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Preface

These two volumes on surface-initiated polymerization deal with recent devel-
opments in the synthesis, characterization and properties of structurally and
chemically defined polymer coatings on surfaces. Nearly all polymerization
techniques that have been developed in solution have now been adapted for
the surface-initiated polymerization (SIP). The reader will find all relevant
techniques discussed in these volumes, such as free, controlled and living radi-
cal polymerization, living anionic and cationic polymerization (Rigoberto Ad-
vincula), and ring-opening metathesis polymerization (Michael Buchmeiser).
Most of them are used to prepare so-called polymer brushes, a term describing
strictly linear polymers that are densely grafted via one end to an interface.
Such coatings display unique physical properties useful for a variety of ap-
plications. In particular, the high structural control of polymer brushes that
can be realized by controlled or living polymerization techniques draws much
attention. The contribution by Takeshi Fukuda et al. on high-density polymer
brushes outlines the synthetic possibilities as well as the unique properties
of polymer brushes. Such coatings will surely play an important role in in-
novative surface science and nanotechnology. The present contributions also
reflect an ongoing trend: the development of defined heterogeneities on nearly
any length scale. This can be realized by structured polymer coatings, gradi-
ents and control of the topography via the SIP reaction conditions. Jan Genzer’s
contribution on the preparation of polymer brush gradients is a good example.
As it relates to defined structural variation and control of the macromolecular
design of grafting polymers via SIP, I would like to point the reader to the
contributions by Takehisa Matsuda on surface graft microachitectures or by
David Bergbreiter discussing the synthesis and applications of hyperbranched
polymers on surfaces.

Originally, the reviews were to be divided into, e.g., a Synthesis, Properties
and Application section. Fortunately, this was not possible at all. Synthesizing
a polymer coating by SIP is performing materials science from scratch. Intro-
ducing a slightly different monomer or changing the solvent will automatically
alter the properties of the surface such as its wetting behavior, topography,
elasticity, homogeneity, etc. It is exciting (and difficult!) to characterize the
layers and find out why an altered reaction condition had such an impact upon
the various layer properties. Thus, the researcher is immediately involved in
various aspects of surface science and analytical challenges. This is reflected in
all contributions. For example, Daniel Dyer discusses the fundamental and in-
teresting aspect of the photoinitiated synthesis of polymer brushes. Of course,
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the enormous advances in surface-sensitive characterization techniques de-
veloped for the investigation of self-assembled monolayers have provided the
proper tools. However, as polymers are flexible, the investigation of the dy-
namic behavior of polymer coatings adds another dimension. The contribution
by William Brittain on stimuli-responsive films gives an idea of the complex
behavior of polymer brushes.

Besides the analytical techniques, the theoretical description of polymer
brushes allows a deeper understanding of the complex dynamic behavior of
polymers on surfaces and is useful for future developments. Here, Roland Netz
gives — also for the non-expert — a very helpful theoretical background on
the theoretical approaches for the description of neutral and charged polymer
brushes.

The interest in polymer brushes and defined polymer coatings prepared via
SIP is not at all restricted to the polymer community or the surface science
community. The demand for tailored, functionalized and adaptive surfaces
comes from a multitude of scientific branches and also from industry. Possible
applications are already discussed in many of the contributions compiled here.
Besides polymer science, surface chemistry and physics, they include cataly-
sis, biomedical applications, microfluidics and nanotechnology. This creates
a highly interdisciplinary, lively and fruitful environment.

Finally, I would like to thank all authors for their time and effort to make
a state-of-the-art overview of surface-initiated polymerization possible. An
edited book is only as good as its contributions and I had the privilege to
compile contributions of the highest quality.

I am also grateful to Ms. Ulrike Kreusel and Dr. Marion Hertel from Springer
for their professional help and patience.

Munich, January 2006 Rainer Jordan
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Abstract This review summarizes the synthesis of irregular hyperbranched polymer
grafts on various inorganic and organic substrates. The synthesis of these hyperbranched
grafts are generally based on “graft on a graft” polymerizations and include diverse sorts
of graft polymers. The “graft-on-a-graft” strategies discussed here include chemistry
leading to the synthesis of hyperbranched poly(acrylic acid) grafts, polysiloxane grafts,
dendrimer/polyanhydride graft nanocomposites, ring-opening polymerization grafts,
and polyamidoamine grafts. Other relevant chemistry of these grafts including chemistry
leading to derivatives of hyperbranched poly(acrylic acid) grafts, further modification by
polyionic interactions, polyvalent hydrogen bonding, and functional group manipulation
is discussed. Examples of reactions of monomers with polyvalent surfaces that lead to
hyperbranched grafts are also briefly discussed.
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Abbreviations

PAA poly(acrylic acid)

PTBA poly(tert-buyl acrylate)

MUA mercaptoundecanoic acid

FTIR-ERS Fourier Transform Infrared external reflection spectroscopy
XPS X-ray photoelectron spectroscopy

PE polyethylene

PP polypropylene

ATR-IR  attenuated total reflectance infrared
PNIPAM poly(N-isopropylacrylamide)

TEA 2-thiopheneethyleneamine

ROP ring opening polymerization

APES 3-aminopropyltriethoxysilane

1
Introduction

There is great interest in designing functional interfaces. Hyperbranched
grafts are alternatives to existing “linear” grafts for formation of such inter-
faces. They are of interest because they can provide interfaces with different
sorts of properties. Hyperbranched grafting is also conceptually more attrac-
tive than other approaches because the multiple grafting of oligomeric graft-
ing reagents can compensate for inefficiencies in reactions at surfaces (Fig. 1).
If, for example, an initial surface graft has coverage defects or if defects are
introduced during the graft-on-a-graft synthesis due to incomplete reactions,
subsequent hyperbranched grafting stages can “heal” these defects more ef-
ficiently than the traditional monomer grafting strategies that produce linear
graft chains (Fig. 1b versus 1a). This same effect was noted previously by Fer-
guson in layer-by-layer grafting of mica particles and polycationic polymers
on hydrophobic surfaces like octadecyltrichlorosilane treated Si/SiO, wafers
and hexadecanethiol-modified silver films and is a general feature common
to other layer-by-layer grafting chemistry [1,2]. As shown in Fig. 1, the ad-
vantages of hyperbranching are considerable. In the particular schematic
drawing of three graft stages shown in Fig. 1b, hyperbranched grafting is far
more effective than linear grafting through three stages in Fig. 1a even when
there is a relatively low (50%) efficiency in the first step of grafting.

The synthetic strategies that lead to irregularly hyperbranched grafts
based on surface confined “graft-on-a-graft” polymerization reactions are
the focus of this review. Limited examples of monomers reacting with poly-
valent surface-bound reagents leading to hyperbranched polymers are also
discussed. In general, the chemistry described here is confined to reactions
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Fig.1 A schematic drawing comparing linear grafting a with hyperbranched grafting
b in coverage or “healing” of surface defects. An efficiency of 100% is assumed in all three
steps in linear grafting (a). In the hyperbranched graft example (b), a 50% efficiency is as-
sumed in the first step but 100% efficiency and three branches per graft stage are assumes
in steps two and three

b X

that involve condensation polymerization reactions or reactions that involve
the reaction of an electrophile with a nucleophile. This review begins with
hyperbranched grafting of poly(acrylic acid) on hard inorganic or metal sur-
faces and soft polymer surfaces. Methods for derivatizing these films either
by covalent modification or with polyvalent noncovalent interactions are dis-
cussed. Limited examples of applications of these materials are described.
For example, Crooks’ group has used some of these synthetic methods to
prepare patterned surfaces. In cases like this where this subject has been
reviewed, it is only briefly discussed here. Other hyperbranched grafting
strategies including multilayer grafting of polyvalent nucleophiles and elec-
trophiles, grafting via ring opening polymerizations, and the synthesis of
dendritic grafts using polyvalent surface-bound reagents and monomers are
discussed subsequently. There are other very successful synthetic strategies
for preparing hyperbranched films based on free radical polymerizations
that will not be a topic of discussion in this review. For example, Miiller
has developed a novel method of hyperbranched graft polymerization of in-
imers (initiator-monomers) by self-condensed vinyl polymerization (SCVP)
via atom transfer polymerization (ATRP) [3,4]. Another example would be
Matsuda’s preparation of hyperbranched grafts by iniferter (initiator-transfer
agent-terminator) polymerization [5,6]. A detailed description of these in-
iferter polymerizations can be found in Matsuda’s contribution in this vol-
ume. A similar approach by Tsubokawa is described as a post-graft poly-
merization of vinyl monomers and is useful as a route to hyperbranched
grafts [7-9]. Surfaces with hyperbranched grafts can also be prepared by
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grafting commercially available hyperbranched polymers to surfaces. For ex-
ample, Tsukruk has studied grafted hyperbranched polyesters with terminal
epoxides that are attached to Si — OH surfaces [10, 11]. There are many exam-
ples where dendrimers are attached to surfaces by covalent or non-covalent
interactions [12-17]. This chemistry too is not discussed here unless the den-
drimers are used as reagents with linear polymers or oligomers to prepare
hyperbranched grafts.

2
Hyperbranched Poly(acrylic Acid) Grafts

The synthesis of hyperbranched grafts of poly(acrylic acid) (PAA) using
a “graft-on-a-graft” strategy is a general method for modifying a variety
of surfaces. It requires as a starting material a surface that contains some
functional groups though the amplification of functionality inherent in the
chemistry means that a surface with only a modest level of functional
groups can produce an interface with a macroscopically detectable concen-
tration of functional groups. Examples of surfaces that have been modi-
fied include silicon (using the hydroxyl groups of the Si(OH), layer), gold
with functional self-assembled monolayers, glass, and surface-oxidized poly-
olefin films and powders. In each case, robust ultrathin supported-films are
the products. This covalent multistep strategy is based on functional group
protection/deprotection and affords modest control over the product film
thickness. In PAA grafting, this control is based on the number grafting stages
that are used. The product hyperbranched grafts range in thickness from ca.
30 A to greater than 1000 A. The film thickness initially increases rapidly
in a non-linear fashion since each additional layer is added in a branching
fashion multiplying the number of grafting sites (Fig. 2). After several graft-
ing stages the thickness increases in a linear fashion. This variable extent of
progress of this grafting chemistry as measured by either ellipsometry on
reflective metal surfaces or as measured by titration of the — CO,H groups be-
ing introduced on higher surface area materials is very similar substrate to
substrate (Fig. 2) [18, 19].

The graft-on-a-graft strategy was conceived of as a synthetically “forgiv-
ing” alternative to an attempted but ineffective borane-based radical graft
polymerization onto vinyl terminated self-assembled monolayers [20] on
gold and was based on earlier observations that a poly(acrylic acid) graft
modified with new graft sites could be used to prepare a more dense and pre-
sumably thicker graft with subsequent polymerization or grafting steps [21].
It was also conceptually more attractive than other approaches that used
monomers as grafting agents because the multiple grafting of oligomeric
grafting reagents could compensate for inefficiencies in reactions at surfaces
as discussed above (Fig. 1).
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Fig.2 Progress of hyperbranched poly(acrylic acid) graft formation on smooth gold films
as measured by ellipsometry (o) or on polyethylene powders as measured by titration ([J)
of the supported — CO,H groups

2.1
Hyperbranched Poly(acrylic Acid) Graft Synthesis on Gold Surfaces

The synthesis of surface grafted hyperbranched films of poly(acrylic acid)
was first described on gold substrates [18]. This synthesis of hyperbranched
grafts of poly(acrylic acid) (PAA) on gold, shown in Scheme 1, began with
a self-assembled monolayer of mercaptoundecanoic acid (MUA). Activa-
tion of the carboxylic acid groups of this monolayer was accomplished
by formation of mixed anhydrides with ethyl chloroformate. While other
activating agents (e.g. carbonyl diimidazole or DCC worked), the best
yields were obtained with alkyl chloroformates. Subsequent amidation of
this electrophilic surface by an oligomeric reagent, «,w-diamino-poly(tert-
butyl acrylate) (PTBA), yielded a 1-PTBA graft on MUA functionalized
gold (1-PTBA/Au). This 1-PTBA/Au graft was initially converted to a 1-
PAA/Au graft by acidolysis with p-toluene sulfonic acid/H,O. Subsequent
work showed that this acidolysis proceeded equally well using methane-
sulfonic acid (15 min, room temperature). Activation of the carboxylic acid
groups of this first 1-PAA/Au graft with more ethyl chloroformate followed
by treatment of the new polyanhydride surface with more «,w-diamino-
poly(tert-butyl acrylate) oligomer produced a 2-PTBA/Au graft. Acidolysis
of this second graft layer of PTBA produces a 2-PAA/Au graft. Repeating
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Repetitive step-by-step synthetic scheme leading to formation of a hyper-
branched graft of poly(acrylic acid) on a mercaptoundecanoic acid self-assembled mono-
layer on a supported gold film

this process for several generations produces a dense, highly functionalized
surface. Films containing as many as seven graft layers were successfully
prepared.

The use of appropriate functionalized oligomers is a key to the success

CO,H

of this synthesis. The necessary functionalized oligomers were prepared by
polymerization of tert-butyl acrylate (n =ca. 120) with a functional AIBN
initiator (Eq. 1). Since

1)
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tert-butyl acrylate polymerizations terminate mainly by coupling [22], the
product is principally a difunctional poly(tert-butyl acrylate). The carboxylic
acid terminated oligomers so-formed were subsequently converted into pri-
mary amines (Eq. 2). The product polymer was characterized by end group
analysis at both the — CO,H stage and at the — NH, stage and had a M, of
12000-18 000 Daltons in various preparations.

COH

HO,C 2
1. CDI
_—

2. H,NCH,CH,NH,

CONH(CH,)NH,
H,N(CH,),HNOC

(2)

The progress of this surface graft chemistry was followed by Fourier trans-
form infrared external reflection spectroscopy (FTIR-ERS), water contact
angle goniometry, X-ray photoelectron spectroscopy (XPS), and ellipsometric
analysis. The thickness of these films increased in a nonlinear fashion (Fig. 1).
Ellipsometric analysis showed the thickness changed from ca. 30 A for a sin-
gle PAA/Au graft to greater than 1000 A for films that were prepared using
more than 5 grafting stages [23]. Activation of the MUA /Au film by formation
of the mixed anhydride was shown to be quantitative by FTIR-ERS spec-
troscopy. Upon treatment with the diamino-oligomer of PTBA (M, = 14600),
evidence for the formation of a 1-PTBA/Au graft was seen in the FTIR-ERS
spectrum which showed a small amide peak and a large tert-butyl ester peak.
After acidolysis, the absorption peaks for tert-butyl esters disappeared. Wa-
ter contact angle goniometry showed that the — CO,H-rich surface was more
hydrophilic as expected. The carbonyl peak intensity in the infrared spec-
trum increased with each additional grafting stage. The amide peaks in the
infrared spectrum from covalent grafting were also detectable in the IR spec-
trum. These grafts were found to be stable to extensive solvent treatment.
No change in the carbonyl intensity in the FTIR-ERS spectrum was observed
after Soxhlet extraction with methylene chloride or sonication with acetone
or acid.

Tapping-mode atomic force microscopy studies showed that as these hy-
perbranched PAA films became somewhat less smooth as they increased in
thickness through successive grafting stages [24]. For example, a very smooth
initial single-crystal Au(111) surface with a root mean square (RMS) rough-
ness of 0.2nm (over a 2 um x 2 um area) had its roughness increased to
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Table 1 Root mean square roughness of PAA grafts on Au/Si measured over a 5 x 5 um
area

Graft RMS (nm)
MUA/Au/Si 2.01
1-PAA/Au/Si 1.44
2-PAA/Au/Si 1.15
3-PAA/Au/Si 1.02
4-PAA/Au/Si 1.53

0.3nm for a 1-PAA/Au graft and 0.8 nm for a 3-PAA/Au graft. However,
grafting on a rough Au/Ti/Si surface that was prepared from Au deposi-
tion on Ti/Si resulted in some surface smoothing after several grafting layers
(Table 1). In this case the 1-PAA/Au, 2-PAA/Au, 3-PAA/Au, and 4-PAA/Au
grafts were all smoother than the initial Au/Ti/Si surface. The PTBA grafts
were generally less smooth. The relative smoothness of these surfaces leveled
off after 2 or 3 graft stages and the surface became increasingly rough with
additional grafting layers following the trend noted earlier with grafting of
PAA on single-crystal Au(111) surfaces.

2,11
Derivatives of Hyperbranched Poly(acrylic Acid) Grafts

Hyperbranched grafts of poly(acrylic acid) on gold can easily be derivatized.
The most common approach has been to use derivatizing agents that con-
tain reactive amines or alcohols to form carboxylic acid amides or esters.
Examples of compounds covalently incorporated into these PAA/Au inter-
faces are shown in Fig. 3. Equation 3 illustrates this general method which
involves first activating the poly(acrylic acid) grafts with ethyl chlorofor-
mate. Subsequent treatment (here with an amine) then produces a mix-
ture of derivatized — CO,H groups and unmodified — CO,H groups in
the interface. The covalent amidation strategy has been used to prepare
low-energy fluorinated surfaces [25-27]. Amidation or esterification has
been used to incorporate pyrene fluorescence probes, molecular recogni-
tion elements like crown ethers cyclodextrin [28], ferrocene, poly(ethylene
glycol), and dye chromophores [23]. Other chemistry typical of — COH
groups can also be carried out with the — CO,H groups in these inter-
faces. This includes acid-base chemistry, reductions, ion exchange, and
non-covalent modifications through hydrogen-bonding. Finally, the polyva-
lent nature of these films can be used to advantage in molecular assembly
procedures. Specifically, these films have been noncovalently functionalized
using ionic entrapment of polycations [29] and enzymes [30] and through
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polyvalent hydrogen bonding interactions with polyvalent hydrogen-bond
acceptors [31].

— COOH — CONHR
[~ COOCH —COOH
— COOH (—COOH —COOH [—CONHR
COOH COOH COOH CONHR
COOH[COOH—COOH 1. ethyl  CONHR—CONHR— COOH
|-COOH|—cooH chloroformate | CONHRI—CONHR
COOH ————— | ay [~COOH
AU | 504 COOH—COOH 2 H,N-R CONHR—COOH —CONHR
COOH COOH COOH COOH
COOH CONHR
— COOH—COOH "~ CONHR—CONHR
—COOH —COOH
— COOH —CONHR  (3)

Hydrophobic, fluorinated hyperbranched grafts were synthesized from an
ethyl chloroformate activated hyperbranched 3-PAA/Au graft using the fluo-
rinated alkyl amine H,N(CH,)(CF;)sCF3. Reaction of an activated 3-PAA/Au
film with HyN(CH,)(CF,)sCF3 produced a fluorinated film that almost doubled
in thickness. XPS analysis showed 46 atom-% F in the product fluoramidated
graft which is 86% of the theoretical atomic concentration for a homogenous

H
N
Ty O
e 0y © (1)
G J
2 3

CH,NH
Cory i (D

H,N-(PEG 440)-NH, <—O 0—7 Fe
O O

4
_/

Fig.3 Functionality that has been incorporated into PAA/Au interfaces through amida-
tion or esterification chemistry
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fluorinated graft. A second activation and H,N(CH;)(CF,)sCF3 treatment in-
creased the films’ F content to 50 atom-%, 93% of the theoretical concentration
for a homogenous graft [25]. No Au peak was observed from the underlying
gold support indicating good coverage. Films were also synthesized where the
internal grafts layers were fluorinated and the external grafts layers were ei-
ther hydrophilic PAA grafts or fluorinated [26]. The control of the fluorine
content of the core and shell of these grafts demonstrates the flexibility of
this “graft-on-a-graft” strategy and the ability of later graft stages to cover
defects in earlier grafts. This is illustrated by steps where the small amount
of residual — CO,H groups remaining after formation of a fluorinated graft
like that described above were used as the base for formation of a hydrophilic
graft with a fluorinated hydrophobic interior. In this example, a film with
a hydrophobic interior was first prepared by adding H,N(CH;)(CF;)sCF3 to
a grafting solution of diamino-PTBA in the early grafting stages. In the final
fluorine-grafting step, a grafting mixture containing a 500 : 1 mol : mol ratio of
H,N(CH3)(CF;)6CF3 to diamino-PTBA of 500 : 1 was used. At this point, the
supported hyperbranched graft film had a water contact angle of 100°. Then
two additional grafting stages were carried out using only the diamino-PTBA
polymer. These steps only produced hydrophilic— CO,H on the exterior or shell
of this original fluorinated graft. Formation of this hydrophilic exterior or shell
was confirmed by absence of F peaks in the XPS spectrum in the final product
and by the change in contact angle from 100° to 14°.

These hydrophobic, fluorinated hyperbranched films on gold passivate the
underlying gold metal toward electrochemical reactions. For example, under
basic conditions a fluorinated 3-PAA/Au interface had a measured charge-
transfer resistance that was 40 times more than the resistance of an unflu-
orinated 3-PAA film under the same conditions. These fluorinated hyper-
branched grafts were significantly more passivating than a simple monolayer.
For example fluorinated 3-PAA/Au grafts were shown to passivate the un-
derlying gold to a 10* times greater extent than a MUA coated electrode and
about 10 times more than a hexadecanethiol monolayer [25]. The fluorinated
3-PAA/Au grafts’ passivation was greater under basic conditions in contrast
to the unfluorinated 3-PAA/Au grafts that were more passivating under acidic
conditions. For example, the fluorinated grafts’ had charge-transfer resistance
that increased 10-fold as pH was changed from 3 to 10 while the unfluori-
nated 3-PAA/Au grafts’ charge transfer resistance decreased 19-fold as the
pH changed from 3 to 10. Presumably that reflects the fact that PAA grafts
have pH-dependent swelling (vide infra) that is lacking in the fluorinated 3-
PAA/Au grafts [27].

Modification of PAA/Au grafts with the amine and alcohol functional-
ized pyrenes 2 and 3 produced highly fluorescent films [23]. These deriva-
tized films exhibited both monomer and excimer fluorescence. The relative
amounts of monomer and excimer emission depended on the pyrene con-
centration used in the derivatization process. When modest concentrations
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(ca. 0.05 M) of pyrene derivative 2 were used in amidation, films with only
excimer fluorescence emission were produced. Mixed anhydride interfaces
that were treated with very dilute concentrations (ca. 107° M) of 2 in contrast
produced films that exhibited monomer fluorescence. It was also possible to
incorporate pyrene during grafting. For example, films prepared by treatment
of 2-PAA interfaces with a (1 : 50) (mol : mol) mixture of 2 and diamino-PTBA
(in step 2 of Scheme 1) followed by hydrolysis also exhibited only monomer
fluorescence. This suggests that intra-interface interactions of substituents
on these hyperbranched grafts are facile even though the interfaces have
some crosslinking due to the difunctionality present in the grafting oligomer
NH, — PTBA — NH,.

In a typical amidation reaction, ca. 55% of carboxylic acids were converted
to carboxamides. The extent of conversion varied depending on the amine nu-
cleophile. To quantitatively convert the — CO,H groups in the hyperbranched
graft into — CONHR groups, the alkyl chloroformate activation followed by
amine treatment process was simply repeated. In some cases, up to six repe-
titions of this process were required to achieve very high conversions of acid
to amide. This need for repetitive amidations reduced the synthetic utility of
this process. This amidation reaction is presumably limited in effectiveness
because the nucleophilic amine can attack either of the anhydride carbonyl
derived from the — CO,H or the chloroformate. The former reaction leads to
the desired amide product. The latter reaction produces a soluble amide and
a salt of the PAA — CO,H group and the amine nucleophile. Other activation
reagents (e.g. carbonyl diimidazole or DCC) were also studied. However, ethyl
chloroformate was the most effective activating agent.

Esterification of the PAA grafts could be carried out either by ethyl chloro-
formate activation and alcohol treatment or by simple Fischer esterification.
The latter reaction proved to be very effective in spite of the harsh condi-
tions employed. Indeed, the stability in thickness of a 3-PAA/Au surface in
the presence of toluene and a sulfuric acid catalyst was notable. A direct
comparison of the effectiveness of various esterification procedures showed
that the use of sulfuric acid as a catalyst in excess alcohol or the use of
p-toluenesulfonic acid (p-TsOH) as a catalyst in toluene were both effective
in esterification (Eqgs. 4-6). Either acid-catalyzed procedure (Eq. 5 or 6) pro-
duced >90% ester formation in contrast to the 40-60% ester yield using
the EtOCOCI activation shown in Eq. 4. For example, a poly(ethyl acrylate)
film was formed from a 3-PAA/Au using a toluene solution containing EtOH
with 0.1 M p-TsOH as a catalyst after an overnight reflux. These conditions
produced a product film with < 10% remaining — CO,H groups after 12 h of
reflux. Ellipsometric thickness of the hyﬁerbranched ester film showed that
the original 3-PAA film thickness of 344 A had changed to 424 A. A concomi-
tant change in advancing water contact angle from 24° to 93° was consistent
with esterification. This result contrasted with results for a similar esterifica-
tion of a MUA monolayer on gold where there was no detectable remaining



12 D.E. Bergbreiter - A.M. Kippenberger

monolayer after an overnight reflux in a toluene-EtOH mixture in the pres-
ence of p-toluenesulfonic acid. The greater stability of the hyperbranched
graft vis-a-vis the monolayer was ascribed to the light crosslinking of the
hyperbranched graft by the mostly telechelic oligomeric grafting agent.

—CO,H 1. CICOOCH,CH, CO,Na
—CO,H N-methylmorpholine CO,CH,CH,
—CO,H 2. CH,CH,OH CO,Na
L —CO,H 3.NaOH (-CO,Na formation) CO,CH,CH, (4)
[ —CO,H
2 1. CH,0H, H,S0, CO,CH,
—CO,H 6 h reflux > CO,CH,
—COQH 2. NaOH (-CO,Na formation) 002CH3 (5)
CO,H 1. H,C=CHCH,OH CO,CH,CH=CH,
0.1 M p-TsOH, toluene _
COH 12 h reflux o CO,CH,CH=CH,
—COMH , NaoH (-CO,Na formation) CO,CH,CH=CH, (6)

Reduction of the — CO,H groups in a PAA hyperbranched graft was of
interest as a route to poly(allyl alcohol) hyperbranched grafts. Surprisingly,
reducing agents known to be effective in solution-state organic chemistry
for reduction of — CO,H groups to — CH,OH groups were not effective in
derivatizing these PAA grafts. Reactions using BH3 — SMe, or LiAlH4 both
produced interfaces that contained unreacted — CO,H groups based on IR an-
alysis of films after attempted reduction followed by acidification. Complete
reductions (Eq. 7) were only possible if the PAA hyperbranched graft was first
activated with ethyl chloroformate and then treated with BH3 — SMe,. These
poly(allyl alcohol) grafts on polyethylene substrates were subsequently used
as substrates for further radical grafting using Ce(IV) [32].

CH,OH

___COH COH _ CH,OH

COZH 1. CICO,Et CHZOH
— >
CO,H i:COZH 2. BH,;-S(CH,), CH,OH
COH —CoH CH,OH
—CO,H CO,H CH,OH
- CO,H CH,OH
CO,H CO,H |—CH20H

B CO,H CH,OH
CO,H CO,H L[CHZOH
CO,H

CH,OH (7)
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Hydroxyl-functionalized hyperbranched grafts were also accessible from
ester grafts by organometallic chemistry. IR analysis of the reaction of an
esterified 3-PAA/Au hyperbranched graft with methylmagnesium bromide
showed that the absorbance due to the ester carbonyl group completely dis-
appeared. The thickness change (370 A to 285 A) and the change in the IR
spectrum for this film were interpreted in terms of the simple Grignard chem-
istry shown in Eq. 8.

— CO,Et CO,Et 7 CMe,OH CMe,OH

<<002Et ’—I:COZEt %C""ezo“’—[cmzw

CO,Et 1. MeMgBr CMe,OH

i:COZEt 2. H0* CMe,OH ijCMeZOH
CO,Et

CMe,OH

CMe,OH
CO,Et CMe,OH
JEt MO L e oH
CO,Et CMe,OH —CMe,OH
| |_ CO,Et || |_ CMe,OH
CO,Et L[COZEt CMeZOHL[CMeZOH
CO,Et CMe,OH
(8)

The simplest derivatization chemistry is deprotonation of the — COH
groups of a PAA hyperbranched graft. Experiments showed that deproto-
nation/protonation chemistry was fast with aqueous acids and bases. The
extent of protonation and deprotonation could be followed by assaying the
change in absorbance of the - CO,H carbonyl (as the — CO,H group became
a — COyNa group the vc—o peak shifted to 1560 cm™) (Fig. 4). The pK;; for
the point where the integrated intensity of the vco,H/Vco,Na absorbances was
1:1 was 4.3, a value very similar to the pK; of poly(acrylic acid) in solution.
This similarity in acid-base chemistry for these interfaces versus solution
state chemistry of a similar weak acid contrasts with the very dissimilar pK,
of — CO,H groups at the surface of oxidized polyethylene versus the solution
pKa of acetic acid [33].

As noted below, such deprotonation/protonation chemistry occurs repeat-
edly without any loss of the hyperbranched graft as measured by ellipsometry
(vide infra). This stability to acid and base mirrors the stability noted above
for these hyperbranched grafts in continuous extractions and acid-catalyzed
esterification chemistry and is thought to be a consequence of the light cross-
linking that occurs during the grafting process.

The ready formation of polyanions from poly(acrylic acid) grafts or of
polycations from a polyaminated surface leads to a polyvalent anionic or
cationic interface. Such interfaces can be modified ionically (as in ionic
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Fig.4 The change in the absorbance at 1710 cm™' as a 3-PAA/Au film is immersed in
buffers of varying pH. An increase in intensity of a peak assigned to — CO,Na was seen
concomitant with the decrease in intensity of the — CO,H peak at 1735 cm™!

layer-by-layer assembly) [2]. This ionic modification offers an alternative to
covalent modification procedures. Electrostatic interactions between polycat-
ionic polymers or enzymes with cationic surface groups with poly(sodium
acrylate) grafts were effectively used as examples of this method for
post-graft functionalization of a hyperbranched interface. Linear cationic
poly(allyl amine), poly-D-lysine, and dendritic PAMAM all chemisorbed into
a 3-poly(sodium acrylate)/Au film. The ionically assembled composites so
formed were stable to washing with polar solvents. Thickness measurements
of the ionically modified hyperbranched grafts showed a significant increase
due to the exchange of sodium cations with larger polymeric cations. In gen-
eral, these ionic assemblies fully disassemble after acid treatment [29].

The poly(sodium acrylate) hyperbranched graft formed in a simple de-
protonation was used to ionically immobilize enzymes. Studies showed that
immobilized glucose oxidase in a 3-poly(sodium acrylate)/Au film retained
significant activity on immobilization and that the enzyme in this ionic as-
sembly remained active for more than 60 days of storage [30].

Derivatives of hyperbranched 3-PAA/Au grafts were also used as poly-
meric filters for chemical sensors [28]. This chemistry took advantage of
the fact that these hyperbranched grafts are ultrathin. Earlier work that
used chemically selective supported polymer membranes generally used
thicker coatings which slowed mass and electron transfer. As a proof of
concept, a 3-PAA hyperbranched graft was selectively modified first with
B-cyclodextrin (after CICO,Et activation of the PAA — CO,H groups). Then
this graft that contained a homogeneous dispersion of covalent immobilized
B-cyclodextrin was allowed to react with N-hydroxysuccinimide in the pres-
ence of a water soluble carbodiimide (EDC). The NHS ester-containing film so
formed was next allowed to react for 18 h with an aqueous solution of poly-D-
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lysine in a pH 8 buffer. This produced films with a PAA-(8-cyclodextrin) bulk
and a poly-D-lysine modified surface presumably because the poly-D-lysine
diffusion into the bulk of the ca. 250-nm thick film was slow relative to the
rate of reaction of the lysine e-amino groups with the NHS esters.

Films formed in this way exhibited pH dependent permeability to re-
dox probe molecules. For example, benzyl viologen did not permeate the
film at low pH where the poly-D-lysine cap was protonated. However at
high pH where the cap is neutral and the underlying — CO,H groups are in
their carboxylate form, benzyl viologen was electrochemically reduced. Op-
posite pH dependence was seen with a negatively charged redox molecule,
anthraquinone-2-sulfonate.

2.1.2
Aqueous Solvation of Hyperbranched Poly(acrylic Acid) Films

Hyperbranched thin films of poly(acrylic acid) can be highly solvated and
their solvation is pH dependent (Eq. 9). The solvation properties of hyper-
branched grafts of poly(acrylic acid) prepared on a gold substrates were
studied after acid and base treatment both as “dry” films (films that had been
removed from a buffer, EtOH washed and dried under N;) and in situ in the
presence of an aqueous buffer [29]. Ellipsometric analysis showed that a dry
3-PAA/Au film had a thickness of 230 A. This thickness changed in a fully
reversible manner to ca. 450 A after deprotonation (Fig. 5). The thickness of
these films was even greater in a buffer solution as measured by in situ ellip-
sometry. After immersion in a pH 1.7 buffer solution, the solvated acid form
of the 3 PAA/gold graft swelled to a thickness of 430 A. A buffer with pH 7.2
increased the swelling of the graft layer to 560 A. A thickness titration curve
between pH 2.6 to 7.2 for hyperbranched poly(acrylic acid) films on gold was
made by in situ ellipsometric analysis. As noted above, the pKj/, (buffer pH at
thickness midpoint) is pH 4.3 which is similar to the pK, of poly(acrylic acid).

)

The pH responsiveness of a 3-PAA/Au graft that was amidated with N,N-
dimethylaminoethylenediamine was also studied by in situ ellipsometry [32].
This amine-containing graft had pH dependent swelling characteristics that
were opposite to those of the — CO,H-rich graft because the amine-rich film
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Fig.5 Reversibility of protonation/deprotonation of a 3-PAA/Au film with 0.1 N NaOH
and 0.1 N HCI respectively as measured by ellipsometry of the acidic or basic form of
a 3 PAA/Au graft after removal form the acid or base solution, an ethanol rinse and
drying under N,
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Fig.6 Ellipsometric analysis of films containing various mixtures of amines and car-
boxylic acids: 3-PAA/1IN (ca. 55% — CO,H); 3-PAA/3N (ca. 17% — CO,H); and 3-PAA /6N
(no — CO,H groups could be distinguished from carboxamide carbonyl peak in the FTIR-
ERS spectrum). The 1N, 3N and 6N refers to the number of times the amidation in Eq. 3
was repeated using NH, CH,CH;N(CH3) as the amidating reagent

is cationic at low pH and neutral at high pH (Fig. 6). Thickness changes meas-
ured ellipsometrically as a function of pH were also very sensitive to the
extent of conversion of carboxylic acid to amide. Only after six repetitions
of activation followed by amidation was the expected ellipsometric thickness
change as a function of pH observed. In this case, the thickness of the ba-
sic graft decreased as the pH increased. The inflection point for this titration
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of thickness change was at ca. pH 7.9. Studies of pH-dependent thickness
changes for films with lower conversions of acid to amide were more compli-
cated. Such amphoteric interfaces contained variable mixtures of amine and
acid groups and did not show a clear inflection point.

213
Patterning of Hyperbranched Poly(acrylic Acid)-Derived Grafts

Crooks’ group has used photolithographic and p-contact printing technology
to form patterned hyperbranched grafts. This topic is the subject of a re-
view [34] but a few examples will be mentioned here. Using photolithography,
features as small as 5 um have been prepared as shown in Scheme 2 [35].
Beginning with a 3-PTBA/Au graft, a coating of the photoacid triphenylsul-
fonium hexafluoroantimonate was applied to the film. Irradiating the coated
3-PTBA/Au film through a photomask with UV light caused the exposed re-
gions of poly(tert-butyl acrylate) to undergo acidolysis to form poly(acrylic
acid). The hyperbranched poly(acrylic acid) regions were activated with ethyl
chloroformate and treated with an amine-terminated dansyl fluorophore. The
patterned region was then visualized by fluorescence microscopy with an

UV Light

L

.

. Y photomask

photoacid

3-PTBA graft
Au/Ti/Si substrate

3-PTBA graft
Au/Ti/Si substrate

1.) exposure
2.) bake

3-PTBA graft dansyl/3-PAA graft 3-PTBA graft 3-PAA graft

/ /

| 4
1.) activation
+—
| | 2.) dansyl amine | |
Au/Ti/Si substrate Au/Ti/Si substrate

Scheme 2 Photolithographic process for preparing patterned hyperbranched grafts of
poly(acrylic acid)
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Scheme 3 Procedure used for preparing patterned hyperbranched poly(acrylic acid) films
by p-contact printing

excitation wavelength of 330-380 nm and emmision wavelength at 420 nm.
A second coating of photoacid followed by UV light exposure converted
the remaining regions of 3-PTBA/Au grafts to 3-PAA/Au grafts. Activation
followed by treatment with the amine-terminated eosin fluorophore with
an excitation wavelength of 540-580 nm and an emmision wavelength of
600-660 nm produced a patterned film with two dyes. Fluorescence mi-
croscopy showed that the dyes were segregated from each other.

Several approaches and applications of patterned hyperbranched grafts of
poly(acrylic acid) by p-contact printing have been described. An example of
patterning hyperbrached grafts of poly(acrylic acid) by p-contact printing is
shown in Scheme 3 [36]. A pattern of CH3(CH;)15SH was first applied to an
gold surface using a poly(dimethylsiloxane) (PDMS) stamp. The remaining
naked gold regions were then functionalized with MUA and a 3-PAA/Au graft
was prepared on the MUA modified gold as previously described in Scheme 1.
This patterning chemistry has been extended to include polyethylene sub-
strates [37], biopatterning [38-40], and dendrimer/poly(maleic anhydride)-
c-poly(methyl vinyl ether) (Gantrez) composites [41].

2.2
Hyperbranched Grafts on Polymer Surfaces

The modification of polymeric surfaces is of great interest as it affords a way
to enhance the surface properties of a polymer without affecting the bulk
properties of a polymer. Thus, it is not surprising that the synthesis of hyper-
branched PAA grafts has been extended to include both soft two dimensional
(films, wafers, blocks) and three dimensional (powder) polymer surfaces.
These approaches used the same general synthetic grafting scheme previ-
ously described for graft-on-a-graft hyperbranched grafting on hard metal
surfaces.
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2.2.1
Synthesis of Hyperbranched Poly(acrylic Acid) Grafts on Polyethylene Films

The surface modification of polyethylene (PE) films, PE powders, and
polypropylene (PP) wafers with hyperbranched poly(acrylic acid) grafts was
carried out as shown in Scheme 4 [19, 42, 43]. First, the polyolefin substrates
were functionalized by oxidation with CrO3; — H,SO4. Subsequent activation
with ethyl chloroformate followed by grafting with «,w-diamino-poly(tert-
butyl acrylate) oligomer then produced a 1-PTBA/PE graft. Acidolysis of the
tert-butyl esters of the 1-PTBA/PE film produced the poly(acrylic acid) or
1-PAA/PE graft. A (1 + x)-PAA/PE graft was prepared by repeating the ac-

o
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RNH
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NH,R-PTBA-NH,
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NH,R-PTBA-NH,
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Scheme 4 Chemistry used to prepare hyperbranched poly(acrylic acid) grafts on polyethy-
lene film, polyethylene powder or polypropylene wafers
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tivation step, the o,w-diamino-poly(tert-butyl acrylate) grafting, and then
acidolysis x times.

The initial oxidation product of a polyethylene film or powder is a surface
that includes some — CO,H groups. These groups’ presence can be detected
by attenuated total reflectance infrared (ATR-IR) spectroscopy as a peak at
1710 cm™'. These — CO,H groups served the same purpose as the — CO,H
groups of MUA /Au, serving as starting points for the hyperbranched grafting
scheme. The hyperbranched grafts that were formed were characterized by
water contact angle goniometry, ATR-IR spectroscopy, and XPS analysis. With
each additional grafting stage the intensity of the acid carbonyl at 1710 cm™!
increased relative to the intensity for the C-H absorption in the ATR-IR spec-
trum. The poly(acrylic acid) peak at 1710 cm™! was the dominant peak in the
ATR-IR spectrum after 3-4 grafting stages on PE film. The carboxamide peak
from the grafting was also visible at 1650 cm™.

The stability of these hyperbranched films was tested with repeated
acid/base treatments and by Soxhlet extraction of grafted films with CH,Cl,.
The reversibility of the deprotonation/protonations effected by base/acid
treatment was confirmed both by water contact angle analysis and ATR-IR
spectroscopy. The ATR-IR spectra showed that on base treatment that the
carbonyl peak due to the acid carbonyl disappeared concomitant with the ap-
pearance of a new carbonyl peak due to formation of a carboxylate group.
These spectral changes were reversible on dilute acid treatment with the car-
boxylic acid carbonyl peak reappearing. The relative peak intensities of IR
peaks for the graft functionality in the ATR-IR spectrum of the 3-PAA/PE film
after this deprotonation/protonation cycle were unchanged after repeated
deprotonation/protonation cycles. Water contact angle analysis confirmed
this reversibility - a protonated films’ water contact angle ®, was 48° and
the deprotonated film’s water contact angle was 15°. This reversibility was
consistent with that seen for similar hyperbranched grafts on gold (Fig. 5).

The uniformity of these hyperbranched PAA grafts on PE films was
studied by forming derivatives with visible and fluorescent dyes. These hy-
perbranched films were modified by treating an activated 3-PAA/PE film with
an amine terminated p-methyl red dye (MR) 9 or with a dansyl amine 10
to form MR/3-PAA/PE or dansyl/3-PAA/PE films, respectively. Visual in-
spection under a light or fluorescence microscope showed that the methyl
red-labeled and fluorescently labeled films were uniform in color and fluores-
cence. The methyl red/3-PAA/PE film derivative showed a responsive color
change with change in pH. The MR labeled 3-PAA/PE film was red after im-
mersion in an acidic ethanol solution and yellow after treatment with a basic
ethanol solution.

Since these films only contained common elements (i.e. C, O, and N),
derivatives of the hyperbranched films were prepared that were more use-
ful in XPS analysis. For example, a 3-PAA/PE film was analyzed and shown
to have 67.2 atom-% C, 31.3 atom-% O, and 1.5 atom-% N by XPS analysis.
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0=8=0
9 NH(CH,),NH,

10

After treating the activated film with pentadecafluorooctylamine, the film
contained 42.9 atom-% C, 8.9 atom-% O, 2.1 atom-% N, and 45.9 atom-% F.
The fluorinated film had an advancing water contact angle of 135°, a stark
contrast to the 48° water contact angle for the starting 3-PAA/PE film. Car-
boxylate salts formed by base treatment were also used as probes in XPS
analysis [44]. For example, a 3-PAA-PE film was treated with an ethanolic
CsOH solution that produced a film that contained 6.3 atom-% Cs.

2.2.1.1
Polyvalent Functionalization of Supported Hyperbranched Films

The hyperbranched poly(acrylic acid) graft films’ — CO,H-rich interface on
polyethylene can be modified by noncovalent methods just like CO,H-
rich interfaces of PAA/Au grafts. This was shown by treating deprotonated
3-PAA/PE films with cationic polyelectrolytes like poly-D-lysine, and amine
terminated PAMAM dendrimers at pH 7 [31]. Equation 10 illustrates the en-
trapment of PAMAM dendrimers in a 3-poly(sodium acrylate)/PE film. In
these cases, polyvalent entrapment of the cationic electrolyte was evidenced
in the ATR-IR spectrum by the appearance of amide C = O and N — H peaks
of the guest dendrimer that were not present in the host 3-poly(sodium
acrylate)/PE film.
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Analysis by XPS after incorporation of the linear or dendritic cationic poly-
mers showed an increase in the atom % N consistent with incorporation of
an N-rich polycation. The polyvalent interactions between the cationic poly-
electrolytes and the poly(sodium acrylate)graftson PE were stable to Soxhlet
extraction with 95% ethanol, repeated acid/base treatment, and soaking or
sonication in isopropanol and THE. However, in these cases, simple acid treat-
ment did not release the cationic polymer as was the case with PAA/Au grafts
even though grafting in both cases was reportedly ionic and not covalent.
Both poly(acrylic acid)/PE and poly(acrylamide)/PE hyperbranched
grafts (derived from poly(acrylic acid)/PE using ethyl chloroformate and
H,;NR) can react with soluble polyacrylamide or poly(acrylic acid) reagents
by hydrogen bonding. This was also shown to be a viable noncovalent method
for modification of these hyperbranched grafts and constitutes a mild method
for further grafting (Scheme 5) [31,42]. In this chemistry, polymers made
of hydrogen bond donors (poly(acrylic acid)) or acceptors (polyacrylamide)
self assemble into the complimentary donor or acceptor hyperbranched graft
interface. While a hydrogen bond is normally considered a weak bond, poly-
valency magnifies the importance of each individual intermolecular hydrogen
bond to produce in the aggregate strong bonding that forms a tenacious
composite of the original hyperbranched graft and the added polymer [45].
This chemistry provided a readily reversible method for further grafting
at a surface. For example, immersing a hydrogen-bond donating 3-PAA/PE

a)

NHCH(CH,),

b)

Scheme5 Polyvalent hydrogen bonding of a a soluble poly(N-isopropylacrylamide) to
a 3-PAA/PE hyperbranched graft or b a soluble poly(acrylic acid) to a hyperbranched
poly(N-isopropylacrylamide) graft on PE
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film into a hydrogen bond accepting poly(N-isopropylacrylamide) (PNIPAM)
polymer solution formed a new hydrogen bond graft. This grafting was char-
acterized by ATR-IR spectroscopy and XPS analysis. The amide peaks from
the hydrogen-bond grafted PNIPAM increased in the ATR-IR spectrum of
the film, and the atom concentration of N increased from ca. 1.5 atom-%
N for a 3-PAA/PE film to ca. 5.8 atom-% N for the hydrogen-bond grafted
3-PAA/PE film. In these experiments, the initial 3-PAA/PE film contained
a small amount of nitrogen because the film was assembled from amine-
terminated poly(tert-butyl acrylate) oligomers and a surface-bound mixed
anhydride (cf. Schemes 1 and 4).

The hyperbranched hydrogen-bond grafts formed in these self assembly
processes are stable to solvent extraction. This was shown by preparing fluo-
rescently labeled poly(N-isopropyl acrylamide) 11 and poly(acrylic acid) 12.
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Fig.7 Fluorescence spectra of a 5-PAA/PE graft (a) after treatment with 10 (filled
squares); (b) after washing with THF in a Soxhlet apparatus for 24h (open squares);
(c) after treatment with NaOH (open circles). For comparison purposes, a fluorescence
spectrum for an oxidized polyethylene film without any hyperbranched graft (but with
— CO;H groups) that was also treated with 10 is also shown (filled circles)
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Either fluorescently labeled polymer could self assemble into a 3-PAA/PE
graft. Only the hydrogen-bond donor polymer 12 assembled into a poly(N-
isopropylacrylamide) hyperbranched graft (prepared from 3-PAA/PE using
the chemistry in Eq. 3). The fluorescent films so formed had fluorescence that
was much greater in than that seen in treatment of a simple oxidized PE film
with 11 or 12 (Fig. 7). Moreover, the fluorescence intensity of a hydrogen-
bond grafted 3-PAA/PE film showed essentially no change after 45 h of Soxh-
let extraction with THE Reaction of the hydrogen-bond grafted 3-PAA/PE
film with basic ethanol followed by THF washing led to disassembly of the
hydrogen bonded graft.

2.2.1.2
Grafting onto Hyperbranched Grafts

Hyperbranched grafts have also been used as substrates for further cova-
lent grafting chemistry. One method involved the reduction of the PAA
film to poly(allyl alcohol)s which were then converted to trichloroacetate
esters for Mn;(CO)jo-promoted free radical grafting [46]. For example,
a trichloroacetate-containing ester interface was used successfully in grafting
of more PTBA onto the interface using Mn,(CO);o and light initiation. In this
case, the trichloroacetate-containing ester reacts with Mn(CO)s generated by
photolysis of Mn;(CO)jg to form radicals that can react in surface-initiated
grafting monomers in solution. Monomers that were successfully used in-
clude styrene (2 M in benzene), acrylonitrile (3 M in benzene) and tert-butyl
acrylate (1 M in benzene) [32]. These hyperbranched poly(allyl alcohol) films
were also used as scaffolds for Ce(IV) redox initiated free radical polymer-
ization of acrylates and acrylamides [32]. This second example of free radical
grafting used the known Ce(IV) redox-initiated grafting procedure [47] and
was successfully used for free radical grafting of the water soluble monomers
methacrylic acid, acrylic acid, acrylamide and N,N-dimethylacrylamide onto
polyethylene.

Hyperbranched grafts are interfaces and functional groups within inter-
faces like these can interact with one another as was noted in fluorescence
studies of pyrene-labeled PAA/Au grafts. Such interactions are presumably
entropically disfavored as they produce a more crosslinked species. The ex-
tent to which covalent bonds can form within these functional interfaces
has been studied using thiophene oligomerization [48]. Beginning with hy-
perbranched grafted PAA on PE films, thiophene monomers were intro-
duced by amidation and esterification chemistry. The thiophene-derivatized
grafts were then polymerized by oxidation with FeCl; (Eq. 11). The extent of
oligomerization (and, indirectly, the extent to which functional groups within
the interface can react with one another) was then probed spectroscopically
by monitoring the characteristic emission of thiophene oligomers.
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(11)

The necessary thiophene-monomer containing surface was prepared using
amidation with aminothiophene derivatives or by esterification using a thio-
phene containing a pendant hydroxyethyl group. The amide thiophene
derivative was prepared by ethyl chloroformate activation of a 3-PAA/PE
interface. Subsequent reaction with 2-thiopheneethyleneamine (TEA) pro-
duced a surface that had about 50% amide based on the equal intensities of
the vco,u and vconnar carbonyl peaks in the ATR-IR spectrum. The extent
of amidation of the interface was increased to 65% after a second treat-
ment. Alternatively, the 3-PAA/PE hyperbranched graft was esterified with
2-(3-thienyl)ethanol using H,SOy4 as a catalyst. In addition to the expected
appearance of amide and ester peaks in the ATR-IR spectrum of these prod-
ucts, an absorption at 777 cm™! due to the thiophene rings was also observed
confirming thiophene incorporation into the graft. The coupling yield for the
esterification reaction was greater than 90%. While the yield for the esterifi-
cation method is superior to the amidation chemistry, esterification involved
very long reaction times (65 h) compared to 2-3 h reaction times for coupling
by amidation chemistry.

Fig.8 Fluorescence micrograph of 0.025mm? area of PE film a before oligothiophene
formation showing no fluorescence and b after oligomerization show even fluorescence
due to the presence of oligothiophene throughout the interface. The figures here are false
colored white to show no fluorescence in (a) and gray to show fluorescence in (b)
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Oligomerization of the immobilized thiophene monomers within the in-
terface was accomplished using FeCls;. The oligomerized film fluoresced
under a UV lamp. The uniformity of the film was assayed by fluorescence
microscopy (Fig. 8). While there are slight variations as shown in the flu-
orescence as shown in Fig. 8, analysis of a 50 um x 50 um region of the
oligothiophene-PAA/PE composite film showed less than 8% variation in flu-
orescence intensity. This uniformity in a 2-dimensional sense is consistent
with the uniformity in coverage of the grafting seen in earlier fluorescence
and UV-visible assays and with the relative smoothness of these hyper-
branched grafts. Based on the known correlation between chain length and
excitation and emission wavelengths, [49] the oligomerization reaction was
estimated to couple 6 to 9 thiophene rings.

2.2.2
Hyperbranched Grafts on Polypropylene Wafers

Hyperbranched grafts of poly(acrylic acid) were prepared on polypropylene
(PP) wafers using the same method as described for PE films [43]. Unlike the
PE grafting chemistry, a carbonyl peak was not noticeable in the ATR-IR spec-
trum until the 2-PAA /PP grafting stage. This peak became a dominant feature
in IR spectrum of the 5-PAA/PP graft. These hyperbranched grafts could be
synthetically modified just like the PAA/PE films and were amenable to the
same polyionic interactions as described for PE. For example, 5-PAA /PP had
an advancing water contact angle of 61° that changed to 27° after formation
of a sodium carboxylate salt. Likewise, formation of a fluoramide using ethyl
chloroformate and H;NCH,(CF,)sCF3 had 40 atom % F by XPS analysis and
an advancing water contact angle of 124°.

Conversion of a 5-PAA/PP hyperbranched graft into a basic graft was
accomplished by amidation using HyNCH,CH;N(CH3); after ethyl chlorofor-
mate activation. Three cycles of this activation followed by amidation were
required to achieve >90% conversion of the - CO,H groups into aminoamide
groups. The resulting basic surface that formed in this chemistry also proved
amenable to modification with an acidic polymer like 13 (Eq. 12). Indeed,
when this —N(CH3), rich surface was allowed to react with the pyrene-
labeled poly(acrylic acid) 13 in a pH 7 buffer solution, a fluorescently labeled
PP film formed. Subsequent treatment of this surface with 0.1 N aqueous
NaOH for 2 h disassembled this ionic assembly (Fig. 9).

Given that significant amounts of poly(acrylic acid) were introduced onto
a polypropylene wafer’s surface and given that polar polymers can penetrate
into this interface it is not surprising that hyperbranched grafting affects
polypropylene’s mechanical adhesion strength [43]. Adhesion tests compar-
ing the adhesive strengths of hyperbranched grafted PP and unmodified PP
using a double cantilever beam test with a commercially available epoxy ad-
hesive showed that the adhesion strength as measured by the critical strain
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Fig.9 Fluorescence spectra of a 5-PAA/PP wafer that was first aminoamidated with
NH,CH,CH;N(CH3); and then treated with 11 in a pH 7 buffer. The first spectrum (a)
is the ionic assembly that forms at pH 7 from ion pairing of — N(CH3),H* groups of the
graft with — CO,~ groups of the poly(acrylic acid). The second spectrum (b) shows com-
plete removal of 11 after treatment of the interface with 0.1 N NaOH (which converts the
—N(CH3),H* groups to — N(CH3), groups)

energy release rate of unmodified but physically roughened PP was 2 J/m?
while this same value for grafted PP averaged ranged from 20-30J/m?.

1. EDCI
2.HO-N 150 1
3200 OH © N
‘/ CH2)3C NH(CH,),NH, ‘/\/\(
(12)

223
Hyperbranched Grafts on Polyethylene Powders

The hyperbranched grafting chemistry used with polyolefin films and wafers
was also extended to modification of 200 um diameter high density PE pow-
der substrates [19]. However, because of the relatively high surface area of the
200 pm-diameter polyethylene powder (the measured BET surface area was
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0.7 m?/g), hyperbranched grafting produced a titratable amount of CO,H
groups PAA after only a few stages of grafting. For example, while a 1-PAA/PE
powder had a virtually undetectable ca. 0.02 mmol of - CO,H/g of powder,
a 4-PAA/PE powder sample had 0.4 mmol of — COH/g of powder. Analy-
sis by titrimetry of the increase in [CO,H]/graft stage directly paralleled the
results seen in thickness changes based on ellipsometric analysis for PAA hy-
perbranched grafts on gold (Fig. 1).

The chemistry and procedures for modification of the — CO,H groups of
PAA hyperbranched grafts on PE powder were analogous to those used for
PAA grafts on PE or PP films and wafers. For example, a 90% yield in ester
formation was possible using acid-catalyzed Fisher esterification. Likewise,
quantitative reduction (ethyl chloroformate activation, borane-dimethyl sul-
fide reduction) to hyperbranched poly(allyl alcohol)s and amidation all could
be carried out using procedures like those used for PAA/Au surfaces.

2.2.3.1
Hyperbranched Grafts as Catalyst Supports

Polyethylene powders that have been modified with hyperbranched grafts
were shown to be useful as supports for both heterogeneous and homo-
geneous Pd(0) catalysts. In the first example of this chemistry, a route to dis-
persions of Pd(0) crystallites that are active hydrogenation catalysts was de-
scribed. The catalysts were synthesized by first exchanging the poly(sodium
acrylate) grafts with Pd(OAc),. The Pd(II)-containing hyperbranched graft
that resulted was then exposed to Hj, forming Pd(0) (Eq. 13).

1. hyperbranched
grafting
2. Na,CO,

3. Pd(OAc),, H,

(13)

These Pd colloids dispersed in a poly(acrylic acid) interface were essen-
tially a supported Pd/poly(acrylic acid) nanocomposite and these nanocom-
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posite catalysts were shown to have excellent reactivity in simple hydrogena-
tions. Limited studies showed that these catalysts were also active in other
Pd(0) chemistry (e.g. in Suzuki couplings) [50]. An attractive feature of these
hyperbranched graft Pd nanocomposites supported on PE powder was the
physical stability of the support. For example, these PE-supported catalysts
had the physical robustness associated with the bulk PE support. They did
not require special procedures such as a “tea bag” to prevent the physical
degradation seen with more commonly used polystyrene-supported cata-
lysts [51, 52].

Hyperbranched grafts on PE powder were also suitable as supports for
analogs of homogeneous phosphines-ligated Pd(0) catalysts (Eq. 14) [53].
In this case, a phosphine ligand was first introduced into the poly(acrylic
acid) hyperbranched graft by reaction of a ethyl chloroformate activated
4-PAA/PE graft with 3-diphenylphosphinopropyl amine. The resulting
3-diphenylphosphinopropyl amide-containing polymer was then treated with
Pd(dba); to form a yellow polyethylene powder-supported phosphine-ligated
Pd(0) catalyst. This catalyst was active in allylic amination chemistry and
was shown to be recyclable for up to 5 cycles. As is true for homogeneous
phosphines-ligated Pd(0) catalysts, exposure of the catalyst to adventitious
oxygen oxidized the phosphines ligands leading to a darkening of the support
due to formation of Pd colloids.

NH(CH,),PPh,

COH NH(CH,),RPh,
COH —CO,H FCOZH \

PdL,
NH(CH,),PPh,

O,H 1. chloroformate
CO,H 2. H,N(CH,);PPh,
CO,H

3. Pd(dba), cok
2
COH
™ o
0

4-PAAJPE Powd COH h NH(CH,),PPh, CO2H

- owder 2 Pd(0)-DPPA/4-PAA/PE NH(CH,);PPh,
(14)

Because of the relatively high loading of functional groups on these hy-
perbranched PE powders, it was feasible to characterize the products and
intermediates in this catalysts synthesis by 3!P CP-MAS NMR spectroscopy,
ATR-IR spectroscopy, and XPS analysis. >'P CP-MAS NMR spectroscopy was
especially useful for in distinguishing the phosphinated powder, phosphine-
palladium complex, and any adventitiously formed phosphine oxide. Similar
NMR analyses were not successfully carried out on hyperbranched grafts on
PE films. However, when this same phosphine ligand synthesis and introduc-
tion of Pd was carried out on a PE film sample, it was possible to analyze
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the products by XPS spectroscopy. In that case, multipoint XPS analysis over
a 1 mm? region of a Pd(0)-DPAA/3-PAA/PE film showed that the P/Pd ratio
varied only 2% from the expected 3/1 value indicating both that the complex
immobilized was similar to that seen in solution and that the functionaliza-
tion was homogeneous in a two dimensional sense.

3
Hyperbranched Nanocomposites

Hyperbranched multilayer composites prepared by condensation reactions
of amine-containing polymers and commercially available electrophilic
polymers like poly(maleic anhydride)-c-poly(methyl vinyl ether) (Gantrez)
copolymers are a second type of covalent hyperbranched polyfunctional
graft. These hyperbranched nanocomposite grafts have been prepared using
glass, silicon, gold, aluminum, alumina and polymers as substrates [54-57].
A typical synthesis scheme leading to these sorts of ultrathin-film nanocom-
posites composites starting with amine-functionalized silicon using a 4th
generation — NH;-functionalized PAMAM dendrimer is shown in Scheme 6.
In this instance, the synthesis began with an amine-rich silicon surface that
was prepared by modification of the native oxide layer of silicon with amino-
propyltriethoxysilane. This resulting amine-rich surface was first treated with
the polyanhydride polymer Gantrez. Since an excess of Gantrez was used,
this produced a new surface that contained some amic acids from reaction of
surface-bound amines and anhydrides of the Gantrez copolymer along with
a large excess of unreacted anhydride groups. Even though all the amines at
the surface probably did not react, the surface at this stage mostly contained
unreacted anhydride groups. This new anhydride-rich, electrophilic surface
was then allowed to react with a dendrimer that contained nucleophilic - OH
or — NH; groups on its periphery. Both PAMAM dendrimers and cascade den-
drimers were successfully used in this chemistry. This reaction also used an
excess of the solution-phase reagent. The resulting surface contained cova-
lently bound dendrimers that were attached to the anhydrides via acid-ester
or acid-amide (amic acid) bonds. Since an excess of the dendrimer was used,
the surface was at this point rich in dendrimer and thus rich in — OH or — NH,
groups. At this stage, unreacted anhydride groups from the earlier stage pre-
sumably had reacted with the reaction solvent ethanol to form acid-ester
groups and were not involved further in this covalent assembly chemistry.
Repetition of this sequence of reactions served to build up a covalent compos-
ite of dendrimer and the polyanhydride polymer layer by layer with covalent
amic acid or ester links between the reactive components.

The progress of these reactions was followed by various techniques
(Table 2). Ellipsometric analysis showed that the increase in film thickness
after treating a silicon/Gantrez film with a fourth-generation PAMAM den-
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Scheme 6 Formation of hyperbranched thin film nanocomposites using an electrophilic
polymeric reagent 14 and a nucleophilic amine-functionalized PAMAM dendrimer 15

drimer was greater than the diameter of the dendrimer indicating that the
dendrimer addition steps in the process incorporate more dendrimer than
a single dendrimer monolayer. Similar ellipsometric analysis of the increased
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Table2 Contact angle measurements, XPS analysis, and ellipsometric thickness of
Gantrez/4th Generation PAMAM dendrimer composites

O, (°) % C % O % Si % N Thickness (nm)
Base 64 30 37 28 4.9 4.2
Gzl 70 64 31 3 0.8 6.7
D1 31 68 20 0 12.0 14.6
Gz2 56 69 30 0 1.8 19.3
D2 31 65 19 0 17.0 29.4
Gz3 55 — — — — 34.9
D3 29 67 17 0 16.0 45.9
D3 (+A) 97 69 16 0 14.0 39.1

thickness for the second and subsequent synthetic steps where polyanhydride
polymer was added to the dendrimer-rich surface also showed that the in-
crease in thickness for this step was greater than that seen in the addition of
the first Gantrez layer to the aminated silicon surface.

The thickness of these PAMAM dendrimer/Gantrez composites is slightly
dependent on the dendrimer size. For example, composites that are made
with a smaller second-generation PAMAM dendrimer were shown to have
an ellipsometric thickness of 33 nm at the D3 stage, compared to 46 nm for
the larger fourth generation dendrimer. The molecular weight of the Gantrez
used in this chemistry did not have an effect on the interface thickness.

Syntheses of similar nanocomposites on substrates such as gold, alu-
minum, and functionalized polymers have also been carried out with the
main differences being in the first steps of the reaction. For example, in
the case of gold, the initial step involved activating the — CO,H groups in
a monolayer of MUA by ethyl chloroformate and treating this material with
the dendrimer. Alternatively films that are composed of — OH terminated
dendrimers on Au substrates were used as substrates. In this case, a hy-
perbranched nanocomposite graft was prepared by allowing this monolayer
of 11-mercaptoundecanol to react first with the polyanhydride polymer and
then with the hydroxyl-terminated dendrimer. In the case of aluminum sub-
strates, the native oxide layer at the surface was reactive enough to immobilize
a thin film of Gantrez directly to the surface to produce the first layer.

The films formed in these covalent layer-by-layer assembly procedures are
similar to the ionic assemblies prepared by other layer-by-layer self assembly
procedures. Unlike the more defined Langmuir-Blodgett multilayer assem-
blies that have well defined layers, the layers of electrophilic polymer and
nucleophilic polymer are intermixed to an extent. Similar effects are seen in
ionic layer-by-layer assemblies.

Most applications of these nanocomposite films have focused on the effects
of these films on the electrochemical reactivity of their metal supports. For
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example, the hyperbranched nanocomposite graft formed in Scheme 6 was
used as a pH-switchable permselective supported membrane. In this case,
the nanocomposite formed in this chemistry consisted of - CO,R, - CONHR/,
—COzH and NH; groups. When placed in an acidic solution, this ampho-
teric supported membrane contained — CO,H and — NH3" groups and was
net cationic. Under these conditions, it was impermeable to electroactive
cations like Ru(NHj3)s>* but permeable to electroactive anions like Fe(CN)g>
(Fig. 10). Under basic conditions, this same nanocomposite film contained
—CO;3™ and —NH; groups and had a net anionic charge. Under these con-
ditions, the film was only permeable to cations. At neutral conditions, this
supported amphoteric membrane was permeable to both cations and an-
ions [54]. Similarly made dendrimer/Gantrez composites prepared on high-
surface-area alumina have been described by Crooks’ group. These latter films
on alumina substrates limit or prevent the adsorption of vapor phase volatile
organic hydrocarbons to the alumina substrate with the extent of this effect
depending on the film thickness [57]. This effect of hyperbranched film struc-
ture on permeability was also seen with other hyperbranched grafts as noted
earlier [25, 27].

Thermal treatment of the nanocomposite film formed in Scheme 6 con-
verts the amic acid groups of the film to imides (Eq. 15). In addition to
evidence by IR spectroscopy, ellipsometry showed that the film thickness
decreased by ca. 15% and contact angle goniometry showed that the film be-
came more hydrophobic (see Table 2). This thermally treated film also did
not have the pH dependent permeability of redox-active ions previously de-
scribed for dendrimer/Gantrez films on gold substrates [55].

si Si

D3 D3 after A

}jendrimer de‘ndrimer
CH,O CH,0

Indeed, the thermally treated film was completely impermeable to either an-
ion. The very low permeability of these films was explained by the notion

(15)
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Fig. 10 pH-Dependent permeability of the anions Fe(CN)s>~ and the cation Ru(NHj)s>*
in nanocomposite dendrimer-poly(maleic anhydride) grafts that contain — CO,H/ — CO,~
and NH,/ - NH3* groups in the film with a anion permeability at low pH where the
—NH; groups in the film are protonated; and b cation permeability at high pH where the
— NH,; groups in the film are neutral and the — CO,~ groups make the film anionic

that these interfaces are thin film thermosets. Along with imide formation,
multilayer composites based on PAMAM/Gantrez films are expected to un-
dergo retro-Michael addition reactions to form free amines and acrylamides
(Fig. 11). Reversal of this retro-Michael reaction in both an intra- and inter-
dendrimer sense is expected to produce a highly crosslinked film. Crosslinks
are presumably also formed from amines (either unreacted amines or amines

% Generation 2 PAMAM

Fig.11 In situ formation of amine nucleophiles and «,B-unsaturated carboxamides that
react further in thermosetting of hyperbranched dendrimer-polyanhydride nanocompos-
ite thin films
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formed in situ) undergoing additional imide formation with half acid-half
ester groups from anhydrides that did not form amic acids in earlier steps.

In work like that described in Scheme 6, Bruening reported the synthesis
of multilayer composites by alternating deposition of Gantrez and the lin-
ear polyvalent nucleophile poly(allylamine) [58]. The impermeable films that
were produced by this multistep hyperbranched graft chemistry were shown
to passivate aluminum surfaces.

An approach that is related to these examples was used in the prepar-
ation of hyperbranced surfaces useful in conjugation of biological substrates
like polynucleotides to surfaces [59]. In this chemistry (Eq. 16), an amine-
functionalized glass slide was first activated by treatment with trifunctional
cyanuric chloride (16). The selective reaction of the most reactive chlo-
ride [60] of the cyanuric chloride with the amine groups of the surface
introduces a dichlorotriazene. One or both of the remaining chloride leaving
groups of the triazene was then allowed to undergo a nucleophilic aromatic
substitution reaction with hyperbranched polyethyleneimine (PEI). The re-
sulting hyperbranched amine-rich surface that formed was then allowed to
react with more cyanuric chloride. In chemistry that is conceptually like that
in Scheme 6, this led to an electrophilic dichlorotriazene-rich surface with
some crosslinked PEL. While this process could have been continued, at this
point these surfaces were used to bind polynucleotides.
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4
Hyperbranched Grafting by Surface Initiated Ring Opening Polymerization

Thus far this review has emphasized methods of producing hyperbranched
grafts using graft-on-a-graft chemistry involving condensation of a car-
boxylic acid derivative with an amine or hydroxy nucleophile. This chemistry
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typically requires activation of a surface bound carboxylic acid or the use of
activated carboxylic acid derivatives. In most cases, it requires the prepar-
ation of suitable functionalized polymers for grafting too, though commer-
cially available materials are used in some instances. Alternative strategies for
grafting rely on ring opening polymerizations. These strategies include ring
opening polymerizations using heteroatom nucleophiles [61-65] and ring-
opening metathesis polymerization (ROMP) [66-71]. Both of these synthetic
methods have been used to produce linear grafts on surfaces. Hyperbranched
grafts can also be produced from ring opening polymerizations using mul-
tifunctional monomers or monomers that produce polyvalent nucleophiles.
Recent work by both Huck’s [72] and Park’s [73,74] groups show how hy-
perbranched grafts can be prepared by ring opening polymerization. This
approach of hyperbranched grafting from a monomer is particularly attrac-
tive since it can eliminate the repetitive steps that are typically involved in
producing hyperbranched thin films.

41
Grafting Hyperbranched Polyglycidol

Huck’s group recently explored new hyperbranched grafting syntheses using
Si— OH groups as initiators for the anionic ring opening polymerization of
glycidol [72]. This grafting chemistry shown in Eq. 17 begins with deprotona-
tion of the Si — OH surface with sodium methoxide. This deprotonated surface
(initiator) is then dried and immersed in the neat glycidol monomer and
heated at 110 °C. The polymerization reaction begins with the anionic sur-
face attacking the less substituted epoxide carbon. This forms an ether bond
and secondary alkoxide group that can react with another monomer or gen-
erate a primary alkoxide nucleophile by proton transfer of the neighboring
primary alcohol. The mechanism of growth was studied by ellipsometry. For
thicker films, mulitiple cycles could be used. In subsequent cycles, the grafted
polyglycidol is again deprotonated by treatment with sodium methoxide and
the resulting anionic surface is immersed in more monomer. Ellipsometry
showed that these films grew to 15nm in a single reaction and that this
thickness could be increased to ca. 70 nm after a third cycle. The increase in
thickness from cycle to cycle increased after each grafting stage. This change
in thickness in each cycle was explained by assuming that the initiator con-
centration (the hydroxyl groups of the grafted polyglycidol) was increasing
from cycle to cycle and is similar in concept to what was seen in hyper-
branched grafting via condensation polymerization (Fig. 1).

In this example of hyperbranched grafting, it was possible to study the
grafted polyglycidol polymer by NMR spectroscopy. While the surface graft
was not studied in situ, it was possible to characterize a graft after cleav-
age of the graft polymer from a surface. To accomplish this, a hyperbranched
grafted material was prepared on a higher surface area support. The product
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polymer was then cleaved from the support and analyzed by NMR spec-
troscopy. For this experiment, silica gel was used as the substrate for grafting
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and the polymer was cleaved from this support using HE. The recovered
polymer was studied by 1°C NMR spectroscopy. The degree of branching
(DB) was determined to be 0.31 using the peak intensities of known peaks
in the 13C NMR spectrum. This contrasted with the degree of branching of
0.46 for polyglycidol prepared from bulk polymerization of glycidol using
1,1,1-(trishydroxymethyl)propane as an initiator. The differences between the
solution polymer and the hyperbranched graft were rationalized by assum-
ing that the lower degree of branching for the surface initiated hyperbranched
polyglycidol was due to high monomer to initiator ratios. This change was
presumed to lead to higher propagation rates. The higher steric demands
of a surface-initiated polymerization were also assumed to be important.
The cleaved polymer was also characterized by gel permeation chromatog-
raphy which showed that the product had an M, of 5800 and polydispersity
(My/My) of 1.8.

4.2
Grafting of Hyperbranched Poly(ethyleneimine)

Park’s group has explored hyperbranched graft chemistry of aziridine on
amine functionalized silica surfaces (Eqs. 18 and 19) [74]. Using silicon and
silica substrates that have been functionalized with (3-aminopropyl)dieth-
oxymethylsilane as initiator substrates, hyperbranched polyethyleneimine
grafts were synthesized using aziridine monomers.

The growth of these films was characterized by measuring the ellipso-
metric thickness and measuring the concentration of primary amine groups
in the grafts using an indirect spectrophotometric assay for the amount of
amine groups. The method used to determine the concentration of primary
amines contained within the interface was to first form an imine of surface-
bound amines with 4-nitrobenzaldehyde using a surface with known surface
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area. The surface-bound imine was then separated from excess soluble ben-
zaldehyde and then hydrolyzed to generate a solution of the aldehyde amines
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contained within the interface was to first form an imine of surface-bound
amines with 4-nitrobenzaldehyde using a surface with known surface area.
The surface-bound imine was then separated from excess soluble benzalde-
hyde and then hydrolyzed to generate a solution of the aldehyde that was
analyzed by UV-visible spectroscopy [75]. A starting surface that had been
functionalized with (3-aminopropyl)diethoxymethylsilane was shown to have
3.5amines/nm? and a film thickness of 8 A. After a typical reaction with
aziridine, the film thickness increased to 36 A. By assaying the change in
surface density of primary amines with time, it was possible to show that
this grafting was producing a hyperbranched polymeric graft. The surface
density of primary amines was measured to be 66 amines/nm? after reac-
tion of the amine-functionalized surface with aziridine for 24 h. This cor-
responds to a very dense graft with a concentration of 18 amines/nm?>.
The maximum concentration of total amines for polyethyleneimine assum-
ing that polyethyleneimine has a density of 1 g/cm’® would be ca. 14 amine
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groups/nm®. This increase in density of amine groups is in accord with
formation of a hyperbranched graft and is presumed to be the result of re-
action of the secondary amines of a linear graft with aziridine monomer. If
the secondary amines were not reactive and if no hyperbranching had oc-
curred, the original density of primary amine groups would have remained
constant.

Park’s group later reported the hyperbranched grafting of aziridine to
fused silica, silicon wafers, and glass [73]. Grafting was achieved by heat-
ing the aziridine monomer solution containing a catalytic amount of acetic
acid to 70°C in the presence of a cleaned silica substrate. The thickness
and primary amine density increased rapidly during the first 10 h and reach
a maximum after 40 h. After grafting for 20 h the thickness of the graft layer
as determined to be 27 A and the primary amine density was reported to be
23 amines/nm?.

5
Hyperbranched Grafts of Organic/Inorganic Hybrid Polymers

While polymers most commonly consist of carbon, nitrogen and oxygen, hy-
brid materials containing metals or other elements represent an important
class of materials [76-78]. Hybrid materials too have been used as hyper-
branched grafts. Two examples of such materials are described here. The first
is a polysiloxane graft. The second is a dendritic coordination polymer based
on a thermally and oxygen stable Pd(II) pincer complex [79].

5.1
Polysiloxane Hyperbranched Grafts

The synthesis of branched polysiloxane grafts on silica surfaces has recently
been described [80]. This chemistry involves grafting a living anionic silox-
ane polymer onto a surface that contains reactive Si— CI groups (Scheme 7).
The living polymers were prepared by anionic ring opening polymerization
of cyclotrisiloxane monomer(s) using butyllithium initiator. By taking advan-
tage of reactivity ratios for the anionic copolymerization of monomers 17
and 18, a copolymer grafting agent was prepared that had functional vinyl
groups more concentrated at one end of the graft oligomer. Thus, the re-
sulting grafted surface contained more vinyl groups on the periphery of the
graft. The new vinyl groups of these grafted surfaces were then modified
to include more Si— CI groups by a second platinum catalyzed hydrosilyla-
tion using HSiCl(CH3),. Branched polysiloxane grafts on silica particles were
prepared by treating this activated surface with yet another batch of living an-
ionic siloxane copolymer grafting agent. This chemistry was been extended to
the synthesis of branched polysiloxane grafts with phosphine ligands for im-
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mobilization of transition metal catalysts [81, 82]. The living anionic siloxane
polymer containing phosphine groups necessary for this latter chemistry was
synthesized by ring opening polymerization of 19.

5.2
Dendritic Hyperbranched Grafts of Pd(ll) Coordination Polymers

Pincer compounds with a general structure like 20 are common in organo-
metallic chemistry [832]. They are useful as precursors to catalysts and
as components of hybrid organometallic polymers [84-86]. In most cases,
they have high stability to oxygen and water in addition to high thermal
stability.

A recent report described the use of a pincer compound like the so-called
SCS-Pd(II) complexe 20 in formation of dendritic grafts on gold surfaces [88].
In this chemistry, the organometallic dendrimer 21 was prepared in solution
and then immobilized on gold as part of a self assembled monolayer. The di-
alkyl sulfide group on the dendrimer binds to the surface at defects in the
self assembled monolayer surface. Tapping-mode atomic force micrscopy was
used to show that these organometallic dendrimers were incorporated onto
the gold surface with their concentration on gold being dependent on the
length time the self assembled monolayer was exposed to 21.

Similar SCS-PA(II) complexes have also been used to prepare isolated
nanometer-sized objects within a decanethiol self assembled monolayer on
gold [88]. In this chemistry, the thioether derivative of a pyridine complex
of the SCS-PA(II) complex 22 was first prepared and immobilized on gold as
part of a self assembled monolayer. Then the much better phosphine ligand

Ligand----- Metal --Ligand

20
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23 was added to form a dendritic graft (Eq. 20). This reaction was facili-
tated by the fact that the necessary ligand exchange chemistry is quantitative
and rapid. Extensions of this chemistry would lead to Pd-based organo-
metallic dendrimers on gold. In this initial report, the isolated complexes 24
were characterized by tapping-mode atomic force microscopy. The height of
the dendritic graft that was exposed above the decanethiol monolayer was
4.3 nm, in rough agreement with computer modeling that predicted a height
for the dendritic unit of 3.4 nm.
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6
Dendrimer Analogs as Hyperbranched Grafts

Hyperbranched poly(amidoamidoamine) (PAMAM) polymers have been
grafted on carbon black [89], chitosan [90], glass fibers [91], silica [92-95]
and polyethylene [96]. This grafting chemistry introduces highly branched
surface immobilized polymers that are better described as hyperbranched
polymers rather than dendrimers based on the evidence of incomplete re-
actions as shown in Scheme 8. The hyperbranched polyamidoamine grafts
were synthesized by a two step process from an amine functionalized surface.
The hyperbranched grafting in this case involved Michael addition of methyl
acrylate to the amine-functionalized surface. Amidation of the resulting
surface-bound esters with ethylenediamine then formed a new amine-rich
surface. The results were surfaces with amine-rich grafts that could be ana-
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lyzed by various methods. For example, beginning with amine-functionalized
silica that was assayed by titration to have 0.4 mmol — NH,/g, a tenth gener-
ation graft was prepared and analyzed by thermogravimetic analysis (TGA).
At this stage, the measured graft loading was ca. 6% of the theoretical load-
ing [92]. Higher loadings relative to the theoretical amount of grafting were
seen with lower generation grafts. TGA was only useful for thermally robust
silica and glass fiber substrates. Titrimetric analysis of the primary amines
was more generally useful and was used to measure graft loadings on silica,
glass fiber, carbon black. Titrimetry also was reportedly used for a polyethy-
lene film. For the polysaccharide chitosan and polyethylene films, the graft
loadings were also measured by gravimetric analysis.
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These amine terminated hyperbranched PAMAM grafts on chitosan [90]
and glass fiber [91] have been used to support further grafting chemistry.
For example, a living poly(isobutyl vinyl ether) (PIBVE) was prepared using
a HCl/ZnCl, initiator system. This living polymer was then added to a graft
like 25 on glass fibers. Presumably the grafting occurs by reaction of the
cationic centers in the living cationic polymer with the terminal amines of 25
to form aminals or imines. TGA analysis of the PIBVE grafted on an eighth
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Scheme 9 Synthesis of three generation melamine dendrimer on silica surfaces
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generation PAMAM graft 25 on glass fiber showed a 5.2% increase in weight
(with an overall grafting of 16.2 weight percent).

Simanek’s group has recently compared two methods of grafting melami-
ne-based dendrimers to piperazine functionalized silica [97]. The first method
involves the stepwise grafting of a three generation melamine-based den-
drimer shown in Scheme 9. This chemistry begins by treating with piperazine
functionalized silica with 26. The tert-Boc protecting group was removed by
HCI treatment. The grafting and hydrolysis steps were repeated two more
times producing a grafted third generation dendrimer. The second grafting
approach involved directly grafting a third generation melamine-based den-
drimer that was prepared in solution to silica. The progress of either the
monomer growth of melamine dendrimers on silica or grafting of a dendrimer
to silica was followed by ATR-IR spectroscopy, XPS analysis, matrix-assisted
laser desorption/ionization mass spectrometry (MALDI-MS), and TGA an-
alysis. While ATR-IR spectroscopy, XPS analysis, and TGA analysis were all
consistent with grafting, the MALDI-MS spectra after HF digestion of the
silica supports proved to be the most useful characterization technique. For
example, the MALDI-MS spectrum of a third generation melamine-based den-
drimer that was synthesized in a stepwise fashion showed peaks that indicated
incomplete branching. Peaks were observed that corresponded to the grafted
dendrimer and that were consistent with a dendrimer missing one, two, and
three branches were detected. In contrast, the MALDI-MS spectrum of grafts
prepared using the soluble third generation dendrimer and silica only showed
peaks for the third generation dendrimer.

7
Conclusions

Irregularly hyperbranched grafts provide a useful way to modify surfaces.
A variety of chemistry can be used and a wide variety of grafts can be
prepared. The hyperbranched grafts can serve as supported membranes, as
catalyst supports or as substrates for further covalent graft chemistry. Func-
tional groups within these interfaces can be readily modified by solution-state
chemistry. The interfaces themselves can be used as media for further chem-
istry within the interface or as substrates in molecular recognition and self
assembly of other macromolecules.
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Abstract This review presents to-date progress in the formation of surface-tethered poly-
mer assemblies with gradually varying physico-chemical properties. The typical charac-
teristics of the grafted polymers that may change spatially along the specimen include
molecular weight, grafting density on the substrate, and chemical composition. The
concept of surface-anchored polymer assemblies is employed in several projects, includ-
ing, study of the mushroom-to-brush transition in surface-tethered polymers, monitor-
ing kinetics of controlled/“living” radical polymerization, synthesis of surface-anchored
copolymers with tunable compositions, and analysis of macromolecular conformations
in weakly charged grafted polyelectrolyte and polyampholyte systems. We also dis-
cuss the application of grafted polymer gradient systems in studying three-dimensional
dispersions of nanosized guest objects. In the aforementioned examples, the use of
gradient structures both enables methodical exploration of a system’s behavior and fa-
cilitates expeditious data measurement and analysis. Furthermore, we outline methods
leading to the formation of orthogonal gradients—structures in which two distinct gra-
dients traverse in orthogonal directions. We illustrate the applicability of molecular
weight/grafting density orthogonal gradients in organizing nanoparticles and control-
ling protein adsorption on polymer surfaces. Finally, we identify several areas of science
and technology, which will benefit from further advances in the design and formation of
gradient assemblies of surface-bound polymers.

Keywords Gradient - Polymer brush - Self-assembly - Nanoparticles - Protein adsorption

Abbreviations

3-D three-dimensional

ATRP atom transfer radical polymerization

BMPUS [11-(2-bromo-2-methyl)propionyloxy] undecyltrichlorosilane
CMPE 1-trichlorosilyl-2-(m/p-chloromethylphenyl) ethane
DI deionized

[DS] degree of swelling

EGF epidermal growth factor

FTIR Fourier transform infrared spectroscopy

GPS 3-glycidoxypropyl trimethoxysilane

h dry thickness of surface-anchored polymer

H wet thickness of surface-anchored polymer

[HT] proton concentration in bulk solution

H, height of a grafted polymer in a brush conformation
Hpiw polymer wet thicknesses in “pure” water

H(IS) polymer wet thicknesses evaluated at a given IS

Hn height of a grafted polymer in a mushroom conformation
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1
Introduction

Polymer coatings offer an efficient and convenient way of modifying physico-
chemical characteristics of material surfaces [1,2]. Such polymer-modified
surfaces are used extensively in a variety of applications, including pho-
tolithographic masks [3], adhesion promoters [4], lubricants [5], stabilizers of
colloidal particles [6], nonfouling coatings [7-9], responsive materials [10],
and others. Polymers serve as excellent candidates for surface modification
on account of several reasons: (1) compared to low molecular weight coat-
ings such as self-assembled monolayers (SAM) polymers have better and
more tailorable mechanical properties; (2) they can form thick films thus
providing a large number of functional groups; (3) they offer a wide variety
of functional groups to choose from and; (4) they can serve as multifunc-
tional stimuli-responsive materials. Traditionally, polymer coatings are cre-
ated by physically attaching a polymer layer to the surface of interest. Typical
methods of forming physisorbed polymer coatings include spin casting or so-
lution dip-coating. The nature of interaction between the polymer and the
surface in these coatings is usually noncovalent. Although physisorbed poly-
mer coatings serve their purpose immediately after the fabrication process,
their performance diminishes over a protracted time period due to the ero-
sion of the coating under harsh application conditions. To overcome these
shortcomings, it is deemed necessary to chemically bind the polymers to the
surface.

The chemisorbed polymer structures are, in turn, further classified as ei-
ther “grafted onto” or “grafted from” polymers, the main difference between
the two being the procedure by which macromolecules are attached to the
surface (cf. Fig. 1). In grafted-onto coatings, preformed polymer chains are
simply attached to a given surface via chemical reaction between the func-
tional groups present on the surface and those along polymer chains (usually
end-functionality). The advantage of such polymer assembly is that the mo-
lecular weight and consequently the chain length of grafted polymer are
well-characterized. However, with this approach it is difficult to form thick
layers (thicker than a few tens of nanometers) and the coating suffers from
a low density of grafted chains due to the steric hindrance for the attach-
ment of new polymer chains once a few initial chains have been grafted. To
overcome these crowding effects and increase the density of attached chains,
monomers are polymerized from surface-bound polymerization initiators
using the grafting-from approach. Since the diffusing species in the grafting-
from approach are monomer molecules, a large number of chains can be
polymerized from the surface-attached initiators, thus achieving a high sur-
face density of the chains. Advantages of the grafting-from method over
the grafting-onto technique include: (1) very thick and dense coatings can
be routinely created; and (2) a wide variety of monomers can be polymer-
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Fig.1 Schematic illustrating the formation of surface-anchored polymer assemblies by
utilizing the “grafting onto” and “grafting from” methods

ized since the monomer or polymer need not have any specific functional
groups as is required in the grafting-onto method. However, the molecular
weight and the chain length distributions of polymer chains formed by the
grafting-from methodology cannot always be accurately controlled and meas-
ured. Additional complications arise from the fact that the substrate geometry
also influences the rate of polymerization and the chain length distribution.
For example, while the kinetics of polymerization for the grafting-from re-
actions originating from the surfaces of nanoparticles does not seem to be
too different from the typical polymerization in the bulk [11,12], switching
to flat or even concave geometries has a pronounced effect on the rate of
polymerization and chain length distribution (Tomlinson et al., 2004, unpub-
lished results). Finally, when growing multifunctional macromolecules, such
as copolymers, the activity of the growing chain, which participates in further
polymerization, the so-called macroinitiator, may depend on its length and
chemistry. In spite of these limitations, grafting-from methodologies have re-
cently attracted considerable attention within the polymer community [13].
Conformations of tethered polymer chains are significantly different from
those of free polymers in solution [14-16]. The main parameters govern-
ing the conformation of macromolecules in solution include the quality of
the solvent (expressed in terms of the monomer-solvent interaction param-
eter), chain stiffness, and the degree of polymerization, N. In good solvents,
where favorable interaction between monomer and solvent molecules domi-
nate the loss of entropy due to chain stretching, polymer molecules assume
a relaxed conformation in the form of an expanded coil. In contrast, a poor
solvent causes monomers to minimize contacts with solvent molecules as
much as possible, consequently resulting in the formation of a collapsed glob-
ule. Radius of gyration of a polymer chain, which is a measure of the average
size of the chain, is given by Rg ~ N3/5 under good solvent conditions. This
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scaling relationship shows a much weaker dependence on N (or equivalently
molecular weight) under poor solvent conditions with Rg ~ N 1/3, In the so-
called theta solvents, which are intermediate between the good and poor
solvents, the chain dimension scales as the unperturbed radius of gyration,
Rg ~ N'/2. Grafting of polymer chains to a surface dramatically modifies the
way in which the constraints of monomer-monomer interaction and chain
stretching on polymer conformation are manifested. In addition to N, the
conformation of end-tethered polymer chains is governed by the number of
polymer chains grafted per unit area of the substrate characterized by graft-
ing density of chains on the surface, . When a few long polymer chains are
attached to the substrate, they do not overlap and as long as there is no spe-
cial interaction with the substrate, the conformation of these chains is similar
to that in solution. Under good solvent conditions, the chains try to maxi-
mize the number of contacts with the solvent molecules while keeping chain
stretching to a minimum. This behavior results in the formation of a so-called
mushroom conformation (cf. Fig. 2). Wet thickness of a polymer in the mush-
room regime under good solvent conditions has been theoretically predicted
and experimentally verified to scale as H ~ No© [14, 15]. It must be pointed
out that the aforementioned scaling relations apply only to neutral grafted
polymers, i.e., the polymers are devoid of any chargeable functional groups
along their backbone. As the grafting density of chains on the surface in-
creases, the osmotic pressure among the chains increases and this forces the
chains to stretch normal to the substrate. This equilibrium conformation, in
which polymer chains are stretched away from the grafting surface, has been
coined as a polymer brush (cf. Fig. 2) [15]. The wet thickness of the brush in
a good solvent scales as H ~ No'!/3. Thus, compared to free polymer chains in
solution, the size of grafted chains exhibits a stronger dependence on N and
an additional dependence on grafting density. When placed in poor solvent
conditions, the surface-tethered polymers collapse, giving rise to collapsed
chain conformations. While at small ¢ the individual chains remain isolated

brush

good solvent poor solvent

| [H>>Rg mushroom

]
\ collapsed coil
H~Rg
Y i He<ry | RS
substrate

Fig.2 Schematic representation of surface-anchored polymers in brush (left) and mush-
room (middle) conformations in good solvents. Also shown is the conformation of
a surface-tethered polymer under poor solvent conditions (right)
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(cf. Fig. 2), with increasing o they form surface-bound collapsed aggregates
of various shapes and sizes [14,17].

As the conformation of the grafted polymer chains governs the effective-
ness of the polymer coating for a given application, it is desirable to be able
to manipulate the conformation by controlling N and o of the grafted chains.
For example, it has been predicted that adsorption of small proteins (and
the subsequent bio-fouling) on a surface can be minimized by using poly-
mer brushes having high grafting density whereas thicker brushes (high N)
are preferred to achieve similar repellency for larger proteins [8]. Polymer
brushes are widely used to prevent coagulation of colloidal particles. This
steric stabilization is best realized by using long grafted chains with a rela-
tively high o [6]. Adhesion promotion between a polymer melt and brush-
coated surface is found to depend critically on o [18]. Short chains with very
high o are suitable for enhancing the lubrication of a polymer-coated surface
with a sliding surface [5]. In order to gain a complete understanding of any of
the above-mentioned phenomena, it is imperative that properties of the poly-
mer surface as well as those of the environment in contact with the polymer
surface be systematically varied and their effect on the behavior of the system
be studied. There are two ways by which properties of a polymer surface can
be studied: (a) prepare a large number of polymer samples with each sample
having different surface properties; or (b) design and fabricate a single sam-
ple in which properties of the polymer surface vary continuously along the
sample between two extreme values. Apart from being more time-consuming
and expensive, the former approach involves changing individual variables in
a discrete and uncontrollable manner, which does not guarantee exploration
of the entire behavioral spectrum of the system. These deficiencies can be
minimized or even completely eliminated in some cases by utilizing the latter
approach, wherein polymer gradient surfaces are generated and utilized.

Gradient surfaces offer powerful avenues enabling systematic variation of
one or more brush properties. Employing a gradient surface to study a com-
plex, multivariate phenomenon enables unambiguous interpretation of the
system’s response to a given stimulus. Since all other properties of the sys-
tem remain constant, the system’s response can be unequivocally attributed
to the gradually changing surface property along the gradient. Addition-
ally, gradient surfaces offer combinatorial platforms for quick and inexpen-
sive investigation of the multivariate phenomenon [19,20]. Similar study
by traditional methods typically requires preparation of numerous samples,
ostensibly under similar experimental conditions. Various types of surface-
grafted polymer gradients are illustrated in Fig. 3 (homopolymer gradients)
and Fig. 4 (copolymer, mixed polymer gradients). These can be gradients in
polymer chain length, grafting density, composition (lateral as well as trans-
verse) or a combination of any of these parameters. These polymer gradients
not only work as combinatorial substrates for investigation of a complex
phenomenon but they also serve as soft-matter templates, thus allowing fabri-
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Fig.3 Schematic illustrating a conformations of surface-anchored polymers, and polymer
brush assemblies with a b grafting density gradient, and ¢ a gradient in polymer length.
Part d depicts polymer conformations on a substrate comprising grafting density and
polymer length orthogonal gradients
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Fig.4 Schematic illustrating a conformations of grafted homopolymer brushes made
of two chemically distinct polymers and diblock copolymers, b mixed homopolymer
brushes with gradually changing grafting densities of two polymers, ¢ grafted diblock
copolymers with a constant length and gradually changing composition, and d grafted di-
block copolymers with a gradually changing length of one block and a constant length of
the other block

cation of gradient assemblies of nonpolymeric objects. From a materials point
of view, polymer gradients offer a unique structure wherein physico-chemical
characteristics such as wetting, or chemical composition change gradually,
typically over a broad range of properties. Such surfaces with unidirectional
variation of material properties may be useful in directing motion of liquid
droplets or nano-objects thus acting as molecular motors. Some of these ap-
plications are addressed in greater detail towards the end of this review.
While the field of surface-bound polymer gradients is still in its nascent
stages, it has a great potential for further exploration. Accordingly, the goal
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of this review is to familiarize the reader with existing methodologies that
enable the formation and characterization of surface-attached polymer gradi-
ents, with an emphasis on their utility to study complex phenomena. Specif-
ically, we will elaborate on the role of gradient structures in advancing basic
knowledge of polymer behavior in confined spaces as well as fabricating func-
tional devices. We restrict the review to polymer gradients that are chemically
bound to a substrate. Although industrially relevant, we will not venture into
the area of gradient polymer coatings that lack a chemical bond between
polymer chains and substrate [19]. This review is organized as follows: In
Sect. 2, we describe the existing techniques of forming end-tethered poly-
mer gradients; in Sects. 3 and 4 we review work relevant to polymer surfaces
with a gradient in grafting density of attached chains and their conforma-
tional response to ionic solutions; Sects. 5 and 6 deal with surfaces having
a gradient in polymer chain length and composition, respectively. In Sect. 7,
we report on the solution behavior of grafted polyampholytes prepared by
using the techniques described in Sects. 5 and 6. Section 8 illustrates how one
can combine two different kinds of gradients to generate orthogonal gradient
structure. Finally, Sect. 9 covers applications of the grafted polymer gradients
in two rapidly growing disciplines of chemical sciences, viz. nanotechnology
and biomaterials. The Outlook section concludes this review by pinpointing
several areas of science and technology, which we believe will greatly benefit
from the application of gradient polymer substrates.

2
Review of Techniques of Preparation and Characterization
of Polymer Gradients

Although a multitude of methodologies exist for the creation of gradient
assemblies of short organic modifiers [21], relatively few techniques are
available for generating gradients of surface-bound polymers. Most of them
rely on selective physical or chemical “cure” of surfaces before or during
growth/attachment of polymer. These treatments include creation of density
gradient of surface sites used for adsorbing or growing polymers, gradual im-
mersion or withdrawal of a substrate from a polymerization solution, regula-
tion of radiation intensity during photoimmobilization, exposing a substrate
to a temperature gradient etc. A brief review of these strategies is presented
below.

2.1
Surface-Grafted Polymers Through Corona Treatment

In this technique, radio-frequency corona discharge treatment was first used
to create oxygen-rich moieties on a polyethylene (PE) substrate [22,23]. The
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density of these moieties on a PE sheet was varied by continuously increas-
ing the power of the corona discharge from a knife-type electrode as the
substrate was gradually exposed to the electrode. The PE substrate was then
dipped into a monomer solution maintained at an elevated temperature. At
this temperature, oxygen-rich moieties on the surface decomposed into free
radicals, which served as initiators for grafting-from polymerization. The
density gradient of oxygen-rich moieties on the substrate thus resulted in
a density gradient of grown polymers. Typical monomers used were acrylic
acid, sodium p-styrene sulfonate, and N,N-dimethylaminopropyl acrylamide.
These gradients were employed to investigate the effect of wettability, func-
tional group density and charge on protein adsorption and cell growth on
these surfaces [22,23]. Although this technique was successful in creating
density gradients of functional groups, no information about the molecular
parameters of these surface-bound gradients, such as N or o, was provided.

2.2
Gradients Prepared by the Grafting-Onto Technique

As mentioned previously, the grafting-onto method involves the preparation
of substrate-bound polymers wherein pre-formed polymer chains are simply
attached to the substrate through a chemical reaction between a functional
group on the substrate and a functional group (typically end-group) on the
polymer. Lee and coworkers prepared grafting density gradients of comb-
like poly(ethylene glycol) (PEG) on a PE substrate (cf. Fig. 5) [24,25]. To
achieve this, the researchers first subjected a PE sheet to a corona discharge
treatment, with the corona power increasing gradually along the length of
the sheet. As mentioned in Sect. 2.1, this type of corona treatment produces
a density gradient of oxygen-rich moieties on the PE surface. At elevated
temperatures, these moieties served as binding sites for the attachment of
poly(ethylene glycol) methacrylate (PEG-MA) chains. Immersing a PE sheet
with a continuous gradient in binding sites in a solution of PEG-MA main-
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Fig.5 Schematic diagram showing a comb-like poly(ethylene oxide) gradient produced on
a polymer surface. (Reproduced with permission from [24])
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tained at high temperature resulted in the formation of grafted polymers with
a gradient in the grafting density of the chains. In the PEG-MA gradient, the
chain length of PEG-MA remained presumably constant along the substrate;
only the density of the chains varied. Since PEG is well known for its protein-
resistant nature, Lee et al. used the PEG-comb gradients to study plasma
protein and platelet adsorption. They found that as the surface density of PEG
chains increased, protein and cell adsorption decreased [25] and the surfaces
became more nonfouling. Major advantages of their gradient approach were
that it reduced the number of experiments as well as the methodological error
associated with those experiments.

Ionov et al. employed a temperature gradient to create a grafting dens-
ity gradient of surface-attached polymer chains (cf. Fig. 6, left part) [26]. For
this purpose, they first either dip-coated a silica wafer with a thin layer of
poly(glycidyl methacrylate) or attached a monolayer of epoxy silane, which
served as an anchoring layer for further attachment of polymer chains.
A layer of end-functionalized polymer was spin-coated on top of the anchor-
ing layer and the whole assembly was heated above the glass transition tem-
perature of spin-cast polymer. The substrate was kept on a heating stage with
a temperature gradient along the length of the stage. Temperature was varied
from a few degrees below the glass transition temperature (Tg) to tens of de-
grees above Ty. Because of the temperature-dependent grafting kinetics, the
extent of grafting of polymer chains at a given point on the surface depended
on the temperature prevailing at that point. Consequently, the temperature
gradient along the substrate was translated into a grafting density gradient of
anchored chains. The right portion of Fig. 6 shows that the amount of poly-
mer attached increases as grafting temperature increases along the substrate.

A _ h
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80 90 100 110 11'»0n 130 140
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Fig.6 (left) Preparation of ultrathin tethered polymer layers with gradually changing
thickness by utilizing the grafting-onto approach using a temperature gradient created
on a heating stage. (right) Grafted amount of carboxylic acid-terminated polystyrene
(PS-COOHR) film grafted through (open circles) 3-glycidoxypropyl trimethoxysilane (GPS,
annealing time = 4 h), (closed circles) poly(glycidyl methacrylate) (PGMA, annealing time
= 4h), and (closed triangles) PGMA (annealing time = 12 h) anchoring layers. (Repro-
duced with permission from [26])
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The gradient also displayed a continuous change in morphology (cf. Fig. 6,
left part) and wetting properties.

Recently, Ionov and coworkers used their gradient formation technique to
form a mixed brush grafting density gradient [27]. In this assembly, gradi-
ents of two different polymers run counter to each other, i.e., the grafting
density of one polymer increases in one direction along the substrate whereas
that of the other decreases, and vice versa (cf. Fig. 4b). To create such a two-
component polymer gradient assembly, the authors first formed a gradient of
poly(tert-butyl acrylate) (PtBA) according to the technique described in the
above paragraph. This gradient was then “backfilled” by poly(2-vinyl pyri-
dine) (P2VP) by utilizing the same procedure as was used for grafting the
first polymer. The resultant structure comprised a mixed polymer brush gra-
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Fig.7 Ellipsometric mapping of PBA/P2VP gradient brush, total thickness (m), PtBA layer
(e), P2VP layer (A). (b) Fraction of PtBA versus the point coordinate on the sample (Re-
produced with permission from [27])
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Fig.8 Contact angle at different pH: 2.2 (m), 2.54 (e), 3.24 (o), 4.95 (O), 9.95 (A) of
PAA/P2VP brush vs. composition (Reproduced with permission from [27])
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dient with a constant thickness and a variable concentration of the PtBA and
P2VP grafted polymers (cf. Fig. 7). After converting PtBA into poly(acrylic
acid) (PAA), the wettabilities along the substrate were shown to switch from
hydrophilic to hydrophobic upon varying pH (cf. Fig. 8).

23
Gradients Prepared by the Grafting-From Technique

The grafting-from method generates surface-bound polymers with a high
grafting density due to the minimal diffusion resistance offered to monomer
molecules as the polymerization proceeds on the surface. For a given poly-
mer molecular weight (My), a higher grafting density of polymers grafted to
a surface increases the thickness (k) of the resulting film, h = o My /(poNy),
where M, and p are molecular weight and density of the polymer, respec-
tively, and Ny is Avogadro’s number. Such thick and dense coatings are useful
in a number of applications, such as etch-barrier material in photolitho-
graphy. Although a large variety of polymerization reactions can be used to
grow polymers from surface-bound initiators, controlled/“living” polymer-
izations are preferred because: (1) they retain the simplicity of the radical
reactions while producing nearly monodisperse polymers due to fast ini-
tiation and minimal termination; (2) high molecular weight polymers can
be routinely synthesized due to the controlled nature of the polymeriza-
tion and; (3) they potentially allow for tailoring the chain microstructure
(linear, grafted, star, and others) and facilitate the synthesis of block copoly-
mers [13]. The controlled polymerization techniques that have been applied
to create surface-grafted polymer assemblies include [28]: living anionic poly-
merization [29, 30], living cationic polymerization [31], living ring opening
polymerization [32-34], ring opening metathesis polymerization [35, 36], liv-
ing radical polymerization, mainly nitroxide-mediated polymerization [37],
reversible addition-fragmentation chain transfer polymerization [38], and
atom transfer radical polymerization (ATRP) [39, 40]. Of all these techniques,
ATRP has emerged as a robust and versatile polymerization technique ca-
pable of synthesizing a large range of functional polymers on a variety of
surfaces [41-44]. With the discovery of ATRP as a controlled/“living” radical
polymerization technique, the interest in the field of surface-initiated poly-
merization has shown a dramatic surge. This is predominantly due to the ease
with which ATRP can be carried out on surfaces. Unlike ionic polymeriza-
tions, ATRP is not as demanding with regard to monomer and solvent purity,
the presence of moisture and oxygen, etc. A large number of functional
monomers that do not undergo ionic polymerization, such as water-soluble
monomers, can be easily polymerized by ATRP [41, 42,45, 46]. ATRP is espe-
cially powerful in synthesizing polymers with novel topologies, composition
profiles, and functionalities on flat as well as curved semiconductor, metal,
and polymer surfaces (cf. Fig. 9).
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Fig.9 Schematic representation of controlled topologies, compositions, and functionali-
ties of polymers and molecular composites prepared by atom transfer radical polymer-
ization (ATRP). (Reproduced with permission from [42])

Our group has used ATRP extensively to synthesize a variety of grafted-
from polymer gradients. These include gradients in (1) grafting density of
polymer chains; (2) polymer molecular weight; (3) polymer chain compo-
sition and; (4) a combination of these gradients. While these gradients are
schematically illustrated in Figs. 3 and 4, their synthesis, characterization,
and applications are described in great detail in subsequent sections.

24
Miscellaneous Methods for Immobilizing Polymers in Gradient Patterns

Recently, a few novel approaches involving the formation of gradient
grafted polymer assemblies have emerged. For example, Ito and cowor-
kers used a photomask with a gradient pattern to selectively immobilize
a biomolecule—epidermal growth factor (EGF)—on a polystyrene tissue
culture plate [47]. Specifically, they coated a polystyrene substrate with
polyallylamine-tagged EGF and exposed the coating to ultraviolet rays
through the gradient photomask. Grafting of EGF took place only on those
parts of the substrate that were exposed to UV rays. The EFG gradient pattern
was visualized by immunostaining with anti-EGF antibody. The EGF gradient
facilitated quantitative evaluation of cell growth as a function of the concen-
tration of immobilized biomolecule. In a similar study, a thermoresponsive
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polymer was attached to a polystyrene substrate using the gradient micropat-
tern [48]. This gradient was employed to examine the effect of concentration
of immobilized thermoresponsive polymer and temperature on the adhesion
of fibroblast cells. Hu and coworkers used laser activation to generate a mi-
croscale gradient of a protein tagged to a photoactive cross-linking agent [49].
For this purpose, they rastered the laser beam over a protein-coated surface
at progressively faster speeds, thereby varying the laser exposure time across
the length of the sample. Since the immobilization of protein on the surface
was proportional to the laser exposure time, the raster pattern of the beam
produced a gradient pattern of immobilized protein.

2.5
Gradient-Graft Copolymers

Graft copolymers are systems, in which one type of polymer (say A) is grafted
chemically to the backbone of another polymer (say B). The grafting density
of A is dictated by the distribution of the grafting sites along B; these can be
perfectly ordered or “perfectly random”. Alternatively, there may be a gradi-
ent in the density of the grafting sites along B. Growth of polymer A from the
backbone having a gradient in grafting sites results in the formation of gra-
dient graft copolymers. Synthesis of such copolymers with gradients in the
grafting density of A has recently been reported by the Matyjaszewski group.

Copolymers with a composition gradient are needed as precursors for
the synthesis of gradient-graft copolymers. In the composition gradient
copolymer the local concentration of one monomer unit along the poly-
mer backbone varies continuously from one end of the chain to the other
(cf. Fig. 9) [50-52]. As far as the sequence of the two co-monomers along
the backbone is concerned, the gradient composition copolymers can be
considered to be intermediate between random and block copolymers. This
sequence distribution along the backbone can result either from the differ-
ences in the reactivity ratios of the two monomers (spontaneous gradient)
or from different rates of addition of the two monomers in the reaction ves-
sel (forced gradient). The reactivity ratio is defined as the ratio of the rate
constant of homo-propagation (i.e., tendency of active species to react with
species of its own kind) to that of cross-propagation (i.e., predisposition of
a monomer species to react with species of another kind in preference to
species of its kind). When one monomer tends to homo-propagate but the
other prefers to cross-propagate, the resulting copolymer is a gradient com-
position copolymer, where the two ends of the polymer are enriched with
two monomers and the middle part of the polymer has a composition gradi-
ent. The compositional breadth of such a spontaneous gradient is determined
by the reactivity ratios of the two monomers. To create a forced composition
gradient copolymer, the feed rates of one or both monomers are varied ei-
ther continuously or periodically throughout the course of the reaction. The
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width of the gradient is predominantly determined by the differences in the
feed rates of the two monomers. Properties of the gradient copolymers are
significantly different from those of random or block copolymers [50]. Thus,
a judicious choice of the two co-monomers and their feed rates can result
in the formation of a gradient copolymer having much improved proper-
ties compared to the two parent polymers. These gradient copolymers are
envisaged to be useful as polymer blend compatibilizers, pressure sensitive
adhesives and as novel materials for vibration and noise dampening [53, 54].

As mentioned above, copolymers with a compositional gradient can serve
as precursors for generating gradient-graft copolymers, where the number of
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Fig.10 Synthesis of the macroinitiator precursor (I), the macroinitiator (II) and macro-
molecular gradient brush copolymer (III). (Reproduced with permission from [55])
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side chains attached to the polymer backbone gradually decreases from one
end of the backbone to the other [55]. Borner et al. synthesized such gradients
according to the scheme shown in Fig. 10. First, they created a forced compo-
sitional gradient along the backbone by continuously adding one monomer
in the reaction vessel while the other monomer is steadily consumed. One of
the two monomers along the backbone then served as an initiator for growing
side chains made of a third monomer. Since the backbone itself had a concen-
tration gradient, the grafted copolymer showed a continuous change in side
chain grafting density. Such grafted copolymer gradient brushes are highly
anisotropic with a bulky head and a thin tail. For further details, the reader is
referred to excellent review articles by Matyjaszewski and coworkers dealing
with the synthesis of gradient copolymers by controlled radical polymeriza-
tion techniques [53, 54].

2.6
Methods of Characterizing Gradient Properties

Characterization of gradient substrates involves determining the same
physico-chemical characteristics as those measured on “conventional” non-
gradient specimens. Since the physico-chemical characteristics of gradient
samples vary laterally, a judicious choice of technique is required. Such
a choice is governed by the interplay among: (1) the lateral resolution of
a given technique; (2) the lateral scanning ability of the technique; and (3)
the distance on the surface over which the gradient is present (gradient
steepness). Only techniques, whose lateral resolution is better than the gra-
dient steepness can be utilized. Depending on the lateral scanning ability of
a given technique vis-a-vis gradient steepness, one can distinguish between
two modes of operation. If the lateral scanning ability of the technique is com-
parable to or slightly larger than the gradient steepness, information content
about the gradient substrate can be accessed in a single measurement. We re-
fer to such a mode as “global”. If, however, the probe’s lateral scanning ability
is much smaller than the distance over which the gradient exists, one has to
repeat the measurement on various portions of the substrate along the gradi-
ent in order to fully characterize the specimen. We call this a “local” mode. In
order to illustrate the difference between the two modes let us consider using
chemical force microscopy (CEM) [56]. CFM measures the forces between the
surface and a chemical moiety, such as end-functionalized alkanethiol, that
has been covalently attached to the probing tip. Considering that the largest
scanning area accessible with a single CFM measurement is &~ 125 x 125 pm?,
CFM can be used as a global technique on gradient samples whose gradient
steepness is equal to or smaller than ~ 125 x 125 um?. If the gradient vari-
ation occurs over a much larger lateral distance on the substrate, multiple
individual measurements with CFM have to be carried out at various pos-
itions on the substrate in order to characterize the entire specimen. In the
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latter case, CFM operates in the local mode. The following paragraphs offer
a brief overview of several local techniques that have been utilized to charac-
terize polymer gradients. Some of the most important properties of polymer
gradients that need to be characterized are wettability, chemical composition,
thickness of the surface layer, and morphology.

Static or dynamic contact angle measurements are the easiest and most
widely available methods of determining wettability [57]. In static contact
angle experiments, one measures the wetting angle of a small volume of prob-
ing liquid on the surface. The typical area on the surface probed by contact
angle techniques ranges from hundreds of square micrometers to square mil-
limeters. Performing static contact angle experiments under the condition
where the needle and the probing liquid are not separated allows for de-
termining the so-called advancing and receding contact angles. Moreover,
keeping the needle in contact with the probing liquid while performing con-
tact angle measurements on wettability gradients ensures that the droplet
does not move towards the more wettable region on the substrate. Sepa-
rating the needle from the liquid would allow the liquid to move on the
surface (see [57]), particularly in gradients with steep boundaries between
the hydrophobic and hydrophilic regions. The dynamic contact angle (DCA)
measurements are usually performed using the Wilhelmy plate. Examples of
the DCA measurements on gradient substrates can be found elsewhere [58].
While useful in providing macroscopic level information about the chemistry
on the gradient surfaces, contact angle methods are not capable of delivering
information about the structural properties of the gradients on a molecular
level (such as concentration of a particular chemical group, orientation of
molecules, etc).

For acquiring molecular-level information, one has to turn to more so-
phisticated probes. Ruardy and coworkers discuss the utilization of X-ray
photoelectron spectroscopy (XPS) [59] and infrared spectroscopy (IR) for
determining concentration of a particular species along molecular gradi-
ents [58]. Recently, near-edge X-ray absorption fine structure (NEXAFS)
spectroscopy [60] has emerged as a powerful tool for characterizing gradi-
ents [61, 62], because it allows for simultaneous investigation of both the sur-
face chemistry and the molecular orientation. NEXAFS involves the resonant
soft X-ray excitation of a K or L shell electron to an unoccupied low-lying
antibonding molecular orbital of o or & symmetry, o* and ¥, respectively.
The initial state K or L shell excitation gives NEXAFS its element specificity,
while the final-state unoccupied molecular orbitals provide NEXAFS with its
bonding or chemical selectivity. A measurement of the intensity of NEXAFS
spectral features enables the identification of chemical bonds and determin-
ation of their relative population density within the sample. Because of the
fixed geometry between the sample and the X-ray beam and the fact that the
1s - o* and 1s — 7™ excitations are governed by dipole selection rules, the
resonance intensities vary as a function of the direction of the electric vector
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E of the incident polarized X-ray relative to the axis of the o* and 7* orbitals.
This, coupled with the fact that sharp core level excitations for elements C,
N, O, and F occur in the soft X-ray spectral region, makes NEXAFS an ideal
technique for probing molecular orientations of organic molecules.

Spectroscopic ellipsometry (SE) is the most commonly employed tech-
nique to determine thickness of the polymer layer in a gradient sample. SE
relates thickness of the film to the change in the polarization state of light
incident on the film. Specifically, SE measures two values, A and ¥, which de-
scribe the polarization change in the sample and which are related to the ratio
of Fresnel reflection coefficients, R, and R for p- and s-polarized light, re-
spectively. A and ¥ profile as a function of wavelength of light are used to
obtain film thickness by performing fitting to the A and ¥ data. The lateral
variation of polymer thickness along the gradient is measured by taking SE
scans on various parts of the specimen.

While not described in this review, there are several novel experimen-
tal probes that may be applied in the near future to characterize gradient
substrates with high lateral resolution (ranging from tens of square nanome-
ters to square micrometers). These include the scanning near-field optical
microscopy (SNOM) [63], imaging ellipsometry [64], imaging IR, imaging
XPS [65], and X-ray photo emission electron microscopy (X-PEEM) [65]. De-
tailed description of these techniques is beyond the scope of this paper and
the interested reader is referred to the existing literature.

3
Anchored Polymers with Grafting Density Gradients

In the following sections we will describe our recent efforts in the area of gra-
dient polymer assemblies. For clarity, the chemical formulas of the polymers
used in our experiments are shown in Fig. 11. Surface-anchored polymers
with a grafting density gradient represent macromolecular systems, in which
the number of polymers per unit area of the surface changes gradually as
a function of the position on the surface. Figure 12 depicts the technological
steps leading to the formation of surface-bound polymer assemblies with
gradients in grafting density. These structures can be prepared by first gener-
ating a concentration gradient of the polymerization initiator on the surface,
followed by the grafting-from polymerization [66].

3.1
Formation and Properties of the Gradient Initiator

We formed gradients of polymerization initiator on flat silica substrates using
the methodology proposed by Chaudhury and Whitesides [67] (cf. Fig. 12a).
Specifically, 1-trichlorosilyl-2-(m/p-chloromethylphenyl) ethane (CMPE) was
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Fig.11 Chemical formulas of poly(acryl amide) (PAAm), poly(methyl methacrylate)
(PMMA), poly(2-hydroxyethyl methacrylate) (PHEMA), poly(t-butyl acrylate) (PtBA),
and poly(acrylic acid) (PAA), and poly(dimethyl aminoethyl methacrylate) (PDMAEMA)

mixed with paraffin oil (PO) and the mixture was placed in an open con-
tainer that was positioned close to an edge of a silicon wafer. As CMPE
evaporated, it diffused in the vapor phase and generated a concentration gra-
dient along the silica substrate. Upon impinging on the substrate, the CMPE
molecules reacted with the substrate -OH functionalities and formed a SAM.
The breadth and position of the CMPE molecular gradient can be tuned
by adjusting the CMPE diffusion time and the flux of the CMPE molecules.
The latter can be conveniently adjusted by varying the chlorosilane : PO ratio
and the temperature of the CMPE:PO mixture. In order to minimize any
physisorption of monomer and/or the polymer formed in solution on the
parts of the substrate that do not contain the CMPE-SAM, we backfilled the
unexposed regions on the substrate (containing unreacted -OH function-
alities) with n-octyltrichlorosilane, (OTS). After the OTS-SAM deposition,
any physisorbed CMPE and OTS molecules were removed by thoroughly
washing the substrates with warm deionized (DI) water (75 °C, resistivity
> 16 M2 - m) for several minutes.

Near-edge X-ray absorption fine structure (NEXAFS) spectroscopy was
used to provide detailed chemical and structural information about the SAMs
on the substrate [60, 68]. The NEXAFS spectra were collected in the partial
electron yield (PEY) mode at the normal (6 = 90°), grazing (6 = 20°), and
so-called “magic” angle (6 = 55°) incidence geometries, where 0 is the angle
between the sample normal and the polarization vector of the X-ray beam.
In Fig. 13 we plot the carbon K-edge PEY NEXAFS spectra taken from the
CMPE-SAM (top) and OTS-SAM (bottom) samples. The NEXAFS spectra col-
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Fig.12 Methods of preparing surface-grafted polymer assemblies with gradients in
grafting density. a ATRP initiator gradient on a solid substrate is formed by mixing
1-trichlorosilyl-2-(m-p-chloromethylphenyl) ethane (CMPE) with paraffin oil (PO) and
placing the mixture in an open container heated at 88 °C close to an edge of a silicon
wafer. As CMPE evaporates, it diffuses in the vapor phase and generates a concentra-
tion gradient along the silica substrate. Upon impinging on the substrate, the CMPE
molecules react with the substrate ~-OH functionalities and form a self-assembled mono-
layer (SAM). In order to minimize any physisorption of monomer and/or the polymer
formed in solution on the parts of the substrate that do not contain the CMPE-SAM, the
unexposed regions on the substrate containing unreacted ~-OH functionalities are back-
filled with n-octyl trichlorosilane, (OTS). After the OTS-SAM deposition, any physisorbed
CMPE and OTS molecules are removed by thoroughly washing the substrates with warm
deionized water (75°C, >16 M Qcm) for several minutes. b Surface-grafted polymer
assemblies are formed on the substrates by using grafting-from ATRP. ¢ Schematic il-
lustrating polymer conformations in the mushroom (height Hy,) and brush (height Hy)
regimes and the mushroom-to-brush transition

lected at the magic angle were indistinguishable from those recorded at the
normal and grazing incidence geometries, revealing that the CMPE-SAMs
are not oriented, rather they formed a “liquid-like” structure. This observa-
tion is in accord with recent studies from the Chaudhury and Allara groups
who studied the transition between the liquid-like and “semi-crystalline-like”
structures in hydrocarbon SAMs [69, 70]. The NEXAFS spectra in Fig. 13 both
contain peaks at 286.0 and 288.5 €V that correspond to the 1s — ¢* transi-
tion for the C—H and C — C bonds, respectively. In addition, the spectrum of
CMPE also exhibits a very strong signal at 284.2 €V, which can be attributed
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Fig. 13 Carbon K-edge partial electron yield (PEY) NEXAFS spectra collected from the
CMPE-SAM (top) and OTS-SAM (bottom). The arrow marks the position of the 1s — 7*
transition for phenyl C = C, present only in the CMPE-SAM sample. (Reproduced with
permission from [76])
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Fig. 14 Partial electron yield (PEY) NEXAFS intensity measured at E = 284.2 ¢V as a func-
tion of the position on the substrates containing the initiator gradients made of CMPE:PO
mixtures (w/w) 1:1 (solid line), 1:2 (dashed line), 1:5 (dotted line), and 1: 10 (dash-
dotted line)

to the 1s — 7™ transition for phenyl C = C [60]. The latter signal can thus
be used as an unambiguous signature of CMPE in the sample. With the X-
ray monochromator set to 284.2 eV, we collected the PEY NEXAFS signal by
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rastering the X-ray beam across the gradient. The lines in Fig. 14 depict the
variation of the PEY NEXAFS intensity measured at 284.2 éV across the gra-
dient samples prepared by diffusing CMPE for 2 min from mixtures with
various CMPE: PO ratios equal to 1:1 (solid line), 1:2 (dashed line), 1:5
(dotted line), and 1: 10 (dash-dotted line). For clarity, we refer to such sub-
strates as S1, S2, S5, and S10, respectively. The data in Fig. 14 reveal that the
PEY NEXAFS intensity from the C = C phenyl bond, and thus the concentra-
tion of CMPE in the sample, decreases as one moves from the CMPE side of
the sample towards the OTS-SAM; the functional form closely resembles that
of a diffusion-like profile. Experiments using spectroscopic ellipsometry (SE)
confirmed that only a single monolayer was formed along the substrate.

3.2
Grafting-From on the Gradient Initiator Surfaces

The polymerization of poly(acryl amide) (PAAm) was performed by atom
transfer radial polymerization (ATRP), as described earlier [71-73]. In add-
ition, PAAm brushes were grown on silica gels using the procedure outlined
in [72]. The PAAm polymers were grown and purified using the same condi-
tions as were used for growing polymer on flat silica wafers. The PAAm chains
were then cleaved from the silica support and their molecular weight was
measured using size exclusion chromatography (M, = 17 kDa, polydispersity
index = 1.7).

33
Properties of Grafted Polymer Layers

SE was used to measure the thickness of the dry polymer film, &, as a func-
tion of the position on the substrate. In Fig. 15 we plot the values of h for
samples prepared on the (a) S1 (open squares), (b) S2 (open circles), and
(c) S5 (open triangles) substrates. From Fig. 15, h decreases gradually as one
moves across the substrate starting at the CMPE edge. Note the agreement
between the variation of & and the concentration profiles of the CMPE ini-
tiator (solid lines). Because the polymers grafted on the substrate all have
roughly the same degree of polymerization (see discussion below), the vari-
ation of the polymer film thickness can be attributed to the difference in the
density of the CMPE grafting points on the substrate. The polymer grafting
density can be calculated from o = hpNy /My, where p is the density of PAAm
(=1.302 g/cm?).

The substrates with the grafted PAAm were placed into a solution cell that
was filled with DI water (pH = 7), a good solvent for PAAm, and incubated
for at least 5h. The thickness of PAAm grafted polymer in DI water (= “wet
thickness”), H, was measured using SE. The data in Fig. 15 indicate that for
all samples H decreases as one traverses across the substrate starting at the
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Fig.15 Dry thickness, h, (open symbols) and wet thickness, H, (closed symbols) of
poly(acryl amide) (PAAm) and the 1-trichlorosilyl-2-(m-p-chloromethylphenyl) ethane
(CMPE) concentration (solid line) as a function of the position on the substrate for
samples prepared on substrates containing the initiator gradients made of CMPE:PO
mixtures (w/w)a1l:1 (0, m),b1:2 (o,e),and c1:5 (A, A). (Reproduced with permis-
sion from [76])

CMPE side. The maximum brush height at the CMPE edge of the sample de-
creases with decreasing CMPE concentration on the substrate (S1 > S2 > S5).

In Fig. 16 we plot the wet polymer thickness as a function of the PAAm
grafting density on the substrate for all three samples, S1, S2, and S5. The
data in Fig. 16 reveal that at low o, H is independent of the grafting density.
Hence the chains are in the mushroom regime. At higher polymer grafting
densities, H increases with increasing o, indicating the brush behavior. The
crossover between the two regimes occurs at o ~ 0.065 nm™2. By fitting the
data in the brush regime to H ~ No" we obtain n equal to 0.37+0.04 (S1),
0.39£0.05 (S2), and 0.40 +0.06 (S5). We note that n obtained by fitting the
experimental data is slightly higher than the predicted value of n = 1/3; this
observation is in agreement with recent reports [74]. A remark has to be
made about the possible variation of the chain length with grafting density.
Jones and coworkers recently reported on studies of grafting from poly-
merization of poly(methyl methacrylate) using ATRP from substrates having
various surface densities of the polymerization initiator, w-mercaptoundecyl
bromoisobutyrate [75]. Their study revealed that the grafting density of the
polymer depends on the grafting density of the initiator. However, based on
the data presented in [75] it is difficult to discern whether the kinetics of
the polymerization also depends on the grafting density of the initiator. Cur-
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Fig.16 Wet thickness of PAAm as a function of the poly(acryl amide) (PAAm) graft-
ing density for samples prepared on substrates containing the initiator gradients made
of CMPE: PO mixtures (w/w) 1:1 (m), 1:2 (o), 1:5 (A). The inset shows a cartoon
illustrating the polymer behavior. (Reproduced with permission from [76])

rently we have no means of measuring the molecular weight of the grafted
brushes directly on the gradient substrate. While we cannot exclude the pos-
sibility that the length PAAm chains polymerized on the various parts of the
molecular gradient substrate varies with o, we note that the fact that the
curves in Fig. 16 superimpose on a single master curve indicates that the poly-
mers have likely very similar lengths, which is not surprising for the rather
short anchored polymers synthesized in this work.

In addition to the measurement of the wet brush thickness, we have also
performed wettability experiments as a function of the PAAm grafting density
on the substrate [76]. Our aim was to corroborate the ellipsometric data and
provide more insight into the polymer packing in the surface grafting density
gradient. In Fig. 17 we plot the dry PAAm thickness, k, (closed symbols) and the
contact angles of DI water, 6prw, (open symbols) as a function of the position
on the substrate for samples prepared on the S1 (squares) and S5 (triangles)
substrates. In both samples, the dry thickness of PAAm decreases gradually
as one moves across the substrate starting at the CMPE edge. The Opw values
increase as one traverses across the substrate starting at the CMPE side. The
increase in Oprw is not monotonous, it follows a “double S”-type shape. While
the double S-type dependence of fprw on the position on the sample is detected
in both S1 and S5 samples, there are differences in the plateau values. Specific-
ally, while for the S1 sample, the three plateaus are located at Oprw ~ 40°, ~ 83°,
and & 100° the corresponding values for the S5 sample are Oprw = 47°, ~ 70°,
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Fig.17 Dry thickness of poly(acryl amide) (PAAm), h, (closed symbols) and contact angle
of DI water, fprw, (open symbols) as a function of the position on the substrate for
samples prepared on substrates containing the initiator gradients made of CMPE:PO
mixtures (w/w) 1:1 a (T, m) and b 1:5 (A, A). The contact angle data have an error
better than 1.5 deg and 1 mm on the vertical and horizontal scales, respectively. (Re-
produced with permission from [76])

and ~ 97°. On the basis of the dry thickness data and our previous discussion,
the three plateaus in the contact angle behavior can be attributed to the wetting
characteristics inside the brush, mushroom, and OTS (no PAAm) regions. At
distances far away from the CMPE edge, where the Opw values are high, there
is no grafted PAAm on the sample. The contact angle experiments detect the
presence of the OTS monolayer. By moving closer towards the CMPE edge, the
contact angles decrease by &~ 20-30° indicating that some polymers are present
on the substrate. However, their grafting densities are low so that the probing
liquid can penetrate between the grafted chains; the measured contact angles
represent a weighted average between the PAAm and OTS. Upon approaching
the mushroom-to-brush transition region, the contact angle further decreases.
The decrease is steeper for PAAm on the S1 substrate and more gradual for
the S5 sample, indicating that the density of PAAm increases more rapidly
in the former case. The contact angles in the lowest plateau are fprw =~ 40°
and ~ 47° for samples S1 and S5, respectively. In independent experiments,
we have established that the Oprw of a pure PAAm is & 35-38° [77]. Because
in both cases the PAAm polymers grafted on the substrate have roughly the
same degree of polymerization, the variation of the polymer film thickness can
be attributed to the difference in the density of the CMPE grafting points on
the substrate. Specifically, close to the CMPE edge, the PAAm macromolecules
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form a dense brush on the S1 substrate and a “semi-dense” brush on the S5
substrate.

The previous discussion revealed that 6p;w depends on the grafting dens-
ity of the PAAm chains on the substrate. Earlier we have shown that the wet
thickness of PAAm prepared on substrates with various CMPE concentra-
tions can be collapsed on a single master curve when plotted as H vs. o. One
would also expect that the wettabilities of the substrates plotted versus the
PAAm grafting density should exhibit similar universal behavior. In Fig. 18
we plot the negative cosine of Oprw as a function of the grafting density of
PAAm on substrates S1 (squares) and S5 (triangles). As anticipated, the data
collapses on a single master curve. A close inspection of the results present
in Fig. 18 shows that the data can be divided into three distinct regions. For
o >0.1 nm2, the chains are expected to be in a brush regime—the wetta-
bilities are close to the pure PAAm (- cos(fprw) ~- 0.79). For ¢ < 0.02 nm2
the PAAm chains form mushroom conformations on the substrate. In this
regime, the wettabilities change slightly because the distance between the
chains also changes, although they are already loosely separated on the sub-
strate. At grafting densities 0.02 nm™ < o < 0.1 nm~2, the slope of - cos(fprw)
changes rather rapidly. The data in Fig. 18 show that the position of the
mushroom-to-brush crossover determined using the wettability approach is
in accord with the ellipsometric measurements (the transition location was
established to be at o & 0.065 nm™2). However, in the former case, the tran-
sition region extends over almost one order of magnitude in o, which is
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Fig. 18 Negative cosine of the contact angle of DI water as a function of the poly(acryl
amide) (PAAm) grafting density on the substrate for samples prepared on substrates con-
taining the initiator gradients made of CMPE: PO mixtures (w/w) 1:1 (O) and 1:5 (A).
The lines are meant to guide the eyes. (Reproduced with permission from [76])
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broader, as expected [14, 78-81], than the transition region predicted by the
H vs. o data. We speculate that the small difference between the widths of
the mushroom-to-brush region inferred from both types of experiments is
likely associated with the inaccuracy in H, which was obtained indirectly by
the model fitting of the SE data.

4
Investigation of the Behavior of End-Tethered Weak Polyelectrolytes
in lonic Solutions Using Grafting Density Gradients

In the previous section, we demonstrated how the grafting density gradient
of neutral polymers could be used to gain a basic understanding of the scal-
ing properties of polymer brushes. While neutral polymer brushes constitute
an important category of grafted polymers, many of the industrially rele-
vant polymers are charged; their conformational characteristics are different
from those of neutral polymers. Comprehending and tailoring the behav-
ior of charged molecules (i.e., polyelectrolytes) at surfaces and interfaces is
important in designing and utilizing novel applications (e.g., pH-controlled
flow through polymeric micro-membranes), many of which cannot be fabri-
cated using any other set up. Study of polyelectrolytes is also necessitated by
the ubiquity of charged macromolecules found in biological systems. The be-
havior of polyelectrolyte brushes is quite complex because it is governed by
a whole battery of parameters, which include both thermodynamic and elec-
trostatic interactions. Specifically, in addition to the parameters governing
the performance of neutral polymer brushes, i.e., polymer molecular weight
(or equivalently the degree of polymerization, N), brush grafting density, o,
and the solvent quality (characterized by the Flory-Huggins interaction pa-
rameter, x), the properties of polyelectrolyte brushes depend strongly on the
degree of dissociation of the backbone charges (or degree of dissociation),
o, counterion volume fraction in the polyelectrolyte solution, counterion
valency, g, external salt concentration, ps 00, and in some cases pH of the so-
lution. Gradients, by virtue of their combinatorial nature, are best suited to
investigate the behavior of such complex systems. In the following section we
briefly outline several scaling approaches describing the behavior of charged
surface-bound polymers. Following that, we describe the results of our re-
cent experiments involving grafting density gradients of weak polyelectrolyte
brushes made of poly(acrylic acid) (PAA).

4.1
Theoretical Models of Surface-Bound Polyelectrolytes

Various theoretical approaches have been utilized to describe the perform-
ance of charged macromolecules at interfaces. In particular, scaling theories
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pioneered by Pincus [82], Zhulina and coworkers [83, 84] and the Wagenin-
gen group [18,85-88] laid the foundation of our current understanding of
polyelectrolyte brush behavior. These studies revealed that several different
regimes of polyelectrolyte brushes could be identified depending on the con-
centration of the external salt in solution. Presence of salt in the solution has
different effects on the polyelectrolyte depending on whether the polymer
is a strong or weak polyelectrolyte. Strong (or “quenched”) polyelectrolytes
have fixed «; their properties thus do not depend on the pH of the solu-
tion. On the other hand, in weak (or “annealed”) polyelectrolytes, o depends
on pH. At high ps~ the salt concentration inside and outside the brush is
about the same and the electrostatic interactions are largely screened. Under
such conditions the polyelectrolyte brush behaves exactly as a neutral brush
(NB) and H/N = (vo)'/?, where H is the height of the polymer brush and
v(= 0.5 - x) is the excluded volume parameter. When the external salt concen-
tration decreases, there is an unbalance in the ion concentration inside and
outside the brush because the polymer charge density inside the brush (a¢,
where ¢ is the polymer volume fraction) is no longer negligible with respect
to ps0o. The system enters the so-called salted brush (SB) regime. In the SB
regime, H/N scales as H/N ~ (veo)'/3, where ve(= o /Ps,00) 1s the electro-
static excluded volume parameter. Because of the electrostatic interactions in-
side the brush, a salted brush is more extended than a neutral one. As shown
schematically in Fig. 19, the brush expansion increases with decreasing ps .
If the external salt concentration is further decreased such that pso < 0@

log (H/N)

R

logp s

Fig.19 Dependence of the brush thickness reduced by the number of polymer repeat
units for monovalent co-ions, H/N, on the concentration of the external salt, ¢, for
strong (solid line) and weak (dashed line) polyelectrolyte brushes in neutral brush (NB),
salted brush (SB), and osmotic brush (OB) regimes. « and «, denote the bulk and
“internal” (for weak polyelectrolyte brushes only) degree of dissociation, respectively
(Reproduced with permission from [89])
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the co-ions are effectively expelled from the brush and H/N = «!/2. In this
so-called osmotic brush (OB) regime, a limiting brush thickness is reached,
which is independent of p;~ and o.

The behavior of weak polyelectrolyte brushes is different from that of
strong polyelectrolyte brushes. Here the number of the backbone charges is
not fixed. Specifically, « depends on the proton concentration in the polymer
solution, [H*] = 10"PH, and is given by a/(1 - ) = K/[H"], where K is the
dissociation constant. When there is an excess of salt, as in the NB and SB
regimes, [H*] inside and outside the brush is approximately equal and the in-
ternal degree of dissociation is the same as that in the bulk solution. Hence,
the scaling for H/N in the NB and SB regimes is the same as in the case of
strong polyelectrolyte brushes:

2 1/3
H~Nal/3(a ) . (1)

Ps,00

When the system enters the OB regime, a significant electric potential differ-
ence develops between the brush and the solution in the bulk. In addition,
[H*] inside the brush is considerably higher. As a consequence, a portion of
the brush charges associate with protons and «, /(1 - @) = K/ (aa(l,/ 2), where
o, is the internal degree of dissociation. This value of o, may be much smaller
than the value in the bulk («); the weak groups respond to the unfavorable
electrostatic condition in OB by discharging themselves. The brush height in
the OB regime is predicted to scale as [83]:

/
“ ) e @)

Such a response is impossible for strong brushes, which have a fixed «. Fig-
ure 19 illustrates the different behavior of weak polyelectrolyte brushes in
the OB regime (dotted curve). Because of the discharging process (c, < @),
a weak brush in the OB regime is less expanded than the strong brush. As a re-
sult, H/N passes through a maximum as a function of o, being small for
both high and small p; . The unusual feature that at low p, o, the brush con-
tracts with decreasing ps o is a typical property of weak groups, which can
respond to a change in the local environment.

While successful in providing a qualitative picture of the behavior in
charged surface-tethered systems, these scaling approaches often do not pro-
vide quantitative information about the various characteristics of charged
polymer systems. This is understandable, as some of the requirements im-
posed on these scaling approaches—such as, mean-field behavior, charge
and density homogeneity in the plane parallel to the substrate, just to name
a few—are not typically fulfilled in real experimental conditions. Thus, in
order to quantitatively model the behavior of charged brushes, a more de-
tailed and more complicated theoretical treatment is needed. One such ap-
proach is a generalized form of a single chain molecular theory, developed by

H~N0"1/3(
l-«
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Szleifer and coworkers. Recently, Wu et al. applied this theory to successfully
model the behavior in charged polymer brush systems [89]. More impor-
tantly, this theory enables the estimation of system parameters that are not
easy (or even possible) to measure experimentally, such as the local dissoci-
ation inside the brush and the average charge of the polymer as a function
of the distance from the surface. We will not provide any detailed informa-
tion about the theory here. The interested reader is referred to the original
publication and the references cited therein [89].

4,2
Formation of the Grafting Density Gradient of PAA Brushes on Flat Substrates

Several groups investigated the behavior of weak polyelectrolytes anchored
at surfaces. For example, Currie and coworkers prepared poly(acrylic acid)
(PAA) brush samples with three different grafting densities and studied their
solution behavior at three low pH values as a function of the solution ionic
strength [90,91]. They found that the PAA wet brush thickness is a non-
monotonous function of the ionic strength at a given pH and grafting density.
The extent of swelling of the brush increased with increasing pH and graft-
ing density. Although the nonmonotonous behavior agreed qualitatively with
theoretical predictions, the mean-field power law for the OB regime at a given
pH and o, cf. Eq. 2, was not observed. We studied the conformational behav-
ior of grafted polyelectrolyte chains by employing grafting density gradients
of PAA. The aim of the work was to characterize PAA interfacial properties as
a function of o, pH, and ionic strength (IS).

Previous studies have revealed that acrylic-based polymers are difficult to
prepare by ATRP because of the interaction of the carboxylic acid functional-
ities with the ATRP catalyst [41]. Hence, in order to form a surface-anchored
PAA with a grafting density gradient, we first used the method described
in Sect. 3 to synthesize a gradient of poly(t-butyl acrylate) (PtBA) and then
converted PtBA into PAA by acid wash hydrolysis of PfBA [92, 93]. The only
difference between the method described in Sect. 3 and the one adapted to
synthesize PtBA was that OTS was first evaporated over a silicon wafer so as
to generate a concentration gradient of OTS and the substrate was then back-
filled with the polymerization initiator, thus forming a gradient of initiator
molecules in the reverse direction. This modification was necessary because
the vapor pressure of the ATRP initiator used in this study, (11-(2-Bromo-2-
methyl)propionyloxy) undecyltrichlorosilane (BMPUS), was not sufficiently
high and its evaporation was not feasible without possible thermal damage
to the molecule. The PtBA was converted into PAA by treating the specimens
with a mixture of 1,4-dioxane and HCI and the conversion was verified by
Fourier transform infrared spectroscopy (FTIR) [89]. To estimate the mo-
lecular weight of polymers grown on a surface, solution polymerization of
tBA with methyl 2-bromopropionate as the initiator was also carried out. The



82 R.R. Bhat et al.

experimental conditions for solution polymerization were identical to those
used for surface-initiated polymerization. We note the polymerization rate
in the solution is likely faster than that on the flat substrate [37]. Neverthe-
less, the molecular weight of the solution-based polymer provided a useful
estimate for further analysis.

SE was used to measure the dry thickness of both the PfBA and PAA
gradient samples, which were polymerized for 10h and hydrolyzed in
a HCl/dioxane bath for 5h. In Fig. 20, we plot the dry thickness of PfBA
(solid symbols) and PAA (open symbols) as a function of the position on
the substrate. The data in Fig. 20 reveal that the thickness of both PtBA and
PAA increases as one moves from the OTS side (small number on the ab-
scissa) of the sample towards the initiator-covered side (large numbers on the
abscissa); in both cases the functional form closely resembles that of a back-
ward diffusion-like profile. Assuming that all chains of both PtBA and PAA
have the same degree of polymerization along the substrate (i.e., the poly-
merization rate was independent of the grafting density of the initiator on
the substrate [66, 76]), the increase of the polymer dry thickness can be at-
tributed to the increase of the polymer grafting density on the substrate. The
solid line in Fig. 20 depicts the variation of the PEY NEXAFS intensity cor-
responding to the C = O bond across the PAA gradient. The NEXAFS results
confirm that the C = O intensity, and thus the amount of PAA on the surface,
increases as one moves along the gradient. Moreover, the NEXAFS data are in
good agreement with the ellipsometric thickness of PAA. More discussion on
the hydrolysis of PfBA into PAA can be found in [89].
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Fig.20 Dry thickness of poly(¢-butyl acrylate) (PtBA, m) and poly(acrylic acid) (PAA, O)
as a function of the position on the substrate. The solid line represents the PEY NEXAFS
intensity measured at E = 531 eV on the PAA sample as a function of the position on the
substrate. (Reproduced with permission from [89])
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4.3
Solution Properties of PAA

In order to study the solution properties of the surface-grafted PAA, we meas-
ured the wet thickness of PAA in aqueous solution by placing the samples in
a custom-designed solution cell, incubating them for a desired period of time
(typically > 5 h) and performing the experiments with SE. Aqueous solutions
having different pH values (4, 5.8, and 10) and a series of ionic strengths for
each pH were used. By measuring the wet thickness of PAA along the gra-
dient at different solution conditions, we obtained the wet thickness of the
grafted polymer layer as a function of the PAA grafting density, pH, and ionic
strength. The SE experiments were carried out on PAA with M, = 4.8 kDa.
The wet PAA thickness was evaluated using a graded effective medium ap-
proximation model based on linear combination of the optical constants of
the DI water and PAA [76].

43.1
Dependence of Wet PAA Thickness on lonic Strength

In Fig.21 we plot the dependence of the PAA wet thickness (H) on the
solution ionic strength (IS) at pH equal to (a) 4, (b) 5.8, and (c) 10 for
three different grafting densities. The squares, circles, and triangles denote
grafting density values that are approximately equal for all three samples.
Since only NaCl, HCl, and NaOH were used to change the solution ionic
strength, the salt concentration (ps,) in this case is equal to the solution
ionic strength (IS). The data in Fig. 21 reveal that H depends on IS in a non-
monotonous fashion. Specifically, as IS increases, H increases before reaching
a maximum at a certain value and then starts to decrease. This behavior,
observed for all pH values at all values of o, is in accord with the theor-
etically predicted trends [87] that divide the H vs. IS dependence into the
osmotic brush (OB) and the salted brush (SB) regimes (cf. Fig. 19). The
ionic strength, at which the transition between the OB and SB regimes oc-
curs (ISmax), is related to o and pH. At pH = 4, ISmax is nearly constant
regardless of the o (cf. Fig. 21a). At pH = 5.8, ISmax remains small at low graft-
ing densities and increases slightly to 0.25 with increasing o (cf. Fig. 21b).
At pH = 10, ISmax shifts significantly (cf. Fig. 21c). Specifically, while for
low o (% 0.0381 nm2, not shown) ISyax &~ 0.25, at high o (~ 0.863 nm2)
ISmax ~ 1.

Overall, two general trends can be deduced from the data in Fig. 21. First,
with increasing grafting density, the height of the polymer brush increases.
Second, at a given value of o, the PAA swelling increases as the solution pH
value increases. The latter behavior is associated with the electrostatic charg-
ing inside the PAA brush, which leads to the increase of the intermolecular
repulsions and subsequent brush height increase.
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Fig.21 Wet thickness of PAA (H) as a function of the solution ionic strength (IS) at a pH
=4, b pH =5.8, and ¢ pH = 10. The symbols represent different grafting densities of PAA
in chains/nm?. (Reproduced with permission from [89])

43.2
Dependence of Wet PAA Thickness on Grafting Density

Earlier we discussed that weak polyelectrolyte wet thickness has a differ-
ent dependence on the grafting density for polymers in the SB or OB
regimes [83]. In this section we will present the results of the experimentally
measured H for each regime separately. Since there is no significant varia-
tion in the data for different pH values and molecular weights, we will use the
results collected at pH = 5.8 and PAA with My, = 4.8 kDa.

Salted Brush (SB) Regime

In Fig. 22b we plot H as a function of the PAA grafting density in the SB
regime. The various symbols denote data collected at IS ranging from 0.1 to
0.75. At high polymer grafting densities (¢ > 0.1 nm~2), H increases with in-
creasing o. This is a typical behavior for the brush conformations. The transi-
tion from the brush regime to the mushroom regime occurs at o ~ 0.08 nm™2.
The slope for the brush regime is found to range from 0.29 to 0.31, in good
agreement with the theoretically predicted value of 1/3. With increasing IS,
H decreases and the slope in the H ~ ¢" dependence increases. The decrease
in polymer swelling is largely due to the screening of the electrostatic interac-
tions by the counter ions inside the polymer brush. The increase in the slope
suggests that the solution ions move more easily inside the grafted polymer
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at lower grafting density. With increasing o, the transport of ions inside the
densely packed polymers becomes harder. As a consequence, the screening
effects weaken.

Osmotic Brush (OB) Regime

In Fig. 22a, we plot H as a function of o for IS ranging from 1.56 x 107
to 0.1 M. At these IS values the system is in the OB regime. Prior theoret-
ical work predicted that in this regime the wet thickness of a polymer brush
should decrease with the grafting density as H ~ o~1/3 and should increase
with increasing IS [83, 85]. On the basis of theoretical studies, at the transition
between the OB to SB regimes (at ISmax), H is independent of the brush graft-
ing density. Similar to earlier experiments by others [90, 91], we observe that
this scaling relation is somehow flawed. Specifically, by fitting the data in the
brush regime to H ~ No", we obtain n that ranges from 0.28 to 0.34 instead of
the expected value of - 1/3. Close inspection of the data in Fig. 22 reveals that
polymer swelling increases with increasing ionic strength. Interestingly, the
value of the exponent n decreases systematically as the solution IS increases.
This is in contrast to the performance of PAA in the SB regime, where the
value of n increased with increasing IS (cf. Fig. 22b). This behavior reveals
that when a small amount of salt is added in the OB regime to polymers with
a low o, the grafted polymer swells more relative to PAA at high o.
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Fig.22 Wet thickness at pH = 5.8 for PAA (M, =4.8kDa) as a function of the graft-
ing density and ionic strength of the aqueous solution in the a OB regime and b the
SB regime. The symbols represent different IS values. (Reproduced with permission
from [89])
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Fig.23 Degree of swelling [H(ISmax) - Hpiw]/Hpw for PAA (M, = 4.8 kDa) as a func-
tion of the PAA grafting density in the OB regime at pH equal to a 4, b 5.8, and ¢ 10.
(Reproduced with permission from [89])

In order to quantify this behavior, we define a degree of swelling ([DS]) of
a grafted polymer as:

_ H(IS) - Hpiw
Hprw

where H(IS) and Hprw are the PAA thicknesses evaluated at a given IS and
in pure water (IS — 0), respectively. In Fig. 23, we plot the degree of swelling
at ISmax as a function of the PAA grafting density at different pH values for
polymers in the OB regime. By fitting the data to [DS] ~ ¢", we find n to be
very close to — 1/3 in the OB regime for pH = 4 and 5.8, and 0 for the pH
= 10 data. At low pH, PAA behaves as a weak polyelectrolyte, the degree of
swelling changes with the o. At pH = 10, almost all charges along the polymer
backbone are activated and present at the backbone. As a consequence, the
polymer behavior closely resembles that of a strong polyelectrolyte, whose
degree of expansion is independent of the polymer grafting density.

DS x 100% , (3)

5
Anchored Polymers with Molecular Weight Gradients

In addition to the polymer grafting density, polymer molecular weight is
another important molecular parameter that profoundly influences the prop-
erties of surface-anchored polymers. As discussed earlier, the thickness of
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the grafted polymer layer is proportional to the degree of polymerization of
the anchored polymer. For some applications to be discussed subsequently in
this review, it would be convenient to have samples with anchored polymers
having variable degrees of polymerization.

We have recently designed a method leading to the preparation of surface-
anchored polymers with a variable degree of polymerization [94]. The sam-
ples are prepared in a polymerization chamber with a vertically positioned
sample holder. Tubing, attached at the bottom of the chamber, is connected
to a micropump, which controls the flow rate of removal of the solution
from the chamber (cf. Fig. 24). The polymer brush formation proceeds as fol-
lows. The chamber is initially loaded with a solution comprising a monomer,
bipyridine, CuCl,, and the solvent. The chamber is purged with nitrogen for
a couple of minutes in order to remove any oxygen present. CuCl is added
and the silicon wafer, covered with a chemisorbed ATRP initiator, is lowered
into the solution. The polymerization proceeds following the standard ATRP
scheme [41, 42, 53, 54]. During the reaction, the micropump removes the so-
lution from the chamber causing a steady decrease in the vertical position
of the 3-phase (substrate/solution/inert) contact line. It has to be noted that
in principle, there may be a thin layer of liquid present on the polymer sub-
strate immediately after it is removed from the polymerization solution. The
thickness of the liquid film dragged upon solvent removal depends on the
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Fig.24 Schematic of the apparatus for creating surface-grafted polymer assemblies with
a gradient in molecular weight. The chamber is loaded with a solution comprising
a monomer, bipyridine, CuCly, and the solvent. The chamber is then purged with ni-
trogen in order to remove oxygen. CuCl is added and the silicon wafer, covered with
a chemisorbed ATRP initiator, is lowered into the solution. During the reaction, the mi-
cropump removes the solution from the chamber causing a steady decrease in the vertical
position of the 3-phase (substrate/solution/inert) contact line. The profile (including the
“steepness”) of the polymer brush length gradient on the substrate can be controlled by
varying the removal rate. (Reproduced with permission from [94])
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nature of the polymer. Strongly and moderately hydrophobic polymers, such
as poly(methyl methacrylate) (PMMA) or poly(2-hydroxylethyl methacrylate)
(PHEMA), do not form such a film and water/methanol mixture simply beads
down the substrate. For hydrophilic polymers, a thin liquid film may appear
upon removal of the reaction mixture. This film, however, subsequently flows
down the substrate due to gravity. This motion of the film works in the same
direction as the removal of reaction mixture, i.e. top portion of the exposed
substrate remains in contact with the liquid film for a shorter duration than
the bottom portion of the exposed substrate. On complete drainage of the
reaction mixture, the sample is removed, washed, and sonicated thoroughly
with de-ionized water and blow-dried with nitrogen.

Poly(methyl methacrylate) with a variable degree of polymerization an-
chored to silica surfaces was synthesized following the room temperature
ATRP polymerization scheme described earlier [45,46]. In the main part of
Fig. 25 we plot the variation of the PMMA brush thickness after drying (meas-
ured by SE) as a function of the position on the substrate. Thickness increases
continuously from one end of the substrate to the other. Since the density of
polymerization initiators is (estimated to be ~ 0.5 chains/nm?) uniform on
the substrate, we ascribe the observed change in thickness to different lengths
of polymer chains grown at various positions.

The combinatorial design of our system is conveniently suited for kinetic
studies of ATRP. The gradient apparatus allows for complete probing of the
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Fig.25 Dry poly(methyl methacrylate) (PMMA) thickness as a function of the position on
the silica substrate. The inset shows the dry PMMA thickness as a function of the poly-
merization time. The arrows mark instances where the drain speed of the polymerization
solution from the chamber was decreased relative to the previous drain speed. The lines
are meant to guide the eye. (Reproduced with permission from [94])
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anchored polymer properties and studying the polymerization kinetics in
confined geometries. For example, the thickness profile in Fig. 25 is controlled
by the removal rate of polymerization solution. The arrows in Fig. 25 mark
the instances where the exhaust speed was reduced two times during the poly-
merization. This results in three separate regions having different slopes in
the thickness profile along the substrate. The inset depicts the variation of
thickness but as a function of the polymerization time. The data in the in-
set illustrate that the thickness increases linearly with polymerization time, in
accord with previous reports [45, 54]. Thus, the polymerization rate as a func-
tion of time was not affected but the “steepness” of the gradient was con-
trolled by varying the drainage rate. It is worth noting that using the gradient
apparatus, entire polymerization kinetics can be condensed onto a single sub-
strate thus obviating the need for the preparation of numerous samples under
similar conditions usually required for such study. With the gradient appara-
tus, it is quite straightforward to distinguish between “ideal” and “nonideal”
controlled/“living” radical polymerizations. In an ideal controlled/“living”
radical polymerization the number average molecular weight of growing
polymers scales linearly with monomer conversion [42,53,54]. Any devia-
tion from linearity can thus contribute to the nonliving character of polymer
growth. For example, the inset in Fig. 25 clearly shows that PMMA polymer-
ization is well controlled with a linear thickness profile, indicating a constant
polymerization rate. However, polymerization of acryl amide (AAm) pro-
duces a nonlinear thickness profile as seen in the inset of Fig. 26. Rapid
initial growth followed by abrupt leveling of thickness indicates uncontrolled
growth with a PAAm/bipyridine/CuCl,/CuCl system. Nonetheless, a linear
thickness profile as a function of position on the substrate can be obtained
even for PAAm by adjusting the drainage rate of the polymerization mixture
from the reaction chamber (cf. Fig. 26).

Our experiments revealed that the parameters of the polymer brush—
notably the polymer growth rate and polydispersity—are controlled by
the amount of CuCl, added to the reaction vessel (cf. Fig. 27). At higher
CuCl, /CuCl ratio, a greater control is obtained over the polymerization re-
action, albeit at the expense of decreasing the reaction rate. This finding is
not that surprising given the nature of the reaction. The key reaction in ATRP
is the reversible activation-deactivation process using metal (M)/ligand (L)
complexes:

ke
P-X+MX/2L T P* + MUX, /2L (4)
d

where k, and kq are the rate constants for activation and deactivation, respec-
tively, M is usually Cu, X is Cl or Br. The propagating radical, P*, produced
by the halogen atom transfer from P - X to the M! X /2L complex will undergo
polymerization until it is deactivated by the M'X,/2L complex. The quick
speed of the activation-deactivation cycles compared to the rate of polymer-
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Fig.26 Drythickness of poly(acryl amide) as a function of the position on the silica substrate
prepared by slow (0) and fast (m) removal of the polymerization solution by utilizing the
method depicted in Fig. 24. The inset shows the dry poly(acryl amide) thickness as a func-
tion of the polymerization time. Note that both data sets collapse on a single curve at short
polymerization times. Regardless of the drain speed, the brush thickness increaseslinearlyat
short polymerization times and levels off at longer polymerization times. The latter behavior
is associated with premature termination of the growing polymers

ization and the low concentration of the active species (relative to the P - X
ones) lead to polymers with narrow polydispersities. MX; is usually added to
the reaction mixture to regulate the reaction rate and chain polydispersity.

More insight into the ATRP polymerization on solid substrates can be ob-
tained by evaluating the polymerization rate as a function of the CuCl, /CuCl
ratio. Matyjaszewski and coworkers [54, 95] established that the rate of ATRP
polymerization, Ry, is given by Eq. 5:

[Cucl]
[CuCL]’

a

Pkd

Ry=kp = [P-Cl][M] ()
where k;, is the rate constant for propagation, [P —Cl] is the concentration of
the growing ends of the grafted polymer, [M] is the concentration of the free
monomer in the solution, [CuCl] and [CuCl,] are the concentrations of CuCl
and CuCly, respectively. Recognizing that R, ~ dh/dt and lumping the terms

that stay constant during the polymerization, one arrives at Eq. 6:

dh ([Cuc12]>‘1 ©

dt [CuCl]
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Fig.27 Dry poly(methyl methacrylate) thickness as a function of the polymerization time
for various CuCl,/CuCl ratios: 0.0536 (00), 0.0387 (m), 0.0282 (o), 0.0056 (e), and 0.0054
(A). The lines are linear fits to the data. (Reproduced with permission from [94])
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Fig.28 Change of the dry poly(methyl methacrylate) thickness with polymerization time
(dh/dt) as a function of the CuCl,/CuCl ratio. The dh/dt values were obtained by fitting
the experimental values of h vs. t in Fig. 27. (Reproduced with permission from [94])

Figure 28 depicts dh/dt obtained by fitting the dry thickness vs. polymeriza-
tion time data (cf. Fig. 27) as a function of the CuCl,/CuCl ratio. By fitting the
data to aline on the logarithmic scale we obtain an exponent of ~- 0.78 +0.12.
This value is slightly lower than the exponent predicted by the scaling argument
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presented in Eq. 6. There are multiple factors that may influence the absolute
value of the exponent. First, the slope (= dh/dt) is extremely sensitive to the
amount of CuCl, at very low CuCl, concentrations. Second, the scaling argu-
ment in Eq. 6 is derived from the ATRP rate of polymerization that has been
derived for bulk polymerization and does not take into account any constraints
due to confinement effects. Third, at low CuCl, content the ATRP polymeriza-
tion proceeds quite rapidly (cf. Fig. 27) and the nature of the reaction is less
controlled relative to the situations at higher CuCl, concentrations.

6
Grafted Polymers with Chemical Composition Gradients

Due to its living nature, ATRP has been remarkable in its ability to produce
block copolymer brushes [28, 96,97]. We combined the gradient preparation
method described in Sect. 5 with the living character of ATRP to create com-
plex architectures that would otherwise be difficult to build [98]. For example,
the brush length gradient of poly(methyl methacrylate) (PMMA), can be sub-
sequently immersed into a solution of another monomer, say styrene, thus
forming a grafted diblock copolymer PS-b-PMMA. This set up is possible
because the PMMA brush acts as a living macroinitiator for the subsequent
polymerization of PS. Depending on which side of the styrene length gradi-
ent is immersed first into the styrene solution, either a copolymer brush with
a variable length but a constant composition (longer PMMA chains first), or
a copolymer with a constant length but variable composition (shorter PMMA
chains first) is formed. In the previous example, we assumed for simplicity
that the rates of immersion would be adjusted such that the rates of polymer-
ization of styrene and methacrylate would be equal.

We have succeeded in preparing the first polymer composition gradient
brush anchored on the solid substrate. Specifically, we first anchored the
PHEMA brush with a molecular weight gradient. We then used a PHEMA
block as a macroinitiator for the polymerization of methyl methacrylate
(MMA). By changing the way the PMMA block is grown on top of the PHEMA
macroinitiator, PHEMA-b-PMMA copolymers with a variable PHEMA block
length and either a constant (sample S1) or variable (sample S2) PMMA
block length can be designed (cf. Fig. 29). In order to generate sample S1, the
substrate covered with the PHEMA surface-tethered block is immersed into
a solution containing MMA and removed after a fixed reaction time. The re-
sulting copolymer (arrow C in Fig. 29) has a variable PHEMA and constant
PMMA block lengths. Alternatively, PHEMA-b-PMMA can be formed that has
a constant total length and a gradual composition variation along the sub-
strate ranging from pure PHEMA to pure PMMA homopolymers (sample S2).
In order to achieve this, the polymerization chamber is filled with a MMA
polymerization solution. The substrate covered with the PHEMA brush hav-
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Fig.29 Schematic illustrating the technological steps leading to the formation of surface-
anchored poly(2-hydroxyethyl methacrylate)-block-poly(methyl methacrylate) (PHEMA-
b-PMMA) assemblies with a gradual composition variation along the substrate. A custom
designed apparatus is used to decorate the sample surface with a grafted PHEMA having
a gradient in molecular weight (arrow A). While polymer immersed in the polymer-
ization solution is fully expanded, macromolecules on the dry part of the substrate are
collapsed. Surface-grafted PHEMA acts as a macroinitiator for the polymerization of the
PMMA block that has either a constant molecular weight (arrow B) or a variable molecu-
lar weight (arrow D). The overall process results in PHEMA-b-PMMA block copolymers
with a constant PMMA length and a variable total length (arrow C) or a gradual PMMA
length and a constant total length (arrow E). (Reproduced with permission from [98])

ing a molecular weight gradient is lowered into the chamber with the side
containing the shorter PHEMA block pointing down (arrow D in Fig. 29). The
polymerization bath is pumped out from the chamber, which leads to the for-
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mation of a PMMA “reverse” molecular weight gradient on top of the PHEMA
molecular weight gradient (arrow E in Fig. 29).

In Figs. 30a and 30b we plot the variation of the dry thickness of the
PHEMA block (squares) and the PHEMA-b-PMMA copolymer (circles) in
samples S1 and S2, respectively. The smaller amount of CuCl, and the slower
drain rate of the HEMA polymerization solution in sample S2, resulted
in faster PHEMA polymerization (and thus a thicker PHEMA layer) and
a steeper PHEMA gradient. The data in Fig. 30a illustrate that the PMMA
block in sample S1 has a uniform thickness regardless of the length of the
PHEMA macroinitiator. In contrast, the PMMA thickness in sample S2 in-
creases with decreasing the PHEMA length. While this behavior is expected,
Fig. 30b demonstrates that the total PHEMA-b-PMMA thickness does not
stay constant across the sample. Several parameters are expected to influ-
ence the properties of the copolymers. First, the activity of the macroini-
tiator (PHEMA in this case) would crucially depend on the length. Sec-
ond, we may be suffering from complications in wetting at the three-phase
contact line meniscus. Considering that the initiator-covered substrates are
hydrophobic and that the PHEMA grown onto the substrate is slightly hy-

Dry polymer thickness (nm)

PHEMA

0
15 20 25 30 35 40 45 50
Position on substrate (mm)

Fig.30 Dry thickness of PHEMA (m) and PHEMA-b-PMMA (e) in samples a S1 and
b S2. The S1 and S2 PHEMA-b-PMMA copolymers have been prepared following the
route A — B — C and A — D — E, respectively, depicted in Fig. 29. (Reproduced with
permission from [98])
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drophilic, the meniscus shape and the wetting angle may initially change
during the polymerization. This may explain the concave thickness profile
of PHEMA in the initial stages of the polymerization. While more work
is needed to fine-tune the preparation of copolymer assemblies with vari-
able molecular weight and composition, the novel strategy exemplified here
may be easily extended to create gradients of numerous other types of
polymers such as hydrophilic/hydrophobic, ionomers, polar/nonpolar, and
conductive/insulating polymers.

7
Investigation of Solution Behavior of Polyampholytes using Gradients

Polyampholytes are macromolecules that bear both positive and negative
charges along their backbone; these charges are either permanent (strong
or quenched) or can be induced by varying pH of the solution (weak or
annealed). As in any other polyelectrolyte system, the behavior of polyam-
pholytes in solution is governed by a large set of parameters, including the
degree of polymerization of the polymer, the degree of dissociation (= num-
ber of charges), concentration of external salt (or the solution ionic strength),
and the interaction parameters between the polymer segments and solvent
molecules. In contrast to polyelectrolytes with only one type of charge, the
solution conformational properties of polyampholytes depend markedly on
the relative amounts of the two charges and their distribution along the back-
bone. Polyampholytes with a net charge are dominated by strong repulsion
between like-charged monomers, which tend to extend the chain dimension
and help to dissolve the chains even in solvents that are poor for the back-
bone (the so-called polyelectrolyte effect). The charge sequence in “neutral”
polyampholytes is important. For example, while polyampholytes with an al-
ternating sequence of the opposite charges are typically swollen, block (or
blocky) copolymers may collapse and precipitate from solution [99-101].
While the bulk behavior of polyampholytes has been investigated for
some time now, studies of interfacial performance of polyampholytes are
still in their infancy. There are several reasons for the limited amount of
experimental work; the major one being the rather complex behavior of
polyampholytes at interfaces. This complexity stems from a large array
of system parameters governing the interaction between the polymer and
the substrate. Nearly all interfacial studies on polyampholytes reported to-
date involved their adsorption on solid interfaces. For example, Jerdme and
Stamm and coworkers studied the adsorption of poly(methacrylic acid)-
block-poly(dimethyl aminoethyl methacrylate) (PMAA-b-PDMAEMA) from
aqueous solution on silicon substrates [102, 103]. The researchers found that
the amount of PMAA-b-PDMAEMA adsorbed at the solution/substrate in-
terface depended on the solution pH. Specifically, the adsorption increased
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as the isoelectric point (IEP) of the polyampholyte was approached—both
from the small and the large pH values and a maximum in adsorption amount
was observed at a pH close to IEP. At the IEP, virtually all copolymer pre-
cipitated in solution [104] and almost no adsorption at the substrate was
detected. To the best of our knowledge, to date no work has been reported on
the performance of surface-tethered polyampholyte copolymers. Our group
has recently initiated a project aimed at generating polymer assemblies
of surface-anchored polyampholyte diblock copolymer brushes comprising
poly(dimethyl aminoethyl methacrylate) (PDMAEMA) and poly(acrylic acid)
(PAA) blocks and investigating their interfacial behavior. In this section we
briefly outline the results of our preliminary experiments and illustrate the
complexity of the interfacial behavior of these multi-ion macromolecules.

Since PDMAEMA and PAA are weak polycationic and polyanionic elec-
trolytes respectively, the number of charged monomer along the backbone
varies with pH. The bulk pK, values, i.e., the pH at which half of the ioniz-
able groups along the chains are activated (= “charged”) of PDMAEMA and
PAA are 7.5 [105] and 4.8 [106, 107], respectively [89, 108]. At pH « 4.8, the
system contains a large number of positively charged PDMAEMA segments
and neutral PAA chains. Similarly, at pH > 7.5, PAA is heavily negatively
charged, while PDMAEMA contains almost no charges. In those two pH
regimes one would expect to see the polymer conformation to be dominated
by the charges along the backbone. Interesting behavior should be seen for
4.8 < pH < 7.5, where both polymers are appreciably charged. Because of the
presence of opposite charges, the brushes may collapse onto one another or
form some other kind of compact conformation at the interface.

We prepared surface-tethered polyampholyte PDMAEMA-b-PAA assem-
blies with one block (PDMAEMA) having a variable length and the other
block (PAA) with constant thickness. We utilized the aforementioned drain-
ing method (cf. Fig. 29) in conjunction with ATRP to prepare PDMAEMA
brushes with a variable length on silica substrates [109,110]. After form-
ing the first block, the PDMAEMA-covered substrate was immersed into an
ATRP solution of tert-butyl acrylate (tBA); the PDMAEMA brush acted as
a macroinitiator for the polymerization of PtBA with a constant length. In
Fig. 31 we plot the dry thicknesses of the PDMAEMA (m) and PDMAEMA-
b-PtBA (A) as a function of the position on the silica substrate. As apparent
from the data, the length of PDMAEMA varies gradually across the substrate,
while the PtBA layer has approximately constant thickness across the sam-
ple, as expected. After the polymerization, the PtBA block was converted into
PAA using the method described earlier in Sect. 4. Unlike the case of the
PAA brush described earlier in the text, where some of the polymers may
have been cleaved off the surface because of the hydrolysis of the ester group
in the BMPUS initiator, no cleavage is expected to occur here because the
PDMAEMA block is fairly thick. This is further justified by exploring the
data in Fig. 31, where the dry thickness of PAA is about 40% of that of PfBA
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(compare the PDMAEMA-b-PAA thickness (o) with the PDMAEMA-b-PtBA
thickness (A)); the expected thickness reduction is about 52% based on the
volume change associated with cleaving the bulky tert-butyl group from each
tBA monomer [111].

The response of the PDMAEMA-b-PAA brushes to changes in pH was elu-
cidated from measurements performed with spectroscopic ellipsometry (SE).
The SE experiments were conducted in a similar fashion as described ear-
lier in the text. Specifically, the samples were immersed into a solution of
a given pH and a constant ionic strength (= 0.001 M) and allowed to incubate
in an ellipsometric cell for at least 5h before each measurement. The meas-
urements were carried out on several fixed positions along the sample; these
are marked by numbers 1 through 4 in Fig. 31. In Fig. 32 we plot the cosine
of A and tangent of ¥ as a function of the wavelength of incident polarized
light, A, at two positions on the specimen: position 1 (distance = 7.5 mm on
the substrate) and position 4 (distance = 21.0 mm on the substrate). At each
position, the data has been collected at various values of pH ranging from
3.52 to 9.50. A visual examination of the raw data indicates a clear effect of
pH on the system behavior. For example, take the data collected at position 1
and follow the behavior of the peak in cos(A). As pH increases from 3.52,
the position of the peak starts to move towards higher wavelengths. For pH
> 4.84, the behavior reverses and the peak position moves towards smaller
wavelengths. Finally, at pH > 7.85, the peak starts to shift towards higher
wavelengths again.

Dry thickness (nm)

6 8 10 12 14 16 18 20 22 24
Position on substrate (mm)

Fig.31 Dry thicknesses of PDMAEMA (m), PDMAEMA-b-PAA (e), and PDMAEMA-b-
PtBA (A) as a function of the position on the silica substrate. The symbols O, @, ®,
and () mark the loci on the specimen where the wet thickness measurement was carried
out (cf. Figs. 32-34)



98 R.R. Bhat et al.

0.0

a) c)

-0.5¢ 1t

3.52 /\V
—~ -1.0 4240 3.52]
% 484 424
Q 4.84
O 15! 5.40][ 5 401
7.16
2.0t 7.85-J\_/950_
o 9.50 o :
=t b

0.5} b)’ F d),

3.52 3.52

0.0 g
4.24

4.24]

4.84 4.84

5.401 5.404

7.16 7.16

7.85 7.85

i
i

-1.0 ]
9.50

400 500 600 700 800 400 500 600 700 800

9.50]

Wavelength (nm)

Fig.32 Dependence of cosine of A and tangent of ¥, where A and ¥ are ellipsometric an-
gles related to the change of amplitude and phase shift of the incident polarized light, on
the wavelength of the incident polarized light collected from PDMAEMA-b-PAA brushes
immersed in solutions of a constant ionic strength (= 0.001 M) and pH ranging from 3.52
to 9.50. The data in figures a and b (c and d) have been collected at the position 1 (4).
For clarity the data for cos(A) and tan(¥) collected at pH > 3.53 were shifted vertically
by - 0.2 relative to each previous set

One of the drawbacks of ellipsometry is that the raw data cannot be di-
rectly converted from the reciprocal space into the direct space. Rather, in
order to obtain an accurate ellipsometric thickness measurement, one needs
to guess a reasonable dielectric constant profile inside the sample, calcu-
late A and ¥ and compare them to the experimentally measured A and ¥
values (note that the dielectric profile is related to the index of refraction pro-
file, which in turn bears information about the concentration of the present
species). This procedure is repeated until satisfactory agreement between the
modeled and the experimental values is found. However, this trial-and-error
process is complicated by an ambiguity in determining the “true” dielectric
constant profiles that mimic the experimentally measured values. In what fol-
lows we will analyze the data qualitatively and point out trends that can be
observed from the experimental measurements. We will demonstrate that this
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process still offers a qualitatively correct picture of the conformational re-
sponse of the PDMAEMA-b-PAA brush assemblies to changes in pH. A more
quantitative modeling will be presented in a separate publication (Tomlinson
et al., 2005, unpublished results).

To proceed, we pick a wavelength A and plot the values of A and ¥ as
a function of pH at positions 1 through 4 on the specimen. In Fig. 33 we
present such a plot for A = 630 nm, which is close to the wavelength of red
light (= 632.8 nm). The trends in A and ¥ are very similar for positions 1-3
and differ for position 4. We note that similar trends in A and ¥ are detected
at wavelengths A > 600 nm, i.e., the spectral region to the right of maximum
in A. We concentrate on the trends seen at one of the first three positions,
say position 1, and describe the behavior in A and ¥. While A is very sen-
sitive to the structure of ultrathin layers [112], values close to A = 180° may
be flawed by a large error due to reading in the analyzer [113]. From the
data in Fig. 33, one can see that for a given position A (or ¥) decreases as
pH increases, reaches a minimum at pH = 4.84, then starts to increase, peaks
at pH =~ 7.85 and then levels off. The behavior at the positions 2 and 3 is
similar to that at the position 1. In order to relate the changes in A (or ¥)
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Fig.33 Dependence of A and ¥ on the solution pH for PDMAEMA-b-PAA brushes deter-
mined from the curves shown in Fig. 30 at the wavelength of 630 nm at various positions
along the specimen, x: (B, x =7.5mm (), (e, x = 12mm (), (A, x = 16.5mm (3)), and
(v, x =21 mm (®). The lines are meant to guide the eye
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to the variation in the real thickness of the brush, pick a value of pH (say
pH =3.51) and concentrate on the values of A (or ¥) as a function of the
position on the sample. Recall, that the total thickness of the brush is the
highest at the initial position along the specimen and decreases as one tra-
verses across the specimen towards higher values of x (cf. Fig. 31). Note that
while in the data presented in Fig. 31 we plot the dry thicknesses, the values of
A and ¥ shown in Fig. 33 correspond to wet thicknesses, which are, on aver-
age, about 6-10 times larger for fully swollen chains [66, 114-116]. Since at
pH = 3.52 PDMAEMA is charged and PAA is expected to be nearly neutral,
the thickness trends seen in Fig. 33 will be magnified. The degree of polymer-
ization, and hence the degree of stretching, will be the highest at position 1
and will decrease as one traverses the sample towards positions 2, 3, and 4.
From the data in Fig. 33, one can see that the decrease in polymer thickness is
accompanied with an increase in A (or ¥). Hence for this combination of the
dielectric constants and the range of brush thicknesses investigated there, the
increase in A (or ¥) corresponds to the decrease in the overall brush thick-
ness. The information about the trends in A (or ¥) can be used to interpret
the total brush thickness in the sample and to generate a tentative picture of
the brush behavior as a function of the solution pH.

The cartoon in Fig. 34 is a schematic representation of the brush confor-
mations at positions 1-3. At low pH, the PDMAEMA block is fully charged
while there are only a few charges present in the PAA block. Due to the re-
pulsions among the positive charges along the PDMAEMA block, the block
copolymer extends far into the solution. With increasing pH, the number of
charges along the PDMAEMA block decreases, albeit only slightly because the
pKi/2 of PDMAEMA is still very much afar [89, 108]. Simultaneously, there is
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Fig.34 Schematics illustrating the suggested conformations of PDMAEMA-b-PAA brushes
of a constant composition grafted on a solid substrate as a function of the solution pH
(cf. Figs. 31 and 33)
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an increase in the number of negative charges generated along the PAA block.
The presence of both charges should cause the brush to stretch even further
away from the surface. However, looking back at the data presented in Fig. 32,
we notice an increase in A for 4.8 < pH < 7.8. This behavior of A corresponds
to a decrease in the thickness of the brush. We hypothesize that within this
pH window, the polymers may form some kind of compact/collapsed struc-
ture [101], with individual chains self-collapsing or folding down on their
neighbors, as schematically depicted in Fig. 34. Finally, at pH > 7.8, the num-
ber of charges along the PDMAEMA block is dramatically reduced, while the
upper PAA block becomes almost completely charged, which leads to a slight
increase in the brush length. As stated earlier, the behavior at position 4
differs markedly from that observed at positions 1 through 3. One has to
be careful about making conclusions about the chain conformation from A
alone because, as mentioned earlier, values of A close to 180° are associated
with an appreciable uncertainty. Thus in this case, we will explore only the
¥ values (cf. Fig. 33b). We note that the trends in ¥ as a function of pH are
similar to those observed at positions 1-3, indicating that the proposed con-
formational changes depicted in Fig. 34 are still valid. Some small variation
may occur, however. The brush collapse seen at 4.8 < pH < 7.8 for polymers
at positions 1-3 may not be as pronounced. In addition, the rapid decrease in
¥ for pH > 7.8 indicates a stronger stretching of the brush. Theses two trends
may be tentatively explained by the fact that while the number of charges
along PAA remains relatively constant, the density of charges on PDMAEMA
decreases because of the decreasing molecular weight of the bottom block.
There may thus be an imbalance in opposite charges, with the number of
negative charges dominating. As a result, the PDMAEMA-b-PAA brushes may
not fully collapse for 4.8 < pH < 7.8 and will extend deeper into the solution
for pH >7.8.

The example presented and discussed in this section of the paper illus-
trates the complexity of the interfacial behavior of surface-tethered polyam-
pholyte brushes. The presence of two opposite of charges and the variability
in their number gives rise to a series of various complex conformations of
polyampholytic diblock copolymer brushes. In order to shed more light on
the performance of surface-grafted polyampholyte assemblies, one has to sys-
tematically vary the individual system variables, i.e., the number of charges
and the degrees of polymerization of each block, and also the brush graft-
ing density. This is where the combinatorial design may become particularly
beneficial. In the case we just discussed, the combinatorial approach proved
helpful as it offered a convenient means of qualitatively interpreting the ellip-
sometric data. In addition, the present example also reveals that in order to
understand the polymer behavior in such a complex system, multiple charac-
terization tools that provide complementary information should be applied.
For example, the ellipsometry measurements can be complemented with ex-
periments that are capable of “visualizing” the polymer conformations at
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solid/liquid interfaces, such as scanning force microscopy, or measurements
using surface forces apparatus.

8
Orthogonal Grafted Polymer Gradients

Orthogonal gradient substrates are those in which two material properties
vary continuously along two mutually perpendicular substrate dimensions.
Since these two properties are changing continuously in two orthogonal di-
rections, every possible combination of the two properties can be probed
by using such a set-up. Working with orthogonal gradient substrates not
only saves time and resources but it also minimizes the systematic error
associated with doing individual experiments. We have established in the pre-
vious sections that one can independently control the grafting density (o)
and molecular weight (MW) of grafted polymer brushes. These methods of
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Fig.35 Schematic illustrating the formation of an orthogonal poly(2-hydroxyethyl
methacrylate) (PHEMA) gradient. A molecular gradient of n-octyltrichlosilane (OTS) is
formed on a silica-covered surface (a), and the empty spaces on the surface are filled with
[11-(2-bromo-2-methylpropionyloxy) undecyl] trichlorosilane (BMPUS). The substrate,
BMPUS gradient positioned horizontally, is placed in the custom-designed polymeriza-
tion chamber and PHEMA molecular weight gradient is generated using the draining
method, as described in the text. (Reproduced with permission from [164])
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forming separate gradients can be combined to form orthogonal polymer
brushes in which o and MW vary continuously along two perpendicular di-
rections [117, 118].

Fabrication of a surface-grafted o-MW orthogonal gradient entails two
steps: (1) formation of a concentration gradient of the initiator molecules;
and (2) growth of surface-anchored chains with a molecular weight gradient
in a direction perpendicular to that of the initiator concentration gradient (cf.
Fig. 35). To accomplish the first step we use the organosilane vapor diffusion
technique described in Sect.3. A gradient of initiator BMPUS molecules
was formed by the backfilling method described in Sect. 4. Growing chains
from such an initiator concentration gradient results in a grafting dens-
ity gradient of grown brushes along the direction of the initiator gradient
(X-direction) [76]. To achieve MW gradient in a direction perpendicular to
that of o, we rotated the sample by 90° and immersed it in a polymeriza-
tion mixture (along the Y-direction) placed in a de-aerated reaction chamber.
By continuously removing the polymerization medium from the chamber
a MW gradient on the substrate was generated in the Y-direction [94]. The
MW of grafted polymer chains at various points along the X-direction for
a given Y should be approximately the same since all those points remain in
the reaction media for the same period of time [118]. We have succeeded in
creating an orthogonal gradient of grafted PDMAEMA using the methodol-
ogy described above. In Fig. 36 we plot the dry thickness profile of grown
PDMAEMA in X (o gradient) and Y (MW gradient) directions. As mentioned
earlier, the dry thickness of a grafted polymer is given by h = o M, /(poNy);
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Fig.36 Dry thickness of poly(dimethyl aminoethyl methacrylate) (PDMAEMA) on an
orthogonal PDMAEMA gradient grafted on a silica substrate. Thickness was measured in
a grid of 5mm x 5mm on the substrate. (Reproduced with permission from [117])
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thus, h depends on both MW and o of the grown polymer. For a given value
of Y on the sample, h increases continuously as one moves away from the
OTS end along the X direction. A similar trend in thickness is observed along
the Y direction for a given X as one moves from a region that was in the re-
action media for a shorter period to a region that stayed in the mixture for
a longer time. These measurements indicate that an orthogonal gradient was
successfully formed.

Orthogonal gradients, when combined with a large pool of functional
polymers, offer powerful combinatorial platforms for studying complex phe-
nomena; they can be tailored to serve as separation devices or as templates
for organization of nonpolymeric materials. In the following section, we will
elaborate further on some of these applications.

9
Applications of Surface-Grafted Polymer Gradients

In the previous sections, we showed the utility of polymer gradients in
enhancing our understanding of (1) the behavior of polymers in confined
geometries, especially their response to ionic solutions and (2) kinetics of
growth of grafted polymers. Apart from these applications, the grafted gradi-
ents can be used as templates for distributing nonpolymeric objects. Specif-
ically, we will show that end-anchored polymer gradients can be exploited to
gain insight into the physics underlying the formation of brush-nanoparticle
composite assemblies and adsorption of proteins on brushes.

9.1
Nanoparticle Assemblies on Gradient Polymer Brushes

Driven by the promised goals of nanotechnology, the last decade saw an out-
burst in the manipulation and control of materials on a “small” scale [119,
120]. This high volume of activity has been fuelled, in part, by the potential
for exploiting unique properties of nanostructures in commercially import-
ant applications, such as sensors [121], high efficiency solar cells [122], single
molecule detectors [123] and electroluminescent devices [124]. Many of these
functional devices utilize nanoparticles, whose typical dimensions are in-
termediate between mesoscopic and molecular systems. Consequently, they
offer a wide range of unusual properties not found in either mesoscopic or
molecular systems [125]. Fabrication of structures comprising organized ar-
rays of nanoparticles embedded in material matrices represents one of the
most important challenges facing today’s materials scientists and engineers.
The macroscopic properties of nanoparticle-based composites will reflect
both the characteristics that are specific to nano-objects [126, 127] (e.g., size-
dependent optical and electronic properties, ability to form ferromagnetic
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monodomains, optical microcavities or to generate third-order harmonic op-
tical waves) as well as those that are characteristic of the large-mesh periodic
structure of nanoparticles in the matrix (e.g., a possible coherent response
to electromagnetic radiation) [128-130]. In order to utilize nanoparticles as
components of functional devices, it is vital to develop methods for placing
particles into chemically and structurally well-defined environments. This is
typically achieved through covalent or electrostatic interaction of particles
with a substrate-bound molecular or polymer film [131-134]. For example,
Natan and coworkers immobilized gold nanoparticles on self-assembled
monolayers (SAMs) of amino- or mercaptosilanes bound to a silica substrate.
Adsorption of particles by this method resulted in only a sub-monolayer cov-
erage, further adsorption on the surface being limited by repulsion between
the charged particles. Often, such low surface coverage does not produce the
property enhancement expected due to the presence of the nanoparticles,
thus limiting the practical utility of the nanoparticle-based devices.

One method to increase surface coverage and loading of particles on the
substrate is to generate three-dimensional assemblies of particles using an ex-
ternal matrix such as a polymer. Due to the several advantages that polymers
have over the classical metal-, ceramic- or semiconductor-based matrices,
3-D composites based on nanoparticle/polymer dispersions may constitute
the next generation structures for the aforementioned applications. Polymers
are usually optically transparent, possess insulating properties, and are in-
expensive and easy to process. Additionally, they can stay in a solid glassy
state or behave as viscous fluids, depending on whether temperature is be-
low or above their glass transition temperature. This solid/fluid duality of
polymers allows one to control the mobility of guest nanoparticles embed-
ded in polymeric matrices by simply adjusting the processing temperature
or the content of a plasticizer. Typical examples of using polymers to form
surface-bound nanoparticle assemblies include the use of block copolymer
matrices [135,136], or polymers tethered chemically to the substrate [137].
Polymer brushes offer model environments for studying the organization of
nanoparticles within polymer matrices. A simple homopolymer as well as
copolymer brushes can be made with the desired molecular weight and graft-
ing density; they allow easy manipulation of polymer conformation by either
changing solvent quality or temperature; they facilitate the effect of the inter-
face to be studied. Among the many parameters that govern dispersion of the
nanoparticles inside the polymer brushes are: (1) particle size; (2) strength
of polymer/particle interaction [137]; (3) polymer grafting density [138];
(4) polymer chain length [139]; and (5) solvent quality. The large number of
parameters makes probing the behavior of brush/nanoparticle hybrids very
difficult. The various polymer gradients described earlier in the report can
be meticulously applied to fully understand the intricacies of brush/particle
composites (cf. Fig. 37). In what follows, we will describe our progress to-
wards this goal.
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Fig.37 Schematic illustrating the organization of nanoparticles in two- (2-D) and three-
(3-D) dimensional gradients and the dual character of such assemblies - continuous on
mesoscale and discontinuous on micro- and nanoscales. (Reproduced with permission
from [140])

9.1.1
Nanoparticles on Polymer Brushes with a Molecular Weight Gradient

In this section, we investigate the effect of polymer molecular weight on
nanoparticle attachment to the brushes, while keeping all other polymer and
particle parameters constant [140]. For this purpose, we grew PAAm brushes
with a gradient in molecular weight using the methodology described in
Sect. 5. PAAm was chosen because its backbone has abundant amino groups,
which, when ionized, are known to have affinity for negatively charged gold
nanoparticles used in this work [132, 134, 141]. Citrate-capped gold nanopar-
ticles with an average particle diameter of 16.9+ 1.8 nm were synthesized
following the recipe by Fren [142]. The prepared gold nanoparticle solution
is slightly acidic in nature (pH = 6.5) and the particles are negatively charged
due to the presence of an anionic protective coating on the particles. The
dry thickness profile of grown PAAm brush along the substrate as measured
by SE is shown in the bottom panel of Fig. 38. PAAm thickness along the
substrate varies initially almost linearly and then it slowly levels off. The lat-
ter behavior, consistent with literature reports of nonlinear growth of PAAm
brushes, can be attributed to the premature chain termination [143]. Since
the polymerization initiators are distributed homogeneously on the substrate,
the grafting density of the polymerized PAAm chains can be presumed to be
roughly equal across the substrate. Accordingly, a gradient in measured dry
thickness of PAAm is attributed primarily to a gradient in chain length (or
equivalently molecular weight) of the end-grafted PAAm.

The PAAm chain length gradient so prepared is kept immersed in a col-
loidal gold solution overnight to achieve complete immobilization of particles
in the brush. The specimen is subsequently removed from the gold solution,
washed thoroughly with DI water and blow-dried with nitrogen. On the basis
of our experience with attachment of gold nanoparticles to the amino group-
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Fig.38 (Upper panel) Scanning force microscopy images of gold nanoparticles (diameter
A 17 nm) adsorbed along a surface-anchored poly(acryl amide) brush with a molecular
weight gradient (Edge of each image = 1 wm). (Lower panel) Dry thickness of poly(acryl
amide) on the substrate before particle attachment (right, @) and particle number density
profile (left, m). (Reproduced with permission from [140])

containing SAM [134], we speculate that particles are held tightly to PAAm
brushes through electrostatic interactions between the charged citrate (on the
particle) and - NH3* (on the PAAm chain) groups. Specifically, while at low
pH nanoparticles are attached to the polymer brushes, when deposited from
a gold solution of pH >9, almost no gold nanoparticles are detected inside
the polymer brush. It should be noted that in addition to the electrostatic
interaction, other forces such as hydrogen bonding interaction between par-
ticles and the charged polymer might also be partly responsible for driving
particle attachment to the brush.

When the PAAm brush is immersed in an aqueous colloidal gold solu-
tion, swelling of the brush occurs, as water is a good solvent for PAAm.
The brushes may swell up to as much as 6-10 times their dry thickness [66,
114-116]. This swelling introduces sufficient space in the structure for the
particles to explore deep into the brushes. The actual depth to which a par-
ticle can delve into the brush depends on the interplay between the chain
length, grafting density of the brush, particle size, particle/polymer inter-
actions, and the solvent quality [144]. Generally, swelling polymer brushes
beyond their equilibrium conformations is entropically prohibited. This en-
tropic penalty will increase with increasing the polymer grafting density,
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brush length, and the size of the particle [144]. However, this entropic bar-
rier can be overcome if strong interactions between the polymer and particles
exist, such as electrostatic interaction between the negatively charged ions on
the gold particle surface and - NH3™ groups along the PAAm backbone. In
the PAAm/gold/water system, the number of sites available for the gold par-
ticle attachment is proportional to the number of accessible charges along the
PAAm backbone. Thus, one may expect that the number of attached nanopar-
ticles will increase with increasing PAAm brush molecular weight. When
the substrate is removed from the aqueous solution and dried, the swollen
brush collapses, thus bringing down particles along with it, as shown in the
schematic in Fig. 39. Such structural collapse makes the dry structure very
different from the wet one. While understanding of the wet structure requires
in-situ characterization, it is relatively easier to characterize dry samples with
a battery of ex-situ thin film characterization techniques. The main objectives
of film characterizations were to establish the concentration of particles as
a function of PAAm molecular weight and their distribution in the PAAm dry
brush as a function of the particle size.

SFM was used to determine the particle number density along the sub-
strate. Topographical images from selected regions on the substrate are
shown in the top panel of Fig. 38. The concentration of the particles, as meas-
ured by SFM, increases with increasing brush thickness. In the bottom panel
of Fig. 38, we plot the dry thickness of the PAAm brush before the particle
attachment (right ordinate) and the number of particles attached per unit
area (left ordinate) plotted as a function of the position on the substrate. Pro-
portional increase in both quantities along the sample lends credence to our
assertion that the gradient in particle density is due to the gradient in the
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Fig.39 Schematic illustrating the structure of a wet (left) and dry (right) brushes with at-
tached small (top) and large (bottom) particles. (Reproduced with permission from [140])
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anchored PAAm molecular weight. As can be seen from the first few SFM im-
ages on the left-hand side of the top panel, particles are well separated and
can be counted individually for low brush thickness. In contrast, for particles
deposited on thicker brushes the images become fuzzy and the particle densi-
ties cannot be evaluated easily. Experiments performed with several different
SEM tips confirmed that this observation is not an artifact due to tip dam-
age during scanning. Hence, the results from the SFM experiments lead to the
speculation that while at low brush thickness particles predominantly adsorb
on the surface of the brush, for thicker brushes the “fuzziness” is due to the
onset of nanoparticle penetration into the brush.

Further independent evidence confirming the gradient nature of the sub-
strate comes from UV-Visible (UV-Vis) light absorption spectroscopy per-
formed on a particle gradient [140]. For this set of experiments, the procedure
of forming PAAm brushes with a chain length gradient and subsequent par-
ticle attachment as detailed earlier is repeated for a glass substrate. Our
results (not shown here) reveal that as particle concentration increases along
the gradient, i.e., as the x coordinate along the gradient increases, the in-
tensity of the plasmon absorption peak (around 530 nm) associated with the
gold nanoparticles [126] also increases, accompanied by a red shift in the
peak position. Traditionally, such a behavior has been associated with an in-
crease in gold particle concentration [131, 145, 146], thus justifying our claim
that we form a particle density gradient by using the polymer brush molecu-
lar weight gradient. Increased broadening of the plasmon peak and increased
tail absorption in the red region of the spectrum on thicker PAAm brushes
suggest that the inter-particle interaction intensifies. However, we discount
any aggregation of particles in the absence of a new low-energy peak in the
absorption spectrum. Thus, the particles still maintain their individual char-
acter even at higher loading on thick brushes.

One outstanding issue in polymer brush/nanoparticle composite systems
involves determining the spatial distribution of particles in the brush. There
have been only a few studies concerning the use of polymer brushes to control
the morphological behavior of nanoparticles. Levicky and coworkers formed
a polymer brush by spin coating and annealing poly(styrene-b-ethylene
propylene) block copolymer on top of polystyrene homopolymer [139]. The
poly(ethylene propylene) block, which formed the brush, was incompatible
with octanethiol-coated gold nanoparticles, thus causing particle aggregation
on the surface of the brush and consequently rendering particles incapable of
penetrating into the brush. Cohen Stuart et al. used poly(styrene-b-ethylene
oxide) block copolymers, whose poly(ethylene oxide) blocks exhibited favor-
able interaction with silica particles. The researchers carried out a systematic
study of particle intake in the brush as a function of the grafting density
and length of the brush [137]. However, the issue of the spatial arrange-
ment of particles in the brush was not addressed in [137]. We have recently
reported on a series of angle-dependent X-ray photoelectron spectroscopy
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(XPS) experiments in order to determine the concentration of gold colloids
inside PAAm brushes [140]. Specifically, we studied dispersions of two differ-
ent sizes of gold particles (diameters ~ 3.5 nm and ~ 16 nm) in homogenous
PAAm brushes. Smaller gold nanoparticles were prepared by following the
recipe in [147]. In Fig. 40 we plot the gold-to-carbon (Au/C) elemental ratio
as a function of the XPS take-off angle for the two nanoparticle sizes in
PAAm brushes with two different thicknesses. The data reveal that for both
particle sizes the Au/C ratio in thin (= 5.5nm) PAAm brushes decreases
as the take-off angle increases. Considering that the increase in the take-off
angle is associated with increasing the probing depth in the sample, these
results indicate that gold nanoparticles are located predominantly closer to
the PAAm brush/air interface. The Au/C ratio for the larger gold particles in
thicker (=~ 13 nm) brushes also decreases with increasing the take-off angle,
but relative to the thin PAAm case the absolute Au/C values are larger and
the difference between the smallest and largest take-off angle decreases. This
behavior suggests that more particles are incorporated into the brush and
that the particles may start to form a 3-D assembly. The XPS results collected
from the 3.5 nm gold particles in thicker (= 10 nm) PAAm show a trend in the
Au/C ratio opposite to that of the larger particles. Specifically, upon increas-
ing the take-off angle, the Au/C ratio is found to increase, suggesting that
the particles form a 3-D assembly by dispersing deeper into the PAAm brush.
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Fig.40 Gold-to-carbon ratio as a function of the XPS take-off angle measured on gold
nanoparticle assemblies on PAAm for nanoparticles having a diameter of 3.5 nm (a) and
16 nm (b). The dry thickness of bare PAAm is given in the legend. The lines are meant to
guide the eye. (Reproduced with permission from [140])



Surface-Grafted Polymer Gradients 111

These results illustrate the intimate interplay between the particle size and the
brush thickness that determines the spatial distribution of the particles inside
the polymer brushes.

Comparing our experimental results with the theoretical predictions of
particle dispersion in polymer brushes provides more insight into the be-
havior of nanoparticles in thin polymer films. Kim and O’Shaughnessy pre-
dicted [144] that for particles having favorable interactions with the polymer
brush, the extent of dispersion of particles within the brush depended on par-
ticle size. For a given N and o of the brush, they identified three regimes of
particle penetration in the brush. In the first regime, which the authors iden-
tified as the “mixing regime”, very small particles were predicted to disperse
freely within the polymer film. Above a threshold particle size b*, equilib-
rium particle penetration was limited to a depth inversely proportional to
the particle size; the smaller the particle, the greater was the penetration in
the brush. This second regime was called the “partial mixing” regime. The
third regime, called the “exclusion regime”, considered the case when the par-
ticle size was greater than a second threshold bpax such that the particles
just stayed on the surface of the brush. As expected, b* and bpax depended
on N and o. For a given particle size and brush grafting density, particles
were found to shift from the “exclusion” regime to the “partially mixed”
regime upon increasing the brush chain length. Our angle-dependent XPS ex-
periments of gold nanoparticle dispersion in PAAm brushes conform to the
theoretically predicted trends.

9.1.2
Orthogonal Nanoparticle Gradients

In the previous section, we showed how one directional grafted polymer
gradient was used to study the effect of polymer molecular weight on at-
tachment of nanoparticles to the brush. In this section, we will demonstrate
how orthogonal gradients of anchored polymers can be utilized to study
the effect of molecular weight as well as grafting density simultaneously on
one single substrate. For this purpose, we prepared an orthogonal gradient
of surface-anchored PDMAEMA brushes using the procedure described in
Sect. 8. The study of attachment of citrate-covered gold particles on an orth-
ogonal PDMAEMA gradient was carried out with two objectives: (1) to study
how MW and o affect the loading of particles in the brushes; and (2) to visu-
alize the orthogonal polymer gradient. This visualization is made possible by
the strong visible light absorbance associated with surface plasmon resonance
of gold nanoparticles [126, 131].

In Fig. 41 we show a photograph of the orthogonal gradient upon particle
uptake in the brush. The color of the slide changes gradually from light pink
(region of low MW and low o) to dark violet blue (region of high MW and
high o) as one moves along the directions of increasing MW and o. This color
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Fig.41 (left) Schematic illustrating the attachment of citrate-covered gold nanoparticles
to a poly(dimethyl aminoethyl methacrylate) (PDMAEMA) polymer brush grafted on
a silica substrate. (right) Photograph of a glass slide showing gold nanoparticles (= 17 nm
in diameter) bound to an orthogonal gradient of surface grafted PDMAEMA. Note the
color variation along the direction of molecular weight (MW) as well as grafting dens-
ity (o) gradients, clearly indicating different gold particle uptake along each gradient.
(Reproduced with permission from [117])

variation is indicative of inter-particle plasmon coupling associated with an
increase in uptake of particles in the brush as MW (or o) increases [126, 131].
In Fig. 42, we plot visible light absorbance spectra collected along o (path A)
and MW (path B) gradients. There are two points worth noting in these plots:
(1) increase in intensity of the plasmon absorbance peak in the direction of
increasing MW or o; and (2) the concomitant red shift of the plasmon peak
position. The first feature is due to the increasing number of particles at-
tached to the polymer chains, whereas the second feature suggests intensified
inter-particle plasmon coupling accompanying the nanoparticle crowding on
the substrate [126]. Such a correlation between plasmon peak intensity and
the number of adsorbed particles has been well documented in the litera-
ture [131, 140].

It is instructive to compare the experimental work with theory describing
the favorable interaction of particles with brushes. Currie et al. studied the
formation of a complex between grafted polymer chains and mesoscopic par-
ticles using an analytical self-consistent-field theory [18, 137, 148, 149]. They
predicted that grafting longer chains enhances adsorption of the particles.
Longer chains offer more adsorption sites resulting in favorable polymer-
particle interaction, which outweighs the increase in osmotic pressure in the
brush upon particle attachment. The number of adsorbed particles also in-
creases as grafting density is increased in the low grafting density regime.
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Fig.42 Visible light absorbance spectra taken along (left) red circles (constant molecular
MW, o gradient) and (right) green squares (constant o, gradient MW) shown in Fig. 41.
(Reproduced with permission from [117])

This is because of the increased attachment sites that become available as o
is increased. However, there is a maximum in the adsorption as a function
of o. At very high o, the osmotic pressure caused by insertion of particles
in the grafted layer overcomes the favorable polymer-particle binding en-
ergy. This results in expulsion of particles from the proximal (i.e., closer
to the substrate) to the distal (i.e., away from the substrate) region of the
brush [137,138]. The maximum in particle adsorption is a manifestation of
the balance between the increasing number of adsorption sites and increas-
ing osmotic repulsion as o is increased. Our gold nanoparticle adsorption
results along the MW gradient arm of the orthogonal gradient substrate are
in line with the theory. However, we do not observe a maximum in the
number of adsorbed particles as a function of o. Instead, adsorption in-
creases monotonically as o is increased. We suspect that this is due to the
large size of particles (diameter ~ 17 nm) used in our study compared to
the average distance between the grafted polymer chains. From our previ-
ous study reporting on the penetration of particles of different sizes into
surface-anchored polymer brushes, we know that 17 nm particles do not
penetrate the brush (with thickness similar to the ones considered in this
study) to a great extent [140]. Larger particles tend to reside in the distal re-
gion of the brush whereas smaller particles (diameter ~ 3.5 nm) are able to
explore deep into the brushes and arrange themselves in a 3-D-like struc-
ture. Consequently, upon attachment to the brush, smaller particles have
the potential to cause greater osmotic penalty than the larger particles con-
sidered here. Thus, for larger particles we expect a monotonous increase
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in particle number density as a function of o. Our results support this
assertion.

9.2
Protein Adsorption on Grafted Polymer Gradients

Polymer coated substrates are used to prevent protein adsorption and thus
minimize subsequent biofouling [7, 150]. Polymer chains chemically grafted
to the surface have been predicted to be more efficient at preventing pro-
tein adsorption than physisorbed polymers. Theoretical models revealed the
roles of different molecular features of the grafted polymer in controlling pro-
tein adsorption [151, 152]. By combining modeling and experimental results,
Szleifer and coworkers demonstrated that the main molecular parameter that
governs protein adsorption is the polymer surface coverage [150, 153-155].
Others have argued that for inhibiting protein adsorption, a high grafting
density is most effective for small proteins, whereas increased layer thick-
ness is most effective for large proteins [8,156]. While some experimental
evidence of these predictions has already appeared [7,157-159], our un-
derstanding of protein adsorption on polymeric substrates is still far from
complete. We envisage that the substrates comprising grafted polymer gradi-
ents represent tools that will enable systematic study of the role of grafting
density and polymer length on protein adsorption and separation. In this sec-
tion, we present results of our preliminary experiments aimed at achieving
this goal.

Hydrophilic polymers such as poly(ethylene oxide) (PEO) and PHEMA
have been traditionally used to prevent adsorption of proteins on synthetic
biomaterials [7, 160, 161]. We have chosen to use PHEMA in our study due to
its ease of synthesis on surfaces at high grafting density by ATRP. Although
not as efficient as PEO in minimizing protein adsorption, PHEMA has ade-
quate protein resistance to serve as a model polymer to show the utility of
gradient substrates in systematically studying a complex phenomenon such
as biofouling. For example PHEMA was found to be useful in prevention of
protein deposits on contact lenses [161, 162], and in minimizing cell adhesion
in routine cell culturing [163].

In Fig. 43 we plot the dry thickness profile of a PHEMA MW gradient.
MW and consequently thickness increases from the left end of the substrate
to the right. The top panel shows fluorescent microscopy images taken at
various positions along the PHEMA gradient substrate after fibrinogen ad-
sorption [164]. A clear reduction in the amount of adsorbed fibrinogen is
evident as the molecular weight of the grafted PHEMA is increased along the
gradient. This observation is in line with theoretical prediction [8] that ad-
sorption of larger proteins can be suppressed more efficiently by increasing
the thickness of the grafted polymer film. To simultaneously study the ef-
fect of MW and o on the adsorption of proteins, we created an orthogonal
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Fig.43 Dry thickness of poly(2-hydroxyethyl methacrylate) (PHEMA) as a function of the
position on the substrate (lower panel). The fluorescence microscopy images show the
corresponding structure of fibrinogen at three positions along the PHEMA gradient (up-
per panel). (Reproduced with permission from [164])
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Fig.44 (left) Dry thickness (in nm) of a poly(2-hydroxyethyl methacrylate) (PHEMA)
brush in an orthogonal gradient as a function of the PHEMA grafting density and
molecular weight. The scale represents the thickness of dry polymer (in nm). (right) Ad-
sorbed amount of lysozyme as a function of the position on the orthogonal PHEMA
gradient. The scale represents the fluorescence intensity (in a.u.). (Reproduced with per-
mission from [164])

gradient in MW and o of PHEMA [164, 165]. The thickness profile of such
an orthogonal gradient is shown in the left panel of Fig. 44. In accordance
with the equation h = 0 My /(pNy), the dry PHEMA thickness increases in the
directions of increasing MW as well as increasing o, thus indicating success-
ful formation of an orthogonal PHEMA gradient. The right panel of Fig. 44
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shows a contour plot of fluorescent counts measured at various positions on
the orthogonal gradient surfaces after lysozyme attachment. The intensity of
fluorescence coming from the protein decreases rapidly as both MW and o
are increased, thus clearly indicating the decrease in protein adsorption. Re-
cently, we employed PHEMA linear and orthogonal substrates to tailor the
adhesion of osteoblastic cells on substrates [165]. While still at the prelimi-
nary stage of development, these experiments have confirmed the feasibility
of utilizing polymer gradients as a simple means of studying biological phe-
nomena such as protein adsorption and cell adhesion. More systematic work
aimed at quantitatively characterizing protein adsorption and cell adhesion
on polymer gradient substrates is currently underway.

10
Outlook

In this review we described several methods of preparing polymer brush
assemblies with a gradual variation of selected properties, such as the graft-
ing density, molecular weight, and chemical composition. We discussed how
these structures could be utilized to advance our understanding of the ba-
sic physico-chemical phenomena occurring in such macromolecular systems.
We also outlined several applications where the use of a gradient anchored
macromolecular system is desired. We conclude this paper by outlining three
avenues, in which macromolecular assemblies with property gradients may
play a pivotal role in the near future.

10.1
Combinatorial Studies

One of the major application areas of gradient polymer assemblies in-
volves high-throughput (combinatorial) studies of the interfacial behavior of
molecules and macromolecules. In order to understand the real benefits of
the polymer gradient approach, consider an example involving protein ad-
sorption on substrates covered with grafted polymers. When studying the
effect of brush chain length (N) and the grafting density (o) on protein ad-
sorption, using, for example, five discrete measurements of each variable, one
has to synthesize 25 different samples and carry out 25 individual experi-
ments, each of which is associated with its own individual error. Moreover,
one needs to interpolate in order to gain information on behavior in the
property space outside these 25 discrete data points. The gradient technology
removes these limitations. Instead of 25 discrete samples, one can fabricate
a single substrate, in which N and o vary in two orthogonal directions, and
use such a specimen to study protein adsorption as a function of two indi-
vidually varying properties, i.e., graft polymer density and chain length, in
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a single experiment. The result of such an experiment will be a continuous
response that eliminates the need for interpolation between single discrete
data points. In addition, since only one sample is used, which is prepared in
a single batch, the errors associated with the results are consistent across the
entire property space. This is in contrast to the discrete stochastic errors as-
sociated with the individual experiments. Hence, the gradient geometry offers
a novel “combinatorial” platform, which enables complete and systematic ex-
ploration of the broad parameter space during protein adsorption while sim-
ultaneously improving the efficiency of the screening process by increasing
the speed and reliability. More importantly, the multi-gradient (= orthogonal,
in the case of two independent gradient structure) approach offers the possi-
bility of studying the simultaneous effect of multiple variables on the system
performance. For example, by utilizing the aforementioned orthogonal gradi-
ents comprising polymer brushes with gradual variation of grafting density
and molecular weight as the test substrate in protein adsorption studies, one
would not only be able to interpret the relative importance of the grafting
density vs. molecular weight on protein adsorption but shed more light on co-
operative effects originating from the two properties [7-9, 150, 153-156, 165].

The benefits of utilizing combinatorial methods for investigating poly-
mer properties have been outlined recently [19, 166, 167]. Polymer gradient
brush assemblies are expected to play an active role in further combinato-
rial material effort. Possible areas of interest include (but are not limited to):
study of phase behavior (stability) in liquid [168] and polymer blend [169]
systems, morphological transitions in block copolymers [170,171], cell cul-
turing [58, 172], and others.

10.2
Templating and Material Processing

Gradient polymer brush assemblies will play an important role in the de-
velopment of novel methods of (1) controlling the interfacial chemistry of
surface-anchored macromolecules and (2) material templating. This activity
will have an impact on the fields of polymer physics and polymer chemistry
and also newly emerging areas of nanoscience and nanotechnology. Gradi-
ent polymer brush structures will allow for the study of phenomena that have
not been accessible previously or are not easy to study using conventional
methodologies. For example, using the combinatorial design outlined in this
paper one would be able to systematically probe the interfacial performance
of surface-grafted copolymers as a function of their chemical composition or
analyze the effect of charge distribution in polyampholyte brushes on confor-
mational changes of these complex macromolecules. Methodologies involv-
ing time-dependent sample exposure to polymerization solution will provide
information about the kinetics of polymerization in confined geometries.
The same concept may also assist in systematically establishing the effect of
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the macroinitiator length and chemistry on the polymerization kinetics of
living/controlled radical polymerizations. Generating polymer-based gradi-
ent assemblies will provide convenient routes for exploring the possibility of
using surface-grafted polymers as soft matter scaffolds for organizing nano-
sized objects, such as nanoparticles. The gradient nature of the template will
assist in establishing interplay among the particle size, particle/polymer in-
teractions, the brush height, and the brush grafting density on the spatial
organization of the nanoparticles [144]. Developing procedures leading to
the reproducible production of structurally well-defined nanocomposites will
lead to materials with unique properties which may be used in a variety of
next-generation devices, examples of which include electronic or optical de-
vices, specialty coatings, sensors, or magnetic storage media.

10.3
Directed Transport of Host Objects

Utilizing polymer gradients will provide a simple and convenient means of
studying the dynamics of various molecular and biomolecular phenomena,
in particular the motion of nano-to-micro sized objects. The gradient struc-
tures are expected to provide a new paradigm for facilitating phenomena
in which motion plays an important role, such as assembly or a separa-
tion. One beautiful example of such a utilization of the gradient nature of
grafted polymers and their role in controlling the motion of a small object
are the cylindrical molecular brushes with a grafting density gradient of the
grafted side chains (cf. Fig. 45). Collaboration between the Matyjaszewski and
Sheiko groups resulted in establishing the conditions leading to the controlled
motion of these “synthetic caterpillars” on surfaces [173]. When properly

desorption of
side chains

Fig.45 When cylindrical brushes possessing a gradient grafting density along the back-
bone are adsorbed on a surface, one can observe a transition from a rod-like to a tadpole
conformation upon partial desorption of side chains. The end with a higher grafting
density, and thus with a greater extension of the side chains, is predicted to collapse more
readily than the loose end (Reproduced with permission from [173])
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engineered, surface-tethered polymers can also serve as active elements in
controlled surface transport of materials and thus play the role of soft-matter
“engines” directing the motion of nano-objects. The continuous variation of
the physico-chemical properties of the brushes provides the driving force for
the motion of the target object, such as particles. Hence, employing polymer
gradients will offer a simple and yet robust means of studying molecular and
biomolecular phenomena, such as adsorption, and separation. Utilizing the
findings in this field may, in turn, lead to designing novel tools that can be
integrated rapidly into technology, such as diagnostic or property screening
devices.
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Abstract This article reviews results from our group of the synthesis and characteriza-
tion of diblock copolymer brushes. Results from the literature are also covered. We report
a wide variety of diblock compositions and compare the miscibility of the two blocks
with the tendency to rearrange in response to block-selective solvents. Also, we describe
the types of polymerization methods that can be utilized to prepare diblock copoly-
mer brushes. We have compared the molecular weight of free polymer and the polymer
brush based on results from our laboratory and other research groups; we have concluded
that the molecular weight of the free polymer and that of degrafted polymer brushes is
similar.

Keywords ATRP - Block copolymers - Polymer brushes - Stimuli-responsive - Thin films

Abbreviations
ATRP atom transfer radical polymerization
RAFT reversible addition fragmentation transfer polymerization

PS polystyrene
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PMMA poly(methyl methacrylate)

PMA poly(methyl acrylate)

PDMA poly(N,N-dimethylacrylamide)

SAM self-assembled monolayer

PDMAEMA poly((N,N’-dimethylamino)ethyl methacrylate)
RATRP reverse atom transfer radical polymerization
PAA poly(acrylic acid)

PES poly(pentafluorostyrene)

PHFA poly(heptadecafluorodecyl acrylate)

PTFA poly(trifluoroethyl acrylate)

XPS X-ray photoelectron spectroscopy

ATR-FTIR  attenuated total reflectance Fourier transform infrared spectroscopy
TGA thermal gravimetric analysis

PDI polydispersity index

AFM atomic force microscopy

1

Introduction

Polymer brushes refer to an assembly of polymer chains which are tethered
by one end to a surface or interface [1,2]. Tethering of the chains in close
proximity to each other forces the chains to stretch away from the surface
to avoid overlapping. Polymer brushes are typically synthesized by two dif-
ferent methods, physisorption and covalent attachment. Of these methods,
covalent attachment is preferred as it overcomes the disadvantages of physi-
sorption which include thermal and solvolytic instabilities [3,4]. Covalent
attachment of polymer brushes can be achieved by either “grafting to” or
“grafting from” techniques. The grafting-to technique involves tethering pre-
formed end-functionalized polymer chains to a suitable substrate [5]. This
technique often leads to low grafting density and low film thickness, as the
polymer molecules must diffuse through the existing polymer film to reach
the reactive sites on the surface. The steric hindrance for surface attachment
increases as the tethered polymer film thickness increases. To overcome this
problem, the grafting-from approach can be used and has generally become
the most attractive way to prepare thick, covalently tethered polymer brushes
with a high grafting density [3]. The grafting-from technique involves the im-
mobilizing of initiators onto the substrate followed by in situ surface-initiated
polymerization to generate the tethered polymer brush. Surface immobilized
initiators are usually generated using self-assembled monolayer (SAM) tech-
niques [6,7]. As the chains are growing from the surface, the only limit to
propagation is diffusion of monomer to the chain ends, thus resulting in thick
tethered polymer brushes with high grafting density.

The field of stimuli-responsive films has grown enormously in the past
few years. This review will principally concentrate on work from the primary
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author’s research, but it is obligatory and responsible to highlight some of
the recent advances in other research groups. While not comprehensive, this
succinct overview will help the reader in the identification of important and
relevant research in other groups.

Recent advances in polymer synthesis techniques have given rise to the
importance of controlled/“living” free radical polymerization, as it pro-
vides a number of advantages over traditional free radical techniques [8].
Although other polymerization methods have been used, one of the main
advantages controlled/living free radical polymerization provides for poly-
mer brush synthesis is control over the brush thickness, via control of mo-
lecular weight and narrow polydispersities [9,10]. Another advantage that
a controlled/living free radical system provides is the ability to produce
polymer brushes of specific architectures and large range of polymerizable
monomers.

Without attempting a bias towards our own work on stimuli-responsive
diblock copolymer brushes, the group research of Minko, Stamm, Tsukruk
and Luzinov have been equally or more influential in the field of stimuli-
responsive films. One important fact to consider throughout any discussion
of covalently attached polymer chains is the distinction between chains which
exist in the “brush” regime vs. the “mushroom” regime. How this affects
stimuli-responsive properties remains an open question; but, for each poly-
mer system, there is clearly a grafting density that defines a transition from
the mushroom to brush regime. The reader is referred to a particularly im-
portant paper by Genzer and co-workers [11] who clearly defined a grafting
density that represented this transition. Although their study only concen-
trated on polyacrylamide brushes, it serves as a general guide to an approx-
imate grafting density at which an investigator can claim that their covalently
attached polymer exists in the brush regime. One clear assertion that can
be drawn from the literature is that any grafted polymer prepared by the
grafting-to technique will inevitably lead to a covalently attached system in
the mushroom regime which will be characterized by low film thicknesses.

Stimuli-responsive surface polymers are typically characterized by ei-
ther binary systems (two chemically dissimilar chains attached to the same
surface) or homopolymer brushes based on poly(acrylamide) [especially
poly(N-isopropyl)acrylamide, pNIPAA] which demonstrate temperature-
dependent conformational changes. Desai and co-workers [12] performed
ATRP of N-isopropyl acrylamide (NIPAA) onto oxidized films of oxidized
polypropylene and observed stimuli-responsive behavior. Scanning-probe
lithography was used by Zauscher et al. [13,14] to create a patterned array
of ATRP initiators for the preparation of nanopatterned pNIPAA polymer
chains that demonstrated reversible height changes via a transition cycling
of the substrate between water and water/methanol mixtures. Grafting-from
of NIPAA from polystyrene latex particles was reported by Kizhakkedathu
and co-workers [15]; the hydrodynamic thickness of the latex particles was
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controlled by the polymerization conditions and block copolymers with N,N-
dimethylacrylamide were also reported. Farhan and Huck [16] reported the
formation of pNIPAA layers on oxidized polyester films; in addition, they
created patterned thermoresponsive films using microcontact printing. One
interesting report was the use of pH to control film behavior in a modified
copolymer of NIPAA and glycinylacrylamide [17]. Zhu et al. [17] observed
typical polyelectrolyte brush behavior above pH 8.0 but the film thickness
decreased substantially at lower pH values (5.0) presumably due to hydrogen-
bonding between glycine side chains. Using a Si(100) (Si—H) surface for
a grafting-to method, Xu and co-workers [18] studied the cell attachment
of the cell line 3T3 Swiss albino on both homopolymers of pNIPAA and
poly(ethylene glycol) monomethacrylate (PEGMA). Above the lower critical
solution temperature (LCST) of pNIPAA, the cells proliferated but below the
LCST, cells detached spontaneously. The PEGMA surface was very effective
at preventing cell attachment and growth. However, incorporation of PEGMA
units into the pNIPAA chains via copolymerization resulted in a more rapid
cell detachment during the LCST transition. This work represents an inter-
esting example of a stimuli-responsive surface for the controlled adhesion
of cells. Somewhat related to the work on pNIPAA brushes is work from
the group of Ito and co-workers [19] where they have studied the permea-
bility of membranes modified with poly(acrylic acid) as a function of pH.
Although Ryan and co-workers [20] did not focus on homopolymer brushes,
they studied innovative multiblock systems composed of a hydrophobic end-
block and either polyacid or polybase mid-block; this comprehensive study
used a battery of techniques to follow molecular shape change and macro-
scopic deformation.

There have been a number of reports on binary brushes which refer to
a mixture of two different polymer chains attached to the same surface. Zhao
and co-workers [21, 22] have reported some novel systems using a surface im-
mobilized dual initiator which clearly produces polymer brushes. Their work
will be discussed later in this review. An extensive body of work has been pub-
lished on binary systems using predominately grafting-to methods; many of
these reports have provided provocative results on stimuli-responsive poly-
mer systems. Minko, Stamm and co-workers [23] demonstrated a reversible
patterning of a stimuli-responsive film based on a binary brush composed
of poly(2-vinylpyridine) (PVP) and polyisoprene. Exposure to different sol-
vents demonstrated a switching behavior; furthermore, crosslinking of the
polyisoprene by illumination through masks created a patterned surface
that showed location-dependent stimuli-responsive behavior. In related work,
switchable binary brushes were prepared on silicon wafers composed of PVP
and a polystyrene copolymer containing a photodimerizing phenylindene
component [24]. Water contact angle changes of 40 degrees were observed
depending on the polarity of the solvent to which the sample was exposed.
The structural state of the switchable surface could be fixed by photoinduced
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crosslinking of the phenylindene unit. In subsequent work, the same princi-
ple authors developed an “anchoring layer” to prepare binary brushes [25].
They compared the grafting of polystyrene (PS) and PVP end-grafted chains
to either an epoxysilane-modified monolayer or a macromolecular layer com-
posed of poly(glycidyl methacrylate). Sequential deposition of PS and PVP
produced binary brushes that differed in wettability and nanomorphology.
Minko, Stamm and co-workers [26] fabricated binary films of PS and PVP
on polyamide polymer surfaces that had been first treated in an ammonia
plasma followed by immobilization of an azo initiator. They observed sig-
nificant differences in grafting-from a silicon surface and the derivatized
polyamide surface. They extended this technique to fabric modification and
reported water contact angles up to 150 degrees. Recently, two excellent re-
views of the work from Minko and co-workers [27, 28] have been published
which details the work described above plus other efforts from their group
and their collaborators.

1.1
Block Copolymer Brushes

One of the most interesting of these architectures produced to date are block
copolymer brushes. Block copolymer brushes are interesting due to the fact
that vertical phase separation results when the block copolymer chains are
tethered by one end to a surface or substrate. By changing the grafting dens-
ity, chain length, relative block length, composition of the blocks or the
interaction energy between the blocks and the surrounding environment, the
formation of a variety of novel well-ordered structures have been predicted by
theory [29, 30] and in some cases demonstrated experimentally [21, 31-34].

2
Synthesis of Block Copolymer Brushes

2.1
Results from Other Research Groups

In this review, synthesis of block copolymer brushes will be limited to the
grafting-from method. Hussemann and coworkers [35] were one of the first
groups to report copolymer brushes. They prepared the brushes on silicate
substrates using surface-initiated TEMPO-mediated radical polymerization.
However, the copolymer brushes were not diblock copolymer brushes in
a strict definition. The first block was PS, while the second block was a 1:1
random copolymer of styrene/MMA. Another early report was that of Maty-
jaszewski and coworkers [36] who reported the synthesis of poly(styrene-b-
tert-butyl acrylate) brushes by atom transfer radical polymerization (ATRP).
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This was the first report using ATRP and sequential monomer addition. Hy-
drolysis of these diblock copolymer brushes yielded poly(styrene-b-acrylic
acid) brushes.

During the last 5 years, there have been several reports of multiblock
copolymer brushes by the grafting-from method. The most common sub-
strates are gold and silicon oxide layers; but there have been reports of
diblock brush formation on clay surfaces [37] and silicon-hydride sur-
faces [38]. Most of the newer reports have utilized ATRP [34,38-43] but
there have been a couple of reports that utilized anionic polymerization [44,
45]. Zhao and co-workers [21,22] have used a combination of ATRP and
nitroxide-mediated polymerization to prepare mixed poly(methyl methacry-
late) (PMMA)/polystyrene (PS) brushes from a difunctional initiator. These
Y-shaped brushes could be considered block copolymers that are surface im-
mobilized at the block junction.

2.2
Synthesis of Block Copolymer Brushes in Our Group

The first diblock copolymer brushes synthesized in our group were made by
a combination of carbocationic polymerization and ATRP (Scheme 1) [46].
Zhao and co-workers [47] synthesized diblock copolymer brushes consist-
ing of a tethered chlorine-terminated PS block, produced using carbo-
cationic polymerization, on top of which was added a block of either PMMA,
poly(methyl acrylate) (PMA) or poly((N,N’-dimethylamino)ethyl methacry-
late) (PDMAEMA), synthesized using ATRP. The thickness of the outer
poly(meth)acrylate block was controlled by adding varying amounts of free
initiator to the ATRP media. It has been reported that the addition of free
initiator is required to provide a sufficiently high concentration of deac-
tivator, which is necessary for controlled polymerizations from the sur-
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Scheme 1 Synthesis of surface-immobilized diblock copolymer brush (Si/SiO,//PS-b-
PMMA) using a combination of carbocationic polymerization and ATRP



Surface Rearrangement of Diblock Copolymer Brushes 131

face [35]. Table 1 summarizes the properties of some of the diblock copoly-
mer brushes.

The first diblock copolymer brush synthesized completely using controlled/
living free radical polymerization techniques in our group was by Sedjo
and co-workers [48]. In this work a tethered diblock copolymer of PS and
PMMA was synthesized using a combination of reverse atom transfer rad-
ical polymerization (RATRP) and standard ATRP techniques (Scheme 2). The
properties of this diblock copolymer brush can be seen in Table 1. RATRP
involves initiation by conventional radical initiators in the presence of an
ATRP deactivator. RATRP has been shown to produce polymers that are end-
functionalized with a transferable halogen, thus allowing continued polymer-
ization [49,50]. To perform RATRP from the surface, an azo-initiator was
first immobilized on the silicon substrate followed by the polymerization of
styrene in the presence of copper(II)bromide and ligand. This resulted in the
formation of a tethered block of PS with a terminal bromine group. The ter-
minal bromine group was subsequently used to initiate MMA under standard
ATRP conditions.

Table 1 Summary of the properties of diblock copolymer brushes

Diblock copolymer Thickness ~ Thickness  Polymerization Refs.
brush structure? of tethered  of outer technique ©
block ® (nm) block® (nm)

Si/Si0,//PS-b-PMMA 28 11 Cationic/ATRP  [46,47]
$i/8i0,//PS-b-PMA 24 9 Cationic/ATRP  [47]
Si/Si0,//PS-b-PDMAEMA 27 3 Cationic/ATRP  [47]
$i/8i0,//PS-b-PMMA 25 7 RATRP/ATRP [48]
$i/8i0,//PS-b-PDMA 11 12 RAFT [51]
$i/Si0,//PDMA-b-PMMA 11 10 RAFT [51]
Si/Si0,//PS-b-P(t-BA) 21 17 ATRP [52]
Si/Si0;//PS-b-PAA 21 8 ATRP/Hydrolysis  [52]
Si/Si0,//PMA-b-P(t-BA) 14 16 ATRP [52]
Si/Si0;//PMA-b-PAA 14 9 ATRP/Hydrolysis  [52]
$i/Si0,//PS-b-PPES 16 5 ATRP [53]
Si/Si0,//PS-b-PHFA 10 6 ATRP [53]
$i/8i0,//PMA-b-PPFS 11 5 ATRP [53]
Si/Si0,//PMA-b-PHFA 15 5 ATRP [53]

2 PS—polystyrene, PMMA—poly(methyl methacrylate), PMA—poly(methyl acrylate),
PDMAEMA—poly((N,N-dimethylamino)ethyl methacrylate), PDMA—poly(dimethyl-
acrylamide), P(¢t-BA)—poly(tert-butyl acrylate), PAA—poly(acrylic acid), PPFS—poly
(pentafluorostyrene), PHFA—poly(heptadecafluorodecyl acrylate)

b Representative structure is Si/$i0,//tethered block-b-outer block

¢ ATRP—atom transfer radical polymerization, RATRP—reverse atom transfer radical
polymerization, RAFT—reversible addition fragmentation transfer polymerization
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Scheme2 Synthesis of surface-immobilized diblock copolymer brush (Si/SiO,//PS-b-
PMMA) using reverse atom transfer radical polymerization and ATRP

To make further use of the azo-initiator, tethered diblock copolymers were
prepared using reversible addition fragmentation transfer (RAFT) polymer-
ization. Baum and co-workers [51] were able to make PS diblock copoly-
mer brushes with either PMMA or poly(dimethylacrylamide) (PDMA) from
a surface immobilized azo-initiator in the presence of 2-phenylprop-2-yl
dithiobenzoate as a chain transfer agent (Scheme 3). The properties of the di-
block copolymer brushes produced can be seen in Table 1. The addition of
a “free” initiator, 2,2'-azobisisobutyronitrile (AIBN), was required in order
to obtain a controlled polymerization and resulted in the formation of free
polymer chains in solution.

In order to produce block copolymer brushes by ATRP directly from the
surface, the ATRP initiator, (11-(2-bromo-2-methyl)propionyloxy)undecyltri-
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Scheme 3 Synthesis of surface-immobilized diblock copolymer brush (Si/SiO,//PS-b-
PDMA) using reverse addition fragmentation transfer polymerization

chlorosilane, was prepared and immobilized on silicon substrates. From
this immobilized bromo-isobutyrate type ATRP initiator both Boyes and
co-workers [52] and Granville and co-workers [53] were able to synthesize
diblock copolymer brushes using ATRP. Boyes and co-workers [52] syn-
thesized diblock copolymer brushes of either PS or PMA and poly(tert-
butyl acrylate) (P(¢+-BA)) using ATRP, with subsequent hydrolysis of the
P(t-BA) to poly(acrylic acid) (PAA) (Scheme 4). The properties of these di-
block copolymer brushes can be seen in Table 1. The diblock copolymer
brushes, Si/SiO,//PS-b-PAA and Si/SiO,//PMA-b-PAA, were both treated
with aqueous silver acetate to produce polyelectrolyte diblock copolymer
brushes. The polyelectrolyte brushes were subsequently reduced using H;
resulting in the formation of silver nanoparticles within the diblock copoly-
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mer brush [52]. Granville and co-workers [53] used similar ATRP tech-
niques to synthesize diblock copolymer brushes that contained the semi-
fluorinated monomers pentafluorostyrene (PFS) and heptadecafluorodecyl
acrylate (HFA). The properties of these diblock copolymer brushes can also
be seen in Table 1. The use of fluorinated monomers to produce outer
blocks of either PPFS or PHFA resulted in surfaces that were highly hydro-
phobic [53].

We also synthesized a triblock copolymer brush using sequential monomer
addition and ATRP. Boyes and co-workers [33] synthesized the ABA type
triblock copolymer brushes of PS and PMA to produce Si/SiO,//PS-b-
PMA-b-PS and Si/SiO;//PMA-b-PS-b-PMA brushes. We observed incom-
plete re-initiation for the third block of Si/SiO,//PS-b-PMA-b-PS (as in-
dicated by a 3nm thickness); the incomplete re-initiation was attributed
to radical-radical termination occurring in the formation of the previous
blocks. In the case of the Si/SiO,//PMA-b-PS-b-PMA brush, the outer PMA
block had a thickness of 15nm, which is close to the target thickness of
20 nm, indicating that the degree of termination occurring in this system
was less.
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Scheme4 Synthesis of surface-immobilized polyelectrolyte diblock copolymer brush
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3
Correlation of Brush Thickness with Molecular Weight

Before describing the rearrangement of diblock polymer brushes, we will re-
view results from our laboratory and the literature that give a clearer picture
of the structure of both homopolymer and copolymer brushes. Specifically,
what is known about grafting density and the relationship between brush mo-
lecular weight and film thickness. This review focuses on brushes made by
either ATRP or RAFT.

Our report [51] on RAFT from surfaces appeared nearly simultaneously
with the report of Tsujii and co-workers [54]. Tsujii and co-workers con-
centrated on a kinetic analysis of PS homopolymer brush formation while
we were more interested in using the unique feature of RAFT to polymer-
ize acrylamides. We worked primarily on flat substrates and conducted RAFT
by starting with an immobilized azo initiator and running the polymeriza-
tion in the presence of a RAFT agent and free azo initiator (AIBN). Because
free polymer (polymer not covalently bound to the surface) was formed in
our RAFT studies, it was possible to compare the molecular weight of free
polymer to the degrafted polymer. We used spherical silica particles and
immobilized Rithe’s initiator [9]. Using thermogravimetric analysis (TGA),
we [55] determined that the grafting density was 0.7 initiator molecules/nm?,
a value that corresponds well with Prucker and Riithe [9] (0.8-1.6 initiator
molecules/nm?). We determined the molecular weight for both PMMA and
PS brushes. For PMMA, M, (free polymer) = 15900 g/mol, PDI = 1.22 and
M, (degrafted polymer) = 19200 g/mol, PDI = 1.29. For PS, M, (free poly-
mer) = 10600 g/mol, PDI = 1.11 and M, (degrafted polymer) = 11400 g/mol,
PDI = 1.14. There is a close correspondence between both the molecular
weight and PDI. The relatively narrow PDI is consistent with a living rad-
ical process. Using the molecular weight and TGA data, we determined
that the initiator efficiency (f) ranged from 0.15-0.19 [55]. Tsujii and co-
workers [54] published a graph comparing molecular weight for degrafted
and free PS; inspection suggests that the difference in My values was never
greater than 4000 g/mol and the PDI for degrafted polymer was slightly
higher than free polymer, as we also observed. Patten et al. [56,57] ob-
served similar trends. The significance of these results is that analysis of free
polymer provides a reasonable estimate of the brush molecular weight, thus
eliminating the time-consuming chore of performing an analogous proced-
ure on high surface area supports. Knowing the brush molecular weight is
important because it allows one to calculate the occupied area of a single
polymer brush chain (Ax) using the following equation: Ax = M, /(hpNy)
where p = brush bulk density, h = dry brush thickness and N, is Avogadro’s
Number. Knowing the relationship between grafting density and solvent-
induced rearrangement of diblock copolymer brushes is one of our key
objectives.
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We have repeated similar degrafting experiments for brush formation
via ATRP. While there have been reports on degrafting using conventional
radical polymerization [10,58], this discussion will be limited to brush
formation by ATRP. In unpublished work [59], we immobilized an ATRP
initiator, (11-(2-bromo-2-methyl)propionyloxy)undecyltrichlorosilane) on
Stober silica and conducted a styrene polymerization. Degrafting of the
PS brushes was conducted by etching of the silica cores with HF. From
TGA analysis of the immobilized initiator and the corresponding PS brush
system, we determined that there are 4.8 initiator molecules/nm? and
f =0.06. The initiator density corresponds well to the values of 2.4-
5.0 reported by Patten and co-workers [56,57] for the immobilization of
(2-(4-chloromethylphenyl)ethyl)dimethylethoxysilane on a similar support.

Brush formation by ATRP can be accompanied by free polymer if the
process is conducted with a free initiator. A high concentration of a deac-
tivating Cu(II) complex is necessary for control of ATRP [36]. For ATRP
from a surface, the small amount of initiator tethered to the substrate pro-
vides too low a concentration of Cu(II) to control the polymerization. One
solution to this problem is to add Cu(II) at the beginning of the brush
synthesis [36]. Another solution is to use a free initiator, which generates
a sufficient Cu(II) concentration in situ. We prefer this latter approach be-
cause others and we have observed that the molecular weight of the free
polymer roughly corresponds to the molecular weight of the polymer brush.
For our PS brush silica gel experiments, [59] we observed My, (free polymer)
= 19600 g/mol, PDI = 1.11 and M, (degrafted polymer) = 27100 g/mol, PDI
= 1.57. Von Werne and Patten [56, 57] reported better correspondence for an
analogous experiment (ATRP on spherical silica); for PMMA - M,, (free poly-
mer) = 50700 g/mol, PDI = 1.16 and My, (degrafted polymer) = 57 100 g/mol,
PDI = 1.26; for PS - My, (free polymer) = 43800 g/mol, PDI = 1.22 and M,
(degrafted polymer) = 46 300 g/mol, PDI = 1.29. Hawker and co-workers [35]
performed nitroxide-mediated radical polymerization of styrene on silica gel;
they observed M, (free polymer) = 48000 g/mol, PDI =1.20 and M, (de-
grafted polymer) = 51 000 g/mol, PDI = 1.14. In summary, these three studies
have demonstrated that there is a reasonable and reliable correlation between
the molecular weight and PDI for free polymer and the polymer brush for
brush growth via ATRP.

Somewhat related to studies on silica gel is a report by Ejaz and co-
workers [60] where they studied the ATRP of MMA on porous glass filters.
They examined the relationship between the molecular weight of free poly-
mer and degrafted polymer. While they did not provide the raw data, they
presented the results in a graph, which indicates that there was a 35% or less
discrepancy between the polymer covalently attached to the frit and that pro-
duced by the free initiator. The final literature report that bears notice is that
from Kim, Bruening and Baker [61]. To the best of our knowledge of this
writer, this is the only report that compared the molecular weight of degrafted
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polymer brushes grown on a flat substrate; they used a large gold substrate
and degrafted the chains by treatment with I,. Because they did not use a free
initiator, a comparison between free and degrafted polymer was not possible.
They observed a nonlinear dependence where the reported M, of a 33 nm
thick film was 33 100 g/mol, while My = 68900 g/mol is observed for a 40 nm
thick film. Interestingly, the results of Kim and co-workers match those of
Hawker and co-workers [35] at lower molecular weights. One interesting find-
ing in the report by Kim and co-workers is an estimated f = 0.10 for ATRP
from thiol/gold initiators. This value is reasonably close to the value we ob-
served in our laboratories using ATRP from spherical silica.

In summary, upon review of results from our own laboratories combined
with literature results, it is now possible to make reasonable conclusions
about the molecular weight and dispersity of polymer brushes. First, it seems
that f for living polymerizations approximates 0.10. Second, there is good cor-
respondence between the M, and PDI of free polymer and degrafted polymer.

4
Rearrangement of Block Copolymer Brushes

The behavior of tethered diblock copolymer brushes is interesting because
the bottom block is highly constrained by covalent attachment to the silicate
surface and localization of the other end at the diblock interface. Theo-
retical studies using self-consistent field calculations, scaling arguments and
computer simulations have indicated that tethered block copolymer brushes
exhibit complex behaviors that depend on many factors [29, 30, 62-65]. These
factors include y, overall molecular weight (N), volume fraction of one block,
Kuhn length (flexibility of backbone), grafting density, environmental con-
ditions (solvent, temperature) and the surface free energy of each block in
the air. One of the most interesting structures is the “pinned micelle” struc-
ture, which can be formed when tethered AB diblock copolymer brushes are
treated with a block-selective solvent [29]. To the best of our knowledge, the
nomenclature of pinned micelles was originally introduced by Balazs and
co-workers [29,30] and we have adopted this terminology to describe our
systems.

4.1
Nanomorphology of Si/Si02//PS-b-PMMA Brush

We reported the synthesis of Si/SiO,//PS-b-poly(acrylate) tethered diblock
copolymer brushes [31, 32,46, 47]. The properties of these diblock brushes
were studied using water contact angles, ellipsometry, X-ray photoelectron
spectroscopy (XPS), FTIR spectroscopy and atomic force microscopy (AFM).
For a sample with a 26 nm PS layer and a 9 nm PMMA layer, the advanc-
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ing water contact angle increased from 75° (characteristic of PMMA) to 99°
(characteristic of polystyrene) after treatment with cyclohexane; subsequent
treatment with CH,Cl, returned the contact angle to the original value of 75°.
This contact angle change was attributed to reversible changes in the chemical
composition at the polymer-air interface. XPS analysis indicated large com-
positional changes after treatment with CH,Cl, and cyclohexane which are
consistent with the contact angle observations.

For a sample with a 23 nm PS layer and 14 nm PMMA layer, AFM was used
to study surface morphological changes [32]. It was found the surface is rela-
tively smooth with a roughness of 0.77 nm after CH,Cl, treatment (Fig. 1);
treatment with cyclohexane at 35°C for 1h increased the surface rough-
ness to 1.79 nm and created an irregular worm-like structure on the surface.
A nanopattern was formed if mixed solvents of CH,Cl, and cyclohexane were
used and the composition was gradually changed from CH,Cl, to cyclohex-
ane (Fig. 2). The advancing water contact angle of this surface was 120°. We
speculated that this nanopattern corresponds to a pinned micelle nanomor-
phology (Scheme 5), consistent with the theoretical predictions of Balazs and
co-workers [29]. Our interpretation of this image as periodic is simply based
on a visual inspection; we did not perform Fourier transform analysis to con-
firm the degree of periodicity.

We explored the relationship between average domain size as deduced by
AFM and block lengths for a Si/SiO,//PS-b-PMMA diblock brush [31]. We
assumed that the block length is proportional to ellipsometric film thickness.
Table 2 contains a summary of the experimental relationship between block
lengths (as determined by ellipsometry) vs. average domain diameter for the
observed nanomorphologies. For the three samples studied, the largest di-

Fig.1 AFM image of the tethered Si/SiO,//PS-b-PMMA brushes with 23 nm thick PS
layer and 14 nm thick PMMA layer after treatment with dichloromethane at room tem-
perature for 30 min and drying with a clean air stream
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Fig.2 AFM image of the tethered Si/SiO,//PS-b-PMMA brushes with 23 nm thick PS
layer and 14 nm thick PMMA layer after a gradual treatment with cyclohexane

‘Gradual Addition
‘-‘-"';C'z of cycloue:m

Scheme5 Speculative model for nanopattern formation from tethered Si/SiO,//PS-b-
PMMA

Table2 Average AFM domain diameter vs. diblock brush thickness [30]

PS Thickness, PMMA Thickness, = Domain diameter, =~ Roughness,
nm ? nm ? nm P nm P

15 3 46 53

23 14 85 13.1

26 17 113 11.7

2 Thickness determined by ellipsometry
> Domain diameter and roughness determined by AFM

block variable is the PMMA thickness. As the thickness of the PMMA layer
increases, the average domain diameter of the surface-immobilized micelles
also increases. Balazs and co-workers predicted this experimental observa-
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tion [29]; self-consistent field theory indicated that pinned micelles should be
observed for tethered diblocks where the more soluble block (in our case, PS)
is attached to the surface. Furthermore, Balazs and co-workers predicted that
the size of the pinned micelles should increase with the size of the less-soluble
block (in our case, PMMA), as we have observed.

These intriguing results prompted us to study the effect of different di-
block brush compositions on the rearrangement. Although we successfully
prepared a series of different diblock brushes and did observe changes in the
surface properties (see Sect. 4.2 below), only the Si/SiO,//PS-b-PMMA sys-
tem displayed a periodic nanomorphology (Fig. 2). The literature contains at
least two examples of block brushes that exhibit a similar, periodic nanomor-
phology in AFM analysis. Zhao and co-workers [21,22] prepared a well-
defined mixed PMMA/PS brush using an asymmetric difunctional initiator-
terminated SAM. For mixed brushes where the PS M, is slightly lower or
similar to PMMA M, a periodic nanomorphology was observed in the
AFM after treatment with acetic acid (a block-selective solvent for PMMA).
Huang and co-workers [34] prepared a triblock brush on gold composed of
PMMA-b-poly(N,N-dimethylaminoethyl methacrylate)-b-PMMA. A feature-
less surface was observed for the sample treated with a nonselective solvent
(dichloromethane). Methanol was gradually added to the solvent until the
composition was 99.5/0.5 (v/v) methanol/dichloromethane; AFM analysis
of the triblock revealed a periodic nanomorphology that was attributed to
surface-immobilized micelles. We also reported a triblock brush and did ob-
serve significant changes in the AFM after treatment with block-selective sol-
vents; however, the observed features were much more disperse (Fig. 3) [33].

Fig.3 AFM image of Si/SiO,//PMA-b-PS-b-PMA brushes after treatment with cyclohex-
ane
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4.2
Expanded Composition of Diblock Copolymer Brushes

One important goal of this research was to expand the composition of block
copolymer brushes. The motivation was to prepare dissimilar (e.g., greater
disparity in hydrophobicity) blocks that might show greater changes in the
surface properties before and after switching and to use blocks that would re-
spond to nonsolvent induced stimuli (e.g., pH, ionic strength, temperature).
We expanded our composition to include the monomers listed in Table 3. Also
given in Table 3 are solubility parameters (§) that were calculated using group
contribution methods. The greater the difference in §, the larger the Flory-
Huggins interaction parameter (x) and thus the less likely that two blocks
would be miscible. It is logical to assume that the rearrangement of diblock
copolymer brushes would be related to x; one would predict that the diblocks
with the largest x values would be the least likely to rearrange.

Table 4 contains some representative data for solvent switching of a se-
ries of diblock brushes where the bottom block (adjacent to the silicate) is
PS. Column 2 of this table contains the advancing, water contact angles for
the system in the extended state; that is, the contact angle represents the
composition of the upper block. Treatment of the diblock brushes with a PS
block-solvent should induce a rearrangement that places PS segments at the
air interface; the expected advancing contact angle for a PS-rich surface is

Table3 Calculated § based on group contribution methods compared to experimental
values #

Monomer Calc. § Exp. §
(J/em®)/2 (J/em?)!/2

Methyl acrylate (MA) 19.9 19.9-21.3
Methyl methacrylate (MMA) 19.0 18.6-26.2
Styrene (S) 19.1 17.4-19.0
N,N-Dimethylacrylamide (DMA) ® 25.2 unknown
Acrylic acid (AA) b 28.7 unknown
N,N-Dimethylaminoethyl methacrylate (DMAEMA) ® 19.5 unknown
Hydroxyethyl methacrylate (HEMA) ° 24.8 unknown
Heptadecafluorodecyl acrylate (HFA) 14.1 unknown
Pentafluoropropyl acrylate (PFA) 16.5 unknown
Trifluorethyl acrylate (TFA) 17.5 unknown
Pentafluorostyrene (PFS) unknown 16.77 €

2 All values obtained from published work by Van Krevelen or calculated using values of
Hoftyzer and Van Krevelen [66]

b Values calculated by the method of Fedors [66]

¢ Value obtained from work by Su [67]
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Table 4 Solvent induced rearrangement of diblock brushes

Block copolymer brush P Starting @, O, After
cyclohexane treatment

Si/Si0,//PS-b-PMMA [46] 75 98
(26) (9)

Si/Si0,//PS-b-PMA [47] 68 98
(24) (9)

Si/Si0,//PS-b-PDMAEMA [47] 63 98
(27) (3)

Si/Si0,//PS-b-PDMA [51] 42 65
(18) (12)

Si/Si0,//PS-b-PPFA [53] 112 97
(13) (5)

Si/Si0,//PS-b-PHFA [53] 127 110
(10) (6)

Si/Si0,//PS-b-PTFA [53] 101 97
(17) (6)

Si/Si0,//PS-b-PPES [53] 121 100
(16) (5)

Si/Si0,//PS-b-PAA [52] 24 48 ¢
(21) (8)

# See Table 3 for abbreviations

b Numbers in parentheses correspond to the individual film thickness for each block,
given in nm

¢ Anisole was used as the PS-selective solvent for this system

100°. Several systems do not display this behavior (indicating little rearrange-
ment of the diblock brush) and these correspond to blocks where A§ > 2.6
relative to PS. The data in Table 4 provide a better understanding of the
relationship between rearrangement of diblock brushes and the relative mis-
cibility of the two blocks. The solubility parameter is a useful predictor of
brush rearrangement; the greater the difference in 6 between two blocks, the
less rearrangement. We have also synthesized several diblock brushes where
the first block is poly(methyl acrylate) (PMA) (Table 1), but the total num-
ber of diblock systems is considerably smaller and we have excluded these
systems for this discussion.

43
Dynamics of Surface Reorganization

To better understand the time-scale of diblock brush reorganization, we pre-
pared semifluorinated diblock copolymer brushes where the outer block (at
the air interface) was a semifluorinated block composed of poly(pentafluoro-
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styrene) (PPFS), poly(heptadecafluorodecyl acrylate) (PHFA), poly(penta-
fluoropropyl acrylate) (PPFA), or poly(trifluoroethyl acrylate) (PTFA) [53].
The block at the silicate interface was either PS or PMA. Treatment of the
diblock systems with block-selective solvents produced predictable changes
in water contact angles except for those diblock brushes based on PHFA. All
of these systems were fully characterized by XPS, tensiometry, ellipsometry,

8

._.//,_.

advancing contact angle
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Fig.4 Dependence of the advancing water contact angle on annealing temperature for
PS-based diblock copolymer brush layers: (filled squares) Si/SiO,//PS-b-PHFA, (filled tri-
angles) Si/SiO,//PS-b-PPFA, (filled diamonds) Si/SiO,//PS-b-PPES. Lines added as guide
for the eye
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Fig.5 Dependence of the advancing water contact angle on annealing temperature
for PMA-based diblock copolymer brush layers: (filled squares) Si/SiO,//PMA-b-PHFA,
(filled circles) Si/SiO,//PMA-b-PTFA, (filled diamonds) Si/SiO,//PMA-b-PPES, (filled tri-
angles) Si/SiO,//PMA-b-PPFA. Lines added as guide for the eye
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AFM and ATR FTIR. Recognizing that semifluorinated blocks prefer the hy-
drophobic air interface, we induced a brush rearrangement of the diblock
with a selective solvent for the bottom block (PS or PMA). Thermal treat-
ment of these switched systems provided information about the time scale
for equilibration to an extended state, in the absence of a solvent (see Figs. 4
and 5) [68]. Tables 5 and 6 present switching information for four out of the
eight systems studied. These four diblock brushes demonstrated the greatest
changes in contact angles.

Figures 4 and 5 illustrate the thermal rearrangement of semi-fluorinated
diblocks after the diblock systems were treated with solvent that is selec-
tive for the lower block (PMA or PS). When either PS (Tg = 100 °C) or PPFS

Table 5 Solvent treatment of PS-based diblock semifluorinated brushes P

Si/Si0,//PS-b-PPFS © §i/8i0,//PS-b-PPFA ©

Solvent 2 ®, O, O, O,
1%t Fluorobenzene/ 121 90 112 92
Trifluorotoluene ©

1% Cyclohexane 101 85 97 78
2" Fluorobenzene/ 119 88 113 92
Trifluorotoluene ©

2" Cyclohexane 102 87 96 77

2 The standard deviation of contact angles was < 2°

b Sample immersed in solvent at 60 °C for 1h

¢ PS-b-PPFES brush was treated with fluorobenzene and all other brushes were treated
with trifluorotoluene

Table 6 Solvent treatment of PMA-based semifluorinated diblock brushes

Si/Si0,//PMA-b-PPFS ° Si/Si0;//PMA-b-PPFA P

Solvent 2 O, O, ®, O,

1%t Fluorobenzene/ 115 88 111 94
Trifluorotoluene €

1%t Acetone/ 79 67 81 65

Ethyl Acetate 4

2" Fluorobenzene/ 118 92 112 95
Trifluorotoluene ©

27 Acetone/ 82 68 80 66

Ethyl Acetate 9

2 Sample immersed in solvent at 60 °C for 1h

b The standard deviation of contact angles was < 2°

¢ PMA-b-PPFS brush was treated with fluorobenzene and all other brushes were treated
with trifluorotoluene
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(Tg = 105°) are present in the diblock brush, higher temperatures are required
to effect rearrangement. Logically, the diblock brush with PMA (Tg = 10 °C)
and PPFA (Tg = - 26 °C) rearranges readily at lower temperatures. In addition
to using heat as a switching stimulus, we have also effected the same remi-
gration of a semifluorinated block to the air interface by subjecting a sample
to supercritical CO,. Fluoroacrylates are known to be highly soluble in super-
critical CO, [69].

5
Summary

We have established a relationship between film thickness and the molecu-
lar weight of the polymer brush. We better understand how the relative film
thickness of diblock copolymer brushes correlates with the dimensions of
pinned micelle structures. Probably the most significant result is a better un-
derstanding of the relationship between rearrangement of diblock brushes
and the relative miscibility of the two blocks. We have demonstrated that § is
a useful predictor of brush rearrangement; the greater the difference in be-
tween two blocks, the less significant the rearrangement. Lastly, we have
demonstrated the other external stimuli besides block-selective solvents can
be used to induce brush reorganization, namely temperature and treatment
with supercritical CO,.
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Abstract Neutral or charged polymers that are densely end-grafted to surfaces form
brush-like structures and are highly stretched under good-solvent conditions. We dis-
cuss and compare relevant results from scaling models, self-consistent field methods and
MD simulations and concentrate on the conceptual simple case of planar substrates. For
neutral polymers the main quantity of interest is the brush height and the polymer dens-
ity profile, which can be well predicted from self-consistent calculations and simulations.
Charged polymers (polyelectrolytes) are of practical importance since they are soluble in
water. Counterion degrees of freedom determine the brush behavior in a decisive way and
lead to a strong and nonlinear swelling of the brush.

Keywords Brushes - Polyelectrolytes - Scaling theory - Self-consistent field theory -
Simulation techniques
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Abbreviations

a Kuhn length or effective monomer size

d height of counterion layer

f fractional charge of the chain 0 < f<'1

F free energy in units of kg T (per chain or unit area)
h height of brush

kgT thermal energy

L contour length of a chain

Lp = e*/(4mekpT)

N polymerization index

R end-to-end polymer chain radius

Ro end-to-end radius of an ideal polymer

Rp Flory radius of a self-avoiding chain

V) 2nd virial coefficient of monomers in solution
! Debye-Hiickel screening length

v Flory exponent for the polymer size

I osmotic pressure, rescaled by kg T

Pa grafting density of a polymer brush

p(2) monomer density at distance z from grafting surface
o Lennard-Jones diameter in simulation

1

Introduction

Polymers are long, chain-like molecules that consist of repeating subunits, the
so-called monomers [1-4]. In many situations, all monomers of a polymer
are alike, showing for example the same tendency to adsorb to a substrate [5].
For industrial applications, one is often interested in end-functionalized poly-
mers that are attached with one end only to the substrate [6,7]. Indus-
trial interest comes from the need to stabilize particles and surfaces against
flocculation. In end-grafted polymer structures the stabilization power is
greatly enhanced as compared with adsorbed layers of polymers, where each
monomer is equally attracted to the substrate. The main reason is that bridg-
ing of polymers between two approaching surfaces and creation of polymer
loops on the same surface is very frequent in the case of polymer adsorp-
tion and eventually leads to attraction between two particle surfaces and thus
destabilization. This does not occur if the polymer is grafted by its end to the
surface and the monomers are chosen such that they do not particularly ad-
sorb to the surface. In biology, brush-like polymer structures are encountered
as the surface coating of endothelial cells and regulate the adsorption and mi-
gration of various particles and bio-molecules from the blood stream to the
vascular cells.

Experimentally, two basic ways of building a grafted polymer layer can be
distinguished: In the first, the polymerization is started from the surface with
some suitably chosen surface-linked initiator. The advantage of this grafting-
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from procedure is that only monomers have to diffuse through the forming
brush layer and thus the reaction kinetics are fast. In the second route one at-
taches polymers with special end-groups that act as anchors on the surface.
This grafting-to procedure is subject to slow kinetics during the formation
stage since whole polymers have to diffuse through the natant grafting layer,
but benefits from a somewhat better control over the brush constitution and
chemical composition. One distinguishes physical adsorption of end-groups
that favor the substrate, for example zwitter-ionic end-groups attached to poly-
styrene chains that lead to binding to mica in organic solvents such as toluene
or xylene [8]. A stronger and thus more stable attachment is possible with co-
valently end-grafted chains, for example poly-dimethylsiloxane chains which
carry hydroxyl end groups and undergo condensation reactions with silanols
of a silica surface [9]. One can also employ a suitably chosen diblock copoly-
mer where one block adsorbs on the substrate while the other is repelled from
it [10]. An example is furnished by polystyrene-poly(vinyl-pyridine) (PS-PVP)
diblocks in the selective solvent toluene, which is a bad solvent for the PVP
block and promotes strong adsorption on a quartz substrate, but acts as a good
solvent for the PS block and disfavors its adsorption on the substrate [11].
In a slight modification one uses diblock copolymers that are anchored at
the liquid-air [12,13] or at a liquid-liquid interface of two immiscible li-
quids [14]. This scenario offers the advantage that the grafting density can
(for the case of strongly anchored polymers) be varied by lateral compression
(like a Langmuir mono-layer) and that the lateral surface pressure can be di-
rectly measured. The lateral pressure is an important thermodynamic quantity
and allows detailed comparison with theoretical predictions. A well studied
example is that of a diblock copolymer of polystyrene—polyethylene oxide
(PS-PEO) [13]. The PS block is shorter and functions as an anchor at the air-
water interface because it is immiscible in water. The PEO block is miscible in
water but because of attractive interaction with the air-water interface it forms
a quasi-two dimensional layer at very low surface coverage. As the surface pres-
sure increases and the area per polymer decreases, the PEO block is expelled
from the surface and forms a polymer brush.

In this theoretical chapter we simplify the discussion by assuming that
the polymers are irreversibly grafted at one of their chain ends to the sub-
strate, we only mention in passing a few papers on the kinetics of grafting.
The substrate is assumed to be solid, planar and impenetrable to the poly-
mer monomers, we briefly cite some results obtained for curved substrates.
We limit the discussion to good solvent conditions and neglect any attrac-
tive interactions between the polymer chains and the surface. Charged poly-
mers are interesting from the application point of view, since they allow for
water-based formulations of organic substances which are advantageous for
economical and ecological reasons. Recent years have seen a tremendous re-
search activity on charged polymers in bulk [15-18] and at interfaces [5, 19].
We therefore treat neutral brushes as well as charged ones.
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The characteristic parameter for brush systems is the anchoring or graft-
ing density p,, which is the inverse of the average area available for each
polymer at the surface. For small grafting densities, p, < p;, the polymer
chains will be far apart from each other and hardly interact, as schematically
shown in Fig. 1a. The polymers in this case form well-separated mushrooms
at the surface. The grafting density at which chains just start to overlap is
determined by p} ~ R™? where R is the typical radius or size of a chain. In
good solvent conditions (that is for swollen chains), the chain radius fol-
lows the Flory prediction Rg ~ aN3/> where N is the polymerization index or
monomer number of the chain, and g is a characteristic microscopic length
scale of the polymer that incorporates monomer size as well as backbone
stiffness. The crossover grafting density for a polymer under good-solvent
conditions follows as p} ~ a2N~6/>. For large grafting densities, p > p*, the
chains are strongly overlapping. This situation is depicted in Fig. 1b. Since
we assume the solvent to be good, monomers repel each other. The lateral
separation between the polymer coils is fixed by the grafting density, so
that the polymers extend away from the grafting surface in order to avoid
each other. The resulting structure is called a polymer brush, with a vertical
height h which greatly exceeds the unperturbed coil radius R [20-22]. Similar
stretched structures occur in many other situations, such as diblock copoly-
mer melts in the strong segregation regime [6,23], or star polymers under
good solvent conditions [24]. Theory is mostly concerned with predicting the
layer height h, but also the detailed monomer density profile and resulting

a)

-1/2

Pa

b)

pa”
Fig.1 For grafted chains, one distinguishes between: a the mushroom regime, where the
distance between chains, pgl/ 2, is larger than the size R of a polymer coil; and, b the
brush regime, where the distance between chains is smaller than the unperturbed coil
size. Here, the chains are stretched away from the surface due to repulsive interactions
between monomers. The brush height h scales linearly with the polymerization index,
h ~ N, and thus is larger than the unperturbed coil radius R which in the good solvent
regime scales according to Flory as Rg ~ aN" with v=3/5
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forces of lateral or vertical brush compression as a function of the various
system parameters.

The understanding of grafted polymer systems progressed substantially
with the advent of experimental techniques such as: surface force balance [8],
small angle neutron scattering [9], neutron [11, 25] and X-ray [26] diffraction,
and ellipsometry [14]. Of equal merit was the advancement in the theoretical
methodology ranging from field theoretical methods and scaling arguments
to numerical simulations, which will be amply reviewed in this chapter.

2
Polymer Basics

The main parameters used to describe a polymer chain are the polymer-
ization index N, which counts the number of repeat units or monomers
along the chain, and the size of one monomer or the distance between two
neighboring monomers. The monomer size ranges from a few Angstroms
for synthetic polymers to a few nanometers for biopolymers. The simplest
theoretical description of flexible chain conformations is achieved with the
so-called freely-jointed chain (FJC) model, where a polymer consisting of
N + 1 monomers is represented by N bonds defined by bond vectors r; with
j=1,...N. Each bond vector has a fixed length |rj| = a corresponding to the
Kuhn length, but otherwise is allowed to rotate freely and independently of its
neighbors, as is schematically shown in Fig. 2 (top). This model of course only
gives a coarse-grained description of real polymer chains, but we will later
see that by a careful interpretation of the Kuhn length a and the monomer
number N, an accurate description of the large-scale properties of real poly-
mer chains is possible. The main advantage is that due to the simplicity of the
FJC model, many interesting observables (such as chain size or distribution
functions) can be calculated with relative ease. We demonstrate this by calcu-
lating the mean end-to-end radius of such a FJC polymer. Fixing one of the
chain ends at the origin, the position of the (k + 1)-th monomer is given by
the vectorial sum

k
Rk:zrj' (1)
j=1

Because two arbitrary bond vectors are uncorrelated in this simple model,
the thermal average over the scalar product of two different bond vectors
vanishes, (r;-rx) =0 for j # k, while the mean squared bond vector length is
simply given by (r]g) = a?. 1t follows that the mean squared end-to-end radius

R is proportional to the number of monomers,

R} = (R})=Na’=La, )
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S s

Fig.2 Top: Freely jointed chain (FJC) model, where N bonds of length a are connected
to form a flexible chain with a certain end-to-end distance R. Bottom: In the simplified
model, appropriate for more advanced theoretical calculations, a continuous line is gov-
erned by some bending rigidity or line tension. This continuous model can be used when
the relevant length scales are much larger than the monomer size

where the contour length of the chain is given by L = Na. Ry denotes the
mean end-to-end radius of an ideal chain, and according to Eq. 2, it scales
as Ry = aN'/2, Experimentally one often knows, via knowledge of the chem-
ical structure and polymer mass, the length L and, via light scattering, the
radius R of a chain. Using the above scaling results, valid for a noninteracting
chain, the Kuhn length follows as a = RZ/L and the effective monomer num-
ber as N = L/a, which allows treatment of real chains with a complicated local
conformational structure within the FJC model. Note that the so-determined
Kuhn length a is usually larger than the actual monomer-size, since it takes
back-bone stiffness effects into account. Likewise, the determined effective
monomer number N is typically smaller than the actual (chemical) number
of monomers in the chain.

In many theoretical calculations aimed at elucidating large-scale proper-
ties, the simplification is carried even a step further and a continuous model
is used, as schematically shown in Fig. 2 (bottom). In such models the poly-
mer backbone is replaced by a continuous line and all microscopic details are
neglected. The chain is then only characterized by its length L and radius R.

2.1
Polymer Swelling and Collapse

The models discussed so far describe ideal chains and do not account for in-
teractions between monomers which typically consist of some short-ranged
repulsion and long-ranged attraction. Including these interactions will give
a different scaling behavior for long polymer chains. The end-to-end radius,

R= \/(R%\,), can be written for N >> 1 as

R~aN", (3)



Theoretical Approaches to Neutral and Charged Polymer Brushes 155

which defines the so-called swelling exponent v. As we have seen, for an ideal
polymer chain (no interactions between monomers), Eq. 2 implies v =1/2.
This situation is realized for experimental polymers at a certain tempera-
ture or solvent conditions when the attraction between monomers exactly
cancels the steric repulsion (which is due to the fact that the monomers can-
not penetrate each other). This situation can be achieved in the condition of
theta solvents. In good solvents, on the other hand, the monomer-solvent in-
teraction is more attractive than the monomer-monomer interaction, in other
words, the monomers try to avoid each other in solution. As a consequence,
single polymer chains in good solvents have swollen spatial configurations
dominated by the steric repulsion, characterized by an exponent v =~ 3/5,
leading to the Flory radius Rr ~ aN3/°. This spatial size of a polymer coil is
much smaller than the extended contour length L = aN but larger than the
size of an ideal chain Ry = aN'/2, i.e. Ry < Rg < L for large N. The reason
for this behavior is conformational entropy (which prevents full stretching of
the chain) combined with the favorable interaction between monomers and
solvent molecules in good solvents (which leads to a more open structure
than an ideal chain). In the opposite case of bad or poor solvent conditions,
the effective interaction between monomers is attractive, leading to collapse
of the chains and to their precipitation from solution. In this case, the poly-
mer volume, like any space filling object embedded in three-dimensional
space, scales proportional to its weight as R* ~ N, yielding an exponent
v=1/3.

The standard way of taking into account interactions between monomers
is the Flory theory, which treats these interactions on an approximate mean-
field level [1-3]. Let us first consider the case of repulsive interactions be-
tween monomers, which can be described by a positive second-virial coeffi-
cient v, and corresponds to the good solvent condition. For pure hard-core
interactions and with no additional attractions between monomers, the sec-
ond virial coefficient (which corresponds to the excluded volume) is of the
order of the monomer volume, i.e. v, ~ a>. The repulsive interaction between
monomers, which tends to swell the chain, is counteracted and balanced by
the ideal chain elasticity, which is brought about by the entropy loss asso-
ciated with stretching the chain. The origin is that the number of polymer
configurations having an end-to-end radius of the order of the unperturbed
end-to-end radius is large. These configurations are entropically favored over
configurations characterized by a large end-to-end radius, for which the num-
ber of possible polymer conformations is drastically reduced. The standard
Flory theory for a flexible chain of radius R is based on writing the free en-
ergy F of a chain (in units of the thermal energy kg T) as a sum of two terms
(omitting numerical prefactors)

R2 N2
F:R(Z) +nR? (R3) , (4)
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where the first term is the entropic elastic energy associated with swelling
a polymer chain to a radius R, proportional to the effective spring constant
of an ideal chain, kg T/R(z), and the second term is the second-virial repulsive
energy proportional to the coefficient v, and the segment density squared.
It is integrated over the volume R®. The optimal radius R is calculated by
minimizing this free energy and gives the swollen radius

R ~ a(v,/a®)'/°N", (5)

with v = 3/5. For purely steric interactions with v, ~ a®> we obtain R ~ aN".

For weakly interacting monomers, 0 < v, < a3, one finds that the swollen ra-
dius Eq. 5 is only realized above a minimal monomer number N =~ (v,/ a®)~?
below which the chain statistics is unperturbed by the interaction and the
scaling of the chain radius is Gaussian and given by Eq. 2.

In the opposite limit of a negative second virial coefficient, v, < 0, corres-
ponding to the bad or poor solvent regime, the polymer coil will be collapsed
due to attraction between monomers. In this case, the attraction term in the
free energy is balanced by the third-virial term in a low-density expansion
(where we assume that v3 > 0),

N\? N\?
F~wR® (R3) + v3R® (R3) . (6)

Minimizing this free energy with respect to the chain radius one obtains
R (v3/[v2])'/°N" 7)

with v =1/3. This indicates the formation of a compact globule, since
the monomer density inside the globule, p ~ N/R?, is independent of the
chain length. The minimal chain length to observe a collapse behavior is
N ~ (v3/a*v;)?. For not too long chains and a second virial coefficient not too
much differing from zero, the interaction is irrelevant and one obtains effect-
ive Gaussian or ideal behavior. It should be noted, however, that even small
deviations from the exact theta conditions (defined by strictly v, = 0) will lead
to chain collapse or swelling for very long chains.

2.2
Charged Polymers

A polyelectrolyte (PE) is a polymer with a fraction f of charged monomers.
When this fraction is small, f < 1, the PE is weakly charged, whereas when
f is close to unity, the polyelectrolyte is strongly charged. There are two com-
mon ways to control f [17]. One way is to polymerize a heteropolymer mixing
strongly acidic and neutral monomers as building blocks. Upon contact with
water, the acidic groups dissociate into positively charged protons (H*) that
bind immediately to water molecules, and negatively charged monomers.
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Although this process effectively charges the polymer molecules, the counte-
rions make the PE solution electro-neutral on larger length scales. The charge
distribution along the chain is quenched during the polymerization stage,
and it is characterized by the fraction of charged monomers on the chain, f.
In the second way, the PE is a weak polyacid or polybase. The effective charge
of each monomer is controlled by the pH and the salt concentration of the
solution [27]. Moreover, this annealed fraction depends on the local electric
potential which is in particular important for adsorption or binding processes
since the local electric potential close to a strongly charged surface [28] or
a second charged polymer can be very different from its value in the bulk
solution and therefore modify the polyelectrolyte charge [29].

Counterions are attracted to the charged polymers via long-ranged
Coulomb interactions; this physical association typically leads to a rather
loosely bound counterion cloud around the PE chain. Because of this back-
ground of a polarizable and diffusive counterion cloud, there is a strong
influence of the counterion distribution on the PE structure and vice versa.
Counterions contribute significantly towards bulk properties, such as the
osmotic pressure, and their translational entropy is responsible for the gen-
erally good water solubility of charged polymers. In addition, the statistics
of PE chain conformations is governed by intra-chain Coulombic repulsion
between charged monomers; this results in a more extended and swollen
conformation of PE’s as compared to neutral polymers and gives rise to the
characteristically high viscosity of polyelectrolyte solutions (hence their use
as viscosifiers in the food industry).

For polyelectrolytes, electrostatic interactions provide the driving force for
their salient features and have to be included in any theoretical description.
The reduced electrostatic interaction between two point-like charges can be
written as q;q2v(r) where

v(r) = Lg/r 8)

is the Coulomb interaction between two elementary charges in units of kg T
and ¢q; and g, are the valencies (or the reduced charges in units of the elemen-
tary charge e). The Bjerrum length {p is defined as

62

Ig = ,
B 4mekg T

where ¢ is the medium dielectric constant. It denotes the distance at which
the Coulombic interaction between two unit charges in a dielectric medium is
equal to thermal energy (kg T). It is a measure of the distance below which the
Coulomb energy is strong enough to compete with the thermal fluctuations;
in water at room temperatures, one finds £ ~ 0.7 nm.

In biological systems and most industrial applications, the aqueous so-
lution contains in addition to the counterions mobile salt ions. Salt ions
of opposite charge are drawn to the charged object and modify the coun-

)
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terion cloud around it. They effectively reduce or screen the charge of the
object. The effective (screened) electrostatic interaction between two charges
q1 and q; in the presence of salt ions and a polarizable solvent can be written
as q1q2vpHu(r), with the Debye-Hiickel (DH) potential vpu(r) given (in units
of kgT) by

)/
vou(r) = rBe"”. (10)

The exponential decay is characterized by the screening length «~!, which
is related to the salt concentration cg,y; by k% = 8% £pcgar, Where g denotes
the valency of g: g salt. At physiological conditions the salt concentration is
Csalt ~ 0.1 M and for monovalent ions (g = 1) this leads to ™! ~ 1 nm. This
means that although the Coulombic interactions are long-ranged, in phys-
iological conditions they are highly screened above length scales of a few
nanometers, which results from multi-body correlations between ions in
a salt solution.

For charged polymers, the effective bending stiffness and thus the Kuhn
length is increased due to electrostatic repulsion between monomers [30-36].
This effect modifies considerably not only the PE behavior in solution but also
their adsorption characteristics [37].

A peculiar phenomenon occurs for highly charged PE’s and is known as
the Manning condensation of counterions [38-40]. This phenomenon consti-
tutes a true phase transition in the absence of added salt ions [41]. For a single
rigid PE chain represented by an infinitely long and straight cylinder with
a linear charge density t larger than the threshold

lgTg=1, (11)

where g is the counterion valency, it was shown that counterions condense
on the oppositely charged cylinder even in the limit of infinite system size.
For a solution of stiff charged polymers this corresponds to the limit where
the inter-chain distance tends to infinity. This effect is not captured by the
linear Debye-Hiickel theory. A simple heuristic way to incorporate the non-
linear Manning condensation is to replace the bare linear charge density t by
the renormalized one, Trenorm = 1/(q£B), whenever £gtg > 1 holds. This pro-
cedure, however, is not totally satisfactory at high salt concentrations [42, 43].
Also, real polymers have a finite length, and are neither completely straight
nor in the infinite dilution limit [44]. Still, Manning condensation has an ex-
perimental significance for polymer solutions [45] because thermodynamic
quantities, such as counterion activities [46] and osmotic coefficients [47],
show a pronounced signature of Manning condensation. Locally, polymer
segments can be considered as straight over length scales comparable to the
persistence length. The Manning condition Eq. 11 usually denotes a region
where the binding of counterions to charged chain sections begins to deplete
the solution from free counterions.
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3
Neutral Grafted Polymers

3.1
Scaling Approach

The scaling behavior of the brush height h can be analyzed using a Flory-like
mean-field theory, which is a simplified version of the original Alexander the-
ory [21] for polymer brushes. The stretching of the chain leads to an entropic
free energy loss of h?/R3 per chain, and the repulsive energy density due
to unfavorable monomer-monomer contacts is proportional to the squared
monomer density times the excluded-volume parameter v,. The derivation is
thus analogous to the calculation of the Flory radius of a chain in good solvent
shown in Sect. 2.1, except that now the grafting density p, plays a decisive role
and controls the amount of stretching of the chains. The free energy per chain
(and in units of kg T) is then

h? 0aN\? h
F~ + . 12
a’N & ( h ) Pa 12

The equilibrium height is obtained by minimizing Eq. 12 with respect to A,
and the result is

ho = N (2v2a%p,/3)"° (13)

where the numerical constants have been added for numerical convenience
in the following considerations. The height of the brush scales linearly with
the polymerization index N, a clear signature of the strong stretching of the
polymer chains, as was originally obtained by Alexander [21]. At the over-
lap threshold, p} ~ a 2N/, the height scales as hy ~ N/, and thus agrees
with the scaling of an unperturbed chain radius in a good solvent, Eq. 5, as it
should. The simple scaling calculation predicts the brush height k correctly in
the asymptotic limit of long chains and strong overlap. It has been confirmed
by experiments [8, 9, 11] and computer simulations [48, 49].

3.2
Mean-Field Calculation

The above scaling result assumes that all chains are stretched to exactly
the same height, leading to a step-like shape of the density profile. Monte
Carlo and numerical mean-field calculations confirm the general scaling
of the brush height, but exhibit a more rounded monomer density profile
which goes continuously to zero at the outer perimeter [48]. A big step to-
wards a better understanding of stretched polymer systems was made by
Semenov [23], who recognized the importance of classical paths for such
systems.
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The classical polymer path is defined as the path which minimizes the
free energy, for given start and end positions, and thus corresponds to the
most likely path a polymer can take. The name follows from the analogy with
quantum mechanics, where the classical motion of a particle is given by the
quantum path with maximal probability. Since for strongly stretched poly-
mers the fluctuations around the classical path are weak, it is expected that
a theory that takes into account only classical paths, is a good approximation
in the strong-stretching limit. To quantify the stretching of the brush, let us
introduce the (dimensionless) interaction parameter $, defined as

1/3 2
B=N 3v3p2 _3( ho (14)
- 2a? 2 \aN/2) >’

where hj is the brush height according to Alexander’s theory, compare Eq. 13.
The parameter § is proportional to the square of the ratio of the Alexander
prediction for the brush height, kg, and the unperturbed Gaussian chain ra-
dius Ry ~ aN'/2, and, therefore, is a measure of the stretching of the brush
based on the scaling prediction. We will later see that the actual stretching of
the brush is not correctly described by the scaling result for short or weakly
interacting chains. Constructing a classical theory in the infinite-stretching
limit, defined as the limit 8 — oo, it was shown independently by Milner
et al. [50] and Skvortsov et al. [51] that the resulting monomer density pro-
file p(z) depends only on the vertical distance z from the grafting surface and
has in fact a parabolic profile. Normalized to unity, the density profile is given
by [50, 51]

p@ho _ (371)2/3 ) (nz )2 . (15)
0aN 4 2hy

The brush height, i.e., the value of z for which the monomer density becomes
zero, is given by z* = (6/w%)"/3hy and is thus proportional to the scaling
prediction for the brush height, Eq. 13. The parabolic brush profile has subse-
quently been confirmed in computer simulations [48, 49] and experiments [9]
as the limiting density profile in the strong-stretching limit, and constitutes
one of the cornerstones in this field. Intimately connected with the density
profile is the distribution of polymer end points, which is nonzero everywhere
inside the brush (as we will demonstrate later), in contrast with the original
scaling description leading to Eq. 13.

However, deviations from the parabolic profile become progressively im-
portant as the length of the polymers N or the grafting density p, decreases.
In a systematic derivation of the mean-field theory for Gaussian brushes [52]
it was shown that the mean-field theory is characterized by a single param-
eter, namely the stretching parameter . In the limit § — oo, the difference
between the classical approximation and the mean-field theory vanishes, and
one obtains the parabolic density profile. For finite 8 the full mean-field the-
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ory and the classical approximation lead to different results and both show
deviations from the parabolic profile.

In Fig. 3 we show the density profiles (normalized to unity) for four different
values of 8, obtained with the full mean-field theory [52]. In (a) the distance
from the grafting surface is rescaled by the scaling prediction for the brush
height, ho; and in (b) it is rescaled by the unperturbed polymer radius Ry.

For comparison, we also show the asymptotic result according to Eq. 15 as
dashed lines. The self-consistent mean-field equations are solved in the con-
tinuum limit, where the results depend only on the single parameter 8 and
direct comparison with other continuum theories becomes possible. As § in-
creases, the density profiles approach the parabolic profile and already for
B = 100 the density profile obtained within the mean-field theory is almost
indistinguishable from the parabolic profile denoted by a thick dashed line
in Fig. 3a. What is interesting to see is that for small values of the interac-
tion parameter §, the numerically determined density profiles exhibit a larger
brush height than the asymptotic prediction. This has to do with the fact that
entropic effects, due to steric polymer repulsion from the grafting surface,
are not accounted for in the infinite-stretching approximation. Experimen-
tally, the achievable § values are below g ~ 50, which means that deviations
from the asymptotic parabolic profile are important. For moderately large
values of B > 10, the classical approximation (not shown here), derived from
the mean-field theory by taking into account only one polymer path per end-
point position, is still a good approximation, as judged by comparing density
profiles obtained from both theories [52], except very close to the surface. Un-
like mean-field theory, the classical theory misses completely the depletion
effects at the substrate. Depletion effects at the substrate lead to a pronounced
density depression close to the grafting surface, as is clearly visible in Fig. 3.

pho/Np,
1.75

1.25

0.75 |

0 L
0 0.4 0.8 1.2

z/h,

Fig.3 Self-consistent mean-field results for the density profile (normalized to unity) of
a brush for different values of the interaction parameter 8. In a the distance from the
grafting surface is rescaled by the scaling prediction for the brush height, hg, and in
b it is rescaled by the unperturbed polymer radius Ry. As 8 increases, the density profiles
approach the parabolic profile (shown as dashed lines)
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Let us now turn to the thermodynamic behavior of a polymer brush. Using
the Alexander scaling model, we can calculate the free energy per chain by
putting the result for the optimal brush height, Eq. 13, into the free-energy
expression, Eq. 12, and obtain

F~B~N (vap/a)" . (16)

In Fig. 4a we show the rescaled free energy per chain within the full mean-
field framework (solid line) in comparison with the infinite stretching result
(dotted horizontal line) and including the leading correction due to the fi-
nite entropy of the end-point distribution (broken line) [52]. In the infinite-
stretching limit, i.e. for 1/8 — 0, all curves converge. The free energy is not
directly measurable, but the lateral pressure can be determined using the
Langmuir film balance technique. The osmotic surface pressure IT, rescaled
by kgT, is related to F, the free energy per chain, by

~ 0(FpaA) _ 2 oF _ 20, Fo oF/B
0A 3 90a 3 gt )’

In Fig. 4b we show the rescaled osmotic pressure obtained within the mean-
field approach (solid line). In the infinite-stretching limit, one expects a scal-
ing as IT ~ ,02/ > which is shown as a dotted line. One notes that the more
accurate mean-field result gives a pressure which is strictly larger than the
asymptotic infinite stretching result, in agreement with previous calculations
and experiments [12,53-56]. In the presence of excluded-volume correla-
tions, i.e., when the chain overlap is rather moderate, the scaling of the brush
height h, Eq. 13, is still correctly predicted by the Alexander calculation,
but the prediction for the free energy, Eq. 16, is in error. Including corre-
lations [21], the free energy is predicted to scale as F~ N ps/ 5 leading to
a pressure which scales as T~ ,0;,111/ % in the presence of correlations. How-

IT= (17)
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Fig.4 a Mean-field result (solid line) for the rescaled brush free energy per polymer
as a function of the inverse interaction parameter 1/8. The infinite stretching result
is indicated by a horizontal dotted line, the broken straight line denotes the infinite
stretching result with the leading correction due to the finite end-point distribution en-
tropy. b Rescaled lateral pressure within mean-field theory (solid line) compared with the
asymptotic infinite-stretching result (dotted line)
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ever, all these theoretical predictions do not compare well with experimental
results for the surface pressure of a compressed brush [12] which has to do
with the fact that experimentally, chains are rather short so that one essen-
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Fig.5 Left: Mean-field results for the rescaled averaged polymer paths which end at a cer-
tain distance z. from the wall for 8 =1, 10, 100 (from top to bottom), corresponding
to stretching values of y = 1.1, 1.9, 5.6 (as defined in Eq. 18). The thick solid line shows
the unconstrained mean path obtained by averaging over all end-point positions. Note
that the end-point stretching is small but finite for all finite stretching parameters S.
Right: End-point distributions
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tially is dealing with a crossover situation between the mushroom and brush
regimes. An alternative theoretical method to study tethered chains is the so-
called single-chain mean-field method [53], where the statistical mechanics
of a single chain is treated exactly, and the interactions with the other chains
are taken into account on a mean-field level. This method is especially useful
for short chains, where fluctuation effects are important, and for dense sys-
tems, where excluded volume interactions play a role. The calculated profiles
and brush heights agree very well with experiments and computer simula-
tions. Moreover, these calculations explain the pressure isotherms measured
experimentally [12] and in molecular-dynamics simulations [57].

A further interesting question concerns the behavior of individual polymer
paths. As was already discussed for the infinite-stretching theories (8 — ©0),
polymers paths do end at any distance from the surface. In the left part of
Fig. 5 we show mean-field results for the rescaled averaged polymer paths
which end at a certain distance z. from the wall for g =1, 10, 100 (from top
to bottom). Analyzing the polymer paths which end at a common distance
from the surface, two rather unexpected features are obtained: (i) free poly-
mer ends, in general, are stretched; and, (ii) the end-points lying close to the
substrate are pointing towards the surface (such that the polymer path first
turns away from the grafting surface before moving back towards it). In con-
trast, end-points lying beyond a certain distance from the substrate, point
away from the surface (such that the paths move monotonously towards the
surface). As we will explain shortly below, these two features have been con-
firmed in molecular-dynamics simulations [58]. They are not an artifact of
the continuous self-consistent theory used in [52] nor are they due to the neg-
lect of fluctuations. These are interesting results, especially since it has been
long assumed that free polymer ends are unstretched, based on the assump-
tion that no forces act on free polymer ends. The thick solid line shows the
unconstrained mean path obtained by averaging over all end-point positions.
Note that the end-point stretching is small but finite for all finite stretching
parameters . The right panel exhibits the end-point distributions, which,
obviously, are finite over the whole range of vertical heights.

33
Molecular Dynamics Simulations

We now present results from molecular dynamics simulations in which all
the chain monomers are coupled to a heat bath. The chains interact via the
repulsive portion of a shifted Lennard-Jones potential with a Lennard-Jones
diameter o, which corresponds to a good solvent situation. For the bond po-
tential between adjacent polymer segments we take a FENE (nonlinear bond)
potential which gives an average nearest-neighbor monomer-monomer sepa-
ration of typically a ~ 0.97¢. In the simulation box with a volume L x L x L,
there are 50 (if not stated otherwise) chains each of which consists of N + 1
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monomers with varying monomer number N = 20, 30, 50, as indicated. The
box length L in the x- and y-direction was chosen to give anchoring densi-
ties p, from 0.02072 to 0.170~2. The first monomer of each chain is firmly and
randomly attached to the grafting surface at z = 0. The mean square end-to-
end distance of identical free (i.e. unanchored) chains was for the case N = 50
found to be Rg = ((ry - rO)Z);ree = 12.55¢0. For more details consult [58].

Figure 6 shows the behavior of the reduced monomer density p(z)Rg/Npa
at increasing anchoring density. The stretching of the chains with increas-
ing surface coverage, which is due to the repulsion between monomers, is
evident. This plot has to be compared with Fig. 3b, where the same type of
rescaling has been used. However, note that at this point, direct and quanti-
tative comparison is not possible, since it is a priori not clear which value of
the interaction parameter § in the self-consistent calculation corresponds to
which set of simulation parameters o, N, p,.

The theoretically predicted scaling law of the brush height hy ~ N p;/ > has
been confirmed in several simulations [49]. Provided p, is above the critical
overlap density p} ~ N =6/5_ the brush height, as measured by the first mo-
ment of the monomer density distribution (z) = [ zp(z)dz/ [ p(2z)dz, should
approach the predicted scaling form. Figure 7 shows this behavior in an appro-
priate scaling plot of the average brush height (z) and the z-component of the
radius of gyration Rg = (Efio(ri - rem)?/(N + 1))1/2 where rey, is the position
of the center of mass. For the scaling plot the brush height and radius of gyration

are divided by the scaling prediction hy ~ N ,0;/ >a5/3 and plotted as a function

pRF/Npa
1.2 4

08|

0.4 1

0.00

Z/RF

Fig.6 Simulation results for the normalized monomer number density, p(z)Rg/Npa, as
a function of the scaled distance from the grafting surface z/Rr for anchored chains of
length N =50 and grafting densities p,0% = 0.02, 0.04, 0.06, 0.09, and 0.17 (from top to
bottom). Note that Rg is determined within the simulation for a single, free polymer chain
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Fig.7 Simulation results for the rescaled average monomer height h/(N pi/ a5/ 3) (top)

and the vertical component of the radius of gyration Rg,/(N, p;/ 325/ 3) (bottom) versus

the scaling variable N(p,a®)!/3/Ry for different chain lengths as indicated in the figure.
The open/filled symbols correspond to extensible and nonextensible chains, respectively,
which is controlled within the simulation by the strength of the FENE bond potentials.
As one can see, for large values of the parameter combination N(p,a’ )1/3/Rg the data
saturate at a plateau and are thus in agreement with the scaling prediction

of the analogue of the interaction parameter, namely ho/Rg ~ N p;/ 3a5/3 /RE,
where a and Rg are determined from the simulation in the absence of a grafting
wall. In this way we obtain an universal crossover point N p;/ 2g5/3 /Rg ~ 1.4.
Thus, for the chain length N = 50, the case we discussed most, one can be sure
to reach the asymptotic scaling regime for the larger grafting densities.

A general problem when comparing experimental, simulation and ana-
lytical results among each other is that the different parameters have to be
matched in a meaningful way. One such way is based on the relative stretch-
ing of chains in a brush. In Fig. 8 we plot in (a) simulation results for the
stretching ratio

Y = (ze(pa))/(ze(pa = 0)), (18)

which is the averaged end-point height for a finite grafting density divided
by the end-point height for vanishing grafting density. The stretching ratio is
plotted as a function of the scaled anchoring density (N pi/ 2a5/3 /Rg)? which
is the analogue of the interaction parameter 8. It is seen that the differ-
ent chain lengths and grafting densities scale quite nicely. Clearly, for short
chains or low grafting densities, that is in the mushroom regime, the stretch-
ing ratio y approaches unity. The highest stretching ratio reached in the
simulations is y ~ 2.7. In Fig. 8b we show mean-field results for the stretch-
ing ratio y as a function of the interaction parameter 8. The general shape
of the curve is similar. Matching the stretching ratios of the simulation and
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Fig.8 Effective stretching factor y = (ze(pa)/z¢(0)) as obtained a within the simulation as
a function of the scaled anchoring density (N 023a5/3 /Rp)? and b from the self-consistent
field theory as a function of the interaction parameter f. The comparison between the
simulation results and the analytical results allows us to determine the effective g param-
eter of a particular simulation set

the mean-field calculation allows us to determine the effective 8 value corres-
ponding to a particular simulation run. As an example, for the most highly
stretched simulation with y & 2.7, we estimate an effective interaction param-
eter of 8~ 25. A similar matching procedure is possible with experimental
data.

In agreement with the mean-field profiles shown in Fig. 3, the monomer
density obtained from the simulations in Fig. 6 decays smoothly to zero at
distances far from the anchoring plane. However, comparing the shape of the
profiles in more detail, one notes a region over which the simulation pro-
files become rather flat for anchoring densities p, > 0.1072, in contrast to
the mean-field results. According to Fig. 8, this corresponds to stretching fac-
tors y >2 or B > 10. This discrepancy can be traced back to the neglect of
higher-order virial terms in the analytical theory, which become important at
elevated monomer densities.

We also looked at individual polymer paths within the simulation. The
scaled average polymer paths with a given fixed end-point distance z,
(22,(n))/(ze), are shown in Fig. 9 as a function of the rescaled contour vari-
able n/N for three typical for three typical anchoring densities corresponding
to stretching factors y ~ 1.3, 1.8, and 2.7, from top to bottom. To get an idea
of their relative weight we plot the polymer paths together with the normal-
ized density of free ends pe(z) (shown in the right panel). The trajectories
are very similar to those predicted by the mean-field theory (see Fig. 5). Paths
which end far from the anchoring surface are stretched through their en-
tire length, including the free end point. The paths which end at the outer
rim of the distribution are almost uniformly stretched and appear almost as
a straight line. On the other hand, paths which end close to the anchoring
surface are nonmonotonic, first moving away from the wall, reaching a max-
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Fig.9 Left: Simulation results for the rescaled averaged polymer paths which end at
a certain distance z. from the wall for p,0? = 0.02, 0.06, 0.17 (from top to bottom),
corresponding to stretching values of y = 1.3, 1.8, 2.7. The thick solid line shows the
unconstrained mean path obtained by averaging over all end-point positions. Right: End-
point distributions. All data are obtained for simulations with 50 chains consisting of

N =50 monomers each

imal distance, and then turning back towards the anchoring surface. Except
at the maximum, all paths are stretched everywhere, including the end point.
The straight broken lines are added for comparison and denote the maxi-
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mally stretched possible path, which consists of a fully oriented and straight
polymer. As can be seen from Fig. 5 as well as from Fig. 9, the end-point
stretching, proportional to (dz/ds) or (dz/dn), respectively, is positive for
some particular paths and negative for others, so that the average, plotted as
a thick line in the figures, is typically quite small. This reconciles the present
results with the infinite-stretching results by Milner, Witten and Cates [50]
and Zhulina and co-workers [51], where the chains were assumed to be un-
stretched at their ends regardless of their end-point position: this assumption
turns out to be acceptable on average if the stretching of the chains is large,
i.e., for large B.

34
Additional Effects

As we described earlier, the main interest in end-adsorbed or grafted polymer
layers stems from their ability to stabilize surfaces against van der Waals at-
traction. The force between colloids with grafted polymers is repulsive if the
polymers do not adsorb on the grafting substrates [59], that is, in the absence
of polymer bridges and loops. A stringent test of brush theories was pos-
sible with accurate experimental measurements of the repulsive interaction
between two opposing grafted polymer layers using a surface force appara-
tus [8]. The resultant force could be fitted very nicely by the infinite-stretching
theory of Milner et al. [60]. It was also shown that polydispersity effects, as
appear in experiments, have to be taken into account theoretically in order to
obtain a good fit of the data [61].

So far we assumed that the polymer grafted layer is in contact with a good
solvent. In this case, the grafted polymers try to minimize their mutual con-
tacts by stretching out into the solvent. If the solvent is bad, the monomers
try to avoid the solvent by forming a collapsed brush, the height of which
is considerably reduced with respect to the good-solvent case. It turns out
that the collapse transition, which leads to phase separation in the bulk, is
smeared out for the grafted layer and does not correspond to a true phase
transition [62]. The height of the collapsed layer scales linearly in p,N, which
reflects the constant density within the brush, in agreement with experi-
ments [63]. Some interesting effects have been described theoretically [64]
and experimentally [63] for brushes in mixtures of good and bad solvent,
which can be rationalized in terms of a partial solvent demixing.

For a theta solvent (v, = 0) the relevant interaction is described by the
third virial coefficient; using a simple Alexander approach similar to the one
leading to Eq. 13, the brush height is predicted to vary with the grafting
density as h ~ pa/ 2 in agreement with computer simulations [65].

Up to now we discussed planar grafting layers. It is of much interest to
consider the case where polymers are grafted to curved surfaces. The first
study taking into account curvature effects of stretched and tethered poly-
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mers was done in the context of star polymers [24]. It was found that chain
tethering in the spherical geometry leads to a universal density profile, show-
ing a densely packed core, an intermediate region where correlation effects
are negligible and the density decays as p(r) ~ 1/r, and an outside region
where correlations are important and the density decays as p ~ r™#/3, with
the radial distance denoted by r. These considerations were extended using
the infinite-stretching theory of Milner et al. [66], self-consistent mean-field
theories [67], and molecular dynamics simulations [68]. Of particular inter-
est is the behavior of the bending rigidity of a polymer brush, which can
be calculated from the free energy of a cylindrical and a spherical brush
and forms a conceptually simple model for the bending rigidity of a lipid
bilayer [69].

The behavior of a polymer brush in contact with a polymeric solvent, con-
sisting of chemically identical but somewhat shorter chains than the brush,
had been first considered by de Gennes [22]. A complete scaling description
has been given only recently [70]. One distinguishes different regimes where
the polymer solvent is expelled to various degrees from the brush. A some-
what related question concerns the behavior of two opposing brushes brought
closely together, and separated by a solvent consisting of a polymer solu-
tion [71,72]. Here one distinguishes a regime where the polymer solution
leads to a strong attraction between the surfaces via the ordinary depletion
interaction, but also a high polymer concentration regime where the attrac-
tion is not strong enough to induce colloidal flocculation. This phenomenon
is called colloidal restabilization [71].

Considering a mixed brush made of mutually incompatible grafted chains,
a novel transition to a brush characterized by a lateral composition modula-
tion was found [73]. Even more complicated spatial structures are obtained
with grafted diblock copolymers [74]. Finally, we would like to mention in
passing that these static brush phenomena have interesting consequences for
the dynamic properties of polymer brushes [75].

4
Charged Grafted Polymers

Brushes can also be formed by charged polymers which are densely end-
grafted to a surface; the resulting charged brush shares many of the features
discussed above for neutral brushes, but qualitatively new properties emerge
due to the presence of charged monomers and counterions in the brush.
Charged brushes have been the focus of numerous theoretical [76-84] and
experimental [85-89] studies. They serve as an efficient mean for prevent-
ing colloids in polar media (such as aqueous solutions) from flocculating
and precipitating out of solution. This stabilization arises from steric (en-
tropic) as well as electrostatic repulsion. A strongly charged brush is able
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to trap its own counterions and generates a layer of locally enhanced salt
concentration [78]. It is thus less sensitive to the salinity of the surrounding
aqueous medium than a stabilization mechanism based on pure electrostat-
ics (i.e. without polymers). Compared to the experimental knowledge about
uncharged polymer brushes, less is known about the scaling behavior of PE
brushes. The thickness of the brush layer has been inferred from neutron-
scattering experiments on end-grafted polymers [85] and charged diblock
copolymers at the air-water interface [87].

Theoretical work on PE brushes was initiated by the works of Miklavic
and Marcelja [76] and Misra et al. [77]. In 1991, Pincus [78] and Borisov,
Birshtein and Zhulina [79] presented scaling theories for charged brushes in
the so-called osmotic regime, where the brush height results from the bal-
ance between the chain elasticity (which tends to decrease the brush height)
and the repulsive osmotic counterion pressure (which tends to increase the
brush height). In later studies, these works have been generalized to poor
solvents [80] and to the regime where excluded volume effects become im-
portant, the so-called quasi-neutral or Alexander regime [83].

4.1
Scaling Approach

An analytical theory for polyelectrolyte brushes relies on a number of sim-
plifying assumptions. The full theoretical problem is intractable because the
degrees of freedom of the polymer chains and the counterions are coupled
by steric and long-ranged Coulomb interactions. It is important to note that
the charged polymer by itself is not fully understood, therefore quite drastic
simplifications are needed to tackle the more complicated system of polyelec-
trolytes end-grafted to a surface. Firstly, we will concentrate on polymeric
systems with counterions and only briefly mention the effects of added salt
towards the end of this section, which has been discussed extensively in the
original literature. Secondly, we will write the total free energy per unit area
and in units of kg T,

Fszol+Fion+Fint (19)

as a sum of separate contributions from the polyelectrolytes, Fj,q), contribu-
tions from the counterions, Fjon, and an electrostatic interaction term Fiyt
which couples polymers and counterions. The schematic geometry of the
brush system is visualized in Fig. 10: we assume that the charged brush is
characterized by two length scales. The polymer chains are assumed to ex-
tend to a distance & from the grafting surface, the counterions in general form
a layer with a thickness of d. Two different scenarios emerge: The counteri-
ons can either extend outside the brush, d >> h, as shown in Fig. 10a, or be
confined inside the brush, d ~ h as shown in Fig. 10b. As we demonstrate
now, case (b) is indicative of strongly charged brushes, and thus applicable to
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Fig.10 Schematic PE brush structure. In a we show the weakly charged limit where the
counterion cloud has a thickness d larger than the thickness of the brush layer, A. In b we
show the opposite case of the strongly charged limit, where all counterions are contained
inside the brush and a single length scale d ~ h exists

most experiments done on charged brushes so far, while case (a) is typical for
weakly charged brushes.

We recall that the grafting density of PE’s is denoted by p,, g is the counte-
rion valency, N the polymerization index of grafted chains, and f the charge
fraction. The counterion free energy contains entropic contributions (due to
the confinement of the counterions inside a layer of thickness d ) and also en-
ergetic contributions which come from interactions between counterions. In
previous theories, a low-density expansion for the interaction part was used.
We remind the reader that the second virial interaction is important for neu-
tral brushes and is the driving repulsive force balancing the chain elasticity.
For charged brushes, on the other hand, the leading term of the electrostatic
correlation energy (which shows fractional scaling with respect to the charge
density) is attractive and has been shown to lead to a collapse of the poly-
electrolyte brush for large Bjerrum lengths [90, 91]. We will not pursue this
collapse transition further in this review paper but solely concentrate on en-
tropic and steric counterion effects, which is an acceptable approximation for
mono-valent counterions. In the present analysis we use a free-volume ap-
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proximation very much in the spirit of the van der Waals equation for the
liquid-gas transition. We include the effective hard-core volume of a single
polyelectrolyte chain, which we call V, and which reduces the free volume
that is available for the counterions. This free volume theory therefore takes
the hard-core interactions between the polymer monomers and the counteri-
ons into account in a nonlinear fashion and is valid even at large densities in
the limit of close-packing. Compared to that, the excluded-volume interaction
between counterions is small since the monomers are more bulky than the
counterions and therefore it is neglected. The nonlinear entropic free energy
contribution of the counterions reads per unit area

) NNf/Oa pra/q _
o 0 (WY o

In the limit of vanishing polymer excluded volume, V — 0, one recovers the
standard ideal entropy expression. As the volume available for the counteri-
ons in the brush, which per polymer is just d/p,, approaches the self volume
of the polymers, V, the free energy expression Eq. 20 diverges, that means, the
entropic prize for that scenario becomes infinitely large. The excluded volume
of the polymers is roughly independent of the polymer brush height, and can
be written in terms of the effective monomer hardcore diameter o, and the
polymer contour length aN as V & aN aesz. This leads to the final expression

Fion:pra|:ln< pra/q2>_1i|. (21)

d - Napaoy
The polymer free energy Fj,o) per unit area can in principle be derived from
the free energy per chain used for neutral brushes, Eq. 12, by multiplying with
the grafting density. It contains two contributions, one due to the chain elas-
ticity and the other due to monomer-monomer interactions. Note that a loga-
rithmic entropy term as for the counterions is missing, since the translational
degrees of freedom of the monomers are lost due to chain connectivity. We
recall that the entropy of chain stretching was accounted for by linear elastic-
ity theory, with a spring constant proportional to 1/R3 in units of the thermal
energy. This linear expression for the chain stretching is reliable for the neu-
tral case, where indeed chain stretching is typically quite mild. For charged
chains, the stretching is much stronger and we have to consider a more de-
tailed model for the chain elasticity. For a freely jointed chain, which is a good
model for synthetic polymer chains, the entropy loss due to stretching can
be calculated exactly [92]. We only need here the asymptotic expressions for
weak and for strong stretching, which read (per unit area)

(22)

e 3pah? /(2Na?) for h <« Na
pol = |- p,NIn(1 - h/Na) for h— Na
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and are proportional to the grafting density p,. The contour length of the
fully stretched chain is Na. The weak-stretching term is the standard term
used in previous scaling models. For the highly stretched situations encoun-
tered in fully charged brushes, the strong-stretching term is typically more
appropriate and leads to a few changes in the results as will be explained
further below. The energetic contribution to the polymer free energy can
be expressed as the second virial contribution, arising from steric repul-
sion between the monomers (contributions due to counterions are neglected).
Throughout this section, the polymers are assumed to be in a good solvent
(positive second virial coefficient v, > 0). The contribution thus reads

2
RS ;hvz (tha) . (23)
An additional electrostatic component to the polymer interaction term is
typically unimportant since the counterions strongly screen any Coulomb in-
teractions [92]. Finally, an electrostatic interaction between polymers and
counterions Fiy; occurs if the PE brush is not locally electro-neutral through-
out the system, an example is depicted in Fig. 10a. This energy is given by

_ 2mLg(Nfpa)* (d - h)?
B 3 d

This situation arises in the limit of low charge, when the counterion density
profile extends beyond the brush layer, i.e. d > h.

The different free energy contributions lead, upon minimization with re-
spect to the two length scales k and d, to different behaviors. Let us first
consider the weak charging limit, i.e. the situation where the counterions
leave the brush, d > h. In this case, minimization of Fiop + Fine with respect to
the counterion height d in the limiting case of vanishing brush height (h = 0)
and monomer volume (o.¢ = 0) leads to

(24)

int

3
d= =3igC, (25)

which has the same scaling as the so-called Gouy-Chapman length Agc. This
length scale is a measure for the average height of the diffuse layer of g-valent
counterions adsorbed at a surface with effective surface charge density Nf p,
and has been determined within simulations and field-theory [94] but can
also be obtained with more coarse-grained scaling arguments, as demon-
strated here. Balancing now the polymer stretching free energy F;(l)l and the
electrostatic energy Fin; one obtains the so-called Pincus brush height

h~ N°p,a*ty f, (26)

which results from the electrostatic attraction between the counterions and
the charged monomers. One notes the peculiar dependence on the polymer-
ization index N. In the limit of d & h, the PE brush can be considered as
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neutral and the electrostatic energy vanishes. There are two ways of balancing
the remaining free energy contributions. The first is obtained by comparing
the osmotic free energy of counterion confinement, Fiop, in the limit when
d = h and for vanishing polymer volume, with the polymer stretching term,
F;ll, in the weak stretching limit, leading to the height

0.
Nafl/z
(3q)1/2 ’

constituting the linear osmotic brush regime. The main assumption here is
that all counterions stay strictly localized inside the brush, which will be
tested later by comparison with computer simulations.

Finally, comparing the second-virial term for the counterion interactions,
F;(‘)‘l, with the polymer stretching energy in the weak-stretching limit, F;})l,
one obtains the same scaling behavior as the neutral brush [21,22], com-
pare Eq. 13. Comparing the brush heights in all three regimes we arrive at
the phase diagram shown in Fig. 11. The three scaling regimes coexist at the
characteristic charge fraction

(27)

1/3
co qv2
~ : 28
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Fig.11 Scaling diagram for PE brushes on a log-log plot as a function of the graft-
ing density p, and the fraction of charged monomers f. Featured are the Pincus-brush
regime, where the counter-ion layer thickness is much larger than the brush thickness, the
osmotic-brush regime, where all counterions are inside the brush and the brush height
is determined by an equilibrium between the counter-ion osmotic pressure and the PE
stretching energy, and the neutral-brush regime, where charge effects are not important
and the brush height results from a balance of PE stretching energy and second-virial
repulsion. The power law exponents of the various lines are denoted by numbers
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4.2
Nonlinear Effects

The scaling relations for the brush height and the crossover boundaries be-
tween the various regimes constitute the simplest approach towards charged
brushes. We have already pointed out a few limitations of the presented re-
sults, which have to do with nonlinear stretching and finite-volume effects.

Computer simulations provide an excellent mean to test those scaling
relations. Extensive molecular dynamics simulations have been performed
recently for polyelectrolyte brushes at various grafting densities and charge
fractions, both at strong and intermediate electrostatic couplings [95, 96]. In
these simulations, a freely-jointed bead-chain model is adopted for charged
polymers end-grafted onto a rigid surface. The counterions are explicitly
modeled as charged particles where both counterions and charged monomers
are univalent and interact with the bare Coulomb potential (Eq. 8). The
strength of the Coulomb interaction is controlled by the Bjerrum length /g.
No additional electrolyte is added. The short-range repulsion between all par-
ticles is modeled by a shifted Lennard-Jones (L]) potential, characterized by
the hard-core diameter o, as was done for the neutral brush simulations in
Sect. 3.3. The simulation box is periodic in lateral directions and finite in the
z-direction normal to the anchoring surface at z = 0. We apply the techniques
introduced by Lekner and Sperb to account for the long-range nature of the
Coulomb interactions in a laterally periodic system [95]. To study the sys-
tem in equilibrium we perform stochastic molecular simulations at constant
temperature.

Simulated density profiles of monomers and counterions of the system in
the normal direction are shown in Fig. 12 for the fully charged brush at sev-
eral grafting densities and for a Coulomb coupling characterized by £p/0 =1,
which is close to the coupling of monovalent ionic groups in water. As seen,
both monomers and counterions follow very similar nearly-step-like profiles
with uniform densities inside the brush, which increases with grafting dens-
ity. These data show that the counterions are mostly confined in the brush
layer and that the electroneutrality condition is satisfied locally. The simple
explanation is that the Gouy-Chapman length is indeed very small and of
the order or smaller than the monomer diameter. One can observe that the
polyelectrolyte chains are stretched up to about 70% of their contour length,
which is roughly L &~ No = 300, and thus their elastic behavior is far be-
yond the linear regime. Therefore, within the chosen range of parameters, the
simulated brush is in the strong-charging (i.e., all counterions are confined
within the brush) and strong-stretching limits; as we will show below, it ex-
hibits a nonlinear osmotic scaling behavior, so the linear scaling description
of the last section, leading to Eq. 27, has to be slightly modified. The average
height of end-points of the chains, (z.), is one of the quantities which can be
directly measured in the simulations and is shown in Fig. 13 together with
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Fig.12 Density profiles of monomers (open symbols) and counterions (filled symbols)
as a function of the distance from the anchoring surface. Shown are profiles for fully
charged brushes of 36 chains of N = 30 monomers at grafting densities (from bottom to
top) pa0% = 0.042 (circles), 0.063 (squares), 0.094 (diamonds), and 0.12 (triangles). As can
be clearly seen, the counterions stay inside the brush for all considered grafting densities
and the local electroneutrality condition is satisfied very well

the predictions of the linear scaling theory, Eq. 27, denoted by (a), and the
nonlinear scaling predictions, to be explained further below. It is observed
that the simulated brush height (solid circles) varies slowly with the grafting
density, contrary to the prediction of the linear scaling theory, Eq. 27, but in
agreement with recent experimental results [97, 98].

We now present a scaling theory that incorporates nonlinear elastic and
osmotic effects. In order to bring out the physics most clearly, the deriva-
tion will be done in two consecutive steps. First, in the strongly stretched
osmotic brush regime, one chooses the strong-stretching version of the chain-
stretching entropy in Eq. 22 and balances it with the counterion entropy,
Eq. 21, assuming vanishing polymer self volume, o = 0, and assuming equal
heights for the brush and counterion layers, d = h. The result is

_ Naf/q
+flq)’

which is the large-stretching analogue of Eq. 27. The maximal stretching pre-
dicted from this equation is obtained as f/q increases; for f/q =1 one ob-
tains a vertical chain extension corresponding to 50% of the contour length.
For comparison, both expressions Eq. 27 and Eq. 30 are shown in Fig. 13 as
dashed lines (a) and (b) respectively. Still, the overall stretching is consider-
ably smaller than what is observed in experiments and simulations, and it
transpires that something is missing in the above scaling description. It has to
do with the entropic pressure which increases as the volume within the brush

(30)



178 A. Naji et al.

0.4 — O simulation —
—— non-linear theory

--- scaling theories
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Fig.13 The circles show simulation data for the brush height as a function of grafting
density for polyelectrolyte chains of N = 30 monomers (contour length L = 30a) with a
charge fraction of f = 1. The Bjerrum length is /g = o, which corresponds to an interme-
diate coupling strength quite relevant for fully charged chains in water, and all ions are
univalent. The dotted lines (a) and (b) show the linear scaling predictions, Eqs. 27 and
30, with Gaussian and nonlinear elasticity respectively. The solid line shows the nonlinear
scaling prediction according to Eq. 31, which includes nonlinear elasticity as well as the
finite excluded volume of monomers and counterions

is progressively more filled up by monomers and counterions. Note that the
brush height in Eq. 27 and Eq. 30 does not depend on the grafting density, in
vivid contrast to the simulation results displayed in Fig. 13.

In the nonlinear osmotic brush regime we combine the high-stretching
(nonlinear) version of the chain elasticity in Eq. 22 with the nonlinear en-
tropic effects of the counterions due to the finite volume of the polymer
chains, i.e. we choose a finite effective diameter o.¢ in Eq. 21. The final result
for the equilibrium brush height is

N Na (f/q + Ugffpa)
(1+f/q)

which in the limit of maximal grafting density, that is close packing, p, —
1/ ogff, reaches the maximal value stretching value, h — Na, as one would ex-
pect; Compressing the brush laterally increases the vertical height and finally
leads to a totally extended chain structure. In Fig. 13, we compare expres-
sion Eq. 31 with the simulation results for the brush height as a function of
grafting density. Note that we have used a(fff =202 This choice corresponds
to an approximate two-dimensional square-lattice packing of monomers and
counterions on two interpenetrating sublattices. As can be seen, the scal-
ing prediction, Eq. 31, qualitatively captures the slow brush height increase

(31)
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with grafting density, as observed in the simulations. The deviations between
simulation data and the nonlinear osmotic brush prediction are unproblem-
atic since the effective hard-core diameter of monomers in the simulation
is difficult to determine precisely and might as well be treated as a fitting
parameter. Deviations might also be explained by considering higher-order
effects, such as lateral inhomogeneity of the counterion distribution around
the brush chains and intermediate-stretching elasticity of the chains, that go
beyond the present scaling analysis and have been considered in [92, 93].

4.3
Additional Effects

For large values of the charge fraction f and the grafting density p,, and for
large Coulomb coupling, it has been found numerically that the brush height
does not follow any of the scaling laws discussed here [95]. This has been re-
cently rationalized in terms of another scaling regime, the collapsed regime.
In this regime one finds that correlation and fluctuation effects, which are
neglected in the discussion in this section, lead to a net attraction between
charged monomers and counterions [90, 91].

If salt is present in the solution, counterions as well as co-ions do pen-
etrate into the brush, which leads to additional screening of the Coulomb
repulsion inside the brush. The amount of this screening, and the stretching
of the polyelectrolyte chains, are now also controlled by the bulk salt con-
centration. Since the additional salt screening weakens the swelling of the
brush caused by the counterion osmotic pressure, salt leads to a brush con-
traction for sufficiently high salt concentration according to h ~ c;;f [78,79].
The threshold salt concentration above which the brush contraction sets in
is given by the salt concentration which equals the counterion concentration
inside the brush. This means that the higher the grafting density (and conse-
quently the higher the internal counterion concentration in the osmotic brush
regime), the larger the salt concentration necessary to see any salt effects
at all.

Another way of creating a charged brush is to dissolve a diblock copolymer
consisting of a hydrophobic and a charged block in water. The diblocks asso-
ciate to form a hydrophobic core, thereby minimizing the unfavorable inter-
action with water, while the charged blocks form a highly charged corona or
brush [99]. The micelle morphology depends on different parameters. Most
importantly, it can be shown that salt acts as a morphology switch, giving rise
to the sequence spherical, cylindrical, to planar micellar morphology as the
salt concentration is increased [99]. Theoretically, this can be explained by
the entropy cost of counterion confinement in the charged corona [100]. The
charged corona can be studied by neutron scattering [101] or atomic force
microscopy [102] and gives information on the behavior of highly curved
charged brushes.
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5
Concluding Remarks

In this short review about neutral and charged polymers that are termi-
nally grafted with one end to a surface we tried to explain and contrast the
most important theoretical methods used for their understanding and de-
scription. The theories used for brushes are quite different from ordinary
polymer modeling since the statistics of the grafted layer depends crucially
on the fact that the chain is not attracted to the surface but is forced to
be in contact to the surface since one of its ends is chemically or physi-
cally bonded to the surface. We review scaling concepts, mean-field theory
and simulation techniques that give information on brushes at different lev-
els of detail and accuracy. Scaling concepts yield the qualitative features of
brushes, i.e. the brush height and its free energy as a function of the main
parameters and without reliable prefactors. Mean-field or self-consistent the-
ories allow us to construct density distributions on a coarse grained level,
but correlation effects are completely missed [103]. Simulation techniques
give in principle exact numerical results for the case of so-called primitive
models where the solvent is neglected and monomers and ions are modeled
as charged soft spheres. Current open questions concern the structure of wa-
ter in such dense systems: is water still described by a continuous medium
with the bulk dielectric constant? Secondly, all approaches neglect the varying
polarizability of the monomers and ions, which again give rise to pronounced
image-charge effects in the brush geometry. Lastly, most brush systems have
not reached their true equilibrium structure, so that we are in essence deal-
ing with a nonequilibrium system. How do we describe such nonequilibrium
systems, and what governs the approach towards equilibrium including hy-
drodynamic and local friction effects? We believe that the triad of scaling,
field-theoretic, and simulation techniques will also allow us to gain under-
standing of these more complicated issues in the near future.
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