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ABSTRACT: We apply the theory of Leibler et al. (J. Chem. Phys. 1983, 79, 3550) to describe the micellization
of diblock copolymers in solutions. First, we consider the formation of spherical micelles and find that the
critical micelle concentration and aggregation number increase as the copolymer—solvent compatibility increases,
as the B block becomes smaller relative to the A block, and as the size of the solvent decreases. We also show
how the radius of the micelle increases as the B blocks and solvent become less compatible. We discuss some
limiting cases and give approximations for the model in the limit of small critical micelle concentration. We
then consider the formation of lamellar micelles and predict regimes where lamellar micellization precludes
that for spheres. Lamellar micelles are favored when the B and A blocks are equal in length and the solvent

size is large.

I. Introduction

The behavior of amphiphilic diblock copolymers at in-
terfaces plays an important role in homogenization of
polymer blends,! detergency or surfactancy, and stabili-
zation of colloidal particles.? Stabilization of colloidal
particles is realized by adsorption of diblock copolymers
onto their surfaces. The block interacting unfavorably with
the solvent adsorbs onto the surface of a particle while the
solvated block extends into the solution and forms a steric
layer thus imparting stability. This adsorption process is
complicated by the tendency of amphiphilic block co-
polymers to form micelles if the concentration of the so-
lution exceeds the critical micelle concentration, cme. The
critical micelle concentration is defined as the concentra-
tion below which virtually no micelles exist and above
which all additional copolymer goes into the micellar
phase.? Since the critical micelle concentration often oc-
curs at very low concentrations, a model of the adsorption
process must include a description of micellization. The
goal of this work is to address this problem by first de-
scribing the micellization process in this paper, and then,
in the following paper, extending our analysis to block
copolymer adsorption.

Theoretical models have been developed employing the
mean-field theory to describe cmc and size of micelles.*®
We follow the development of Leibler et al.* who present
a theory for micelle formation for a mixture of diblock
copolymer and homopolymers. They considered co-
polymers of equal block lengths with a homopolymer of
degree of polymerization typically one-fifth the polymer-
ization index of the copolymer. Roe’ shows a reasonable
comparison between the results of this theory and the
experimental results of Righby and Roe.?®

0024-9297/88/2221-1360801.50/0

The purpose of this paper is to qualitatively describe
micelle formation in block copolymers with much smaller
insoluble head groups and in solutions of smaller solvent
molecules than those treated previously.*® One motivation
for focusing our attention on these systems arises from the
observation that colloidal stability is improved by max-
imizing the number of chains on the surface.? We expect
the surface density of adsorbed block copolymers to in-
crease with decreasing anchoring unit size, hence we focus
our attention on systems with small head groups. Another
motivation for studying small head groups arises from the
many studies of surfactant systems typically having very
small polar head groups. Generally systems of practical
importance contain a solvent whose molecular size is much
smaller than the copolymer molecules’, and thus we also
investigate this small-solvent regime.

We briefly present the model of Leibler et al.* and define
the important parameters of this study, the ratio of block
lengths, the relative solvent size, and the solvent com-
patibility. We then describe results of numerical calcu-
lations showing several important trends. We demonstrate
that the critical micelle concentration increases as the
relative length of the less soluble block decreases, as the
size of the solvent decreases, and as the solubility of the
head group increases. We note an interesting result that
the radius of the micelle increases when the solubility of
the head group decreases even though the number of
chains per micelle decreases.

We present some useful asymptotic results showing the
regimes where polydispersity becomes important, invali-
dating the assumptions of monodisperse spherical micelles,
and where the cme, chains per micelle, and micelle size can
be predicted from simple expressions. We also describe

© 1988 American Chemical Society
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Figure 1. Schematic of the micellar system. Each micelle of
radius R consists of p chains. The micelle core of radius Ry is
a melt of B chains while the corona, having thickness R, =

Rpg, contains solvent molecules and the A blocks of the copolymer
chains at volume fraction ¢,. The region outside of the micelles
contains isolated A-B diblock-copolymers and solvent molecules

the formation of a lamellar micelle, and in section IV we
present regions where lamellar micelles are preferred over
spherical micelles. In these domains, of near equal block
lengths and large solvent molecules, the formation of
nonspherical micelles have been neglected in the past* and
must be considered to more completely describe micelli-
zation.

I1. Micellization Model

We describe a system of diblock copolymer chains of N,
segments of species A linked to N segments of species B
immersed in a solvent S of Ng segments. We assume that
all species A, B, and S have the same segment length, q,
and that the total volume of our system is Qa. We con-
sider a range of block lengths, with « = Ng/N, from 0.1
to 1, at fixed total degree of polymerization N = N, + Ny
= N,(1 + ). We also study the effect of the solvent size
on micellization through variation of the ratio of the total
degree of polymerization to the solvent size, 3 = N/Ng.
As in Leibler et al.,* the polymers form spherical micelles
of p chains of radius R = R, + Rp, where Ry is the radius
of the core of B blocks and R, is the corona thickness. We
assume the core to be essentially a melt of B chains while
the corona contains A chains at a volume fraction ¢, with
solvent S. A schematic of the system is shown is Figure
1.

Flory’s dimensionless interaction parameter xpg de-
scribes the interactions between the solvent S and the B
monomers. For simplicity, we assume athermal interac-
tions between A segments and solvent, i.e., xag = 0. The
parameter xgg determines the effective interaction energy
per B segment, and thus xpgNg represents the total ef-
fective interaction per chain since the A chain is in an
athermal environment. As noted by Leibler et al.,* xpgs/Ng
is a measure of the degree of incompatibility of the system.

First we write the energy of a single micelle as given by
Leibler et al.4 as

F = 4wRg?y + Fa + Fu (1)

The first term is the interfacial energy for a copolymer with
comonomers of equal density, statistical segment length,
and compressibility where v = (kT /a?)(xgg/6)/2° While
this expression for y was derived for an interface between
pure homopolymers, we note in the Appendix that the
decrease in v due to the presence of small solvent mole-
cules will be a small contribution to the free energy. The
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second contribution arises from the elastic deformation of
the p copolymer chains in the micelle!!*?

Rg?  Nga? R,2 N,a?
B BOT | A4 Da _4) @

Fy = BT, +
d /2 p( NBC12 }232 ZVACl2 RA2

where k is the Boltzmann constant and T is the temper-
ature. The last term, ¥,

= BpkT (1 - ¢p)
(1t a)

In (1 - ¢g) + pRTxasNa(l — ¢)
(3)

accounts for the free energy of mixing of solvent molecules
with the A monomers in the corona.

Expressions for the radii in terms of p and ¢, are ob-
tained from the incompressibility conditions

%wRg® = paN,a® (4)
and
Y%mpo(R® — Rg®) = pNaa® (5)

Collecting the above terms, the energy per chain of a single
micelle with x5 = 0 is

f F 3Ny xss \'/% _
KT P pkT = dr ( 41r ? P
1 1+ a¢0 1/3
47rN 172 T/é * % )
2 1/3
ol ) ) 47N, 12 (a1/3 + (1 + ady _
3p ®o

. B 1-4¢
a1/3) )]+1+a o In (1 - ¢p) (6)

Minimization of f with respect to the number of chains per
micelle, p, and the concentration of A chains in the corona,
¢, vields equilibrium values of these variables for an
isolated single micelle. These values provide initial esti-
mates for the complete system when o,8 ~ O(1) and at
low cmc values.

As Leibler et al.* note, a critical micelle concentration
cannot be predicted by calculating the energy of the micelle
alone; the model must include the equilibrium between the
finite concentration of single chains remaining and the
micelles. The total free energy of the system now includes
the energy of the micelles, f, plus two additional contri-
butions

FE_Qd)g‘ f Fmix_& (7)
kT N kT RT k

where { is the fraction of the copolymer chains existing in

micelles and Q¢ {/N is the total number of chains par-

ticipating in micelles. The free energy of mixing of the

individual diblock copolymers with solvent molecules is

given by

Friy _ 21 - &)
kT N

[¢>11n¢1+6(1-—¢>1) In (1-¢y) +

xpsNag, agy
1+a (1_1+a)] ®)

where ¢, is the volume fraction of copolymers outside of
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Figure 2. Free copolymer concentration as a function of the
overall copolymer concentration for incompatibility degree xgs/Ng
= 14.8, 15.2, 15.6, 16.0, and 16.4 for o = 0.1, 8 = 50, and N = 200.

the micelles and ¢,, is the volume fraction of micelles in
the system. The expressions for ¢, and ¢, are

¢ =01 -0/ - ¢n)

and
bm = ¢ &
where
1+ agy
$T T+ o

The last term in eq 7 is the free energy contribution arising
from the translational entropy of the gas of micelles:

Sm _ "'Q(Z)o(l + a)
B~ pN( + agy)

We minimize the total free energy, Fr, with respect to p,
¢, and ¢, to yield three coupled, nonlinear equations
determining the equilibrium aggregation number, p, corona
concentration, ¢,, and free copolymer concentration, ¢,.
We choose to minimize eq 7 with respect to ¢, rather than
¢ for algebraic convenience.

[d)m In ¢m + (1 - d)m) In (1 - ¢m)] (9)

ITII. Results and Discussion

In this section we describe the results of calculations
probing the effects of polymer incompatibility, block
length, and solvent size on the micellization process. We
then define limits of validity of such a model and discuss
some simple asymptotic results.

A. Incompatibility. The phenomenon of micellization
is best illustrated in a plot of the free copolymer concen-
tration as a function of the overall copolymer concentration
as shown in Figure 2 for varjous degrees of incompatibility.
Up to a certain concentration, the concentration of co-
polymer molecules existing as free chains is equal to that
of the total. Above this concentration, little additional
copolymer contributes to the free copolymer concentration,
and the curve levels off. The concentration where this
sharp transition occurs is denoted as the critical micelle
concentration, the concentration below which virtually no
micelles exist and above which almost all additional co-
polymer goes into the micellar phase. We define the cmc
as the point where extrapolations from the two linear re-
gimes intersect.

The free copolymer concentration is calculated for
various B-S interactions. As expected, the critical micelle
concentration is lower when the solvent-B chain interaction
is less favorable, i.e., as xgs/Np increases. Also, at the
highest degree of incompatibility the free copolymer con-
centration continues to increase slowly above cmc due to
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Figure 3. Critical micelle concentration and number of chains
per micelle, p, as a function of the degree of incompatibility,
XBSNB9 for a = NB/NA = 0.1, 6 = N/NS = 50, and N = 200.

a balance between the entropy of the free copolymer so-
lution and the stretching energy of the extended A blocks
as described below.

Since we consider athermal interactions for the A chain,
xgs/Vp is a measure of the interaction of a chain with the
solvent and thus a gauge of the incompatibility of the
system.*!! Figure 3 demonstrates how the emc and p vary
with the degree of incompatibility. As the copolymer
chains become more compatible with the solvent, the
concentration required to form micelles rises. The critical
micelle concentration represents the background concen-
tration of free chains in equilibrium with the micelles. The
system can respond to the background polymer concen-
tration in two ways. One response to increasing the cmc
is to form micelles with more chains, i.e., increase p,
thereby creating a higher density micellar phase to
equilibrate with the higher concentration in the back-
ground solution. We observe that p generally follows cmc
as illustrated in Figure 3. The second response to a high
cmc is to compress the corona as discussed below.

Assuming a segment length of 7 A, the radius of the core
Ry, the corona thickness Ry, and the total radius of the
micelle R were calculated as functions of the degree of
incompatibility xpsNg and are shown in Figure 4. The
core radius decreases slightly with xpg/NVg as expected due
to the fact that p decreases, thus requiring fewer chains
to be packed in the core. Also, we note that the B chains
of the core are always slightly stretched beyond their
random-coil configuration. A more interesting result is
found in the behavior of the corona thickness, R4, and
therefore R, with xgg/Ng. We find that the corona thick-
ness increases as the incompatibility increases. The reason
for this trend can be explained as follows. First consider
the region of small xggN, where the cmc is high and p is
large. The concentration of free chains ¢, is approximately
equal to the cmc since above the cmc nearly all additional
copolymer goes into micelles. Therefore for small xgsNg,
we have a phase of concentrated, free copolymer chains,
phase I, in equilibrium with a micellar phase, phase Ii, as
shown in Figure 5. At equilibrium, the osmotic pressure
and chemical potential of each species in both phases I and
II must be equal. To accommodate this, the chains in the
micelle’s corona must be concentrated, thus compressing
the A chains. Increasing the incompatibility by increasing
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Figure 4. Radius of the core R, corona thickness R,, and overall
micelle radius R as a function of the degree of incompatibility
xpsNVg for the same conditions as in Figure 3, assuming a monomer
size a = 7 A. The horizontal lines are the random coil size for
the core and corona blocks, given for comparison.

I II

Figure 5. Ilustration of the effect of the degree of incompatibility
xgsNp on the corona thickness R, and overall radius R. The
osmotic pressure of each species in the corona must equal its
osmotic pressure in the free phase I. The A chains of the corona
compress or extend to accommodate this condition. For small
xesVp the background phase of free chains is concentrated, and
so the A chains of the corona create a concentrated region by
compressing. As xpg/Np increases, the concentration of free co-
polymer chains lowers, and the A chains of the corona must dilute
by extending beyond their random coil configuration.

xpslVp effectively dilutes the background phase I by low-
ering the cme and thus dilutes the micellar phase II. This
swells the corona and causes the thickness R, to increase
as in Figure 4. At small xggNg, R, is compressed from the
random coil configuration, but at a xgg/Ng of about 14.6
the A chains become extended beyond their random coil
configuration. We also note that except at very high degree
of incompatibility (xggNg = 16), R remains fairly constant
as the overall copolymer concentration ¢ is changed, il-
lustrating the constancy of the background copolymer
concentration above the cmc.

B. Block Length and Solvent Size. The critical
micelle concentration as a function of @ = Ng/N, is shown
in Figure 6. These curves demonstrate that as the B block
becomes larger relative to the A block, the copolymer
molecules become less compatible with the solvent and
consequently the critical micelle concentration decreases.
This trend is consistent with the incompatibility arguments
in the preceding section where here we are changing Ny
with xgg constant. Results are presented for different
values of xgg indicating the increased tendency to form
micelles as the solubility decreases.

Decreasing the size of the solvent has an interesting
effect on the micellization. Figure 7 shows that as the size
of the solvent decreases, increasing 8, the critical micelle
concentration increases. This trend reflects the enhanced
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Figure 7. Critical micelle concentration and number of chains

per micelle, p, versus 8 = N/Ng for o = 0.1, xggNg = 12.0, and
N = 200.

solubility of the copolymer molecules in smaller solvents
where micelles will only form at high concentrations. We
also show the number of chains per micelle, p, in Figure
7 where again p follows the same trend as the cmc.

In conclusion, we find that the ratio of the B to A chain
lengths, the size of the solvent, and the degree of incom-
patibility have a profound effect on the critical micelle
concentration and the size of the micelles formed. The
critical micelle concentration is found to increase as the
length of the B block relative to the A block decreases, as
the size of the solvent decreases, and as the degree of
incompatibility decreases. The number of chains per
micelle increases with increasing cmc, and increasing the
degree of incompatibility increases the micelle radius by
swelling the corona.

C. Asymptotic Behavior. In the limit of a monomeric
solvent, 3 — N, a high degree of incompatibility is required
to form micelles. This was observed in Figure 7 where at
fixed xgg, the cme increases with 8. A physical restriction
that the cmc remains in a relatively dilute solution (<0.2)
requires that the incompatibility increases to offset the

. 1. 1363
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Figure 8. Degree of incompatibility, xpgsNg, as a function of 8
= N/Ng necessary to maintain a constant value of the cmc for
a = 0.1 and N = 200. The slopes of the lines for cmc = 0.0045
(—) and 0.012 (---) are 0.156 and 0.173, respectively, in good
agreement with those predicted from the asymptotic analysis
presented in section III.C.

enhanced solubility in small solvents. We can quantify this
regime by examining the asymptotic behavior of the free
polymer concentration as 8 and xpsNg increase. The free
energy minimization with respect to ¢, yields an estimate
for the critical micelle concentration as ¢; — 0 as*

o1 = exp(;j—;—, + 6 - XBSNB) (10)

Thus for ¢; — 0 to apply, xps/Vg must be much greater
than f/kT + 8. Here the leading order terms in the energy
per chain in an isolated micelle

1 ~ (672Np)/8(xpsNg)!/2p1/3 +

kT
B 1-d¢
1+« d)o

In (1 - ¢ (11)

clearly require xpg/Vg to increase as 3 increases. To first
order this relationship will be linear with slope ~(1 + (1
—¢o) In (1 - ¢o) /(1 + a)¢y) as shown in a plot of the xpgNg
necessary to maintain a constant cmc as 8 increases in
Figure 8. For example, the relationship above predicts
slopes of 0.143 and 0.161 for constant cmc values of 0.0045
and 0.012, respectively, in good agreement with the actual
slopes of 0.156 and 0.173.

Another difficulty arising for large incompatibilities and
small solvents is the insensitivity of the free energy surface
to the number of chains in the micelle p. This is evident
in the curvature of the surface at the minimum,

(6°F1/9p"),,,, = Cop™7/% = Cop™/3 + Cyp™¥/% +

1- m
2 g+ =2 11— | 12
p? ¢

m

which goes rapidly to zero as p increases, thus invalidating
the assumption of monodisperse micelles in the large 3 and
large p regime. In the limit of small micelles (where ¢;,
D, and ¢, are all decreasing), p and ¢, become insensitive
to the choice of ¢, requiring calculation of p and ¢, from
the minimization of the single-micelle equation (6). In this
limit ¢; can be estimated from eq 10. This is physically
reasonable; as the background free polymer concentration
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Figure 9. Schematic of the lamellar micelle model. A melt of
B chains forms a planar layer of thickness Ly while the A chains
form a layer of thickness L, at a volume fraction ¢, with the
solvent. The region outside the lamellar micelle contains isolated
A-B copolymers and solvent S.

becomes very small, the micelle properties approach those
of the single micelle.

IV. Lamellar Micelle Model

In order to develop our model of polymer adsorption into
steric layers, we investigate the formation of lamellar or
surface micelles. In ref 13 we describe the use of such a
model to describe block-copolymer adsorption onto solid
surfaces having attractive interfacial energies. Here we
describe the lamellar model in the absence of any poly-
mer-surface attraction corresponding to the formation of
lamellar micelles. We show regimes where the block co-
polymers form lamellar domains at a lower free energy
than the spherical micelles. In these cases the alternate
geometries of lamellae and cylinders must be considered
to show a complete picture of polymer micellization.

We describe lamellar micelles in a similar way to the
spherical micelles. The copolymers, having the same
molecular parameters as in section II, form a planar layer
consisting of a melt of B chains of thickness Lg surrounded
by a layer of A chains and solvent of thickness L, and
volume fraction ¢, as illustrated in Figure 9. We intro-
duce a dimensionless surface density, s, such that the
surface area per chain equals a®/¢. Again Flory’s dimen-
sionless interaction parameter describes the interactions
between the solvent and B segments and is the driving
force for the micellization. Again we take the A chains to
be in an athermal solvent, x5 = 0.

The energy per chain in the lamellar micelle is given by

flam = fdef + fmix + fim, (13)
where

Ly Nia? Lg?  Npa?
PR el S . e O OV
2 NAa2 LA2 NB(12 LB2

BT3(1 - 94)
foin = T g B (100 + RTxusNa(1 - 60) (19)
and
N. 1/2
fi = 5}(3‘%3) a6)

Here the deformation, mixing, and interfacial contributions
to the free energy are written in the same form as eq 1-3
of section II. The incompressibility conditions relating L,
and Lg to ¢ and ¢, are

LA = NaO'/(l + a)d)A (17)

and
Lp = Naoca /(1 + ) (18)
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As before we must include the contributions to the free
energy due to chains not participating in micelles. In this
model we consider only single chains in equilibrium with
the lamellae; i.e., we do not allow the coexistence of
spherical micelles and lamellae. Thus by introducing the
fraction of chains in a lamellae ¢}, we can again write the
overall energy as

FT = QkT

N kT T kT (19)

¢5i fiam | i ]
where F;, is analogous to the mixing energy from eq 8
with the volume fractions ¢, and ¢y replaced by ¢, and
¢1,, respectively, with

on = #(1-8)
= T o
L = ¢ 516
and
1+ a¢A
=T
1+ a)ou

Now ¢;; is the volume fraction of single copolymer chains
outside the lamellae, and ¢y, is the total volume fraction
of lamellae.

Minimization of Fy with respect to g, ¢4, and ¢, allows
us to calculate equilibrium surface areas per chain, layer
concentrations and thicknesses, and critical micelle con-
centrations. This calculation results in regimes where
lamellar micelles form at concentrations below the critical
micelle concentration found for spherical micelles. The
lower free energy of the lamellae in these cases precludes
the formation of spherical micelles. The regime where this
occurs is indicated in Figure 10a, illustrating the significant
effect of solvent size and block length on micellization. We
see from Figure 10a that lamellar micelles are favored when
the A and B blocks are equal in length and the solvent size
is large. Upon lowering the solvent size, the swelling of
the A chains will make a curved surface favorable, resulting
in spherical micelles. As the size of the B block decreases,
decreasing «, the chains pack more closely, and again the
repulsion of the A chains will bend the surface to form
spherical micelles. Intermediate to these two configura-
tions may be a cylindrical micelle as noted for block co-
polymer microphase separation.!* Figure 10b illustrates
the effect of incompatibility on the lamellae-sphere
boundary. The results show that for high xpg/Vg the la-
mellar phase becomes more stable as is the case for a
block—copolymer melt.1* However, it appears from these
figures that for a given degree of incompatibility, there is
a critical block length ratio below which only spherical
micelles will form regardless of solvent size, as seen for Ng

The addition of a surface energy for the anchoring blocks
in eq 13 will allow prediction of the adsorption isotherms
and surface density for adsorption onto solid substrates
to be presented in ref 13.

V. Conclusions

In conclusion, we have presented results for micellization
of diblock copolymers for various degrees of incompati-
bility and a range of A-B block length ratios and solvent
sizes. We find that for a given degree of incompatibility,
xBs!Vp, spherical micelles are favored when the insoluble
B block is smaller than the A block and when the solvent
size becomes small with respect to the polymer. In these
cases, the critical micelle concentration and aggregation
number increase as the degree of incompatibility decreases,
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Figure 10. Lamellar and spherical micellar regions for « and 3.
(a) Illustration of the lamellar region on the left of curve and
spherical region to the right for xgsNg = 10.0. (b) Boundaries
for formation of lamellae for xgsNg = 10, 20, and 50.

as the length of the B block becomes smaller, and as the
solvent size decreases. Also as the incompatibility de-
creases, the radius of the spherical micelle increases due
to swelling of the corona. Polydispersity effects are im-
portant when the solvent becomes very small and the ag-
gregation number large, restricting the application of a
model assuming monodisperse micelles. In the limit of
small aggregation numbers, the micelle properties become
independent of the free copolymer concentration and can
be determined from consideration of a single micelle alone.
A simple expression for the cmc is given in this limit. We
also show that lamellar micelle formation is favored by
equal B and A block lengths and a large solvent size.
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Appendix

In the free energy expression in eq 1, we apply an ex-
pression for the interfacial tension between two homo-
polymers to a micellar interface between a core of pure
polymer and a corona of polymer and solvent. In so doing
we neglect the translational entropy of the solvent at the
interface. A small solvent will preferentially adsorb to an
interface,%!5!6 increasing the thickness of the interfacial
region and lowering the interfacial tension.!”*¥ This drop
in interfacial energy will favor micelle formation causing
the cmc to decrease. We will show in this Appendix that
the overestimation of the cmc from the interfacial energy
expression will be small due to the dominance of the
mixing energy in eq 19.
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To evaluate the magnitude of the interfacial energy
change in the presence of small solvents, we model the
interface as a region where the A chain profile decays from
its concentration in the corona, ¢, to a surface density o
= p(Rp/a)/4m at a point one segment length from the
interface at r = a. Continuing with the mean-field model,
we write the A chain concentration profile as'®

¢a(r) = a(r/a) (A1)
and the interfacial thickness as
di/a = ¢o(367Ng/p)'/? (A.2)

The Flory-Huggins mixing energy per chain in this region
is then

fmi _ 2y In (¢g/2) 3Ngp \'/? +
RT ~ 3pNg 4r
367Ng2 Y *\*  3Ngp
oo ) T (A.3)
w

Evaluating this contribution to the micelle free energy
shows that its magnitude is small, e.g., for xgsNg = 16.73,
fmi/RT = -0.57, while the total micelle energy is f/kT =

Macromolecules 1988, 21, 1366-1372

—-38.6. Only at very small values of xpgNg does the in-
terfacial energy contribution grow to 10% of the total. In
this limit of nearly soluble B blocks, the interface becomes
more diffuse and a more detailed approach is warranted.
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ABSTRACT: We present a theory for adsorption of diblock copolymers onto surfaces. We find that a critical
adsorption concentration exists, analogous to the critical micelle concentration in micellization. This critical
adsorption concentration decreases as the surface attraction increases, as the copolymer—solvent compatibility
decreases, as the more soluble A block length decreases, and as the size of the solvent increases. The thickness
of the adsorbed layer increases as the length of the A block increases, as the surface attraction for the anchoring
B block increases, and as the solvent becomes smaller. We present a number of useful scaling relationships
for layer thicknesses and surface densities as functions of block lengths of both the copolymer and the solvent.
We are able to predict regions where only adsorption or only micellization are expected to occur.

I. Introduction

The behavior of amphiphilic diblock copolymers at in-
terfaces plays an important role in the stabilization of
colloidal particles in inks, paints, coatings, pharmaceuticals,
and magnetic storage materials.! Stabilization of colloidal
particles is realized by adsorption of diblock copolymers
onto their surfaces. The block interacting unfavorably with
the solvent adsorbs onto the surface of a particle while the
solvated block extends into the solution and forms a steric
layer thus imparting stability. This adsorption process is
complicated by the tendency of amphiphilic block co-
polymers to form micelles if the concentration of the so-
lution exceeds the critical micelle concentration. In the
previous paper we investigated this micellization process
in diblock copolymers as a function of the relative lengths
of the blocks, the size of the solvent, and the solubility of
the head group.? Here we extend the analysis to block
copolymer adsorption.

Several reviews and monographs discuss homopolymer
adsorption.®® In general, homopolymers adsorb at several
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points along the chain in conformations having loops,
trains, and tails.” Due to their amphiphilic nature, block
copolymers adsorb in a very different fashion. Experi-
ments have shown that diblock copolymers adsorb with
one compact, tightly bound block and one extended,
swollen block stretching away from the surface,® prompting
researchers to model them as terminally anchored homo-
polymers. Previous investigators have studied the con-
formations of polymer layers where the polymers are at-
tached to a surface by one end at a fixed surface density.*1°
In this study, we allow the chains to reach the surface
density and conformation determined by equilibration with
the solution of block copolymers.

This paper concentrates on adsorption of block co-
polymers with small insoluble anchoring blocks in solutions
of small solvent molecules. One motivation for focusing
our attention on these systems arises from the observation
that colloidal stability is improved by maximizing the
number of chains on the surface.! We expect the surface
density of adsorbed block copolymers to increase with
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