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Elastic properties of polymer interfaces: Aggregation of pure diblock, mixed diblock,
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Block copolymers adsorbing to an interface between two immiscible homopolymers modify the elastic
constants of this interface. Within self-consistent field calculations for Gaussian chains, we determine how the
bending constants vary in dependence on the block copolymer concentration and architecture. Four phenomena
are discussedi) When a tricritical or isotropic Lifshitz critical point is approached in a ternary mixture by
varying the concentration of diblock copolymers or changing temperature, the elastic constants vanish. We
determine the corresponding power laws, and show that the de Gennes—Taupin criterium for the stability of
lamellar phases against undulations and the Ginzburg-Landau criterium for bulk fluctuations yield identical
predictions for the validity of the mean-field approximatidi) Addition of a small amount of diblock
copolymers modifies the bending rigidity. If the diblock copolymers are comparable in length to the homopoly-
mers, adsorption of the diblocks reduces the bending rigidity. If the diblocks are much longer, they increase the
bending rigidity. Only for an extreme ratio of chain lengthis {00), the predictions for polymers tethered to
an infinitely thin, impenetrable sheet become accuraii§. Mixtures of short and long symmetric diblock
copolymers are studied, as well as mixtures of two asymmetric diblocks, which are obtained by exchanging the
long and short ends. The saddle-splay modulus is found to be the same in both mixtures, while the bending
rigidity is significantly smaller in the latter cas@v) The role of the block copolymer architecture is studied by
comparing the effect of triblock copolymers with the effect of diblocks with the same overall length and
composition. We propose that triblock copolymers are a very efficient way to control the spontaneous curvature
of an interface.
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[. INTRODUCTION tuation effects are reduced due to the large extension of the
molecules.

Many qualitative features of homopolymer-copolymer Two recent discoveries shed more light onto the close
blends are shared by mixtures of oil, water, and surfactantsgrda“(?n b_etween_amph|ph|||c systems an_d polymer_ mixtures.
or by mixtures of biologically relevant lipids and water. For | N€ first is the discovery of polymeric microemulsions, i.e.,

instance, all these systems exhibit a similar topology of thénc an isotropic phase in polymer mixtures, in which the ho-

: o ’ > .. ,mopolymers form a disordered array of intertwined,
phase diagram, which is brought about by the “amphiphilic microphase-separated channel netwdis9]. This phase

character of the copolymer, the surfactant, or the lipid. Iny5q the same structure as the bicontinuous microemulsions in
both of the first two cases, it is technologically highly desir- amphiphilic systems, which have been investigated inten-
able to obtain macroscopically uniform mixtures of all threesjyely over many years. The second is the addition of an
components with an amount of copolymer or surfactant aamphiphilic block copolymer to a oil-water microemulsion
small as possible. Furthermore, the behavior of these system&s found to have drastic consequences on its swelling be-
is controlled by the same physical mechanisms, which ar&avior[10,11]. Already a small amount of block copolymer
the low interfacial tension and the curvature elasticity of thewas found to increase the efficiency of the surfactant enor-
decorated interfaces between the two components to be solllously. This effect can be understood as a result of the
bilized, as well as the direct interactions between these intelg;(?enged curvature elasticity of the decorated oil-water inter-

faces. . . . . It therefore seems possible to also control the phase be-
Adding dlblogk copolymers to a b_Iend of mgompatlble havior of polymer blends by adding a second type of block
homopolymers improves the application properties of poly-qhaiymer, or by changing the copolymer architecture. We
meric “alloys.” Therefore the phase behavior, and interfaceyant “to investigate in this paper several possibilities to
structure has attracted abiding interest. Self-consistent fielﬁhodify the curvature elasticity of the polymer interface by
calculations[1-3] predict a rich phase behavior including block copolymers and block-copolymer mixtures. A special
highly swollen lamellar phases and a three phase coexistencase, the bidisperse mixture of symmetric copolymers with
between uniform homopolymer-rich phases and a lamellagqualinterfacial excesses of short and long chains, has been
copolymer-rich phase. Polymeric surfactants offer particulainvestigated in Ref[12], and has been found advantageous
advantages as model systems to investigate this universfdr stabilizing polymeric microemulsions.
behavior, becausg) the interface structure itself can be de-  On a mesoscopic length scale the properties of interfaces
scribed by a few mesoscopic paramet@rg., incompatibil-  between coexisting phases or self-assembled aggregates are
ity per moleculeyN and chain extensioR.) and (ii) fluc-  often described by an effective interface Hamiltonian. Such
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models have proven useful in the context of wetting phenom- m={} (planar) m=1 {cylindrical)
ena[13], biological membranes, and microemulsidrgt—
16]. In the framework of an effective interface Hamiltonian,

the interface is conceived as an infinitely thin sheet, which is . B n
characterized by a few effective parameters: the interface R - "'E." X

tensiono, the spontaneous curvatuxe the bending rigidity

«, and the saddle-splay modulks The Hamiltonian of such
a sheet takes the forfil7] ZA

m=2 ispherical)

H:f dS{o+\H+2kH2+ kG}, (1)

whereH=(c;+c,)/2 andG=c,c, are the local mean and
Gaussian curvatures. In spite of its apparent simplicity, the
statistical mechanics of such an interface is quite intricate
and the model exhibits a rich phase behayibt—1§.

The parameters, \, «, andx are input into the effective
interface description. They have to be calculated from a mi- FIG. 1. lllustration of the planarng=0), cylindrical (m=1)
croscopic model, which incorporates more details of the in,q gpherical =2) geometry used in the self-consistent field
terface. In the following we calculate the elastic properties ofscp calculations.

interfaces in a mixture of homopolymers and diblock copoly-

mers. The elastic properties of polymer interfaces have beeponomer species and B. Both homopolymers have equal
calculated in the framework of the self-consistent fieldcpain |engthN, andN/«, andN/«, denote the chain lengths
theory by Matseri18,19,13 and Laradji[20]. In the follow- o the two copolymers. The first diblock copolymer contains
ing, we use the computational method of Mat4éd®] to f,N/a; A segments and the second one comprises

caIcu_Iate.the. effective parameters of the eﬁeptive interfacqu/ a, A segments. The Flory-Huggins paramejerde-
Hamiltonian in the framework of a well-established coarse-g¢ripes the repulsion of the different monomer species. All

grained model. _ chains are modeled as Gaussian chains with identical statis-
After a brief o_utllne of the model and the method, we jj-4 segment length, the end-to-end distance of the ho-
focus on four topics. mopolymers and the two diblock copolymers aRe,

(i) We study the behavior of the bending rigidity and thep /\ay, andR,/\a,, res ;

. . T , , pectively.
saddle_-'splay.mo.dulus.upon appr_oachlng an isotropic L|f§h|tz eWe lcalculatg thezfree energy of &B interface in three
or tn&:rmca'l LIfShItZ. point. Mean field t.heory fails dramgtl- geometries—planami=0), cylindrical (m=1), and spheri-
c_aIIy .[9] In th‘.a vicinity of_those po_mts_, and fluctuations cal (m=2) as illustrated in Fig. 1. Lex, denote the coor-
give rise to a disordered microemulsionlike structure. dinate normal to the interface. The interface is centered at

modiies the slasic constants of the imerface. and compary . R a1d e calculate the propertes inside the SR
P =A=x,<R+A. The width A is chosen large enough for

gﬁ;gﬁzglttso tgnairrkahgéceilre?t:ﬁadilﬁf‘:girggll_tﬁ% ?r]:tg?gcghams the profiles to reach their bulk values at the boundaries. Our
P y ’ calculations are performed in the grand-canonical ensemble,

dib(lglgkccoomgla nn?grsml\)/(vtgr?;ri?; Z%(mlri?:ﬁlmchg\r/]vd e?(Sc);]rngEi}:]nC but we specify explicitly the location of the interfa¢28].
JPOlymers, - plicitly 9Ng The grand-canonical free energy of the mixture of two ho-
asymmetric amphiphiles from one side of the curved inter-

face to the othefflip-flop) affects the bending rigidity and mopolymers and two diblock copolymers takes the form

we relate our results to membrane mod&@4—-27. NG
(iv) The role of architecture is illustrated by investigating == ZpaVQha— ZheVQne— 21 VQ1~ 2,VQ;

symmetric ABA-triblock copolymers with diblock copoly- BIP

mers of identical composition. It is shown that the middle

block does not impart a spontaneous curvature onto the in- +f erNqSA(r)qSB(r)—f dr{wa(r)pa(r)

terface.

+Wg(r) ¢g(r)+E(r)[1—da(r)— ¢g(r)]
Il. POLYMER MOD%A?_IE%EAE-#CF)-’\(I:SONS|STENT FIELD _de(S(XL_R)[QbA(r)_Cf’B(r)]}- (2)

The technical details of our calculations are very similar¢a and ¢g denote the local composition of the mixture and
to previous work by Matsefi18]. The technique has proven p the monomer number densify.denotes the volume of the
to be more accurate than alternative approaches. We givgystem.T is the temperature arid; the Boltzmann constant.
here only a brief account which also serves to introduce outa, Zg, z;, andz, are the fugacities of the polymers. They
notation. We consider a quaternary mixture of two ho-are related to the excess chemical potentials gja

mopolymers and two diblock copolymers, which consist of=exp(ux7kgT), and similar relations hold for the other
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polymers. Since the system is incompressiblg,(r) N(G— Gputd) AG
+ ¢g(r)=1, there are only three independent chemical po- g= == 5
tentials and we set,=1. £(r) and ¢ are Lagrange multi- keTpAR:  \[NkgT(A/R?)

pliers to enforce incompressibility and to pin the center of

1 1
the interface, wherepp,= ¢g, at the surfacex, =R. Qa, S+ -AC+-—KC? for m=1
Qg, 91, andQ, are the single chain partition functiof29] = 2 2 (10
of the two homopolymera andB and the two copolymers in S+ AC+(2K+K)C? for m=2,

the external fields, respectively.

where A denotes the interface area aggl, is the grand-
canonical free energy of the corresponding homogeneous
system. Comparing expressi¢h0) with Eq. (1) we identify

3 [V S[dr(s) 2
d
2R§ 0 ds

1
Q[ wa,wg]= fD[{r s)}]exp(

1l ey S =oR¥YksTYN, A=\R./kgTVN,
—fo dswA(r(s))—ff / dswg(r(s))
1/ay

“ K=x/keTVYN, K=rl/kgTyN. (11)

and similarly for the other polymersv, is the external field
which acts on theA segments andvg is the external field
which acts on th& segments. The mean-field approximation

The quantityﬁz (pRglN)2 measures the degree of interdigi-
tation of the polymers and it scales like the chain length.
The properties of the homogeneous system are given by

consists in replacing the densities and external fields by their — fla; (1-f)lag
most probable values. These are given by the self-consistent prs :(@) (@) (12)
set of equations, Z; Za Zg
Wa— W=~ xN(¢a—bg) ~20A0(x, ~R),  (4) b2z [ fna|'?? dns| 3
Z Za Zg '
a+ a1, (5)
Dp=dpat Frdr+ s, 14
PR © ba=duat f1d1+ 20y (14
QhA Q DQZ gB:ghB_'—(l_fl)$1+(1_f2)$21 (15)
b= zhAV +21LDW +22LDW (7) -
A A 1=¢at s, (16)
DQng DQq DQ,
28V 0 +z V——= 42,V 8 — ¢hA B
$o 71 Vows 2w @ AN o) =In2%2 i
ZA hB
In the grand-canonical ensemidy = ¢ a/Za, Whereey  is and
the average composition @& homopolymers. Similar rela-
tions hold forB homopolymers and copolymers. NG, - o o
To calculate.the. segment densities it is us_eful to intr_oduce T O;T}' =—pa— Pnp— 11— doart xNpadp
end segment distributioi29]. They obey modified diffusion B'P
equations, which take a particularly convenient form in Fou- ¢ ¢
rier representation. Following Matsdd8], we expand all —¢A|nﬂ_$5| ﬂ (18)
spatial dependencies normal to the interface in a cos series
with M terms. For example, th& monomer density takes the - — — — N
form ¢a(x,) ==L; haifi(x.) with wheregna, ¢ne, ¢1, and¢, denote the composition of the
homopolymers and copolymers in the bulk. The monomer
(i—1)m(x, —R+A) excess of copolymer 1 at an interface is calculated Y&
fi(x ) =M CO{ oA ,
(1) m+1
o i B2y
1=——= | drg(r)— —1-=
N,=1 and AN=\2 otherwise. (9) AR m+1 R
) ) ) d’(z) A\m+1
Up to M =360 basis functions have been used in our calcu- - _
) 1+ 1¢, (19
lations. S m+1 R

The bending moduli are extracted from the dependence of _
the excess interface free energy on the curvature. Using thehere ¢{*) and ¢{?) denote the composition of copolymer 1
dimensionless curvatuil@=R./R, we obtain[18] in the two coexisting bulk phases. The excess number of
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copolymer chains per unit area of the interface iswheref,,, fx, andfyx are functions that depend on the pa-

Ql\/ﬁal/Rg_ Again, a similar expression holds for the sec- rameters of the SCF calculations but not explicitly on
ond copolymer. N, f,=w3. For saturated interfacef and fx take the
The copolymers segregate to the interface as to extendalues—3 and 10/3.B is the lateral length scale on which
their blocks into the appropriate homopolymer-rich phasethe width and the bending rigidities adopt their intrinsic
Segregation reduces the interface free energy(Fe¢1 the  value. Calculation§31] and Monte Carlo simulatior[8$2] of
homopolymers interdigitate the copolymer brush at the interhomopolymer interfaces suggests mwscr. There is also a
face (wet brush, and the copolymers basically do not inter- renormalization of the interface tensi@y which is of the
act with each other. As we increase the number of copolyorder Irfg]/&. In this senseN controls the effect of fluctua-
mers, the copolymer density at the interface increases and thigns and the SCF calculations become quantitatively accu-
homopolymers are expelled from the center of the_mterfaC(?ate in the limitN— . In principle, polymers offer the op-
(dry brush,Q>1). The copolymers stretch perpendicular 10 5o ity to study the effect of fluctuations on interface
the interface as to comply with the incompressibility Con'properties in great detail by varying the degree of interdigi-

straint. Of course, thgre is no sharp transition between thgsion we would like to emphasis, however, that for typical
wet and dry brush regime, but a rather gradual crossover. As

we increase the fugacity of copolymers further, eventuallyeXpe”mental value oN fluctuation effects are important.

the copolymers will segregate from the homopolymers an(%:or exam_ple,_the add_itional broadening of the obse_rved in-
will form a (lamellaj microphase. This possibility is not erface width in experiments due to capillary waves is of the

considered further here, but we restrict our attention to thé?T%obrd%gfsné?:gmgge as the intrinsic width which is pre-
segregation of copolymers to the interface between phaseg',C ed by Y-

which are rich inA or B homopolymers, respectively. We

study the elastic properties of the interface up to the point . RESULTS
where the interface is saturated with copolymers, i.e., the
interface tensiornr vanishes. Typically, segregation of am-
phiphiles to an interface can reduce its tension by several
orders of magnitude, before the interface becomes unstable When a sufficient amount of a symmetric copolymer is
and the amphiphiles segregate to form a microphase witadded to a mixture of two homopolymers of identical length
periodic order or a microemulsion. Hence, the saturatio{a;=1), the blend can be made compatible provided the
point gives a good, but slightly too large, estimate of howincompatibility is low enough YN<6). At ¢;=1—2/xN

many copolymers an interface can accommo@a. one encounters a critical poif@cott line, where the differ-

The self-consistent fieldSCF theory neglects fluctua- ence petween the two coexisting homopolymer-rich phases
tions. They are controlled by the degrseof interdigitation.  vanishes, the excess of copolymer approaches zero, and the
The chain lengtiN enters the SCF calculations only in the width of the interface diverges. At larger segregation, the
combinationyN, which sets the temperature scale, &d homopolymer-rich phases can accommodate only a small
which determines the length scale. If physical systems havamount of copolymers. Adding more copolymer to the sys-
identical yN andR, but different density or chain lengttiN ~ tem leads to the formation of a lamellar phase. The two

(and therefore differenil), the SCF theory will make iden- qualitatively different behaviors are separated by a Lifshitz

tical predictions. Fluctuations of the local interface positiontricritical point atyN=6, ¢,=2/3, andz=4 [1]. The excess

(i.e., capillary wavesmodify interface properties. Most no- () of copolymers as a function of the copolymer concentra-

tably, the width of the interfacev and the bending elastic tjon ¢, in the bulk is shown in Fig. @).

constantK andK depend on the lateral length scadlg on In Figs. 2b) and 2c), we present the bending rigidity

which they are measured. Expressing the quantities in thgnd the saddle-splay modulis respectively, as a function

dimensionless units of the SCF calculations, we obtain  of the excess of the copolymers at the interface. Each line is
obtained by varying the block copolymer concentration in
the bulk. The bending rigidit)k of a homopolymer interface
(i.e.,Q2=0) is negativeg[18] and vanishes both at the critical
point yN=2 and in the strong segregation linyN— oo

(20) [20]. The different curves correspond to different incompat-
ibilities yN. For yN<6 they bend back and end at vanishing
elastic constants, because the interface disappears as we add

f(XN,Re, .. )keT [§] sufficient copolymers. For largegN the curves end at satu-
K=Kgcd 1+ — Infl—{], (2D ration @=0), but there is still a well-defined interface be-
47T\/NKSCF

A. Behavior of the elastic properties at a tricritical Lifshitz
or isotropic Lifshitz point

w?_Wecr[  TWXNRe, - )kaTRE H

tweenA-rich andB-rich domains, and the absolute value of
the elastic constants is maximal for that temperature. This
o maximal value of the elastic constant at saturation, i.e., the
_ fkOXN,Re, .. DkeT [ § end point of the curves foyN>6, is depicted as a thick
K=Kscq 1+ — Uik (220 dashed line. In the wet brush regirfie<1 the value of the
477\/NKSCF . elastic constant is very small, but fé¥>1 (dry brush they

041805-4



ELASTIC PROPERTIES OF POLYMER INTERFACES. .

0.8
; ¥M=2.5
0.7 =4
— M=
06 | - N=10
- — yMN=20
0.5 4
o 04l
03 |
0.2k
[
04
g0 01 02 03 04 05 06 07

(a)

PHYSICAL REVIEW E 66, 041805 (2002

inset of Fig. 2. The crossover between the wet and dry brush
behavior has been investigated by Mat$é&B] at constant
xN. Our finding at saturation confirm his finding that only
for extremely large segregatiofN~ O(10%) the predictions

of the strong stretching assumption become quantitatively
accurate.

In the vicinity of the Lifshitz tricritical point atyN=6,
fluctuations are particularly important. Their relevance on the
homopolymer-rich phases can be gauged by the Ginzburg
criterium[34]: fluctuations are negligible, if the composition
of the uniform homopolymer-rich phases in a volume of the
size of the correlation length exhibits bulklike fluctuations
which are small compared to the difference in composition
between the coexisting homopolymer-rich phases. Using the
appropriate critical exponents for the tricritical Lifshitz uni-
versality class, Holyst and Schick2] calculated that

|yN—6|>N"23 is required for the mean-field theory to

Indeed, Monte Carlo simulationf4] and experiments
[5,6,9,7 do not confirm the mean-field prediction of a highly
swollen(asymmetri¢ lamellar phas¢1—3] in the vicinity of
the tricritical Lifshitz point, but rather find a disordered mi-
croemulsionlike state. In the vicinity of a Lifshitz point the
interface betweeA-rich andB-rich regions is very wide and
the interface tension is very small. It is the bending rigidity
which stabilizes the lamellar phase against fluctuations of the
orientation of the interfaces. de Gennes and Ta{pi) cal-
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FIG. 2. Interface excesQ as a function of the bulk concentra-
tion ¢, of copolymers for variougN. Bending rigidityK (b) and

00 01 02 03 04 05 06 0.7
L2

culated the correlation length of the direction of an isolated
interface to bet~ R.exp(2r«/kgT). For k~kgT the correla-
tion length of the normal direction of the lamellae becomes
small, fluctuations of the local interface position destroy the
long-range lamellar order, and a microemulsion is formed
instead. In fact, a more detailed analyfi$,36,37 shows
that for sufficiently large bending rigidity, the transition from
the lamellar phase to the microemulsion phase is controlled

by the saddle-splay modulus When|x|>kgT, the lamel-

lar phase is stable when the interfaces are packed close to-
gether, but melts into a microemulsion phase at higher dilu-
tion [38].

In Fig. 3 we present how various quantities vary as the
tricritical Lifshitz point is approached by changing the tem-
peraturet= yN—6 at fixed chemical potentisee Fig. 8a)]
or by increasing the copolymer’s chemical potentialz
—4 at fixed temperaturgsee Fig. 8)]. Our SCF calcula-
tions yield the following estimates for the mean-field expo-

saddle-splay moduluK (c) as a function of the excess of copoly- nents

mers () at the interface. The chain length of the homopolymers
equals that of the copolymersr&1). The different curves corre-
spond to different incompatibilitiegN. For yN<6 the curves loop
back and end at the origin. The thick line depicts the values of the
elastic constants at saturation fp>6. The saturation values for
xN=7 and 10 are marked by filled circles. The inset shows the
dependence of the saturation value on the interface excess. The
dashed lines represent the predictions in the strong segregation
limit.

steeply increase with the excess of copolymers. In the strong

segregation limit we expecK=(37%/64)Q° and K=
— (w?/80)02° [18,33. These power laws are depicted in the
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FIG. 3. Power law dependence of the composition, the bulk copolymer density, the interface tension, the bending rigidity, and the
saddle-splay modulus upon approaching the Lifshitz tricritical p@htand (b) for =1 and the isotropic Lifshitz poinfc) and (d) for
a=0.5. From the slopes we estimate the critical exponents.

The first two exponents have been obtained previously from
the general properties of a tricritical Lifshitz poif]. The
exponents of the bending and saddle-splay moduli have the
same scaling dimension &2 [39]. Requiring the bending
rigidity to be at least of the order dfgT for the lamellar
phase to be stable, we obtai~ Nt~ o(1), ie., t
>N"2/3, Closer to the Lifshitz tricritical point, fluctuations
will disorder the lamellar phases predicted by the SCF theory
into a microemulsion. Remarkably, consideration of interface
fluctuations yield the same Ginzburg criterium as the consid-
eration of composition fluctuations in the bulk.

If the copolymers are longer than the homopolymers
(a1<1), an isotropic Lifshitz critical point is formed.]. In
this case, the location of the Lifshitz critical point is a func-
tion of chain length,yNj;=2(1+2a3) and ¢, =2a%/(1  with t=yN—3 in Fig. 3c) andt=3/2—z in Fig. 3d). The
+2ai) [1]. The comparison of the composition fluctuation same reasoning as above now Ieads—tom/ﬁtf’/“va(l) and
in the bulk with the segregation of the coexisting phasesis.N~25 Again, the latter criterium for the interfaces to be
then impliest>N~2" as a Ginzburg criterium. Our SCF cal- stable with respect to interface fluctuations is compatible

culations fora=0.5 are presented in Figs(c3 and 3d).  with the Ginzburg criterium for bulklike composition fluc-
They yield tuations[2].

1 — .
§—¢A~tﬁ with  B=1/2, (28)

S~t* with pu=(d,—1)v=(8-1)/4=7/4, (29

1 — 1
§_¢1~t ' (30)

Q~t34 (31)

K~K~t54 (32)
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—TAS=2(kgTcR)H?+ (kg TCR2)G, (33

where
| c=(1+w/2)/12~0.224 . . ., c=—-1/6~0.165. .. ,
: (34)

N for bending and saddle-splay deformations, respectively.
When the exces§) of copolymers at the interface is fixed
F i and the copolymers do not intera@te., wet brush()<1),
the contributions of the individual blocks are additive and
| lead to
K=K(Q=0)+cQ and K=K(Q=0)+cQ. (35

We want to remark parenthetically that when the effect of
FIG. 4. Sketch of the typical conformations of homopolymers copolymer chain lengtN/ «, is investigated at constafit in
and diblock copolymers in the vicinity of the interface. Adding Eq.(35), the number density of copolymers at the interface is
diblock copolymers and replacing some of the homopolymers at th@iot constant, but decreases with decreasing Therefore,
interface by shorter ones have qualitatively similar effects. the brush remains in the wet state even dgr—0.
Our calculations are performed in the grand-canonical en-
B. Small interfacial excess of symmetric diblock copolymers semble, i.e., we do not hold the interface excess constant but
) __rather fix the chemical potential of the copolymers. The ex-
) I__et us now tu_rn from saturated interfaces to the OPPOSIt&ags of the copolymers is in chemical equilibrium with the
limit of a vanishingly small amount({<1) of copolymers |k phase at fugacitg. The free energy of the copolymer
adsorbed to an interface and its influence on the elastic propygsorbed at the interface comprises two contributions: the
erties. The case of equal chain lengths £ 1) of diblock  translational entropy of the junction point, which is confined
copolymers and homopolymers can be read off from Fig. 2to the interface and the conformational entropy loss due to
Except for the vicinity of the critical poin;N=2 adsorp-  the confinement of the blocks in the appropriate phases. The
tion of a small amount of copolymers to an interface de-atter contribution is given by Eq(33). For Q<1 the
creases the bending rigiditg; only at largerQ) the rigidity = diblocks do not interact and, therefore, we neglect any con-
increases with the adsorbed amount. This somewhat surpritribution due to chain stretching. Then, the fugacity of the
ing, nonmonotonic dependence is qualitatively similar to re-diblock copolymers at the interface is given by
cent computer simulations of surfactants at a liquid-liquid

interface by Laradji and Mouritsef0]. They attribute this In Z:m(Q(Z'H'G)REQ) +2(kgTCRY a)H?
effect to a coupling between fluctuations of the interface po-
sition and the surfactant orientation. In the case of an inter- —
+(kgTcR/ )G, (36)

face between two homopolyme(sf. Fig. 4 we can qualita-

tively rationalize the effect as follows. Due to the \herew is the width of the profile of junction points. As we
incompressibility, each copolymer that adsorbs to the interj,crease the curvature of the interface. the ex€bsH, G)
face replaces homopolymers on each side of the interfacgs 1o decreases as to keep the fugacity at the constant bulk
Thus a small amount of copolymers has a similar effect aggjye. The change of the free energy due to the desorption of

replacing some of the homopolymers at the interface byopolymers can be calculated via the Gibbs-Duhem adsorp-
shorter homopolymers—namely, the blocks of the copoly+ion isotherm. Using Eq(36), we obtain

mer. Replacing longer chains at the interface by shorter ones

decreases the bending rigidity for sufficiently largll be- Ag=g(z)—g(z=0)
causeK increases witiN at constant Flory-Huggins param-
eter y. The opposite holds true in the vicinity of the critical
point: hereK decreases witlyN and so the bending rigidity
increases as we add a small amount of copolymers.

zdZz
=—f —Q(z' \H,G)x
o z

Due to the replacement of homopolymers, the behavior of =—Q(z,H,G)a
short copolymers is opposed to the expectation for Gaussian 212 =2
chains tethered to an infinitely thin impenetrable membrane. ~—Qa+Q(2cRH"+cRG)
In the latter casex increases ana decreases upon adsorp- with Q=Q(z,H=0G=0). (37)

tion of polymers. Hiergeist and LipowsK®1], Eisenriegler

and co-workerd22], and Marques and Fourni¢23] have In the wet brush limit, each copolymer at the interface lowers
calculated the loss of conformational entrap$ for an iso-  the free energy b%gT. Bending the interface gives rise to a

lated Gaussian chain of end-to-end distafgeand its de-  desorption of the copolymers and their contribution to the
pendence on the curvature, interface free energyg increases. The incremental change
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of the elastic constants at chemical equilibrium is identical to o.21 [
the increment at constant interface excesss). N
The SCF results foc=dK/dQ and c=dK/dQ at yN BEDE Nl
=20 and various length of the copolymer are shown in the 019 + \\:\h
insets of Fig. 5. Upon increasing the chain length of the | \\“ R e e
copolymer, the values approach the prediction for Gaussian ' M gl e
chains at an impenetrable surface very gradually from below. ® 0a7} e e U _"
Even if the copolymers are a factor 100 longer than the ho- - k 7 =
mopolymers,c and c differ by more than 40% from the ' 1 E=0) -
limiting values of polymers tethered to a structureless sheet. 0.15 | oz, fixed g
These deviations highlight the importance of the interface 0.14 i . i
structure: there is a strong interplay between the copolymer 0.0 0.1 |_20.2 0.3
and the other constituents of the interface. (a) o
-0.10
C. Two-component mixtures of symmetric diblock copolymers 011 L ox=0 By s
at interfaces o 2, fixed -
. 012 | S
In recent experiments[10,11,4] on polyethylene- ol
propylene-polyethyleneoxidd PEP-PEQ diblock copoly- wo_013 t ,gm? ;
mers at an oil-surfactant-water interface, already a small - i _,-"
amount of block copolymer was found to strongly reduce the : il or L
amount of short-chain surfactant required to form a bicon- _0.15 | ;o =0
tinuous microemulsion. This effect has been attributed to the 2 bl
N — 016 | 7 00 0.2 0.4 06 08 1|0
ability of the copolymer to make the saddle-splay moduus s . "
more negativg 11]. However, it is not possible to obtain a 0.0 0.1 0.2 0.3
microemulsion of water, oil, and a long-chain block copoly- ib) i

mer, because the interface excess remains small, and the . o
polymer rather forms micelles at higher concentrations. FIG.5. Change of the elastic constafta bending rigidity and
Thus, the role of the surfactant is to reduce the interfaciaft) saddle-splay modulgsupon adsorption of a small amount of
tension to ultralow values. diblock copolymers with chain length &4 (compared to the ho-

We want to investigate here the same mechanism in polj_nopolymeri& The interface atyN=20 is saturated with shorter
mer blends. Therefore. we consider how a small amount 0giblock copolymers of relative length 4{=0.6. Circles corre-

) ! . i pond strictly to saturation, i.e,=0 after the adsorption of co-

long copolymer §») affects the elastic constants of an inter-

: o =" polymers. Squares correspond to an adsorption at a fixed fugacity,
face between two immiscible homopolymers saturated with @nhosen such that the interface without the adsorption of the long

short diblock copolymer ¥;=0.6. In Fig. 5 we show the diblock copolymers is saturated. Open symbols refer to elastic con-
change of the elastic constant upon adsorption of a vaniststants of the interface, filled circles subtract the contribution due to
ingly small amount of long copolymer. The behavior of the the desorption of the shorter diblock copolymers. Lines are guides
bending rigidity and the saddle-splay modulus is qualita-to the eye. The inset presents the data for an interface between two
tively very similar to the effect of a single diblock copolymer homopolymers without shorter diblock copolymersyat=20.
at the interface, as described in the preceding paragraph. In
the limit of very long copolymersi,— 0, our data are com- ,dK dK dQ,
patible with the asymptotic behavior of polymers tethered to € =40, d0,d0,’
a structureless membrane. For finite chains lengths, however,
the effect of the long copolymer is overestimated by the —  dK dK dO,
structureless membrane model. c'= TR IO (38
; 2 1 G4y
The dependence of the interface excess on the curvature

for a cylindrical deformation is depicted in Fig. 6. Upon | order to observe the prediction of the structureless inter-

bending, both copolymer species desorb and the interfacgce model at least in the limit of long copolymets,

excess depends quadratically on the dimensionless curvaturgg, dQ,/dQ, has to vanish. A wet and a dry brush of

C=Re/R as expected for an interface without spontaneoushort surfactants can be distinguished.

curvature. (i) Q,<<1. If we fix the chemical potentials of the copoly-
The deviations from the structureless interface model camers,(); will not depend on the excess of the long copoly-

be attributed in part to the competition between short andners. If the interface is saturat&g— Q,a;— Q,a,=0, and

long chains at the interface. As the long chains adsorb, thethe derivative will take to forndQ,/dQ,=—a,/a;.

expel the short surfactants from the interface. So the effect of (ii) ,>1. If we fix the the chemical potentials, each

the long copolymer alone is rather long chain approximately replaces one short surfactant, and
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FIG. 6. Dependence of the adsorbed amount of copolymers on g 7 pensity profiles of the homopolymers and diblock co-
the curvature for a cylindrical deformatlon. The fugamty of the polymers across the interface il = 36 for the three systems com-
short copolymera; =1/0.6 corresponds to its saturation valtie  areq in the text and Table I. lasym refers to an interface with a
=21.316 atyN=20. The chain length of the second copolymer is g, 1e asymmetric copolymer, 2asym denotes the excess of an in-
1/a=20 and its fugacityz,=1. Both copolymers leave the inter- o ¢ac0 \ith two asymmetric copolymers adsorbed to it, and 2sym
facg as the curvature is increased. The dashed and solid Ilges in theels the data for an interface with two symmetric copolymers
main panel czorrespond ©0[Q/Q(C=0)-1]x10°=—0.07L%2  ysorhed. The latter two profiles have very similar shape, excess,
and—O_.llQC 12, respectlyely. The inset p_resents the free energy aSnd both correspond to saturation.

a function of curvature withz,=1) and without ¢,=0) long co-
polymers. From the difference of the slopes we estimate the ineiblock (1asym is adsorbed. The latter profiles differ some-
crease ofx due to the adsorption of a small amount of large co-what from the case of two asymmetric copolymers: AR
polymers. The dashed and solid lines correspondde-g(C  interface is sharper, the interface tension is positive, and the
=0)]X10°>=0.017 6T?/2 and 0.020 0Z?/2, respectively. long block extends less into the bulk regions. The profiles for
the adsorption of two asymmetri2asym and two symmet-
we will observedQ,/dQ,=—a,/a;. If we require the in-  ric (2sym copolymers are very similar: it requires the same
terface to be saturated, the adsorption isotherm will yieldamount of copolymers to saturate the interfase=0) and
20— W(Qiaq) —Qra,=0, whereW is an increasing func- the profiles of the individual blocks are almost identical. Ad-
tion of its argument. This expression resultsdf2,/dQ), ditionally, the saddle-splay modulus between both cases dif-
=—a,/[W' (Q,a7)]. Inany case the last term in E@®8) is  fers by less than 1%. There is, however, a marked difference
only of the ordera, and we expect to recover the prediction in the bending rigidity. In the case of two asymmetric co-
of the structureless interface model f@5— 0. polymersK is a factor 3.4 smaller than for the symmetric

The valuesc’ andc’ are also depicted in Fig. 5. The case. The elastic constants and other data are compiled in
correction reduces the deviation from the structureless interfable .
face model, but cannot account for our data quantitatively. This difference stems from selective adsorption or desorp-
The graph suggests that the leading correction is of ordeion of the asymmetric copolymer upon increasing the cur-

Ja, while the correction above is only of the ordes. 0.04 .
Additionally, the finite thickness of the interface and the non- 1asym
additive dependendel2] of the elastic constants on the ad- — Z2asym
sorbed amounts of the two surfactants have to be considered. 0.02 :ﬁ::z Eﬂ:g’]” cpatitie

D. Mixtures of two asymmetric diblock copolymers % o .

at interfaces: Importance of flip/flop Gomeas & ¥4 » 1
In this subsection we investigate the role of adsorption or T -

desorption of asymmetric amphiphiles on the bending rigid- -0.02 + — T

ity. We choose a system with two asymmetric diblock co- e

polymers f;,=2/2.3 and f,=1-f; of length a;=a, e

=1/2.3. Each amphiphile imparts a spontaneous curvature -0.04 . . —

onto the interface. When they adsorb in equal amounts to the 0.00 0.04 0.08 0.12

interface, however, the interface is symmetric. In Fi¢p) 7 ¢

we present the segment profiles at saturation. The profiles G, 8. Dependence of the interface exc€s&C)—Q(C=0)

(2asym are compared to profiles across an interface withon the curvature for a cylindrical deformation. 1asym, 2asym, and

two symmetric copolymersf;=f,=1/2 of length 1k;  2sym refer to the systems discussed in the tektFig. 7). The two

=0.6 and 1&,=4 at saturation2sym) and profiles of an curves for a single asymmetric diblock correspond to different signs

interface at which the same amount of only one asymmetriof the curvature.
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TABLE I. Interface excess and elastic constants for the three situations compared in the text.

lasym 2asym 2sym
A
1/a; 2.3 0.6
/a2 - ; 4.0
z1 46.07 164.74 18.73
22 0 164.74 1425.22
Qo 0.382 0.382 0.386
Q202 0 0.382 0.386
z 1.412 0 0
A -0.49 0 0
K 0.124 0.312 1.074
K -0.149 -0.506 -0.503
vature. The dependence of the interface excess on the curva- re R2
ture for a cylindrical deformation is presented in Fig. 8. As $*=—— with t= ° ,
the curvatureC increases, one of the asymmetric species 2t \/ﬁkBT
adsorbs to the interface and the other desorbs. The change in
the excess depends linearly on the curvattrdhe effect is
even stronger than for a single asymmetric copolymer at an 9
interface. This behavior of the asymmetric copolymers con- K= Ko( 1— F_) (41)
trasts with that for symmetric ones. In the latter cé2sym 4tKo

the short diblock copolymers adsorb and the longer ones
desorb from the interface. The magnitude of the effect is
much smaller and it depends only quadratically on the curThe spontaneous curvature as a function of the composition
of the mixed surfactant layer is presented in Fig. 9. From the
We compare our results to a phenomenological descripslope at¢p=0 we determind’=5.2. We note that the linear
tion [24—-27. The interfacial free energy comprises two con-relation between composition and spontaneous curvature
tributions: a term that describes the free energy of mixing oholds only over a rather limited range of composition and
the two species of amphiphiles and the effective interfaceyigher-order terms in the phenomenological description
would be required to describe the SCF results for all compo-
sition. The figure also shows the variation of the elastic con-

stantsK and K on composition. Again, the nonadditivity

vature.

Hamiltonian(1),

1 y =
H[¢]=fd5[§r¢ oA (B)H+ 20H +KG}},

(39
where ¢=(Q,—Q,)/[2(Q1+Q,)] denotes the composi-
tion of the interfacer measures the free energy cost of de- 1.0 : :
viations from symmetric composition. The spontaneous cur- |
vature\ depends on the composition; it vanishes only for the _,"
symmetric casep=0. For nearly symmetric composition 05 F 85 B Ry
(i.e., small curvaturgsit takes the form\ (@)= y¢. Mini- ‘a’”5“”~Elﬂaa_e»ﬂ_-Em;i!-'*a’Er
mizing the effective interface Hamiltonian with respect to the -8 A2 «
composition of the interface, we obtaist* = — y/7H and 0.0 p—ak /‘ 1
yz B =+ K I.!
H[¢*]=f ds o+ 2kl 1— Argr H2+ KG] (40) 05t z:f:_’_,gm+,_"‘
- MLy
The adjustment of compositioy* on the curvatureH re- ;;'.'Jf B
duces the effective bending rigidity by a factor 1 -1.0

0.0 0.2 0.4 0.6 0.8 1.0

— A2 -
v“l(4ky7), but leaves the saddle-splay modulus unaltered. composition &+1/2

This is an agreement with our calculations.
Tolco_mpare this simple phepomenologlca_l description  FIG. 9. Dependence of the elastic constants on the composition

quantitatively to our SCF calculations, we rewrite of the surfactant layer adsorbed to the interface/dt=36. The
surfactant mixture comprises two diblock copolymer species of

) YRe relative length 14,=1/a,=2.3 and architecturef;=1-f,
A=T¢ with I'=—, =0.3/2.3. Symmetric compositiop=0 corresponds to system
NkgT 2asym.
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points to the omission of higher-order terms in E40). o ABA | ' -
From the dependence of the composition of the mixed sur- o AB "
factant layer on the curvatureef. Fig. 8 we estimatet 01 ¢ ]

~8.7. Using the bending rigidity of the interface with two -
symmetric copolymer&,=1.07 the simple model predicts a =
reduction of the bending rigidity by a factor 3.7. This is in % -
gualitative agreement with the reduction 3.4 observed in the 0.0 K
SCF calculations. The deviation is presumable due to the

uncertainty in the value oK,: on one hand the estimate

from the interface with two symmetric copolymers is only

approximate, on the other hai, depends additionally on 0.1 , ,
the compositiong. 00 0.1 0.2 0.3

1/2 1/2
i Oy

E. Role of the surfactant architecture: ABA-triblock

. FIG. 10. Spontaneous curvatufe as a function of the chain
copolymers versus diblock copolymers

length of ABA-triblock copolymers and asymmetric diblock co-

Intriguingly, the structureless interface model predictspolymers of identical composition but half the lenggiN=20 and
[43] that a Gaussian chain which is tethered with both endshe interface is saturated with short symmetric diblocke1/
to an impenetrable sheet does not impart a spontaneous cur0.6. The predictiong43) and (44) of the structureless interface
vature onto it. Due to the chain connectivity there is an ef-model are indicated as lines.
fective attraction between the two anchoring points of the
polymer on the sheet, which makes the sheet bend toward®polymers, which are obtained by cutting the triblock into
the polymer. Such a curvature, however, restricts the chaifwo identical pieces of half the length, so tha=2«;,; and
conformations, which, in turn, favors a bending of the sheef2q4={y. The scaled spontaneous curvature in this case is
away from the polymer. Both effects cancel exactly. predicted from the structureless interface model to be

Such a system may be realized by a symmetric
ABA-triblock copolymer. The short outek blocks anchor Agi= =" Qa(V1— = 1) Jag~2x0.324) 4 agi/2,
the polymer at the interface between the immiscible ho- (44)
mopolymers and the longer middi block corresponds to . . . . . .
the Gaussian chain. We expect the prediction of the strud:€-» for this choice of compositiofi=1/10 cutting the tri-
tureless interface model to be accurate if the extension of thgl0cK into two identical pieces changes the spontaneous cur-
middle block exceeds all other length scales., the width ~ Vatureé fromAy; t0 Agi=—2A4;.
of the interface or the size of the anchoring blpdkwe kept In Fig. 10 we show the spontaneous curvature per surfac-
the size of the anchoring block fixed, and simply increased@ntA/€ as a function ofyay; or Vay. Indeed, the middle
the length of the middle block, unfortunately, the chainsPlock of the triblock copolymer does not corjtrlbute much to
would not segregate to the interface but would rather stay ithe Spontaneous curvature and for long chairs0 the pre-
the B-rich phase[44]. Hence, we chose a fixed but small dlctlons_of the structure_le_ss interface moqlel become accu-
compositionf=1/10. In the following we study the influ- rate, while there are deviation for small chain length, because

ence of a small amount of triblock copolymer on the elasticthe width of the interface and the block size are not well
properties of an interface between two homopolymers and géparated.

short (1k,=0.6) diblock copolymer with zero interface ten-
sion atyN=20. IV. SUMMARY AND DISCUSSION
In this case, we would expect that the spontaneous curva- The addition of a small amount of surfactants to an inter-

tre is determined by the two anchoring blocks of Iengthface can significantly modify its elastic properties. This ef-
Na=fN/2ay;. Within the approximations of the structure- 9 Y modi Properties. .

. I . fect has attracted abiding interest for the stabilization of bi-
less interface model the contribution of a single block takes .. : . . .
the form[21] continuous microemulsions in polymer blends and oil-water

mixtures. The elastic properties of the copolymer-laden in-

—TAS=—c'kgTR,H+O(H%,G) with terface are a key for predicting the stability region of the
P microemulsion. We investigate the elastic constants in the
c'={mwl6=~072%4..., (42 framework the SCF theoifyi8] for an interface between two

homopolymers. Our calculations take due account of the lo-
whereR, denotes the end-to-end distance of the block. Foral structure of the interface, and the results are compared
the wet brush regime, we obtain the scaled spontaneous cuwth phenomenological predictions or calculations for a
vature structureless, impenetrable interface.
The case of a symmetric diblock copolymer at an inter-
Ayi= —¢'(2Q4) Vfayil2~—0.324 Qm\/a_m (43)  face between two immiscible homopolymers has attracted
much interest, because of the formation of a polymeric mi-
by summing over the individual contributions of tAélocks  croemulsion[4,5] in the vicinity of parameters where the
only. We want to compare this result with the case of diblockmean-field theory predicts Lifshitz critical behavior. The
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breakdown of mean-field theory is anticipated by the Ginz- Comparing the elastic constants of an interface with two
burg criterium([2], which compares the magnitude of bulk- symmetric and two asymmetric copolymers of corresponding
like composition fluctuations with the width of the miscibil- block lengths, we highlight the role of changing the compo-
ity gap. Alternatively, it has been suggested that fluctuationsition of the mixed surfactant layer on the bending rigidity.
destroy the orientational order of the highly swollen lamellagn the symmetric case, the composition depends only weakly
in the ViCinity of a Lifshitz pOint and lead to a structure with on the Curvatur&] Wh||e in the asymmetric case the com-
no long-ranged order. Calculating how the elastic constantgysition varies linear wittC as to increase the amount of
vanish upon approaching the Lifshitz or tricritical Lifshitz 5qymmetric copolymer with the appropriate spontaneous cur-
point, we show that both criteria yield the same predictions atre. Even though the segmental profiles of the symmetric
for the extension of the fluctuation dominated region. and asymmetric case and the saddle-splay modulus are al-

Then, we investigate how a very small amount of copoly- ; : . Co . :
mer alters the bending rigidity and the saddle-splay modulugnOSt |dent!ca|, the bending rigidity of the asymmetric co
olymer mixture is by a factor as large as 3.4 smaller than

and compare our predictions to the behavior of GaUSSiaEor the symmetric copolymer mixture. Once again, our result
chains at a structureless impenetrable interfiitde-23. If Y poly ) gain,

the length of the copolymers exceeds the homopolymeiS in_ q_ualitative agreement with Simple phenome_nological
chain length by more than two orders of magnitude, the prepredlctlons, but the latter fail tq provide a quantltatlv_ely ac-
dictions of the structureless model become fairly accuratecUrate description. The behavior suggests that a mixture of
For shorter copolymers there is a pronounced deviation du@Symmetric copolymers is advantageous for producing an
to the interplay between the copolymer and the other conPil-water microemulsion, because it lowers the saddle-splay
stituents of the interface. modulus and thereby lowers the amount of surfactant re-
We find here both for a single copolymer and for copoly-quired to form a microemulsion and simultaneously lowers
mer mixtures that the structureless interface model tends tie bending rigidity, which in turn destabilizes lamellar or-
overestimate the effect of the copolymer on the bending rider. Experiment$46,47] lend support to this finding.
gidity. If the chain length of the diblock copolymers is com-  For symmetric triblock copolymers, our calculations sug-
parable to the size of the homopolymers, the adsorption of gest that the middle block gives almost no contribution to the
small amount of diblock copolymers even decreases thgpontaneous curvature, which, in turn, depends only on the
bending rigidity—in qualitative contrast to the prediction for properties of the outer blocks, i.e., even if the middle block is
a structureless interface. A similar effect has been observeghuch larger, the interface bends towards the middle block
in computer simulations by Laradj#0], and we attribute it and away from the outer blocks. Again, this result is in ac-
to the subst'ltutlon.of homopol_ymers by shorter blocks ofcord with the properties of a single Gaussian chii8],
copolymers in the interface region. _ ~ which is anchored with both ends onto an elastic sheet. We
Recent scattering experimerjl,45 determined the in-  therefore propose that triblock copolymers provide a very
crease of the bending rigidity of an oil-surfactant-water in-efficient way to tune the spontaneous curvature and induce

terface upon adsorption of PEP-PEO diblock copolymersiransitions between microphases with different curvatures.
The analysis of the scattering intensity in film contrigkt]

implies that—after the renormalization of the bending rigid-

ity due to Cap_lllary waves has been tgken into account—the ACKNOWLEDGMENTS
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