ~, and can dominate over 7L (propor- 
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Fig. 2. A needle with a cross section am~ ×am2. Only one end of the needle is shown. More freedom is 
allowed to the chains near the edge of the brush (an effect not shown in the figure). 

t ional  to AIR). Thus  the Skoul ios  effect  can genera te  aggregates o f  f in i te  size. 

3.2. Crit icism o f  the model  

Desp i t e  its appa ren t  s impl ic i ty ,  the  above  m o d e l  is not  correc t  s ince it a ssumes  a 

pr ior i  a square  cross sec t ion  for  the  needle.  In fact, in o rde r  to m i n i m i z e  its free en- 

ergy, the need le  tends  to f la t ten (m2 < m~).  Th is  leads to a ra ther  lengthy discuss ion 

o f  stabil i t ies,  which  will be r epor t ed  e lsewhere.  Here  we will  only  cons ide r  the ex t r eme  

case m2 ~ 1, which  we call a fence.  

4. Fences and bo~le-brushes 

4. I. Structure o f  a bottle-brush 

In fig. 3 we see a fence,  wi th  f lexible  cha ins  F s tar t ing f rom the  t ips o f  the  fence. 

The  F cha ins  a t t ached  to this fence  fo rm a " b o t t l e - b r u s h "  ~ wi th  a spacing D =  a~p- 1. 

~1 The work "bottle-brush" has been (to our knowledge) introduced first in connection with block 
copolymers consisting of long styrene midblocks and much shorter 4-vinyl pyridine endblocks quater- 
nized with iodo alkanes; see ref. [4]. 
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Fig. 3. A fence containing n molecules. Only one end of  the fence is shown. The F chains form a "bottle- 
brush".  The separation between two adjacent grafting sites is a / s in  tp. 

The concentrat ion profile o f  F monomers  at a distance r f rom the brush axis can be 
derived by the Edwards self-consistent field method [ 5 ] and scales like r-2/3. Here, 

to save space, we use a more compact  argument  of  the Flory type [ 6 ] where each F 
coil is confined in a disc of  radius R and length D. The energy per F chain (for an 
athermal  solvent) is then 

R N2a3~ 
f ~ - k T  ~Fa2 + R2D ] (18) 

and the op t imum radius is R ~ a N 3 F / 4 ~  1/4, giving an energy ~kT(NF~)  ~/2. A more  

refined scaling approach,  inspired by the Marques analysis o f  long copolymer  micelles 
[ 7 ] gives the same law for R, but a slightly different energy: 

fv = kTN 3/s ~ s/s. ( 19 ) 

To the energy fF, we must  add a capillary t e r m  7a2tp - i. This leads to an op t imum 
angle 

~_--~.KS/13NF 3/13 . 

(Note that the fence angle ~ is larger than the plate angle 0. ) 

(20) 

4.2. Overall energy of  a "fence" 

A fence containing n molecules has an energy 

Un = na27(2NR +cons t  × ~ - t  ) - - 4 ~ ,  (21) 

where the last term is another Skoulios correction, and is independent of  n (for n >> l ). 
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5. Concluding remarks 

( 1 ) In the present note, we do not discuss the relation stability of plates, needles 

and fences - because this involves many cases. But we hope to have shown what are 

the basic ingredients. 

(2) The most important  feature is the edge energy of a brush ( - 3 )  describing the 

Skoulios effect (for brushes of linear size larger than ~). Our estimate of 3 is based on 

a very crude Landau-Ginzburg  description of tilted brushes, but it does show that 3 

can be quite large. 

(3) Another facet of this problem is obtained with copolymers which can act as 

cross links in a rubbery structure: here the basic chemical unit  is the triblock RFR. A 

complete discussion of the aggregation forms of these triblocks would be very com- 

plex. One first (naive)  step towards it amounts  to investigate FRF triblocks in a sea 

of F molecules: this will be described in a separate publication. 
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