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Galen T. Pickett
Department of Physics and Astronomy, California State University, Long Beach, Long Beach,
California 90840

(Received 7 October 2002; accepted 22 November 002

| consider a brush of gradient polymers, with the chains anchored at theirApenels with the
chemical composition changing linearly along the chain up to the untethered chain tips whose
composition is pureB. Demixing of the A and B monomers results in the creation of a
thermally-controllable zone from which free ends are excluded. For high temperatures, the zone is
small and located near the grafting surface, but for lower temperatures the zone extends throughout
the layer, giving a physical manifestation of an Alexander brush. This conclusion is supported by
both scaling and numerical self-consistent field calculations.20©3 American Institute of
Physics. [DOI: 10.1063/1.1538603

I. INTRODUCTION copolymer’~! is also possible in this scheme, so that the
probability of adding arA or a B monomer stays constant

A particularly fruitful strategy for creating complicated during synthesis. Even small variations in the overall con-
three-dimensional heterostructures in polymeric systems is toentration of these monomers in the bulk or a small differ-
embed in the primary structure of the polymers some chemience in the monomer reactivities is sufficient to cause a com-
cal regularity, and to take advantage of collective self-position “creep” during synthesis that can result in random
assembly effects.The classic example is that of the block copolymers with a slight composition drift:'® These acci-
copolymers Here, care is taken to implant large blocks, thatdentally produced taper copolymers offer many advantages
is continuous runs, of one type of monomer alternating within strengthening polymer blends at their weakest point, their
another along the chain. Wonderful three-dimensional patinterfaces.
terns composed of two different components are pos3ivle. In most respects, these gradient copolymers behave as
going from diblock copolymers t&BCtriblock copolymers,  block copolymers made of two more compatible
even more interesting patterns emerge in equilibflum-  monomer$: While there are some differences between the
stead of increasing the chemical complexity along the chaimlock copolymer and the gradient copolymer microsegrega-
by including more and more varieties of monomers, a way taion diagrams, the overall scheme is the sareich do-
increase the complexity of the equilibrium patterns is tomains are surrounded b§-rich domains, and a variety of
couple the pattern to an external field, thus offering a degregeometries for the packing of the domains is possible, in-
of control over the pattern, as well as enriching the ultimatecluding bicontinuous packings.
behavior. Either through controlling wetting interacticrsy Gradient copolymers can, in one very interesting respect
the imposition of static thermal gradierftsyr through the  act very differently from block copolymers, and that is when
application of electromagnetic fieldsncreasingly complex they are employed to create a polymer brisithese end-
patterns, with increasingly finer control, are being achievedonfined layers can be constructed by grafting each polymer
regularly. by one end at a hard, impermeable substrate. In the diblock

The control with which monomers can be ordered alongcase, | envision a grafting where eaglblock is tethered to
a polymer has grown tremendously as well in the past fewthe surface, so that ti&blocks are free to stretch away from
years, bringing a class of “gradient” or “taper” polymers the surface. As the temperature is lowered, the incompatibil-
into focus. These polymers are synthesized by controlling théty of the A and B blocks drives a microsegregation in the
relative population ofA and B monomers during synthesis, layer, so that a layer of purk forms at the substrate, and a
so that any particular statistical pattern for the arrangemerityer of pureB forms at the extreme edge of the brush. The
of the monomers on the polymer is quite easy to de3ign.A blocks necessarily form bridging strands extending from
Block copolymers are an extreme form of these gradienthe grafting surface all the way to theB interface. TheA
polymers, a diblock being synthesized by imposing that thdayer is thus a physical manifestation of the Alexander
probability of adding anA monomer be zero until after a brush®'’while theB layer is a standard polymer bru&h®
certain point at which it becomes unity. Thus, the composidf, as has proven useful, control over the free ends of the
tion along the chain can be designed to vary smoofimya  brush is needed, then one would see a sequence of events in
statistical sengeso that the composition is “tapered” or has the diblock case in which the freB ends are distributed
a gradient. In what follows, the chains have a linear gradientthroughout the layer at high temperatures, with a distribution
so that the fraction oA monomers varies linearly from the highly peaked at the outer surface. As the temperature is
pureA end of the chain towards the puBeend. It should be lowered, microsegregation in the layer causes a spontaneous
noted that the opposite extreme, that of the randomexpulsion of theB ends from the growing Alexander-typge
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FIG. 1. Schematic(A) Two typical sequences for an
N=40 linear gradient copolymer, ar{®) the average
0 composition along the chaifiC) The brush is arranged

N so that the typical monomer sequence along the chain is
pure A at the grafting surface, evenly distributed be-
(©) tweenA andB in the middle of the chains, and purdby
at the ungrafted, “free tips.”

§—>
8/

layer near the grafting surface. Further reduction in temperamany models. Here, | focus on the new features introduced
ture has no effect on the location and distribution of Bhe when the chains in the brush are gradient copolymers.
ends. Given that it is possible to engineer terminal end So, leto polymers per unit area be grafted at an impen-
groups with an almost limitless specificity of interaction with etrable, smooth surface located &t0. The copolymers
a targeted molecule via organic ligand interactions, mordave N segments in all, and the probability that théh
control than this over the distribution of the chain tips maymonomer is of typéA is given by
be desirable.

Gradient copolymers, on the other hand, offer a novel - _

. ; pa(n) =& €y

control over the location and enrichment of the polymer free N
e.n'ds by controlling tgmperature. The gradua! shift irj COMPOTHan=0 monomer is free to explore the volurme 0, while
sition along the chain smoothes out the distributionfof -\~ i monomer is grafted ta=0, as in Fig. 1. Thus, the

monomers_ln the brush, aIIowmg a continuous control Overgrafted monomers are al monomers, the extreme tips of
both the width of zone from which free-ends are expelled

the copolymers are entireBmonomers, and there is a linear

and the enrichment of the tips at the free surface of the brusr?elationship between monomer numherand the average
As with many surface applications of polymers, the Criticalcomposition along the chain. The monomers on the brush fill

H 111 ?H
guestion can ofte.n be frqmeq as V\{here are the free_ ends'space densely,
The answer to this question is of critical importance in con-
sidering dendrimer&>2! creating specific smart surfaces for h=oNa®, (2

biological assays and cell adhesfSrgontrolling the surface . . .
¢ y G g wherea? is the volume occupied by a single monomer. For

tension of polymer blends and in controlling the surface ) o :
the purposes of this argument, the composition of the chains

orientation of lamellar stripes in thin filnfs. . -
The paper is organized as follows: First, | describe Js quenched, but I will ignore the actual quenched sequence

simple scaling model which predicts the onset of the endpf mor(njo(rjners on eagh |nd|(;/_|dual (I:ham 'E favor of a coarse-
exclusion zone for linear gradient brushes. Next, | describ@_r"’“m:c ”eﬁcnptmn epen _n;}g r?n y on the average COT)pOS"
how the linear gradient can be modeled in a numerical latticd©" Of & _t € Monomers with t € same monomer NUMber.
self-consistent fieldSCPH model?® | then compare the be- Consider first the athermal situation, in which the Flory—
havior of the end distribution in both the gradient andHugglns interaction parametey, betweenA and B mono-

diblock brush as a function of the incompatibility of tide mers vanishes. When the brush heightsatisfies

andB monomers via the Flory—Hugginginteraction param- aNY2<h<aN, 3
eter. | then offer a few observations and make my conclu- _ . _
sions. where a is the typical monomer size, the structure of the

brush is well knowrt®1° Given that a single polymer in the
brush has its free end locatedzt, the average locations of

II. SCALING MODEL all the other monomers on the chain are known,
The properties of the diblock copolymer brush, where 2n)=z cosw—n @)
each polymer is grafted by it& tip are well understood, in 0 2N’
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In equilibrium, the number of free ends per grafting area e - s e
located betweenr, andz,+dz is defined to b&(zy)dz and I\ ™ " Gradiont Copolymer
is known to be \‘\\ ---- Diblock Copolymer
0.8 n
£z0)= » —2 (5) ' ]
ZO == —! \‘\
h h2_2
h Zy 0.6 ™. T
properly normalized so thaﬁgdzg(z)=a. This distribution < F ]
of ends ensures the melt condition is satisfied self- ni |
consistently, so that at each heighin the layer the mono- 0.
mers from all chains witte<<z, just fill all the available - 1
space. The partial volume fractiot(z;zy), is defined to be 02 } i
the volume fraction taken up at the positinioy monomers ;
on a test chain whose free end is held@t and is given by r ., |
1 | L | L | i | L
4 dn 5 %02 04 06 08 1
$(z.20)=a 3, ©) z/h
so that FIG. 2. ¢, for athermal brushesA monomer concentration profiles for
. =0 for a linear gradient brustsolid line) and a diblock copolymefdashed
line).
¢(Z)=J dzé(zo) p(2;29)=1. (7
z

Thus, the volume fraction of monomers within the brush is ] o
held constant, independent nf First, assume that all of the chains in the brush and the

This implies that there are considerable gradients in thd€St chain are constrained to lay on the vertices of a cubic

A (and hence8) monomer volume fractions. To calculate the lattice. Wheny is sufficiently large so that the end-exclusio_n
athermal A monomer volume fraction, it is necessary to ZON€ extends throughout the layer, all of the brush chains

modify Eq. (7) slightly, ave

h n

$a(2)= J d20¢(20) Az 20), (®) Z“”Zh(l‘ﬁ)- 12
z

That is, the brush chains bridge the gap fraw0 to

h
where z=h, so that the brush is in reality an Alexander braSH |
2 z will find the lowest value fory which will satisfy this. Let us
ba(z:20) = $(220) arccos -, (9 hold a chain identical to the brush chains so that
0
for a gradient brush and z(n)= ;(th Az)— %Az. 13
Zy

, (100  Thatis, the test chain is stretched uniformly from Az/2 to
V2 h+Az/2. The free energy to maintain the test chain in this
conformation is

&a(Z;29)= $(2;25) Whenz<

and vanishes otherwise, for @#agrafted diblock copolymer
brush. | have used explicitly the probability, Ed) for the A Fies™ Stesit Utest- (14)
monomers as a function of monomer number, and a discre
distribution for the diblock brush. The volume fraction Af
monomers thus determined is shown in Fig. 2, along with th
distribution of monomers expected for a diblock copolymer 3 AZ2
brush for comparison. Stest=§ - (15

In the gradient copolymer case, the spontaneous ather- a’N
mal distribution of A monomers is quite close to what it The enthalpic cost to maintain the test chain in this confor-
would be in the limit of very strongly repulsivAB interac-  mation(relative to the puré andB substances as referenges
tions, is

t?he entropy cost to maintain the chain in this conformation
é's just the Gaussian elastic energy,

z N
Pa(Z) =1~ asy—e. (1D Utes= X 2, fA(M{da(2(m))+Ta(n)(ba(z())). (16)

To calculate the extent of thB end-exclusion zone, | will Here, f 5(n) is the probability that theth monomer on the
initially assume that independent gf the ¢, profile is ex- ¢pain is anA monomer, and the angled brackets represent a

actly that given in Eq.(11). | then determine conditions pearest-neighbor contact sum on a simple cubic lattice,

under which a chain whose composition is governed by Eg.
' i i 1
E]le)igvgltllhspontaneously extend itself over the entire brush (Y(2))= E[Y(z— 1)+4Y(2)+Y(z+ 1], an
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Thus, U is simply counting all of the pairwis&—B con-  the layer. Each chain thus has Kigh monomer located a

tacts for the test chain, with each contact costingnits of =1, with the rest of its monomers being played out in the
free energy(in natural thermal units where Boltzmann’s con- region 1sz<L,.
stant times temperaturkgT=1). For any quantity that var- The chemical gradient along the chain can be simulated

ies linearly inz, this contact fraction is particularly simple, directly, through generating many random quenched se-
_ quences of monomers according to the distribution given in
+bz)=a+bz . T .

(a+bz)=a+bz (18 Eq. (1).81° While such a calculation is possible, and had
Thus, it is a simple matter to calculalt;, proven quite successful in modeling systems consisting of
random copolymers, the tack here is more coarse grained. |

N [h—Az 2Azn 2Azr? poy g
Utes= X n

+ _ , (19) enforce the average composition of thia monomer along
0 2h hN hN? the grafted chains by taking a suitable weighting of the Bolt-
zmann factors for inserting a&t monomer with a given fre-
quency. So, consider th#gh monomer on the chain, and the
position z in the lattice. LetU,(z) be the total energy to
place anA monomer at the positioz in the lattice, and

N(h—Az/3) 3 AZ? similarly for Ug(z). Given that thenth monomer is am
test:T+ 2 az_N' (20 monomer for a fraction op(n) of the chains, the average
energy to insert th@eth monomer in the layer is

where | use a continuous notion for the monomer numter,
Doing this integral allows the computation of the full test
free energy,

The test chain will attain a spontaneous extensiondeter-

mined by dF e/ 9AZ=0, Un(2)=p(MUa(2)+(1—p(n))Ug(2), (25)
* 2,2 so that the statistical weight that should be assigned to hav-
AZf xN&® 1, ing the nth located at should b
- :W:EXU a4 (21)  ing thenth monomer located at should be
1
, , _ ~9(zm)=exd —Un(2)]. (26)
This spontaneous extension of the chain takes up the entire ) . )
layer, 0<z<h whenAz* =h, or Note that this argument keeps the probgbllltles Wlth which
. - and B monomers actually enter the chain to be independent
x=x"*=180"a" (22 of the manner in which the chains are arranged on the lattice,

It can similarly be shown that whep< y*, the spontaneous and that this distribution oA andB monomers thus will not
end-exclusion zone in the layer spans a proportionateldiust itself to attain thermodynamic equilibrium. The aver-

smaller height, age sequence distribution on the chains is quenched, al-
though the sequence distribution | use is necessarily coarse-
w X P grained.
2" =——h=18o "a "h. (23 Given Eq.(26), it is now possible to build up the statis-

X . - . . .
) . N ~ tical weight for the chains on the lattice using the usual re-
The caveat here is that far~x* the composition profile in - ¢yrsjon relations of Scheutjens and Fig&we can build up
the brush is linear. This is only approximately true, even forine gverall statistical weight to have one of the brush chains

small x, and have its first, free, monomer at, monomer by monomer.
éa(z)~1—const.z log z, (24) Inserting the first monomer ap imposes a statistical weight,
for small z. Thus, there is only a rough agreement between  G(z,29;1)=0(29;1) whenz=z,, (27

the numerical approach below and the simple linear predic

. . and vanishes otherwise, whe®{z,z,:n) is the unnormal-
tion made in Eq(23). e&(z,2;n)

ized statistical weight to have thith monomer on the chain

located at given that the first monomer is locatedzgt The

Ill. SCF MODEL next monomer must be adjacent to the first monomer on the
The size of the zone from whidB ends are excluded as chain, so that the Scheutjens and Fleer scheme correctly ac-

calculated above rests on a host of assumptions that are ha#gunts for the connectivity of polymer chains, if not their

to relax in an analytic calculation, e.g., it is possible toactual geometry leading to steric interactions. Inserting the

achieve a temperature low enough so that all of the chain§écond monomer gives a weight,

bridge the brush layer, th& monomer prof|_le is I|near_, and G(2.29:2)=9(2;2)(G(z,29;1)), (28)

so on. Here, | relax all of these assumptions, and in a nu-

merical, self-consistent manner determine the proper statistivhere the angled brackets stand for the contact fraction in-

cal averages over all brush-chain lattice conformations téroduced above. The chain can continually be built up,

determine numericallZ*, the extent of the end-exclusion crY — (- o

zone. As above, | assume that all of the chains in the system C(z.20:M)=9(zn)(G(2.20:n— 1)), @9

reside on a simple cubic lattice, wit=1 marking the plane with

where each grain is grafted, aze=L, marks the extreme

edge of the brush. | assume that all quantities are homoge-

neous in thex andy directions in this lattice, so that | only and vanishes otherwise, as tNeh monomer has been des-

need to keep track of quantities that vary with heightin ignated the grafted monomer.

G(z,z5;N)=g(1;N){G(z,zy;N—1)) whenz=1, (30
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The total free energy associated with chain conforma- 25 T — — '

tions with the free end located atis then L - SCF Resuls _
—— Scalin,

F(2)=log G(1;zy,N), (31) 2l : - ]
and the total entropic contribution to the free energy per L - 1
surface area in the brush is sk |

z=L, N’g ’ :

S=0 2, F(2). (32 2 0 .- 1

z=1 = L -
The enthalpic contribution to the free energy can be calcu- L _: _
lated by counting up all of th&—B contacts in the brush, -
=L, 05— - —
E=x 2, #a(2){de(2)). (33 i = 1
- 0 1 | I | L | | !
Calculating the averag& monomer volume fraction is pos- 0 o2 o4 00 o8 '
sible from a knowledge of th&(z,zy;n)’s. In particular, z

FIG. 3. Scaling for SCFZ*. Z* as calculated in the numerical SCF calcu-
lations compared to the scaling prediction, E2R).

ENZ1p(n)2;f:16(0,z;n)G(z,z’)
Z)=
PET TS g@netzin

(34)

The point of the calculation is to determine the correct formlimit (the most easily achieved scenario where the chains are
for Ua(z) andUg(2) so that incompressibility is enforced, Gaussian, yet fluctuations around the minimum free energy
conformations are suppressetie threshold for controlling
2)+ z)=1, 35 : i,
Pa(2)+ do(2) (35 the location of the free ends becomes a very sensitive func-
a set ofL, highly nonlinear relations in thel2, unknowns, tion of y and therefore temperature. It is clearly possible that
Ua(2) andUg(2). Self-consistency provides the remaining a finely tunable control over the location and surface density

L, relations needed: of the chain free ends could be engineered from this system.
_ It should be pointed out that even for smglthe scaling
Ua(Z2)=a(z)+ 2)), 36 S
. A(2)=a(2)+ x(¢e(2)) (36) prediction is more generally* /h=b180%a*, where the con-
with stant of proportionalityp~0.9. This is a consequence of the
Ug(2) = a(2)+ x($a(2)). (37) underestimation of the variation @f,(z) in the scaling ar-

gument, and represents a real effect. The general picture,
Only when the same(z) can be chosen for botl, andUg  however, is borne out quite well. Agis increased, there is a
is self-consistency satisfied. The so-called “hard-core” po-continuous responsg*, rather than the discontinuous re-
tential, «(z), is the usual internal potential, introduced in the sponse found in tethered diblock layers. Also, the width of
random-phase approximatf§ito ensure incompressibility.  the exclusion zone does not saturateZ4t=h/2, as in the
The calculation is initiated by making random initial dipjock case.
guesses for the potential fieldd,, andUg. The values of The composition gradient causes the existence of an end-

Ua(2) andUg(z) are then continually adjusted until incom- exclusion zone, mimicking the behavior found for brushes
pressibility and self-consistency are maintained, a numerical

process of determining the roots of a nonlinear systenlLgf 2

equations in 2, unknowns. 6x10™ , : | : [
r T

IV. RESULTS AND DISCUSSION Sx107 230051

Figure 3 shows the results of these numerical SCF cal- 0™ 3122255—
culations compared to the scaling prediction of Sec. Il. Here, R L
for molecular weights ranging frold =50 to 500, and cov- Sl le=05-
erages ranging frorra®=0.001 to 0.1 isZ* as determined 5 310 | Se=06 -
numerically. Figure 4 shows schematically a typical end- 4 ol L
monomer density profile as determined in the lattice SCF 2107 ¥
model, and the method used to determi#ie. Essentially, 5
the local maximum iné”(z) occurring at the smallest is D10
used to determin&* from the numerical data. Generally, for I L L
x<<1802a*, the linear scaling prediction is good, but there is %9 50 100 150 200
a breakdown in scaling fog~ 1802a*. While the prediction z

* 2.4y i it i
thatZ* is equal toy/(180"a") is clearly not borne out, it is FIG. 4. DeterminingZ*. The numerical determination &* for L =200,

o ) . . .
clear thatyo™ “ is the appropriate scaling vapable for th|_s N=1667, andy=0.5188. The first peak irt"(z) is used to locate the
problem. Thus, for small coverage brushes in the classicaind-exclusion zone.
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