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Phenomenological model for cross-linked polymer blends
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What is the distinction between the patterns made by quenched block copolymer melts and quenched
cross-linked polymer blends? If we observe thin films under the condition without flow, it is unlikely that we
can distinguish them in critical quench experiments. However, off-critical quenches and moving boundary
conditions could exhibit a marked distinction. Such a conclusion is reached with a simple mathematical model
of cross-linked polymer blend§S1063-651X97)08207-X

PACS numbds): 05.70.Fh, 83.80.Es, 64.76g

I. INTRODUCTION seen, e.g., in the result of Hashimatbal. [9]. That is, the
enhancement o§(k) for small k is shared by DBC’s and
de Genne$1] first studied the problem of cross-linking a CLB’s. Perhaps the enhancements in both cases may be dif-
polymer mixture consisting of incompatible polymeksand ~ ferent, but the current theories do not look sufficiently reli-
B, and suggested that the system free energy is effectivelgble to discriminate these two quantitatively. Hence we look
that of a diblock copolymer meJ2,3]. From this, he asserted for experimentally easily accessible distinction between
that the representative size of the segregated domain is 8BC’s and CLB’s without hydrodynamic effects. We have
ordern'? wheren is the intercross-link length in terms of found that the model proposed by Regtcal. under realistic
monomer units. His result seems to have been experimeﬂpitiBJ conditions tells us that CLB's and DBC'’s exhibit in-
tally confirmed by Briber and Baug4] except for the small-  distinguishable segregation patterns. This conclusion might
k behaviors of the form factor§(k). This discrepancy be correct. However, since the model does not prohibit glo-
stimulated further study of the cross-linked polymer blendsbal ordering under equilibrium conditions, there is a good
Benmouna et al. [5] ascribed this discrepancy to the reason to believe that not all the pinning effects are captured
frozen-in fluctuation due to cross-linking. These authors proin the model. We propose a simple model for CLB’s which
posed a modification of de Gennes's theory using theéannot form globally ordered lamellar structure. Our model
interaction_dependent Screening |ength_ However, Readl suggests experimental methods to discriminate CLB’s and
[6] pointed out that this model does not properly take intoPBC’s even without fluid dynamic effects.
account the pinning effect of cross-links. They introduced a In Sec. Il we begin by reviewing a computationally effi-
simple single chain model to incorporate the pinning effectcient model for DBC’s. We then modify it in a minimal way
and derived the desired free energy functional with the aid of0 obtain a model of CLB’s. In Sec. lll we discuss the major
a generalization of the random phase approximatiRRA). differences between DBC’s and CLB'’s, and propose how to
Hashimotoet al. [7] demonstrated that pinning of the grow- best observe experimentally the difference between the two
ing phase-separated domain structure can be achieved Bystems. We conclude with a discussion in Sec. IV.
cross-linking the polymers.
The main purpose of this paper is to raise a question: Il. MODEL OF CROSS-LINKED BLENDS
What is the major distinction between cross-linked polymer
gleegrlgz(;ilai Sgoir;?tigfslgchggggggng ?;Jfé?hicgl)_g nt()j : Cr om é)é)sec[m] ona discrete lattic&o facilitate s.imulation)sas a
an amorphous solifB] under a sufficient density of random cell-dynamical systeniCDS) model[10-12:
cross-links. It is a solid in the sense that no global flow is —(1— _
allowed. Therefore, for example, in the CLB it is very un- Yird(M=(1=B)i(m +L(m) = (T(n)), - (23
likely that globally ordered segregation patterns like lamellanwvhere
or lattice structures are formed. In this sense, the distinction
should be trivially there. Hence, obviously, de Gennes'’s ef-  Zy(n)=F(¢4(n))+ D[{{(n))) — (n)]— gu(N);

Some time ago, a simple DBC model dynamics was pro-

fective Hamiltonian and its modification by Benmouetaal. (2.2
without explicit pinning do not capture this crucial distinc- . .
tion P P g P (n) is the order parameter describing the local concentra-

The recent work by Readt al. seems to correct this de- tion difierence between the two monomer uriis N is time,

fect. A remaining natural question is whether the pinning dueand neNis the lattice _p_omt of a simple CUblq Iattlce_z th
to cross-links has effects on the segregation patterns or no?.pa(.:e'D af‘d B are positive constants, arid)) is the iso-
If a film is prepared without plasticizer or solvent, the flow OPIC spatial average: in two-space

effect is unimportant for not extremely long experiments 1 1

(i.e., for most experimentsand the form factor for the DBC  ((yy(n)))== >, (N )+-—= > (n’), 2.3
exhibits a marked enhancement for smallalues as can be 6 ' 12 SR
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where X\ denotes a sum over the four nearest neighborgrgument is summarized here because the same idea suggests
and X ynn over the four next-nearest neighbors. The mapa simple albeit crude model of random cross-linked blends
i 1(n)=F(yr(n)) controls the local dynamics of each cell. and because the RPA is currently incapable of deriving the
Its exact form is not important as noted [ih3]. The map above-mentioned modéR.4) without somead hoc adjust-
F(¥)=A tanh@) is chosen here, with<1 above the criti- ment.
cal temperature and>1 below. The equation corresponds  The distinction of DBC’s and the ordinary blend of seg-
to the Cahn-Hilliard equatiofl4] with a subtraction term regating polymers is that in the former the interface where
By =0 is stabilized due to the covalent bonds between blocks.
Hence the simplest model with enhanced stabilityyef0 is
ap=A(— i+ uy®—DAY)—By, (2.4 Eq. (2.1) with B>0. TheN (polymerization index depen-
dence ofB can be fixed by considering that the subtraction
term By, which makes the final equilibrium state nonuni-
form, should represent the effect of the connectedness of
Fach chain. The relevant length scale due to this effect is
N2, From dimensional analysis, we haBe= c/N?, with ¢ a
dimensionless parameter. Its continuum verg@#d) of Eq.
(2.1 can be derived from the RPA free energy, if we correct
SF its composition-dependent coefficient in front of the gradient
hp=A —, (2.5  term due to over-coarse-graining.
o If we perform the stability analysis of E¢2.1), we real-
ize that|k|>~c/N characterizes the dominant mode in the
weak-segregation case. To realize this mode, for example,
D - u ky=0, ky~ 1/{N is admissible, so that a flat lamellar struc-
F(lﬂ):f df[— > (Vih)2— > P+ 7 o ture can be formed. This is possible for DBC’s as is well
known empirically, because all the molecules can move
B freely even without hydrodynamic modéthough slowly.
+t3 f j dr dr'G(r,r")¢(r)g(r’), (260  Inthe actual solvent-cast experiments, the fluidity of the film
precursor facilitates this ordering. This was demonstrated by
where G is the Green's function for Laplace’s equation & model with hydrodynamic interactiof0].
—AG(r,r')=68(r=r"). For CLB’s just like DBC's, =0 should be more stable

If we put the free energy of the DBC-derived random-than a simple blend. Hence there must be a term like
phase approximatiofRPA), theoretically by Kawasaki and —(¢/N?)¢ in the CLB model, whereN is now the inter-
Ohta[3], in the conserved time-dependent Ginzburg-Landa@ross-link spacing in terms of the number of chain statistical
(TDGL) equation(2.5), we can “almost” obtain this equa- Units andc plays the role of an elasticity constgrf. How-
tion [Eq. (2.4)]. Traditionally, polymer melts and blends ever, there should not be any long-range order, because poly-
have been described with the aid of the Flory-Hugdfid) mers cannot move globally. In particular, there cannot be a
free energy. de Genng47], Pincus[18], and Binder{19] globally ordered lamellar structure. This means dﬂnﬁ>e
proposed various modifications of the Cahn-Hilliard equa->0 is not a sufficient constraint for CLB’s in contrast to
tion compatible with the FH free energy which can describeDBC’s. Not only |k,|, but also|k,| must be strictly larger
polymer blend spinodal decomposition. All these modelsthan some positive number due to cross-links.
contain a composition-dependent factor in front of the spatial We must impose on the average that the dominant mode
derivative term. It was notice20,21 that the model is in the x and they directions must be of finite wave num-
over-coarse-grained, because the interface thickness sholér: |k >e and |k |>e. Notice that the inverse operator
be independent of the polymer molecular weight and offof ((*))—* in Eq. (2.1) [i.e., the inverse of the Laplaciak
criticality in fairly deep quenches, arf@2] that this causes operating on5F/ 8y in Eq.(2.5)] gives the effect of connect-
some problems in block copolymers. This feature due teednessin this case isotropid3]. The effect of cross-linking
over-coarse-graining can also be seen in the results of Reasl not expected to be isotropic locally, so that the discrete
et al.[6]. Currently, there is no systematic way to correct thisLaplacian should be anisotropic, and its anisotropy must be
defect of the RPA approaches. spatially random.

The model(2.1) [or (2.4)] does not have such a defect. If  The easiest way to realize this constraint is to assign a
B=0, it is a standard spinodal decomposition model and hasgandomly anisotropic Laplacian to the quantiiyn) at each
been demonstrated to explain polymer spinodal decomposéell in the CDS model in place of the isotropic tekir))
tion [23,24] quantitatively[21]. For B>0, as long as segre- —=*. If we assign annealed random anisotropy, this is an
gation occurs, the model gives segregation patterns indistirisotropic model with the constraintk,|> e and|k,|>e€. In
guishable from the actual film experiments of DBC’'s andCLB’s, however, the random preferred orientation may an-
does not exhibit composition-dependent interfaces. That ig)eal only locally at most to the scale of the pattern correla-
the model(2.1) is physically more reasonable than the mod-tion range, but cannot anneal globally, and so the preferred
els derived with the aid of the RPA from microscopic mod- anisotropic directiongor preferred orientations of the normal
els. However, the modéR.1) was not introduced through a to the level set corresponding = 0) should be different
physical consideration of DBC's, but through a purely math-from place to placécell to cell in CDS’3. In this paper we
ematical requirement of stabilizingg=0, the interface. The use a simple quenched anisotropy; we will note in Sec. llI

where 7, u, andD [different from that in Eq(2.1)] are the
usual phenomenological parameters @nd the Laplacian.

It has been pointed out that this equation also models pha
segregation in reacting systefdb| and surface melting due
to laser heating16]. Equation(2.4) can be written in the
form

with the free energy,
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that the spatial correlation in random anisotropy does noscattering intensities frofi®] indeed show that the scattering

change the properties of the system very much. maximum in the disordered state is much broader and
Thus the simplest model of CLB’s we propose is given byweaker compared with the scattering maximum in the or-

Egs. (2.1) and (2.2) with a random anisotropic Laplacian, dered phase. It is reasonable to assumegathould not be

where the direction of anisotropy is chosen randomly at eacimore than 10% off,,.« (value of ¢ in a pure phase

lattice siten. The Laplacian in Eq(2.1) now becomes

(Z(M))e= 1= a)(Z(M)) + a{{(Z(M)a, (2.7 lll. DBC's vs CLB's

If we ignore the difficulty due to the formation of lamellar
structure in the equilibrium state, de Gennes'’s reduced free
energy (which is identical to the DBC free energyr its
UTWr(ny M) A= [Ty + 10y) + T((ny— 1,0)) /2 modification by Benmounat al.is a reasonable one. In any

(2.8  case, almost equilibrium widths are realized far before order-

ing of the global pattern. From this, de Gennes predicted, as

if the anisotropic direction is in the diagonal direction, e.g., mentioned above, that the segregation size is proportional to
N2, This is identical to the simple dimensional analytic re-

where((*)) is chosen as follows: If the anisotropic direc-
tion is, e.g.,x we choose

(Z(u(ny,ny)))) A sult. We know this is good only when the interface thickness
is comparable to the pattern siggeak segregation casen
=[Z(¢(ny+ 1Ny + 1))+ Z(ga(n—1ny— 1)) the strong segregation, the power should\3€ as discussed
+ Iyt 10y)+ T((ng—1.0y)) by Ohta and Kawasaki3] and as related to the growth ex-

ponent 1/3 of the spinodal decompositif20,26. The ex-
+Z((ng Ny + 1))+ Z(g(ny ,ny—1))1/6.  (2.9)  perimental data if4] cannot discriminate these predictions
as can be seen by replotting the détseir result was based
a=1 is totally anisotropic, andv=0 is the usual isotropic on only three data points, and considering the error bar on
Laplacian. Our model, which will be called the Rfkandom  each point, it is rather difficult to claim a 1/2 power law
anisotropy model, is CLB’s with the 2/3 power law should be realizable with
sufficiently large molecular weight of the intercrosslink seg-
P 1(N) =g (n) = B[ r(n) =1+ 2 F ]+ Zy(n) = ((Ze(N))) o, ments.
(2.10 This is a feature of CLB’s we can understand with the
DBC analogy due to de Gennes. We will not demonstrate
this numerically, because it is well known that a very-large-
scale simulation is needed to observe 2/3 in DBC simulations
@0,21 although in real systems it seems easy. The compu-
tational difficulty of obtaining the 2/3 power could be, how-

wheref is to specify the off criticality, and doeasot satisfy
the conservation law(the conservation is actually only
weakly violated in this modgl Strictly speaking, the condi-
tion must be imposed as done in the CDS model of Kawasa

exchange dynamidg5]. However, for the current crude pur- ver, due to insufficient hydrodynamic effects. If this is the

ose to learn about possible patterns, this simple model . )
P b b P case, then cross-links would freeze the pattern determined by

sufficient(because th® term also plays a role of a chemo- -
stad. Notice that the strict enforcement of local conservationthe initial unstable mode. Then the power law may be 1/2

law simply slows down pattern formation and enhances th(:':lnd the equilibrium value 2/3 may never be observed. Al-

pinning effect, so that if the above model exhibits a distinctthough we believe 2/3 power is observable in CLB's, a criti-
al study is needed.

inning effect in contradistinction to other models mentioned® . X o
P g What is the major distinction between CLB’s and DBC’s?

in the Introduction, we may conclude more strongly that the . h ¢ hed q link hich forbid
conservation-corrected model exhibits the pinning effect. Fo}tI If)tl N presencef of quenc deh [jandom n s,ffw Ic Cor :

a more conventional justification of this model, see the lasf'9°2 transport of matter and hydrodynamic effects. Conse-
section. quently, ordered structures like lamellars should not be

The CDS version of the model proposed by Readl. is forme_d in CLB's in contrast to DECs. H_oyvever, in the film_
experiment, the flow effect is often minimal, so that this
P+ 2(N) = () = BLh(N) = ¢ho(n) ]+ Zi(n) = ({Ze(N))), distinction is not easily observable. Furthermore, the small-
(2.11) k behavior of the form factors due to the frozen in fluctua-
tions exist even for DBC’s as mentioned in the Introduction.
where o(n) is the initial frozen-in fluctuatior(the initial  This should be obvious because the length scales affected by
condition itselj. We will refer to this model as the FC model the frozen-in fluctuations are larger than the pattern width
(frozen-in concentration modelln the numerical experi- and because the freezing at such scales is obvious from the
ments that follow in Sec. lll, the frozen-in initial concentra- virtual impossibility of ordered lamellars in DBC films. Thus
tion ¢o(n) is taken(for each lattice poinh) as a random the question is whether there is an experimentally accessible
number in the range- ¢, ¥,), for some positive number clear distinction between DBC’s and CLB’s when hydrody-
Uo. namic effects are minimgks is often the cage
The concentrationy(n) is due to the freezing of a natu- The critical quench patterns for three different models are
ral fluctuation in the system at the onset of cross-linking. Then Fig. 1: the DBC, RA (with «=0.5,1), and FC (all
cross-linking is imposed before the quench in the disorderedtarted from the same random initial condifianodels. In
phase, presumably at a reasonable distance from the criticgkneral, it is quite hard to see a real significant difference.
region. As such, one expecif, to be fairly small. Typical Local rearrangement of the composition is allowed even with
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FIG. 1. Patterns for three different modelsia) DBC, (b) FC FIG. 2. Off-critical quench foff =0.4, A=1.3, D=0.5, andB
with e (—0.05,+0.05), (c) RA with «=0.5, and(d) RA with =0.02, after 30 000 iterations in a 12828 lattice from random
a=1.0. Parameter values ak=1.3, D=0.5, f=0.5, andB initial conditions: (a) DBC, (b) FC with i,e (—0.05,+0.05);
=0.02, after 10 000 iterations in a 12828 lattice from the same this corresponds te=10% of ¢,. Even for 15% initial fluctua-
random initial condition. tion, our conclusion does not chande) RA with a=0.5 and(d)

RA with «=1.0.

cross-linking, so that the film pattern, which is largely due to

local segregation, is not affected by the lack of global transheld fixed to#=0.5 to facilitate the orderingin an actual
port. There is a slight difference in that the domains in theexperiment[30] a free edge is preferentially covered with
RA (a=1) model have larger curvature. The effect, how-0ne phasg The parameteh in the CDS magsee beginning
ever, washes away with time and on decreasing the paran®f Sec. I) measures the quench depth, so that the cold front
eterB. Therefore, DBC’s and CLB’éwhatever the modeljs  is mimicked by varyingA along the(horizonta) length of

are close. Hence our prediction is that DBC's and CLB’sthe system. The temperature parameiewas taken to be
cannot be clearly distinguished in the film critical quenchA=A.>1 (cold region on the left end of the front and
experiment. =Ap<1 (hot region on the right end of the front. The front

However, in the off-critical case, we may be able to detects a strip between the cold and hot regions, wheres de-
the random cross-link effect more easily as illustrated in Figcreased linearly from to A;,. Starting from the left vertical
2. This is, however, because the ordering in the DBC case igdge of the lattice, the front was advanced through the sys-
easier than in the critical case and also it is easy to detedem by shifting it to the right after a fixed number of itera-
irregularities against expected lattice structures. Notice thdions. The temperature parameter varies Aén,+1)
the FC model is much closer to the DBC model, in that the=A(n,) —0.01 withA.= 1.3 andA,= 0.9 (front width of 40
ordering is only slightly destroyed, in contrast to the RA lattice spacings The result of the simulation was qualita-
case. tively the same for different front widths.

The effect of the boundary can be very different on the Figures 3 and 4 illustrate the difference in the three mod-
guenched patterns, because random cross-links prepare fas, for both the critical and off-critical quench cases. The
vorable conditions to one or the other phases locally, andompletely anisotropic random Laplacian modeur RA)
such localized patterns cannot be dislodged easily. Perhaggearly exhibits a sharp distinction in preventing the forma-
the clearest experiment is the “sliding cold block” experi- tion of a well-defined lamellar or lattice structure behind the
ment[28]. In this experiment, the system is cooled from onefront. The sharp distinction between the models persists upon
edge and the cold region is advanced at some rate. As @ecreasing the velocity of the front. Increasing the front ve-
already known, depending on the cooling rate, this procedurbcity results in more disordered patterns in the RA case,
can help the ordering proceg28,29. For a slow rate, this whereas the FC model maintains a fairly ordered pattern up
condition coerces ordered patterns in DBC’s. For a fast ratep some maximum velocity, beyond which the patterns start
there is no difference from quenching the whole system. Ifto become increasingly distorted.
the pinning effect is well captured by the model, even under The patterns in the sliding block experiment for different
order-coercing conditions a disordered pattern should be obx in our RA model are shown in Fig. 5. A crossover from an
served. ordered to disordered state occurs around0.5 for the pa-

In the numerical simulation, a free boundary condition isrameters values used in the simulation. While it is clear that
imposed on the right vertical boundary and periodic bound-our RA model does exhibit a clear distinction from DBC and
ary conditions along the horizontal boundaries. On the lefFC models, we should note here thats a phenomenologi-
vertical end, free boundary conditions were used for the off-cal parameter in our model and we do not know the scale or
critical case; for the critical case, the order parameter wasange ofa that is appropriate for a typical experiment. How-
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|
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FIG. 3. Sliding block experiment, after 6000 iterations, far
DBC, (b) FC with ¢ge (—0.05+0.05), and(c) RA with «=1.0
(for the effect ofa see Fig. 5. Parameter values af@=0.5, f
=0.5, andB=0.02, on a 6% 300 lattice, from random initial con-
ditions. The front moves at a rate of 3 columns every 120 time . -
steps. The temperature parameter variation in the front width is )]

A(n,+1)=A(n,)—0.01, with A,=1.3 and A,=0.9. The fixed . ) )
starting edgeleft end of the lattice isy=0.5. FIG. 5. Sliding block experiment for different values &f (a)

a=0.2, (b) «a=0.4, (¢c) «=0.6, and(d) «=0.8. The same condi-

ever, it should be noted that to impose the positivity condi-1o"S as in Fig. 3.

tion for |k,| and|k,| strictly, we needv= 1. Furthermore, the _ _
positivity condition should be strict, because even in equilib-S Not suitable in our model because the molecules should not
rium, we cannot expect globally ordered lamellars. ThereP€ allowed to move globally. A numerical simulation of an
fore, we may expect that must be fairly close to 1. In any annealed disorder, modeled in a simple way by choosing a
case, our conclusion is that if DBC's and CLB’s can bef@ndom anisotropic Laplacian both in spaes in Eq.(2.9)]

experimentally distinguishable at all, then the sliding block@nd time, resulted in no difference from the DBC case. We
experiment must be the most convenient. also performed simulations of quenched randomness corre-

As mentioned in Sec. II, the case of annealed randomned@ted over a certain block sizbgy imposing a uniform an-
isotropic Laplaciar{Egs.(2.8) and(2.9)] over a number of
cells=2°, for b=1, 2, and 3. For the critical quench case,

no real significant difference from the DBC case was ob-
served. For the sliding cold block and off-critical experi-
ments, however, the same disordering effect was observed in
the blocked RA model as for the RA model with=0. The
gualitative features distinguishing the three models do not
change when the randomness is correlated over a block size.

IV. DISCUSSION

We have demonstrated that the DBC and FC models are
not distinguishable under the above simulated conditions.
Should we conclude that there is no distinction between
DBC's and CLB's from this? It is highly likely that the pin-
ning due to cross-linking can prevent global ordering even
under coercive conditions.

We have introduced a simple mod@RA) of CLB'’s
straightforwardly extending a successful model of diblock
copolymer melts. The RA model captures the main effect of
the inability of the network to move and form globally or-

FIG. 4. Sliding block experiment for the off-critical case fay ~ dered spatial patterns. The model does not exhibit any global
DBC, (b) FC with ¢, (—0.05,+0.05), and(c) RA with «=1.0.  ordering even under coercive conditions. We can simply add
The same conditions as in Fig. 3, but witk0.4. to the RA model the effect of frozen-in initial fluctuations as
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the FC model without any significant effect. The FC modelderived in principle by a projection of a microscopic model
of CLB'’s introduced by Readbt al. globally orders under with, say, quenched anisotropic chain confinement. Here
coercive conditions. Hence we must conclude that under rdim,_,,y,=0 due to conservation. In our RA model we
alistic conditiondi.e., reasonable amplitude for the frozen-in choose this random anisotropic Laplacian to cancel the ran-
fluctuation(as discussed at the end of Seg],Ithe modeling dom anisotropic Green’s functio®, [i.e., —A,G,=(r
of pinning with a random potential as in the FC model is not—r')], so that the subtraction term B describes the ran-
sufficient to distinguish CLB’s and DBC’s. However, even dom qualitative bonding effect:
our RA model predicts that a simple critical quench experi-
ment of a film cannot exhibit any difference of CLB’s and dp=A (— Tp+uy*—DAY)— B 4.3
DBC's. The clearest experimental distinction is predicted in
the case of sliding cooling block experiments. We have also This convenient choice may look very arbitrary, but at
proposed a reexamination of the pattern size as a function déast the following qualitative universality argument justifies
the inter-cross-link molecular weight. the use of the crude model for our qualitative purpose. Apart
Finally, we discuss a “more microscopic” justification of from the fact that this results in a very simple clean model,
our model. As was discussed by Reedal, for example, one should note thatl) if the cancellation is not complete
with the aid of the pinned chain model of Reeidal. we can  andA G, results in a local random operator in the dynam-
obtain a coarse-grained free energy RPA theoretically, whiclics, it is likely that there is no qualitative change, as seen in
has the following form similar to Eq.2.6), but with aniso- the case of adding frozen-in randomness to the RA model;
tropic Green’s functiorG,, , (2) even if the incomplete cancellation produces a long-range
interaction term as in the models extensively studied by
Sagui and Desdi31], the extra long-range terms does not
change the qualitative features of the DBC model.
B Needless to say, we wish to have a more satisfactory
/ / , “derivation” of more realistic models of CLB’s. However,
" 2 j j dr dr'Go(r.r)@(ny(r). (4.9 we must repeat that so far no RPA-type theory has been able

] i to produce a satisfactory coarse-grained model.
Alternatively, at a more phenomenological level, one can

push the model by Benmounet al. further to reach the
above model by assuming that the long-range interaction is
screened by a random anisotropic screening length. We gratefully acknowledge that Paul Goldbart kindly in-
Random cross-linking should also produce an anisotropig¢ormed us of a crucial paper by Read al. [6]. Conversa-
mobility coefficienty, (Laplacian ink spacgin the phenom-  tions with Takao Ohta were also very helpful. The work is,

D u
Faw):f dr[—g (V2= 5 v+ 5 o
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