
8612 Macromolecules 1995,28, 8612-8620 

Inhomogeneous Structure of Collapsed Polymer Brushes under 
Deformation 

E. B. Zhulina,* T. M. Birshtein, and V. A. Priamitsyn 
Institute of Macromolecular Compounds, Russian Academy of Sciences, 
199004 St.  Petersburg, Russia 

L. I. Klushin 
Department of Physics, American University of Beirut, Beirut, Lebanon 

Received March 17, 1995; Revised Manuscript Received August 24, 1995@ 

ABSTRACT: The theory of the equilibrium structure and properties of a planar brush under poor solvent 
conditions subjected to normal deformations (stretching or compression) is presented. Using a scaling 
type analysis, we demonstrate that at moderate grafting densities the brush loses its lateral homogeneity 
and the grafted chains form aggregates (pinned micelles) with globular cores and extended legs connecting 
the core with the grafting surface. These micelles are stable in a rather wide range of grafting densities 
provided that the chains are long and the solvent is poor enough so that tWZ >> 1. Scaling relations as 
well as diagrams of states are obtained. It is shown that the normal deformation of the brush alters 
boundaries of the micelle stability regime and leads to the rearrangement of the equilibrium micelle 
structure. Stretching leads to an increase in both the width of the stability region and the number of 
chains in a micelle whereas compression causes a decrease in these values. Different scenarios of brush 
deformation are predicted. Hysteresis effects in the processes of interaction between brushes are discussed. 

I. Introduction 
The equilibrium behavior of polymer brushes and 

brushlike systems in poor solvents attracts more and 
more attention at present.l-15 This problem is of 
interest with respect to numerous practical applications 
including stabilization of dispersions, wetting phenom- 
ena in thin films, formation of inhomogeneous adsorbed 
layers, etc. From a theoretical point of view a polymer 
brush in a poor solvent is an example of a system 
capable of undergoing lateral microsegregation. The 
reason for this is a peculiar manifestation of polymer- 
polymer attractive interactions under constraint, namely, 
anchoring of the chain ends at the grafting surface. 
Contrary to the situation in solution, grafting of the free 
ends onto the surface prevents the system from segre- 
gating into two macrophases enriched with either 
solvent or polymer. However, microsegregation is pos- 
sible when the brush splits into spatially separated 
regions (domains) enriched with one of the components 
(polymer or solvent). Thus, microsegregation manifests 
itself in the modulation of the polymer density along 
the surface and the formation of the so-called “bundled” 
phase. 

Two approaches have been used to study the lateral 
density inhomogeneity in the polymer brushes. One of 
them is the linear stability analysis based on the 
random phase approximation (RPA).g-ll This method 
allows one to determine the boundary in the phase 
diagram where the laterally homogeneous density pro- 
file loses stability. It also gives the wavelength of the 
most unstable mode which has the meaning of the size 
of the incipient density modulation. The method is 
accurate in the vicinity of the transition, where the 
modulation of the density profile is small and the chain 
conformation is almost ideal. However, it cannot de- 
scribe equilibrium structures in the strong segregation 
limit, i.e. far from the transition point. Moreover, it does 
not discriminate between the stable and the metastable 
states. 
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The other approach is based on comparing the free 
energy of a homogeneous brush with that of micelle- 
like  cluster^.^)^ The model of a micelle-like aggregate 
was proposed independently by one of us7 and by 
Williams.8 This model is most appropriate in the strong 
segregation limit, where the clusters are well-defined. 
Whereas the manuscript7 focused mainly on the case 
of planar brush in a poor solvent, utilizing the blob 
concepts, the other publications dealt with a melt brush 
of various geometries. Though the work of Klushin7 was 
not published, the results were distributed throughout 
the scientific community in the form of a preprint, and 
citations to  this work are found in further publications 
on the subject (see, for example, the paper of Yeung et 
al.lO). The model implies that each cluster consists of 
a core enriched by collapsed polymer and the “legs”, 
connecting the core to the grafting surface. The author 
of ref 7 suggested one call such aggregates “pinned 
micelles”, emphasizing the fact that the end points of 
the “legs” are fixed a t  the surface, whereas Williams 
used the term “octopus micelles”.8 Though both names 
reflect the peculiarities of the micelle’s structure, in this 
publication we would like to  follow the original notation 
of ref 7 and use the term “pinned micelles” throughout 
the paper. The scaling analysis7 demonstrated that 
pinned micelles are stable in a wide range of grafting 
densities and solvent strengths. The scaling prediction 
for the boundary separating the homogeneous brush 
from the pinned micelles for the case of flexible chains 
agrees with the numerical RPA calculations. lo 

Theoretical investigations7-12 were focused mainly on 
the free, nondeformed brushes. The analysis of de- 
formed brush deformation under stretching or shear 
implies the existence of a certain amount of bridging 
chains to which stretching force can be applied. These 
chains exist in various systems (e.g. block copolymer 
mesophases and mesogels) and play an important role 
in the process of deformation. Normal deformations 
(stretching and compression) of collapsed brushes was 
considered earlier.16,17 However, the analysis was 
restricted only to laterally homogeneous structures. 
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In this paper we extend the analysis of brush defor- 
mation by taking into account the possibility of lateral 
microsegregation via the formation of pinned micelles. 
Using simple scaling arguments, we consider the equi- 
librium structure of normally deformed brushes in a 
poor solvent, focusing on the role of bridging chains. In 
section I1 we describe the model and briefly summarize 
the scaling arguments,' justifying the introduction of 
pinned micelles. In sections 111 and IV we analyze the 
rearrangements of the pinned micelles caused by the 
brush deformation and eventually construct a scaling- 
type diagram of states for our system (section V). In 
section VI we summarize the main results of this paper 
and discuss possible experimental verifications of our 
predictions. The fluctuational behavior of the system 
is discussed in the Appendix. 

11. Undeformed Brush 
Consider a planar brush of polymer chains consisting 

of N > 1 symmetrical units of size a, grafted onto the 
surface a t  the grafting density VS. Chains are assumed 
to be flexible, i.e. their Kuhn segment A is of the order 
of the length of the chain unit a, Ala = 1. In this paper, 
we will use a as a unit length. The brush is immersed 
in a pwr solvent so that the second virial coefficient of 
unit interactions is Y = -T = (T - @)I@ < 0 and tWZ > 
1. 

The latter condition implies that an individual poly- 
mer chain immersed in such a solution will have the 
conformation of a collapsed globule, its characteristic 
size R- and the average concentration of units 9- = 
N/R-3 being described by the well-known formulas 

R _  2 (NIT)* (la) 

q - = T  (Ib) 

Here we assume that the third virial coefficient of chain 
unit interaction is equal to 1. One can envision such a 
globule as a densely packed system of& thermal blobs 
of the size 

5- = UT (2) 

the average concentration of units inside the blob being 
9- = t . 18J9  Within each blob the chain obeys Gaussian 
statistics; i.e. the number of units in each blob is equal 
to The free energy of both intra- and interblob 
interactions is on the order of kT per blob, so that the 
volume free energy of a globule is given by 

FJkT = -Nb = -N/E-' ss -N2 (3) 

The increase in the free energy due to the surface of 
the globule can be estimated as kT per each surface blob 

FJkT LI R_z15_2 = (4) 

provided that the thickness of the surface layer is on 
the order of E-.  

Loose grafting of such globules onto the surface does 
not change the scaling dependencies (1)-(4). Through- 
out this paper we assume that the interaction of a chain 
unit with the surface can be repulsive, or even slightly 
attractive, but never exceeds the critical value, above 
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Figure 1. Schematic representation of pinned micelles. 

which the adsorption of the chain on the surface starts. 
Under these conditions the grafted chain is negligible 
and the chain retains the same globular conformation. 
As was demonstrated in ref 7, at dense grafting the 

brush retains lateral stability and its average concen- 
tration is given by (lb). At very sparse grafting the 
brush splits into separate globules described by (1). 
However, at moderate grafting densities separate glob- 
ules aggregate and form the so-called pinned micelles 
(Figure 1). Formation of pinned micelles is favored by 
the gain in the surface free energy per chain in a micelle. 
However, such aggregation of globules is opposed by the 
geometrical constraint-anchoring of the chain ends a t  
the surface. In order to overcome this constraint, each 
chain has to stretch. According to the scaling picturezo 
of a stretched globule with a given end-to-end distance 
D > R ,  the chain produces a "leg", i.e. a string of n L  
thermal blobs of length L = n&, whereas the rest of 
the chain forms a spherical core of radius R E ( (N - 
nLE-2)/t)*, so that D = L + R. For moderate deforma- 
tions D *: NT, the size of the core R << L and D =z L, 
whereas R =z R-.  

Let fbe  the number of chains in a micelle. Then the 
average length of the leg L scales as 

L=D=&f (5) 
where s is the grafting area per chain. Since each leg 
is a string of n L  = 015- thermal blobs, it contains nL&2 
= DE- chain units. Its total free energy contains the 
surface and the elastic contributions (both of the order 
of kT per blob) and therefore scales as 

Fle$kT nL = 015- = DT = s * ~ " T  (6)  

The core comprising f chains has the radius 

R = W I T ) *  (7) 

and the corresponding surface free energy F, is given 

(8) 

The total free energy per chain in the micelle F, = Fleg 
+ FJf scales as 

(9) 

Note that we excluded the free energy of volume 
interactions (eq 3) from consideration by taking it as a 
reference state and, as before, all numerical coefficients 
are omitted. The equilibrium value offis obtained from 
the condition W,&f = 0 to give 

by 

FJkT = R21c_2 = fenN2"t4" 

FJkT 3 fV2Srn2t + f "31'f%m 

f -  P5N4J5s-5/5 (10) 
Correspondingly, the radius R of the core, the total 
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Table 1. Scaling Laws for the Parameters of the Brush 
in the Different Regimes of the Diagram in Figure 2 (F = 

Total Free Energy per Chain) 
regions H R D FlkT 

1 iz 
X=T N 

1 

1 8 @  I 0 

0 1  
y=s/N 

Figure 2. Scaling type diagram of state of a nondeformed 
brush: Regimes: G, individual globules; 0, individual Gauss- 
ian chains; Be and B, homogeneous brushes in 0 and poor 
solvent regimes, correspondingly; PM, pinned micelles. 

dimension D of the micelle, and the free energy per 
chain scale as 

315 -ll5 -115 R = N  z s 
D hT2/5~1/5s115 

2/5 615 ' 5  F,,,lkT=N 5 s 

(11) 

(12) 

Comparing the free energies per chain in a micelle 
and in other possible structures (separate globules, 
homogeneous brush), we find the interval of grafting 
areas per chain s1 > s s2, where micelles are stable. 

s1 = iP3t2 R-2(N1/2~)413 (13) 

separates the micellar regime and the regime of one- 
chain globules (mushrooms regime), whose free energy 
is given by (4). The boundary 

(14) 

separates the micellar regime from that of a homoge- 
neous brush of thickness 

H-  = Nlst (15) 

The boundary 

112 -1 112 -113 s2 = N  z = R-2(N Z) 

with the free energy per chain 

Figure 2 presents the scaling type diagram in x = 
tNU2, y = SIN variables. It summarizes the above 
results and includes also the additional 0 regions 
existing at small dP2. Regions G and 0 correspond to 
individual chains (mushrooms) either globulized or 
forming ideal coils, respectively. Regions Bo and B 
correspond to a homogeneous brush in a 0 or a poor 
solvent, respectively, whereas the PM region corre- 
sponds to the regime of pinned micelles. An increase 
in s at fixed values of N and z corresponds to the 
intersection of the diagram of Figure 2 along the dashed 
line. The parameters of the brush in various regions of 
the diagram are summarized in Table 1. Note that in 
the laterally inhomogeneous regimes G and PM the 
brush thickness is taken equal to the dimension of 
separate a globule R- or a micelle R, respectively. 

As follows from (13) and (14) and Figure 2, the 
micellar regime covers a broad interval of grafting areas 
provided rNV2 >> 1. The values SI and s2 are, cor- 
respondingly, well above and well below the overlapping 
areas both for separated globules s = R-2 and for the 
Gaussian chains s = N. On approaching the s1 bound- 
ary the number of chains per micelle decreases down 

B Nls s -Ntz + s t 2  
G 
PM 
0 Wi2 
Bo Ns- ' /~  Ns- 

(Nls)ll3 IP3tV3 - Ns2 
N3/5 / s1 /5s l /S  hRJ5,lI5,lI5 p 5 s 6 1 S s l / 5  - Ns2 

to f 1, whereupon the pinned micelles decompose into 
separate globules. At the s2 boundary the size R of the 
micellar core becomes equal to the size D of the micelle 
as a whole, and the micelles coalesce into a homoge- 
neous brush. Note that at s << s2 the chains in this 
brush are stretched with respect to the Gaussian value 
H > NV2, but they have Gaussian dimensions H = W2 
at the boundary s2. Thus, the condition H > N112 is the 
scaling condition of brush lateral stability. 

It is necessary to remember, however, that all the 
boundaries in Figure 2 are introduced as the lines of 
crossover between the different scaling regimes. In the 
present paper, we will not discuss the nature of the 
transitions between these regimes (in particular, whether 
they could be identified as phase transitions). 

111. Compressed Brush 
Compression of a brush can be attained by pressing 

the surface covered by grafted polymer with a bare one. 
We consider first the compression of laterally inhomo- 
geneous brushes. 

Compression of an individual globule (region G in 
Figure 2) was considered earlier.20 Here we summarize 
briefly the results which are relevant for the subsequent 
analysis. Let H be the (variable) distance between the 
surfaces. According to ref 20, normal compression of a 
globule leads to the variation in its shape from a sphere 
of radius R- to a pancake of the thickness H and the 
radius 

This implies conservation of the average globular con- 
centration q- and the blob size (- (eqs 1 and 2). 

At relatively weak compression the increase in the 
free energy is related mainly to the increase in the 
surface free energy 

FJkT = (R2 + RH)/(-2 = NdH + N1/2H1122312 (18) 

Only at very strong compression, H = E - ,  does the 
entropy loss caused by the chain deformation start to 
dominate, and at even smaller H ,  the chain obeys the 
statistics of a strongly compressed chain in a 0 solvent. 
However, we will not consider here this range of defor- 
mations and restrict ourselves to the case H >> E -  = z-l. 

Consider a pinned micelle off chains with a pancake 
core of the thickness H and the radius 

R = ( N f i " ~ ) ' ~  (19) 

As before, the equilibrium value off can be obtained by 
balancing the surface free energy of the core and the 
free energy of stretched legs-strings of thermal blobs. 
The total free energy per chain in such a micelle, Fm, is 
obtained from eqs 18, 19, and 8 to give 

FJkT NdH + f 112N'/2H*2t312 + ~Y'zs'~ (20) 
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Minimizing F, with respect to f, one obtains 

f ( r ~ ~ ~ s ) u z  (21) 

and, correspondingly, 

R = NS/4/(rsHf4 (22) 

D (NHsr)" (23) 

FJkT = + (NHsP)"~  (24) 

Thus, compression of pinned micelles leads to the 
reorganization of their structure and to the correspond- 
ing change in thermodynamics: the number of chains f 
and the total size D of the micelle become smaller, 
whereas the lateral dimension of the pancake core R 
and the chain free energy F,,, increase with decreasing 
H. As a result, compression leads eventually to the 
disappearance of the micellar structure. This may 
happen in two ways: At relatively sparse grafting, S I N  
> 1, decreasing H leads to a rapid decrease in f to f 2 

1 and, finally, the micelle splits into separate com- 
pressed globules. The boundary between the com- 
pressed pinned micelles and separate compressed glob- 
ules can be obtained by equating the free energies F, 
(eq 18) and F, (eq 24) or by equating f =  1 in eq 21 to 
give 

H ,  zz SN-' t-' (25) 

With further compression, each chain retains the con- 
formation of an individual compressed globule. 

At relatively dense grafting, SIN < 1, F, becomes 
equal to the surface free energy of a homogeneous brush 
and simultaneously D becomes of the order of R a t  a 
certain finite value off > 1. This occurs at 

Hz = Ns-' r-' (26) 

Thus, at H = Hz, the brush loses its lateral inhomoge- 
neity and transforms into a laterally homogeneous 
undeformed layer, provided Hz = H- (eq 15). At H 
Hz we have a homogeneous compressed layer. 

Compression of homogeneous brushes in poor and 0 
solvents (regimes B and Bo in Figure 2) was already 
considered earlier.'? In both cases the brush retains 
homogeneity and its local structure is determined by 
the correlation length 5 = Vq, where q = NlsH is the 
average volume fraction of polymer units in the gap 
between two surfaces. In both cases the brush is a 
densely packed system of Gaussian blobs of size 5. 

Thus, depending on the grafting density, compression 
of pinned micelles leads either to recovery of the lateral 
homogeneity of the brush (s < N) or to its splitting into 
individual compressed globules (s > N). The range of 
stability of pinned micelles decreases with compression 
and for a fixed value of H is given by 
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(27) N m  N Hru3 s - 2 - s HNt  zz sl- 
' H  HT Nrn 

where SI and s2 are given by eqs 13 and 14. The 
diagram of states of a compressed brush will be pre- 

2li 
Figure 3. Schematic representation of stretched pinned 
micelles formed by bridging chains. 

sented below (Figure 4) as a part of the general diagram 
for a deformed brush. 

IV. Stretched Brush 
Let us now pass to the case of a stretched brush. 

Stretching implies anchoring some free chain ends 
irreversibly on the second surface, i.e. the existence of 
bridging chains connecting both surfaces. Thus, in 
order to analyze the effect of stretching we modify our 
model by introducing the second planar surface which 
is attached to the covered surface by a constant fraction 
q of bridging chains, Figure 3. The distance H between 
the two surfaces is considered as a variable parameter. 
Such a model allows us to consider both stretching and 
compression of the brush and is more relevant to 
realistic systems, such as, for example, block copolymer 
mesophases and mesogels. In order to obtain the main 
features of the brush behavior we assume q = 1; i.e. we 
consider the situation when all chains form bridges. The 
effect of finite q 1 on the brush structure will be 
investigated elsewhere. 

Stretching of individual globules and laterally homo- 
geneous layers in poor and 0 solvents was considered 
earlier in refs 17 and 20. Under stretching, both 
individual globules and densely grafted homogeneous 
brushes undergo a "phase" transition, forming a core 
filled with densely packed thermal blobs and the 
legs-strings of thermal blobs (see refs 17 and 20 for 
details). In the case of individual globules the core is 
spherical. For densely grafted brushes it was assumed 
that the core retains lateral homogeneity and has the 
shape of a planar layer parallel to the surfaces. 

Let us investigate now the stretching of the brush in 
the pinned micelle regime. One can envision such a 
micelle as consisting of a spherical core in the middle 
of the gap, attached by equal numbers of legs to both 
surfaces, Figure 3. Since the length of the legs is 
affected by the distance H between the surfaces, the 
equilibrium parameters of the stretched pinned micelle 
will be sensitive to the distance H .  For a micelle off 
chains the average length of the leg is given by 

L = = - R  (28) 
where, as before, all numerical coefficients are omitted. 
Correspondingly, the free energy per leg scales as Fled 
kT = LIE-. The surface free energy of the core is 
determined by (8) and the total free energy of a chain 
in the micelle is given by 

FJkT = d&?? - rR + f *p3r4l3  (29) 
Minimizing F, with respect to f, one obtains 
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The power law dependences are obtained from (30) 
in the limiting cases €P << sf and €P >> sf. If €P << sf, 
we return to the scaling results (10)-(12) for the 
nondeformed micelles. For ZP >> sf when the length of 
a leg is determined mainly by the distance H between 
the surfaces, one can neglect the sf term in (30). 
Depending on the ratio of the two terms in brackets on 
the right side of (301, we obtain two different scaling 
laws for f << Nu2r and f >> Nu2t.  

I f f  << N1I2s (stretched pinned micelles 1, SPMl), 
neglecting the second term in brackets in (301, we obtain 
the number f of chains in a micelle 

(31) 

Correspondingly, the core size, the total lateral size of 
the micelle D, and the free energy per chain scale as 

] (32) 

The above scaling formulas result from a balance 
between the surface free energy of the core and the free 
energy of the legs. Note that just this case is realized 
for the undeformed system (section 11), which allowed 
us to ignore R on the right side of (5). 

If f B NU2t (stretched pinned micelles 2, SPMB), 
neglecting the first term in brackets in (301, we obtain 

R = N1/2H1/4s-1/4T-1/4 

118 1/8 U4 318 D z z J - f G T  s N H 
Fmlk T G t H  + N1"H- 1 / 4 ~ 5 / 4 ~  'I4 

112 -U2 312 -312 f g N  t H s 1 

J l l2  u2 1t2 -1/2 F , , G T H - N  t H s 

In this case, the surface free energy of the core is 
unimportant, and the result follows from a delicate 
balance in the free energy of the legs which depends on 
both D and R. In both regimes the number of chains 
per micelle increases with H .  

The boundary between SPMl and SPMB regions 
corresponds to 

H E S T  (34) 

The range of deformations where (31)-(33) are valid, 
is determined by the condition H >> D, thus providing 
the boundary of the stretched pinned micelle regimes. 
For SPMl and SPMB we obtain correspondingly 

H ., ~ 2 1 5 ~ U 5 ~ 1 1 5  (35) 

H > Nt-ls-l (36) 

Note that the thickness of the undeformed laterally 
homogeneous brush is just H = N/st ,  (15). Hence it 
follows from (36) that the brush will lose the lateral 
homogeneity immediately upon stretching. We will 
discuss this question in more detail in the next section. 

V. Diagram of States of the Deformed Brush 
Figure 4 presents the scaling type diagram of the 

deformed brush in the z = HINT and y = SIN coordinates. 
The equilibrium parameters of the brush and the rela- 
tions for the boundaries are summarized in Tables 2 
and 3. The dashed line in Figure 4 corresponds to the 
dimensions of a nondeformed system, (l), (111, and (15). 

x ,  7 x213 x413 

y=s/N 

Figure 4. Scaling type diagram of state of a deformed brush, 
x = W2s * 1. Dashed lines correspond to the dimensions of 
nondeformed systems. Regions: CB, CPM, and CG (com- 
pressed systems) homogeneous brush, pinned micelles, and 
globules, correspondingly; SB, SPM, and SG (stretched sys- 
tems), laterally homogeneous brush, pinned micelles, and 
globules, correspondingly; PM, nondeformed pinned micelles. 

Below the dashed line lie the regions of compressed 
individual globules (CG), compressed homogeneous 
brush (CB), and compressed pinned micelles (CPM). 
Above the dashed line the diagram shows several 
regions corresponding to stretched laterally inhomoge- 
neous systems: SG, stretched individual globules; SPMl 
and SPM2, stretched pinned micelles; PM, "nonde- 
formed" pinned micelles. 

All the regimes SG, SPM1, and SPMB are limited 
from above by the boundary H = N t .  This boundary 
corresponds to the totally stretched string of thermal 
blobs of an individual chain. Above this boundary the 
thermal blobs are deformed and the local chain struc- 
ture is determined by the so-called stretching blob of 
the size = NIH < ( - . l 9  We do not discuss this regime 
here (see ref 20 for details). In the vicinity of this 
boundary in the SPMl and SPMB regions the number 
of chain units in the legs becomes comparable to that 
in the core. This leads to corrections in (31)-(33) for 
the number of chains in a micelle, where now N should 
be substituted by (N - H/t ) .  Correspondingly, in the 
vicinity of the upper boundary the number of chains per 
micelle 

114 314 -314 f = : z  H s ( N -  H/T)'~ SPMl 

f = T  112 H 312 s -312 (N  - HIT)" SPMB (37) 

diminishes with increasing H and becomes of the order 
of unity cf E 1) at N - H / t  E ~ 3 / 2 ~ - 1 / 2 H - 3 / 2  E ~ 3 / 2 ~ - 2 N - 3 / 2  

(SPM1) and N - H/z  = = s3r4N-3 (SPM2). 
Thus the dependence RH) is nonmonotonic in the SPM 
regimes: it passes through a maximum in the vicinity 
of the boundary H N t  and then decreases rapidly to  
zero. 

The scaling approximation gives only micellar and 
globular regimes for the stretched brush. According t o  
(361, the left boundary of the SPM2 region runs along 
the dashed line indicating the state of an undeformed, 
laterally homogeneous brush on the diagram in Figure 
4. At this point, we will go beyond the scope of the 
scaling approximation and introduce an additional 
"stretched brush  regime (SB). We define the stretched 
brush as a system in which the regions of the polymer- 
rich phase of density p- form a continuous phase, as 
opposed to the picture of well-separated micelles in the 
SPM regime. The stretched brush does not have to be 
completely homogeneous: it is just that the volume 
fraction of the solvent-rich phase is too small to  cause 
the splitting of the layer into separate micelles. Obvi- 
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Table 2. Scaling Laws for the Parameters of the Laterally Inhomogeneous Brush in the Different Regimes of the 
Diagram in Figure 4 

regions R D f (FlkT) + Nt2  

Table 3. Crossover Boundaries between Different 
Regimes in the Diagram of Figure 4 

boundarv eau 
H = Ns-It-' 

CBICPM 
CPMlPM 
PWSPM 
CPMISG 
PWSG 
SPWSG 
CGISG 
SPMlISPMP 

ously, the transition from the SB to the SPM regime is 
related to the percolation transition and is governed by 
the ratio of volume fractions for two microphases. A 
simple estimate shows that the brush has to be stretched 
by about a factor of 2 in order to develop isolated 
micelles. This defines a relatively narrow window for 
the SB region between the dashed line and the SPM2 
boundary of the diagram in Figure 4. Both boundaries 
of the SB regime scale in the same way but differ in 
coefficients. Our scaling approach cannot detect this 
region due to systematical neglection of the numerical 
coefficients. 

Note that along the SPM2lSB boundary as well as the 
boundary CPWCB one has R = D. At the SPM21SB 
boundary, R D NITS, whereas at the CPWCB 
boundary R = D = W2. The left boundary of the PM 
region collapses to the single point s = NU2r-l, H W2 
comprising the contact points of the six regions. 

The right boundaries of the regions SPMl and PM 
are determined by the condition f 1 to give 

s a f13P3 (39) 
correspondingly. 

The diagram of Figure 4 shows that stretching of the 
brush increases the range of stability of micellar struc- 
tures. At fixed H (Nr > H > W/3r1/3) the interval of 
stability for the stretched pinned micelles is given by 

(40) 
where SI and s2 are given by (13) and (14). On the 
contrary, the compression diminishes the interval of 
stability of micelles (see eq 27). 

VI. Discussion 
1. Pinned Micelles in a Brush under Deforma- 

tion. The above results describe the equilibrium struc- 
ture and properties of a planar brush under poor solvent 
conditions subjected to normal deformations (stretching 
or compression). Using the scaling type analysis, we 
demonstrated that at moderate grafting densities the 
brush loses its lateral homogeneity and the grafted 
chains form aggregates-the so-called pinned micelles. 
These micelles are stable in a rather wide range of 

1/2 H - 1  = NH-lr-l < s < Nw3Ht1l3 a s lHN2/3r-1 /3  

Kz HITN 
Figure 6. Schematic dependence of the number of chains in 
a micelle via deformation, KZ > k l ,  k l ,  K Z  - 1. 
grafting densities provided that the chains are long and 
the solvent is bad enough so that x = tW2 >> 1. 
Estimates showing that under these conditions the 
aggregates are well-defined and it is possible to use 
simple scaling arguments to describe their internal 
structure are given in the Appendix. 

Our analysis is based on the idea7 that pinned 
micelles are spatially inhomogeneous: their core of the 
size R retains the concentration of a polymer globule, 
whereas the corona of the lateral size D is enriched by 
the pure solvent. Legs connecting the core with the 
grafting surface occupy only a small fraction of the 
crown space. Thus, one has two length scales, R and 
D, characterizing the modulation of the polymer con- 
centration along the surface. For nondeformed pinned 
micelles D GZ t1/5s1/5hn/5 and R GZ t-1/5s-1/51V315, so that 
within the stability range D >> R. For example at  SIN 
= 1 (in the middle of the stability range) RID x 

Thus, the equilibrium brush structure is 
characterized by the coexistence of relatively small 
spherical domains of collapsed polymer immersed in a 
matrix of nearly pure solvent. 

The results of this paper indicate that normal defor- 
mation of the brush leads to the rearrangement of 
equilibrium micelle structure: stretching leads to an 
increase in both the numbers of chains fand the micelle 
size D, whereas compression results in the decrease in 
f and D (see Table 2). Figure 5 demonstrates schemati- 
cally the dependence of the number of chains f i n  a 
micelle on deformation (all the chains are the bridging 
chains). As seen in Figure 5, fincreases with increasing 
H for both compressed and stretched brushes and passes 
through the maximum at high stretching comparable 
to that in a totally stretched string of thermal blobs, H 
= Nt.  This rearrangement of micelle structure with 
deformation has purely equilibrium character: a mini- 
mum of the system free energy is attained when the 
aggregates increase their size with H increasing. 

The results of this paper indicate also that the relative 
fluctuations of the number of chains per micelle is small 
(see Appendix). The globular cores of stretched pinned 
micelles are localized in the middle of the gap between 
two surfaces, and their positions fluctuate only slightly. 
This is the consequence of the structure of the pinned 
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micelles. Due to the small size of the core as compared 
to the overall micelle size, R << D, the legs are tilted 
with respect to the normal direction on the surface. The 
maximum value of their lateral projections is D = 
6f. This provides the minimum of the effective po- 
tential in the middle of the gap. 

2. Scenarios of Brush Deformation. We have 
shown that the equilibrium reorganization of collapsed 
brush structure in the process of deformation depends 
of the relationship between the normalized grafting area 
per chain s/N and the well-known parameter of volume 
interaction tNu2. 

For the compression of a brush one can predict four 
different scenarios of molecular reorganization with a 
decrease in H. 

( c l )  s/N < (tNu2)-l: The brush is initially homoge- 
neous and remains as such under compression. 

(c2) (tW2)-l < s/N 1: The spherical cores of the 
pinned micelles are compressed into pancakes. The 
pancakes merge into the homogeneous brush when H 
reduces to the height of a homogeneous brush with the 
same values of s, N ,  and t. 

(c3) 1 < s/N < (tN1/2)2/3: Pinned micelles are com- 
pressed into pancakes, decreasing in dimensions (tran- 
sition to one-chain-globule regime). 

(c4) s/N > (tNu2)2/3: The individual globules are 
compressed. 

For stretching of the brush we have three qualita- 
tively different scenarios. The reorganization with an 
increase in H is as follows. 

(s l )  s/N I ( T N ” ~ ) - ~ :  The polymer-rich phase in the 
layer remains continuous and fluctuates along the 
height of the gap, its volume fraction decreasing until 
the brush decomposes into individual stretched chains. 

(s2) The brush forms stretched pinned micelles posi- 
tioned in the middle of the gap; the micelles transform 
with stretching before decomposing into individual 
stretched chains. This may happen starting from an 
initially homogeneous layer (if (“V2 < s/N < (t”’V1), 
or from an undeformed pinned micelle structure (if 
( T N ~ / ~ ) - ~  < s/N < ( Z W ~ ) ~ ~ ) ,  or from a system of indi- 
vidual globules (if (tN1/2)2/3 < s/N < 

(s3) s/N > (tN/2)4/3: The individual globules increase 
their extension and transform into individual stretched 
chains without producing micelles. 

It is worth noting that an increase in H pushes the 
brush into the SPM regime both from the regime of the 
homogeneous brush at high grafting density and from 
the mushroom regime at low grafting density. In the 
last case this effect is due to the fact that elongation of 
legs with increasing H causes an increase in lateral 
elasticity of legs. 

Stretching of the brush in the pinned micelle regimes 
leads to the monotonous dependence of restoring force 
on the elongation H .  The restoring force (per unit 
surface area) f = (l/s)(dF,/W in the pinned micelles 
regime is equal to 
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for F,  shown in Table 2. The values off ,  R, and D in 
(41) refer to the undeformed pinned micelle, the value 
HO in (41b) is the thickness of an undeformed homoge- 
neous brush. For the f = f(Hl dependences for globular 
and homogeneous brush states see refs 16, 17, and 20. 

3. Interactions of Brushes and Hysteresis Ef- 
fects. For the process of deformation to be quasi- 
equilibrium, the micellar structures have to rearrange. 
This process involves overcoming considerable activa- 
tion barriers, the magnitude of which depends on the 
parameters of the brush (N ,  t, s) .  For long chains this 
can result in actual “freezing” of the initial system and 
deformation of such brushes will occur without rear- 
ranagement of the pinned micelles formed in the un- 
deformed layer. The peculiar structure of the brush in 
the regime of pinned micelles and its extremely slow 
kinetics can manifest themselves experimentally in the 
force measurements in the form of hysteresis effects in 
the force versus deformation curves. We expect this to 
be especially pronounced in the case of interaction 
between two identical brushes oriented face to face. 

Let us consider first the equilibrium conditions. It is 
easy to see that the more favorable state corresponds 
to the formation of joint micelles comprising the grafted 
chains from both surfaces, provided HI2 < sf. The 
system in this case is equivalent to the stretched brush 
with bridging chains in regime PM. 

The free energy per chain in a joint micelle is (cf. (29)) 

f = - 1 - -  ikT( $) SPMlregime (41a) 
S 

SPM2 regime (41b) 
S 

tkT H f =  -.- 
S D  PM regime 

These equations are obtained using the scaling formulas 

where f, = fl2, is the number of chains in a joint micelle 
cf is the effective number). Taking into account the 
numerical coefficients, we obtain after minimization of 
F,  (at P < 4sf) 

(43) 

where Fo is the free energy per chain in a micelle in an 
individual brush and k > 0 is the numerical coefficient 
of order 1. 

Hence in equilibrium, at small enough separations H ,  
the joint micelles are favorable, Fj < Fo. The micelle 
legs act as elastic strings (Fj decreases with decrease 
in HI and hence two brushes attract each other. This 
equilibrium attraction takes place at distances H of the 
order of lateral size of a micelle D x 6f. Note that D 
>> Ro, where Ro is the radius of the micelle core ( 2 R o  is, 
therefore, the thickness of the original brushes). 

However, due to high potential barriers preventing 
the rearrangements and formation of equilibrium mi- 
celles, the joint micelle will be most probably formed 
by merging two pre-existent micelles upon their im- 
mediate contact. The merging of individual micelles 
occurs, thus, at H 4 R o  and leads to the formation of 
one core of radius R o  = 21/3R0 (instead of two cores of 
radius Ro), attached to the surfaces by 2 fo legs with 
the normal projection of size ( H  - 2R0)/2. The free 
energy per unit area is then given by 

rdfos + (HI2 - 8,)’ + 

and, correspondingly, the attractive force (per unit area) 
between the two surfaces scales as 
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This attractive force appears at HI2 = 2 R o  and then 
decreases to zero at  HI2 = Ro. Further compression of 
the brushes leads to  the appearance of a repulsive force 
opposing brush compression. 

If one starts separating the two brushes after the joint 
micelles are formed, the attractive force will exist at H 
> !& and will be still given by (45). However, this force 
continues to act at the distances H > 4 R o  as well, since 
the free energy per unit area with the joint micelle 
formed (eq 44) is still smaller than the free energy of 
the two separated brushes (eqs 9-12). Only at  HI2 zz 
f i  = Do do both free energies become equal, does the 
joint micelle disintegrate, and do the brushes not 
interact any more. Thus, the attractive force has the 
maximum range HI2 z DO, much larger than the 
thickness of a brush Ro, but it will manifest itself only 
upon separation of two surfaces which were previously 
brought close enough together. 

The expected hysteresis in the dependence of the force 
on deformation is shown schematically in Figure 6. 
(Arrows show the force behavior during each compres- 
sion-stretching cycle if the final value of H is sufficiently 
high, H >> D). Since DO >> Ro for the pinned micelles, 
these hysteresis effects can be probably investigated 
experimentally. As seen from Table 2, the range of the 
hysteresis (the difference between DO and Ro) increases 
with the area per chain, s, and with the inferior solvent 
strength. 

One might expect some interesting experimental 
observations upon shearing of such brushes, as the 
shear force will monitor the lateral inhomogeneity of 
the brush structure. 
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Appendix: Fluctuations in the Micelle 
Structure 

Let us show now that the pinned micelles have a well- 
defined structure with only small fluctuations of both 
the position and the dimension of the micelles. The 
scaling approximation allows one to estimate the fluc- 
tuations around the average values. We consider the 
fluctuation of the core center position in a pinned micelle 
in the SPM and PM regimes. The free energy of a 
micelle with its center located at the height h from one 
of the surfaces can be estimated as 

The minimal value of Fdcorresponds to h = ho = H12. 
Assuming a narrow Gaussian distribution of h around 
ho, one can estimate the square averaged deviation from 
ho, (6h2) = ((h - hd2) as 

Figure 6. Schematic representation of the hysteresis effect 
during the interaction between two laterally inhomogeneous 
brushes. G > 0 = attractive forces. Arrows indicate the 
dependence of force via deformation during each compression- 
stretching cycle. 

Using the scaling formulas for ffrom Table 2, one has 
for the regimes SPM and PM 

6hlH SZ s1/4t-3/4H-1/4N1/2 regime SPMl (A3a) 

6hlH zz s H - ' N U 2  regime SPMB (A3b) 

6hlH 2 s ' ~ ~ - ~ ' ~ H - ' N  1/5 regime PM (-43~) 

where 6h = &. One can see from (A3)  that the 
relative fluctuation of the core position decreases with 
increasing H and decreasing s. The estimations show 
that these values are small in the major part of the PM 
and SPM regions, provided rNY2 >> 1. Note that in the 
neighboring SG regime fluctuations of the core position 
are expected to be much larger, 6hlH = 1. 

Fluctuations (SF) = ((f - f o I 2 )  of the number of chains 
in a pinned micelle around the average and more 
probable value f o  were calculated in ref 7 to be ( S f )  zz 
(a2(FjYaf2)-1. It follows that (dflf) s ((Fm(f,lkT)fo)-1/2 
where Fm(f ,  is the f-dependent part of free energy of a 
chain in a micelle. Using the appropriate values of Fm- 
(f, and f o  from Table 2 one obtains 

regime SPMl (A4a) 6f l fo=s 1/4 t -3/4N1/2H-1/4 

dflfo S - ~ N ~ ~ H - ~  regime SPMB (A4b) 

1/5 - 4 l 5 ~ 3 1 5  Wfo ,s - t regime PM (A4c) 

where 6f = J(6f). 
Equations A4 show that the fluctuations in the 

number of chains per micelle are small in all four 
regimes provided that f o  >> 1; i.e. the pinned micelles 
are indeed well-defined structures. 
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