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Amphiphilic surfactants, molecules with chemical moieties that interact differently with the
solvating medium, are important for technological applications and ubiquitous in biology.
Understanding how to control surfactant properties is, therefore, of wide-ranging importance. Using
a combination of light scattering experiments and field theory, we demonstrate that the behavior of
polymeric surfactants can be controlled sensitively by manipulating molecular architecture. We find
that branched polymeric amphiphiles can be much better surfactants than traditional linear analogs.
This is indicated by micelle formation in solvents that are very slightly selective for the backbone
of the branched molecule. Our experimental and theoretical findings also suggest that, for a given
chemistry and architectural class, surfactant properties of polymeric amphiphiles are very sensitive
to subtle changes in architectural features. Specifically, we find that choosing a particular branching
density optimizes the propensity for micelle formation. The sensitivity of macromolecular surfactant
properties to molecular architecture can perhaps be profitably exploited in applications wherein only
certain chemical moieties are allowed. The physical origin of this sensitivity is the importance of
conformational entropy penalties associated with the pertinent self-assembly process. This is in
contrast to self-assembly of small molecule systems where conformational entropy is not of such
significance. ©2001 American Institute of Physic§DOI: 10.1063/1.1395559

I. INTRODUCTION tailed and double-tailed amphiphil¢&ig. 1(a)], including
those of biological importance, have been condudied.,
The ability of amphiphilic molecules to form organized Refs. 1-7. Recent studies have focused on synthetic double-
assemblies in solution has important commercial and biotailed surfactant§Gemini surfactanisdue to their superior
logical consequences. A variety of products such as deter- properties(e.g., Ref. 8 However, most efforts to control
gents, emulsifiers, catalysts, and vesicles for drug delivergurfactant properties focus on the proper choice of the
rely on this ability. Membranes in plant and animal cells arechemical structure of the amphiphilic molecule.
composed of self-assembled phospholipid bilayers. Self- This paper concerns macromolecular amphiphiles syn-
assembly into these organized motifs is driven by the amthesized by connecting chemically dissimilar polymer chains
phiphilic character of the molecular building blocks., dif-  [Figs. 1b) and Xc)]. We demonstrate that the surfactant
ferent chemical groups in the molecules exhibit differentproperties of macromoleculéand hence their ability to self-
solvent affinitie$. The simplest organized assembly is a mi-assemble into functionally interesting mojifsan be con-
celle, which is formed to minimize unfavorable interactionstrolled with high sensitivity by manipulating molecular ar-
between the medium and the poorly solvated moieties of thehitecture without changing the chemical identity of the
amphiphile. Although a large majority of studies have beeramphiphilic moieties. In addition to differences in surfactant
conducted using water as the solvent, the amphiphilic charproperties between macromolecules in different architectural
acter of molecules can be expressed in a variety of medialasses, our findings show that subtle variations within an
such as organic solvents and polymErSExtensive theoret-  architectural class also lead to significant effects. This is due
ical and experimental studies of micelles formed by singleto the importance of conformational entropy for self-
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@ @l @ TABLE I. Characteristics of the branched copolymers.
E ¥ 7 Molecular Molecular Average Total
weight weight number molecular
of PB backbone of PS branch of branches weight
Sample (kg/mol) (kg/mol) per molecule  (kg/mol)
BC-10 100 19 10 390
BC-18 100 23 18 610

Dynamic light scatteringDLS) data from toluene solu-
tions of BC-10 and BC-18 were acquired on an ALV-5000
instrument! Solutions ranging from 1.0 to 2.5 wt. % poly-
mer were examined. Samples were prepared by filtering
HPLC grade toluendAldrich) from freshly opened bottles
into glass cuvettes that contained the appropriate amount of
the copolymer. The cuvettes containing the polymer solu-
FIG. 1. Amphiphilic molecules(a) Small molecule amphiphiles: single- tions were flame sealed, annealed at 70 °C for about 1 h, and
ta_liled and dogble tailed surfactant) Linear polyr_neric amphiphiles: cooled slowly(over a period of 6 hto room temperature.
o vackbone and eory s et~ " eI The igh scattering data obtained from the annealed copoly-

mer solutions during heating and cooling runs were identical.
A Nd:YAG solid-state lasefwavelengthx =0.532um)

assembly processes of polymers. This notion of choosing th§as used as the source and scattering data were obta}lned at
§everal scattering anglesbetween 30° and 150°. The time

nature of the connections between the amphiphilic moietie . . : : . .
to control surfactant properties may prove useful in applicagutocorrelatlon function of the scattering light intensity,
(7), was measured in the homodyne mode. In dilute solu-

tions where the choice of chemical structure is restricted’ . . . »
tions,g(7) is related to the mobility of the scattering entities.

(e.g., for concerns related to biocompatibility or toxigity X
We use light scattering experiments and a field-theoretid" F19- Aa) we showg(7) measured from a 1.5 wt. % solu-

model to show that randomly grafted copolymésse Fig.

1(c)] are extremely efficient surfactants. It is worth remark- L [Tt
ing that agrecans, one of the most effective biological sur- I @)BC-10(15%) | . 1 o] ]
factants, have a similar architectiréVe find that, for the [ 162 C |

branched macromolecules shown in Fi¢c)la slight affin-

ity of the medium toward the backbone relative to the
branches is sufficient for micelle formation. Such a small
selectivity is insufficient to induce micelle formation in lin-
early connected polymeric amphiphiles such as diblock co-
polymers[Fig. 1(b)]. In addition, we show that an interme-
diate branching density optimizes surfactant properties due
to the interplay between molecular architecture and confor- [
mational entropy. 0.9 Lo il i

II. EXPERIMENTS

14 ST T

Polybutadien-polystyrenéPB-P3 branched copolymers (b) BC-18 (2.5%)
were synthesized by a combination of anionic polymeriza-
tion and silane couplindf The resulting polymer consists of

a PB backbone with randomly located tetrafunctional graft
points. The middle of the polystyrene chains is grafted on to
the backbone, as shown in Fig(cl The backbone, the
grafts, and the graft copolymers were characterized by size
exclusion chromatography, light scattering, and NMR spec-
troscopy measurements. The characterization results are
summarized in Table I. The principal difference between the i
two copolymers is the average number of grafts per molecule 0.9 ot it il i it i

-7 -6 -5 -4 3 -2 -1 0 1
(P). The copolymers are labeled BC-10 and BC-18, where 100 107 107 107 10° 10° 10° 100 10
the number indicate®. The same backbone was used to T
SyntheS|Ze_b0th polymers, ar_]d the graft molecular weight g, 2. autocorrelation function of the scattered light,7), at selected
are approximately 20 kg/mol in both cases. temperature¢a) BC-10 solutions(b) BC-18 solutions.
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tion of BC-10 at selected temperatures b+ 90°. At tem- 10°
peratures (T¥24.7 °C, the characteristic time for the decay ’

‘ i
of the autocorrelation function to the base livehereg(r) : i ﬁ % fﬁ i ]

=1]is in the vicinity of 10 °s. This time scale is consistent
with the diffusion time scales of individual BC-10 molecules 10"
in toluene. At 20.8 and 16.2 °C, the characteristic time for the
decay of the autocorrelation function is significantly larger r
than that obtained at high temperatufsse Fig. 20)]. The (um)
characteristic decay time at 16.2 °C is 2 orders of magnitude
longer than that obtained at 24.7 °C. This is a classic signa- i %
ture of intermolecular aggregation or micelle formation. The T gIg ﬁ i
critical temperature for micelle formation in the 1.5% BC-10 I f % %
solution is 232 °C. The qualitative features of DLS data 0 ‘ ‘ ‘ :
obtained from 2.0% and 2.5% BC-10 solutions were similar 15 20 25 30 35
to the 1.5% solution data shown in FigaR The formation T
of micelles was detected at temperatures below a threshold
value. FIG. 3. Temperature dependence of the hydrodynamic radius in BC-10 and
Typical DLS data obtained from BC-18 solutions are BC-18 solutions. Hatchgd squares, BC-18, 2.5%; circles, BC-10, 1.0%;
. . . squares, BC-10, 1.5%; diamonds, BC-10; 2.0%; triangles, BC-10, 2.5%. The
shown in Fig. 2b), where we have chosen to display datahoIIow symbols represent the individual molecules while the solid symbols
obtained from the 2.5% solution. We find characteristic derepresent the micelles.
cay times of 10° s over the entire experimental temperature
window. We thus see no evidence of micelle formation in
BC-18 solutions. I (k), for the 1.5% BC-10 solution. At high temperatures we
The intensity-weighted distributions of mobilitie§( 7) see scattering intensities in the range of 46m™. At lower
were obtained by solving the following integral equation: temperature$20.3 and 16.6 °Cwe find intensities ranging
from 10 2 to 10 2cm L. In contrast, thel(k) data from
J'wd(l (1) BC-18 solutions in the 10* cm™ ! range at all concentrations
0o \T and temperatures, are shown in Figo)4 The SLS measure-
) ” ] ) ... ments confirm the presence of micelles in BC-10 solutions
uSingCONTIN.™ The location of the peaks in the distribution
function, G(7), allow calculation of diffusion coefficients of
the species in solutio) = 1/(7.k?), wherer, is the charac- e R —

teristic decay time of the species ake 4 sin(6/2)/\. The ] (a) BC-10 (1.5%)
hydrodynamic size of the specieR,, was then estimated 107 c
from the Stokes—Einstein relationship, E o

=

i

45

2

a +1

g(t)=B G(r)exp( —t/7)

O

[@]

ksT 107 %o
67 7R;,’ @ (em™) 0 U o
o

wherekg is the Boltzmann constant, is the absolute tem- 107 8 g Joog a0 gg
perature, andy is the solvent viscosity. All of the BC-18 ' $e80000046
solutions exhibited a single, corresponding tdr,, values 10_5“ , , , . ‘
between 0.008m and 0.004m. These values are compa- 5 10 15 20 25 30 35
rable toRy, values of PS and PB homopolymers of similar k (um™)
molecular weights in toluene. We thus conclude that the 410° - . 1
BC-18 polymer is molecularly dispersed in toluene in the o (b) BC-18 (2.5%)
entire concentration and temperature window. We show the P9 166C |
temperature dependence &% obtained from the 2.5% 31071 g s3c |l
BC-18 solution in Fig. 3(hatched squar@sAlso shown in i . rorc
Fig. 3 is the temperature dependenceRpfobtained from | T e T
BC-10 solutions. The presence of aggregates Wi (cm™) ] A 33€
=0.3um is evident at lower temperaturébelow 35°Q I - B8
while free molecules are detected at high temperatures 1107 - ; “é%@%@%@@%@mg
(above 35°Q. In the temperature range between 24 and i )
35°C, the micelles and free chains are seen to coexist while 010° L , e , .
at temperatures below 24 °C only micelles are detected. 5 10 15 20 25 30 35

The presence of aggregates was also studied by static k (pm™)

light scattering(SLS) measurements conducted on the Sam%lG. 4. Static light scattering profile$(q), at selected temperaturés)

samples, using the same ALV-5000 iqstrument_. In _F@-) 4 BC-10 solutions(b) BC-18 solutions. Due to the large changes(ig) with
we show thek-dependence of the static scattering intensity,temperature, the BC-10 data are shown on a log scale.
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for T<20°C. At the lowest accessible (k=8 um™?), | point locations is performed using the replica methdih so
increases by a factor of about 300 when the temperature ®0ing, we assume that the branch points are distributed with
changed from 24.6 °Gwhere the solution is composed of a mean value oP per chain and that the fluctuations in the
free chainy to 15.6 °C(where the solution is composed of positions of the branch points exhibit short-range correla-
micelles. The average number of chains per micelle is givertions. These mathematical steps allow us to develop a Lan-
by the ratiol in the limit k— 0. Such extrapolations can only dau free energy functional up to quartic order. For our
be done with accuracy KR;<1 (Zimm scattering Using present purpose, we concern ourselves with the free energy
the measured value d?,~0.5um (Fig. 3 as an approxi- functional up to quadratic order only. Detailed derivation of
mate measure oR,, we conclude that Zimm scattering the free energy functional is provided in the Appendix. Here
would be observed in the< 2 um~regime. Itis thus clear Wwe simply write down the quadratic term of the free energy
that an accurate measure of the aggregation number of tHgnctional that we obtain. We denote it IBy and it is
micelles cannot be obtained from the data in Fig. 4. The
factor of 300 tha’F we have observed .in the laMimit rep- . V= Ef dap(q)Tx(q)p(q), 3)
resents a lower limit for the aggregation number of the mi-
celles. The large values &, and the steep dependence of wherep(q) "= (pa(9),ps(q), p<(q)),
static light scattering intensity from micelles ¢&n[15.6 °C
data in Fig. 4a)] suggest that the micelles are nonspherical. Maa(d) Mag(@) 077*

Most researcherg.g., Refs. 13 and 14:on§ider t(_)luene Iy(q)=| Mga(@ Mgg(q) O
to be a common solvent for PB and PS chains. Micelle for- 0 0 N
mation of branched PS-PB molecules in toluene is therefore S
surprising. Recent studies suggest that toluene is a slightly
better solvent for polybutadiene than polystyrétie’ The
micelles under consideration should thus consist of a core of
polystyrene branches surrounded by a solvated corona pre- XsA XsB Xs
dominantly made up of polybutadiene loops.

It is clear from the literature that PS-PB diblock copoly-
mers do not form micelles in toluer&!® Thus, the first , [Ng’b?
guestion we seek to answer is why do branched molecules Maa=NcN 92( 6 )
form micelles in slightly selective solvents? In architectur-

XAA  XAB XAS
+| xBa XBB XBS|, (4)

ally simple macromolecular amphiphiles, such as diblock co- M roe M= N-MNP Mq*b? Ng*b?
polymers, the tendency for micelle formation is enhanced by ABT WIBATITC %~ 9275 |
increasing molecular weight of the poorly solvated blétk. -
Our observations show that this is not the case for branched B . (MQgh 2 _
macromolecules; BC-18 has a higher molecular weight com- Mee=Nc PM gz( +MTP(P=1)
pared to BC-10, but does not form micelles under conditions 212 212
wherein the latter does. We now discuss a field-theoretic X g Mq ) Z(Nq ”
analysis and physical arguments that provide the underpin- 6 6
nings of our observations by addressing these issues, and 1—exp—X)
show that molecular architecture is key for micelle formation ¢, (x)= &
in branched macromolecular surfactants. X

_2 +x—1 5
IIl. THEORY 92(X) = Sz [eXp(—x) +x—1]. ®

Consider a mixture o randomly grafted copolymer Hereb is the statistical segment lengiivhich we have taken
chains(RGC9 andNg solvent molecules. Generalizing ideas to be the same for both PS and PB blocks for simpljcity
developed by us recently to study microphase ordering irandN are the number of statistical segments in each branch
molten RGC$?? we can write down a theory which de- and the backbone, respectively. In the equations abAve,
scribes this situation. We first write down a microscopicdenotes the PB segments a@ithe PS segmentg;; denotes
Hamiltonian, which includes connectivity reflecting the poly- the Flory interaction parameter between thandj-type spe-
mer architecture, intersegment interactions, and segmenteies. We note in passing that in the absence of the soli/gnt,
solvent interactions. The intersegment and segment—solveis a 2x 2 matrix, which has been obtained befété! As
interactions explicitly depend upon the chemical identity ofnoted in these references, the malfrix is different for ran-
the segment§i.e., whether they belong to a branch or to thedomly grafted copolymers compared to uniform comb poly-
backbong This microscopic Hamiltonian is then rewritten in mers. The effect of this randomness is even more pro-
terms of the following macroscopic order parameter fieldsnounced in the quartic terms of the free energy functional.
ppdr), ppa(r), andpg(r) which denote the densities of PS, Thus, we expect that CMC characteristics in a strong segre-
PB, and solvent molecules, respectively. Each RGC chain igation limit theory, and the stability limit of the homoge-
solution has a different sequence of branch point locations. Aeous phase to be strongly influenced by the quenched ran-
proper quenched average over the fluctuations in branciomness embodied in the sequence of branch points. Some
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FIG. 5. The eigenvector which belongs to the smallest eigenvalue as IG_' 6. Field-theoretic pre_diction €y, the concentration at the stability
function of y for N=2138,M =285, andP = 20. The ordinate measures the imit, as a function of for fixed values ofN andM. Results are shown for
amplitude of the concentration fluctuations of each species. The amplitudetg"o values ofy (i.e., temperatufe
are normalized by enforcing the sum of their squares to equal unity. The
vertical line indicates the stability limit.
monotonic. WherP is small it becomes easier to form mi-
celles upon increasing the number of branches, and above an
manifestations of these differences between random and undptimal value ofP the opposite is true. Another feature of the
form grafting for molten polymers have recently been de-results displayed in Fig. 6 is worth noting. As the solvent
scribed in Refs. 21, 24, 25. becomes less selective for the RGC’s backbone, in the region
This free energy functional can be employed to study thevhereP is small, the magnitude of the slope of the curve that
stability limit of the disordered statéree chains in solution describes the variation & with P becomes larger.
with no segregation of the PS and PB blocks from each other The results displayed in Fig. 6 explain our experimental
or from the solvent and the nature of the unstable concen-findings. It is harder to form micelles with BC-1& & 18)
tration fluctuations at the point of instability. These concen-compared to BC-10R=10) because these experiments ap-
tration fluctuations are signatures of the state which results gsear to correspond to the regime wherein increaBimgakes
the homogeneous state becomes unstable. The stability limitharder to form micelles. The finding that it is easier to form
is obtained by finding the condition wherdii} is no longer  micelles with RGCqwith the number of branches in a cer-
positive definite. The eigenvector that belongs to the smallestin range rather than their chemical analogs with simpler
eigenvalue ofl’, at the stability limit tells us the nature of architectures is also made clear. Consider our theoretical pre-
the concentration fluctuations. We use E@-—(5) to obtain  dictions in the limit ofP= 1. This is a very simple architec-
the stability limit and pertinent eigenvectors. ture that is close to a linear systgutiblock copolymey. As
In order to understand the qualitative behavior, we studywe see, it is much harder to form micelles in this case com-
the simplest model that contains the essential physics. Speared to several RGOs.e., those with larger values &).
cifically, we take the solvent molecules to be chemicallyThis trend does not continue beyond a threshold value of
identical to the segments that constitute the backbone of thas indicated by both our theory and experiments. The non-
RGCs.(Due to this and other simplificatiod8no quantita- monotonic dependence @f on P also suggests that, for a
tive inferences are to be drawn from the theoretical regults.given choice of monomers, we can obtain optimal surfactant
We fix temperatureM, andN, and compute the concentra- properties of grafted copolymers by manipulating the
tion of RGC chains Cg) required for the disordered phase to branching density.
become unstable. We comput, as a function ofP for The physical reasons that underlie our experimental and
various values of temperature. For all valuesPoaind tem-  theoretical findings are simple. As has been pointed out by
perature, at the stability limit, we find that the eigenvectorsmany authors(e.g., Ref. 20 the equilibrium between a
associated with the unstable mode correspond to concentrphase with micelles and free chains and the disordered phase
tion fluctuations which are such that the solvent moleculesvith no micelles depends in an important way on the free
and the backbone segments segregate from the segments teaergy per copolymer chain in a micelle. In our case, micelle
comprise the branches. This is illustrated in Fig. 5 for parformation is driven by the energetic advantage associated
ticular values ofN, M, andP. Separation of backbone seg- with protecting the branches from the solvent. Entropic pen-
ments and solvent molecules from branch segments is a pathkies oppose micelle formation, and are different for poly-
way that is necessary for micelle formation. Thus, thesemers with different architectures. Simple geometric argu-
concentration fluctuations may announce the impending forments allow us to understand our theoretical and
mation of micelles as the homogeneous state becomes uaxperimental findings concerning the variation of surfac-
stable. Therefore, we may vie@, to be directly related to tancy with polymer architecture in terms of these entropy
the critical micelle concentratiofbut not equal to jt penalties. Each micelle consists of a core made up of seg-
Figure 6 shows that the variation @f; with P is non-  ments belonging to RGC branches and a solvated corona of
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backbone segments. The architecture of RGCs necessitatiestants that are macromolecules with more than two
that the PB segments that make up the corona be arrangédanchese.g., agrecarfs where the role of molecular archi-
such that the sections of PB segments between branch poirtecture remains to be elucidated. We have found that
form loops that return to the surface of the core made up obranched copolymers are good model systems for studying
PS segments. The entropic penalties for micelle formatiorthe relationships between surfactancy and molecular archi-
are associated with packing the core with branch segmentscture. Insight into these relationships should prove to be
and forming the loops that make up the corona. These eriseful for applications.

tropy penalties depend upon the number of branches in dif-

ferent ways.

When P is small, the loops of polybutadiene that must
form the corona are longaverage length i&\/P) and they Financial support provided by the National Science
need to protect a relatively small core. Loop entropy penalfoundationCTS-0196066, DMR-9901951and U.S.D.O.E.
ties are thus relatively small, and the entropic penalty forB.E.§ are gratefully acknowledged. A.K.C. and N.P.B. are
forming a micelle is dominated by that associated with packCamille—Dreyfus Teacher—Scholars.
ing the core. In this regime, increasiRgeduces the entropic
penalty for micelle formation. This is because as the number
of branches increases the number of PS segments per copo@PPENDlX

mer chain increases, and it becomes easier to pack the core The system we consider contaiNg.RGC chains. Each
since each branch has to deform less.Asncreases, the chain has a backbone with monomers of A-type, an®
average loop length is smaller and the PB segments need fpanches, each withl monomers of B-type. The number of

cover a larger area to protect the cdre., the average dis- solvent molecules i8ls. For this system, the partition func-
tance between loop ends is largefhe entropic penalty as- tjon is

sociated with arranging the polybutadiene loops becomes
larger asP increases because the average loop length de- ,_
creases and the average distance between loop ends grows.
Beyond a threshold value & the entropic penalty for form-
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HiNflnjF;lH:S:lf Dri(n)Dr;;(s)Dry,

ing the micelle is dominated by that required to form the X Polri(n)]Po[rij(s)]6[rij(0)—r(7j) ] exd —E],
loops that make up the corona. Thus, in this regime, it be-
comes harder to form micelles &increases. These simple (A1)

arguments explain our main findings. A “strong segregationyhere we uségT as a unit for energykg is the Boltzmann
limit” theory *>*” may provide insight into the field-theoretic constant, T is temperature r;(n), ri(s), andr,, are the
prediction thatCy decreases more strongly with (in the  positions of thenth monomer on the backbone of thth
small P regimg as the solvent becomes less selective, an@nain, thesth monomer on thgth branch of theith chain,
may also allow the development of scaling relationshipsand themth molecule of the solvent, respectiveBg[r;(n)]

which can guide the choice of architecture for obtaining de4gng Polrij(s)] ensure the connectivity of the backbones and
sired surfactant properties. We hope to report on these issu@se branches, i.e., explicitly,

in the future. Our results also indicate the need for more

extensive experiments on a series of RGCs with different Po[r:(n)]=Cyexg —
architecturege.g., fixedM andN but varyingP over a wide oLt N

range in slightly selective solvents. It is also necessary to 3 (M ari(s)|2
explore the self-assembly of the RGCs as a function of sol- Po[r:(8)]=Cp ex;{ _ _zf ds( ij ( )
vent selectivity. This will provide a bridge between the J 2b Js
present work and more traditional studies of the interfacia
properties RGC&2°

N - [ori(n))\?
%Zfo dn( on )

(A2)

\NhereCN and C,, are normalization constants, abds the
statistical segment length for both monomer A and B. The
Ssfunction in Eq. (Al) ensures the connectivity of the
branches to specific points on the backbongare the po-
Controlling the way in which molecular building blocks sitions of the branch pointsj€1 to P) on the backbone
can self-assemble in solution is important for many applicaof the ith chain. The distribution ofy; is random, and we
tions. Our most significant finding is that manipulating mo-shall perform a quenched average over this distribiffon.
lecular architecture is a sensitive way to tune surfactant prop-et us introduce coarse-grained macroscopic densities of
erties of macromolecules. Unlike small molecules, thedifferent species, pA(r)zig\‘flfdn(S[r—ri(n)], pg(r)
behavior of macromolecules is often dominated by Confor'zEflEjP:lfdsé[r—rij(s)], and ps(r):E:S:15[r_rm]_

mational entropy contributions, and this makes molecular aryyg lalso define the volume to Bé=Ng(N+PM)+Ng so

chi.tecture a sensitive “knob” fqr c_ont_rolling surfactant prop- inat the total density of all species equalhenomenology
erties of polymers. Our specific findingand future efforts ¢ 4 |attice model E=E(pa,ps,ps) is the interaction en-
regarding micelle formation by RGCs may be of some sig—ergy and it has the form

nificance to biology. The remarkable surfactancy of phospho-
lipids, which are double-tailed in architecture, is well
understood.There are however, a plethora of biological sur-

IV. CONCLUSION

\%
E=§f drp(r)"Dp(r), (A3)
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whereD;; = x;; are Flory interaction parameters between the " )
i- and j-type speciesp’=(pa.pg.ps). We now define the <RU>:HQ:1J Dp*(r)Dy*(r) ex lf dry*(r)- p“(r)
entropy to be

><<Hi“‘cln}°_lnﬂslf Dr(n)Dr{(s)DriP[ri(n)]
s:|n(R):|n[HiN01HjPlH:SJ Dri(n)Dry;(s)Dr,
><P[rﬁ(S)]eXp{—ivg(r%)}5[rﬁ(0)—r“(7ij)]>,
X Polri(n)IPolrij(s)16[rij(0) =r(mj)11, (A4) (A8)

such thaZ=exg S—E]. Thus, the quenched average need bewhere
performed on the entropy only, and we use the replica trick
to compute this average,

P[rf'(n)]ZPo[fi“(n)]eXP{ —if dnyﬁ(rﬂn))],

(S)=1lim (A5) (A9)

(R -1
o—0 o .
P[ri‘}(s)]zPO[ri‘}(s)]exp[ —if dSyg(rﬁ(s))].
Here the average is taken over the quenched distribution of
7j . These considerations lead to

The part which has to be averaged over the quenched
distribution of branch points is

<R">=<Hz=1ni“_°lnf’=lnr“f_l f Dri(n)Dri(s)

N=(1re_.m1Ne 1P 11Ns a a
><Drﬁ;Po[ri“(n)]Po[rf}<s>]5[rﬁ<0>—r“(m)]>. (@ <H“HiIH11Hmlf Dri(mbrij(s)
(A6) XDrPLri(m1P[r{(s)]
We now use a mean field thedfyto calculate(R?), i.e., we xexp—iys(rm)}olrij(0)—r( 7'ij)]>
evaluate the pertinent functional integrals using the saddle-
point approximation to obtain Fhe effective free energy. The :< HN:ClHJP:lHNS:J Dr,(n)Dr; ()
guenched average over the disordered sequence is also cal- : m

culated during the process.

X ) .
First, we introduce the identity DrmPLri(mIPLry(s)]

XeXp{_i?’s(rm)}5[rij(0)—r(7ij)]] > (A10)

Nc
1=Hz=1f Dp*(r)3| p5(1) - 3, dna[r—rf'm)]}

We now use a perturbation method and expdm

Ne P . . .

%5 pg(r)—Z 2 ds&[r—ri‘}(s)]} ::mcj:L;/mulants by powers of the conjugated fields, yg,
i=1j=1 S
Ns

X ) pg(r)—mzzl or—rg } Q=Qo+tQ1+Q+Q3+Qy+---, (A11)

—117_. | Do*(r\Dv*(r)exoli | dr ). po(r whereQ, is to thenth power of the conjugated field®, is
“’lf PHNDYN) p{ f L) p(0)] the unperturbed case, and it is easy to ob@j VNc*Ns,

Ne The linear termQ is zero because of conservation of the
_i{z dnyS(re(n)) to_ta_il numbe_r of molecules of ea_ch species. The first non-

i=1 : trivial term is Q,. After transforming the fields and propa-
gators into Fourier space, we obtain

Ne P Ng
+2 2 | dsya(rii(s)+ X ygufa)H. (A7)
=1i=1 m=1 WNe+Ng-1
Qo= - TJ day' (@M (a)na), (A12)
Here ¥'=(ya.vs.ys) are fields conjugated top"
=(pa,pg.ps). Substituting the above identity into EGA6)
obtains wherey"=(ya,vg,vs) andM is a 3x 3 matrix,
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Ng?b?
My, = NCN292< 6 ) ,

M2,=N¢

qubz)

PMzgz(

Mq2b2 2 Nq2b2
6 2l 6 ’

+P(P—1)M2g1(

qz 2 Nq2b2
M1,=M2;=NcNPMg; 6 J2 6 )
M13=M3z1=M3=M3,=0,
M33=Ng,
here  gi(y)=[1—exp(-y)lly and

+exp(—y)—1]. g,(y) is the so-called Debye function.
From this, we obtain the expression(@?),

J’_...'

1
[—gf dg*y" (gq*)M(q*) 1 gq*)

(A14)

Now we have

(RIp.v])= Z=1J Dp“(q)Dy“(q)exp{if dgy*(aq)

-p“(—q)]<Q“[7]>- (A15)

(A13)

92(y) = (2A)[y

Kreig et al.

Combining this entropy term with the energy term, we
obtain, up to quadratic order, the free energy functional of
RGCs in solution,

Y
<F[p]>=§f dgp’(M~*-D)p, (A19)

whereD;; = x;; with i, j being components of type A, B or S.
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