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ABSTRACT

The design and synthesis of multifunctionalized, architecturally
controlled polymers is a prerequisite for a variety of future
applications of polymeric materials. On the basis of Nature’s use
of self-assembly in the creation of biomaterials, this Account
describes concepts that were developed over the past 5 years that
utilize noncovalent interactions such as hydrogen bonding, ionic
interactions, electrostatic interactions, metal coordination, and 7—x
stacking in modification of copolymer side-chains to obtain
multifunctional polymeric materials, induce polymer morphology
changes, and influence bulk-polymer properties.

Introduction

In a perspective article last year current research in
polymer chemistry was described as highly interdiscipli-
nary with a large number of new research foci ranging
from nanoscience to biorelated materials.! Challenges in
polymer science have been changing dramatically over the
past two decades, specifically in the ever-expanding field
of polymer synthesis. In particular, three basic research
efforts have fascinated the synthetic polymer chemist
since the 1980s: (i) development of highly controlled and
living polymerization methods, (ii) investigations into new
catalysts that allow for full stereocontrol during polymer-
izations, and (iii) rapid synthesis of multifunctional co-
polymers. The first two research foci are still areas of
intense investigation but have resulted already in a
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number of impressive accomplishments. Consider, for
example, the developments in controlled polymerization
methods. Twenty years ago the only widely useful living
polymerization method was ionic polymerization.? Today,
polymerization methods such as ring-opening metathesis
polymerization (ROMP)? and controlled radical polymer-
izations* are standard methods in every polymer chemists’
synthetic repertoire. Similar advances in the design and
synthesis of stereospecific catalysts for a wide variety of
polymerization methods have been accomplished. Zie-
gler—Natta polymerizations, for example, can be carried
out in a highly stereoregular fashion using a wide variety
of early, and more recently, late transition metals.’
Another example is the stereoregular ring-opening po-
lymerization of lactides resulting in the formation of poly-
(lactic acid), an important biorenewal and biodegradable
polymer for biomedical applications.® In contrast, the third
research focus, easy and rapid synthesis of multifunctional
copolymers, is lacking behind.

The syntheses of highly functional polymers and co-
polymers are key for a wide variety of materials applica-
tions ranging from organic light-emitting diodes to drug-
delivery vehicles and tissue engineering. Over the past
century, polymer scientists have used covalent approaches
to synthesize multifunctional polymers.? While highly
successful, covalent chemistry is time consuming and
often low yielding and does not allow for the employment
of rapid prototyping and optimization methods. If Nature
would have used covalent chemistry for the development
of biopolymers such as DNA, RNA, and proteins, we might
not have the high degree of sophistication on earth today
that we take for granted. Nature uses other concepts in
addition to covalent chemistry to ‘screen’ biopolymers for
activity and optimize them. Nature’s principles are based
on a limited number of building blocks to achieve a high
degree of complexity in materials and rely on weak and
reversible interactions between building blocks to intro-
duce function and diversity.” Nature utilizes these non-
covalent interactions to create vast libraries of biological
materials in a simultaneous multistep self-assembly pro-
cess that is reversible, selective, self-healing, and spon-
taneous. Over the past 20 years, polymer chemists have
started to learn how to mimic Nature’s use of noncovalent
chemistry in polymer science, resulting in the foundation
of supramolecular polymer science.

Supramolecular polymer chemistry started as an in-
dependent field in the 1980s mainly based on the work
of Jean-Marie Lehn.? Since then, a number of research
groups have developed impressive strategies toward the
synthesis, characterization, and use of supramolecular
polymers. In general, the field can be divided into two
categories: (i) main-chain supramolecular polymer sci-
ence, i.e., the weak interaction(s) reside(s) in the polymer
backbone, thereby noncovalently connecting monomer
units, oligomers, and/or polymers, and (ii) side-chain
supramolecular polymers, i.e., the noncovalent interac-
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Scheme 1. Noncovalent Synthesis of Different Polymers from a
Generic Polymer Backhone

tion(s) is(are) used to either functionalize and/or cross-
link the covalent polymer backbone, thereby creating
highly functionalized polymers with tailorable properties.
This Account will concentrate on the second strategy, side-
chain-functionalized supramolecular polymers, and de-
scribe current approaches to noncovalently side-chain-
functionalized polymers with an emphasis on multi-
functionalization.

Homofunctionalization via Side-Chain
Self-Assemhly

The self-assembly processes that govern Nature’s com-
plexity can be broken down into single types of nonco-
valent interactions working in unison to create complex
structures. One example is the zinc finger, which consists
of 30 amino acid residues forming two antiparallel 3 sheets
and an o helix held together by a zinc ion. While the
complicated morphology of a zinc finger might be hard
to mimic with a synthetic polymer, the underlying prin-
ciples governing structural biology can be utilized in
synthetic polymer chemistry. Polymer scientists initially
broke down Nature’s complexity by using a single non-
covalent interaction to functionalize polymeric receptors
with small molecule substrates. This strategy allowed for
the production of different types of homofunctional
polymers from the same generic polymeric precursor
(Scheme 1).

Homofunctionalization via Hydrogen Bonding

The majority of reports on the homofunctionalization of
polymers utilize hydrogen bonding as the assembly
mechanism.>!® The versatility of hydrogen bonding in
polymer functionalization is owed primarily to the re-
sponsiveness of these bonds. Hydrogen bonds can be
manipulated with a variety of external stimuli, including
temperature, solvent, and pH.® While single hydrogen
bonds are fairly weak (2—5 kcal/mol), arrays of multiple
hydrogen bonds can be significantly stronger with as-

64 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 1, 2007

R
OI‘H‘NJ\j\ E N
" )
Ry ,IIJ\N No ¢ .1
H H H H e
6 N NN O8N N
S No 0 ©
R
UPy, Adenine:Succinimide
(o]
PR
@)
(o] N‘ H" R
N H ,0 N-HmOQ R
. Y .
H, N YN)—nN
R ‘;0:( N=R" . NensH=N ,
W N
N H 0 'N-H"-O
o ) R
@)
/)—R
(o]
Wedge:CA DAP:THY

FIGURE 1. Complementary hydrogen-bonding pairs frequently used
in supramolecular assemblies.

sociation constants approaching 10° M~! (in nonpolar
solvents) for some quadruple hydrogen-bonded structures
(Figure 1).°

Self-complementary systems, such as ureidopyrimi-
done (UPy»), are undesirable for polymer functionalization
since they result in the uncontrolled cross-linking of
polymers and not in the controlled functionalization of
the materials.® Therefore, researchers have focused their
attention on non-self-complementary recognition pairs
such as the diaminopyridine:thymine (DAP:THY) interac-
tion, i.e., they have focused on hydrogen-bond arrays
originating from functional groups that have a low ten-
dency to self-dimerize in nonpolar solvents (Kg < 50 M™1).9

Kato and Fréchet led the early work on the hydrogen-
bonding-based functionalization of polymers to synthesize
liquid crystalline materials.!! While these studies are
instrumental to the field, they have been reviewed exten-
sively before!! and the field has moved to more general
functionalized systems ranging from nanomaterials to
biomimetic materials.!%13

Among the leading research groups working on side-
chain supramolecular polymer functionalization is the
group of Rotello. The majority of their contributions are
based on the noncovalent functionalization of polymers
with small molecules via hydrogen bonding. The Rotello
group coined the phrase “plug and play” to describe this
modular hydrogen-bonding functionalization strategy.'s
The plug and play approach uses noncovalent synthesis
to expand organic polymers into functional composite
materials using a variety of small molecules for function-
alization which can be used to influence bulk material
properties.'® Among the first examples was the function-
alization of a diaminotriazine-bearing poly(styrene) (1)
with flavin (2) through a triple, non-self-complementary
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Scheme 2. Hydrogen-Bonding Recognition hetween Diaminotriazine-Functionalized Copolymer and Flavin
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hydrogen-bond array (Scheme 2).1* In this case, the
polymer morphology changed from a folded state (due
to triazine dimerization) to a fully unfolded state (1:(2),)
upon introduction of flavin. In addition, by using spin
casting to kinetically trap host—guest complexes in poly-
(styrene) films, the Rotello group was able to demonstrate
the recognition of guests in various polymeric host
systems.!® This methodology was then expanded further
by Rotello into nanoscience with the development of the
“brick and mortar” strategy.!” For example, poly(styrene)s
(mortar) functionalized with terminal thymine groups
were hydrogen bonded to gold nanoparticles (bricks)
containing complementary diaminopyridine receptors.
These polymer—gold nanoparticle assemblies served then
as the basis for the exploration of multivalency in recogni-
tion-induced polymersomes (RIPs).!”

Similarly, the research efforts of our laboratory focused
on rapidly optimizing materials via functional polymer
libraries. Our objectives were 2-fold: (i) employment of a
fully functional-group-tolerant and living polymerization
method that results in highly controllable and well-defined
polymers and (ii) use of a recognition unit that will allow
for high-yielding functional-group attachment during the
noncovalent functionalization steps. To achieve the first
objective we employed ROMP, a living and fully functional-
group-tolerant polymerization method.? Objective two was
met with the introduction of N-butylthymine (NBT) onto
both diaminopyridine (3) and diaminotriazine polymeric
receptors (Scheme 3).!® These diaminopyridine- (3) and
diaminotriazine-functionalized polymers were then self-
assembled with thymine-based molecules to create highly
functionalized polymers (3:(NBT),). The presence of the
polymer did not significantly impact the association
constant between the recognition partners, and it was
possible to tune the polymer properties by adding small
molecule substrates to the polymeric receptors.

While self-complementary hydrogen-bonding systems
are undesirable for polymer functionalization, such sys-
tems can be used to influence polymer morphology. Using
ROMP, the Sleiman group synthesized adenine-function-
alized copolymers that are able to fold into cylindrical
morphologies arising from the self-complementary of the
adenine units.!® A similar self-complementary backbone
was explored further with a series of triblock copolymers
containing diacetoamidopyridine and its complementary
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Scheme 3. Noncovalent Functionaliziation of Diaminopyridine-Based
Polymers with l!omplementary Thymine Substrates
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dicarboximide.?’ Sleiman reported that varying the triblock
sequence and ratio resulted in different self-assembled
architectures.?

Side-Chain Functionalization via Metal
Coordination

The second class of noncovalent interaction that has been
employed in supramolecular polymer functionalization is
metal coordination. Despite the extensive use of metal
coordination in main-chain supramolecular polymers,?!
its use for the functionalization of side-chain supramo-
lecular polymers has been explored extensively only in the
past 5 years. While hydrogen bonding is a relatively weak
interaction, metal coordination is a significantly stronger
binding interaction and yet can still be manipulated by
external media, such as solvent and competitive coordi-
nating ligands. An obvious place to start investigating the
viability of polymerizable metal complexes and polymers
functionalized through metal coordination are pyridyl-
based systems, since a number of pyridine-based ligands
are commercially available and many pyridine-based
ligands can be structurally modified. Moreover, pyridyl-
based complexes are prominent as actors in various
materials including light-emitting materials and solar cells.
Specifically, bipyridines (bpy) and terpyridines (trpy) are
desirable since they can act as & acceptors to stabilize
various metal oxidation states and are known to coordi-
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FIGURE 2. Bipyridine-containing polymers reported in the literature.

nate a variety of metals. We and others have explored the
polymerization behavior of various norbornene-based
transition-metal complexes containing bpy monomers
that can be polymerized via ROMP.?223 Norbornene-based
monomers containing (tris-bpy)ruthenium(Il) (5), (bis-
bpy)palladium(II) (6), and heterolyptic ruthenium com-
plexes (4) (Figure 2) were synthesized and polymerized.
Similarly, Ru(Il) tris-bpy block copolymers synthesized by
Sleiman were found to self-assemble in acetonitrile/
toluene solutions into micellar aggregates with lumines-
cent properties similar to the monomeric analogues.?

While ROMP has been highly successful in producing
well-defined polymers containing pyridyl-based metal
complexes, other polymerization methods have also been
investigated. Tew and Schubert demonstrated the con-
trolled radical polymerization of trpy-containing mono-
mers to yield trpy-functionalized poly(styrene) and poly-
(acrylate) copolymers. Postpolymerization modification
via metal coordination of the copolymers proved to be a
versatile route to polymers functionalized with metal
complexes.?*~27

Pincer-type complexes containing platinum-group met-
als have also become versatile tools in supramolecular
science.?® Van Koten and others used pincer complexes
as supramolecular synthons for a variety of applications
in supramolecular chemistry and catalysis.?® Covalent
tethering of pincer complexes to polymers can give rise
to versatile and responsive materials via simple nonco-
valent functionalization. In 2002, we reported the first
side-chain pincer-functionalized polymer (7) that could
be functionalized easily and quantitatively with pyridines
(9) and nitriles (10), resulting in formation of fully soluble
and highly functionalized metal-coordination polymers (8:
(9),, and 8:(10),) (Scheme 4).2°

While we and others have shown that rapid function-
alization of polymers can be accomplished via side-chain
self-assembly by either hydrogen bonding or metal coor-
dination, our ultimate goal lies in extending these tech-
niques to incorporate multiple functionalities for highly
complex materials. However, a reoccurring problem we
encountered in using poly(norbornene)s as scaffolds for
noncovalent polymer functionalization was an inability
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to control the polymerization rate of endo/exo norbornene
mixtures. To overcome this problem, we employed iso-
merically pure exo-norbornene esters as monomers. We
not only obtained efficient and controlled polymerizations
of all functionalized monomers but also were able to
polymerize norbornenes containing Pd(II) pincer com-
plexes and/or diaminopyridine groups in a living fashion.°
This was an important step in advancing our methodology
into more complicated systems and enabled full archi-
tectural control in the next generation of noncovalently
functionalized polymers.

Multifunctionalization via Side-Chain
Self-Assemhly

In the previous section we outlined some examples where
scientists have used noncovalent interactions to produce
homofunctional polymers. One remaining challenge is the
development of abiotic systems with nonbiological func-
tions that rival Nature’s complexity.® An important prob-
lem in polymer chemistry is one that Nature probably
encountered a long time ago: production of multifunc-
tional polymeric architectures with narrow polydispersi-
ties. Years of research have been devoted to create
functional-group-tolerant catalysts and living polymeri-
zation techniques. However, such covalent approaches
often fall short of natural analogues that utilize nonco-
valent interactions. Therefore, we and others began to
envision noncovalent multifunctionalization strategies as
simple alternatives to covalent approaches toward mul-
tifunctional polymers.

A number of groups have taken advantage of multiple
types of noncovalent interactions to produce supramo-
lecular structures based on both natural and non-natural
recognition motifs. Metal coordination in concert with
hydrogen bonding has been used to synthesize dendrim-
ers® and supramolecular polymers.?? Both hydrogen-
bonding and ionic interactions have been used in the
synthesis of thermotropic liquid crystals,* self-organizing
polymeric materials,* interwoven supramolecular arrays,
electrochemical switchable dyes,*® molecular elevators,?”
and functionalized surfaces.®

While these are examples of supramolecular structures
formed through multiple types of noncovalent interac-
tions, use of different types of interactions on the side-
chains and in the main-chains of polymers was not
demonstrated when we started investigating this strategy
6 years ago.'® This was surprising given that noncovalently
functionalized copolymers can potentially minimize many
of the problems associated with traditional covalent
copolymer synthesis.?® For instance, multiple functional-
ities can be introduced noncovalently onto a copolymer
with few side reactions. Side reactions that might occur
can be corrected since the multifunctionalized polymer
has the ability to “self-heal”. We envisaged a strategy that
would allow for functionalization of a single polymer
backbone bearing noncovalent receptors with different
types of substrate motifs (Scheme 5), thereby creating fully
functionalized copolymers fast and efficiently.
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Scheme 4. Formation of Polymeric Liquid Crystals through the Noncovalent Functionalization of Pincer-Containing Homopolymers
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Scheme 5. Noncovalent Approach to Different Copolymers from a
Generic Polymer Backhone
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In our laboratories the use of multiple noncovalent
interactions to functionalize a single polymer backbone
has proven to be an exciting new route to densely
functionalized random and block copolymers as well as
terpolymers. In a series of reports,'>*°~4” we were able to
functionalize polymers bearing two or three complemen-
tary noncovalent receptors and/or hosts with their cor-
responding substrates and/or guests. We examined in
detail different strategies for obtaining densely function-
alized polymers, including the use of (i) two different
hydrogen-bonding motifs, (ii) both weak and strong
hydrogen-bonding motifs in concert with metal coordina-
tion, and (iii) ionic interactions combined with metal
coordination and/or hydrogen bonding. Our goal in all
of these endeavors was to develop a generalized route to
highly functional polymers. Of foremost concern was the
orthogonality of the functionalization sequence. Keeping
this in mind, we designed and synthesized several poly-
meric scaffolds that can accommodate a variety of non-
covalent functionalities that interact very little, if any, with
neighboring groups. This allowed us to modify the order
of the postpolymerization functionalization steps as well
as achieve a rapid, one-pot functionalization in many
cases (Scheme 6).

Scheme 6. Generalized Orthogonal Route to Multifunctional
Polymers?

(b) l l (a)

@ Addition of substrate with (a) recognition type I; (b) recognition type
II; (c) one-pot addition of both substrates.

Polymer Multifunctionalization via Self-Sorting

First, we examined the possibility of using different
hydrogen-bonding recognition processes to functionalize
copolymers using the same fype of interaction through a
process known as “self-sorting” (molecules that specifi-
cally associate with themselves: narcissistic molecules*® or
other molecules: social molecules*® through noncovalent
interactions in the presence of other competitive nonco-
valent forces are referred to as “self-sorting” molecules).
Hallmark examples of hydrogen-bonding “self-sorters” are
the biopolymers DNA and RNA that are able to match base
pairs with very few mistakes along a polymeric backbone,
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Scheme 7. Self-Sorting, Mismatching, and Self-Repair in Triple
DAD—ADA and Sextuple DAD—ADA Hydrogen-Bond Arrays
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despite the presence of competing nonspecific hydrogen-
bonding interactions. Isaacs and co-workers found that
many molecular systems are capable of “self-sorting”.>
On the basis of the incredible fidelity of small molecule
“self-sorters” and biomacromolecular “self-sorters” like
DNA and RNA, we decided to investigate unnatural,
polymeric “self-sorters”. The “self-sorting” processes we
chose to study along polymer backbones were the as-
sociation between thymine (THY) and diaminopyridine
(DAP) through DAD-ADA triple hydrogen-bond arrays and
association between cyanuric acid (CA) and isophthalic
wedge-type receptors (Wedge) through DAD-ADA sextuple
hydrogen-bond arrays (Scheme 7).

A potential challenge for achieving “self-sorting” in
polymer solutions is overcoming competitive interactions
beyond those that exist in dilute small molecule solutions
because of a high local concentration of competitive
noncovalent interactions along a polymer chain. Despite
this obstacle, we found that in both block and random
copolymers (11) bearing competitive hydrogen-bonding
receptors “self-sorting” can be achieved, i.e., two competi-
tive recognition pairs along a polymer backbone are able
to recognize each other with high fidelity (Scheme 8).%

In addition to the observation of “self-sorting” in
supramolecular polymers, we also investigated the pos-
sibility of using two competitive hydrogen-bonding in-
teractions to achieve stepwise site-specific polymer mul-
tifunctionalization. We studied the addition of diamino-
pyridine (DAP) to a random copolymer (11) containing
both cyanuric acid and thymine receptors. While the
thymine is the target receptor for DAP, cyanuric acid is
also able to hydrogen bond with DAP via a triple hydrogen-
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bond-based interaction, thereby competing with the
thymine receptors. Using 'H NMR spectroscopic titration
experiments we established that DAP and the cyanuric
acid receptors are indeed interacting with each other
through a mismatch that could be relieved upon addition
of Wedge to the mixture, resulting in the fully functional
copolymer (11:(DAP),(Wedge),,,).

Our unnatural polymeric “self-sorters” behave similarly
to biomacromolecular analogues such as DNA or RNA.
Despite the presence of very high local concentrations of
competitive hydrogen-bonding actors along the polymer
backbones, we observed that highly specific hydrogen-
bonding interactions prevail over nonspecific mismatches.
Clearly, polymeric “self-sorting” functions as an efficient
means for obtaining multifunctional polymers at the very
least and serves as an interesting example of how tools
used by Nature can potentially be translated to synthetic
systems.

Polymer Multifunctionalization via Metal
Coordination and Hydrogen Bonding

We hypothesized that a more modular polymer function-
alization strategy could be realized through the use of two
unique types of molecular recognition that would not
interfere with each other, such as metal coordination and
hydrogen bonding. We demonstrated that random co-
polymers (12) bearing side-chains with Pd(II) pincer
complexes and diaminopyridine receptors could be func-
tionalized with pyridines (Pyr) (through metal coordina-
tion) and thymines (NBT) (through DAD-ADA hydrogen-
bond arrays) by both stepwise and one-step, orthogonal
synthetic strategies (Scheme 9).4!

This multicomponent functionalization strategy was
found to be efficient, and fully functionalized random
copolymers could be easily obtained. Most importantly,
characterization of the functionalized polymers proved
facile. The lack of interference between the two function-
alized side-chains could be established by 'H and '*C NMR
spectroscopy experiments. Figure 3 shows an example of
a 'H NMR spectroscopic characterization of the one-pot
functionalization strategy. The o-pyridyl signals display a
marked upfield shift upon coordination, and the imide
proton signal originating from the thymine substrate
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Scheme 8. Stepwise and One-Pot (“self-sorting”) Functionalization of Copolymers?
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Scheme 9. Stepwise and One-Step Orthogonal Functionalization of Copolymers through Metal Coordination and Hydrogen Bonding?
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The orthogonality of combining pincer-type metal
coordination and hydrogen bonding was tested through
an examination of the association constants between
receptors and substrates. We found that association
constants (K,s) for the hydrogen-bonding event between
diaminopyridine receptors (12, 12:(Pyr),,) and thymine
substrates (NBT) to be approximately 500 M™! (in CHo-
Cl,) regardless of whether or not pyridines (Pyr) were
assembled onto pincer complexes. Likewise, the assembly
of the hydrogen-bonding units did not affect subsequent
metal coordination steps. In contrast to our previous “self-
sorting” experiments, the use of metal coordination and
hydrogen bonding provides an efficient platform for

R= —c Et
pyridine (Pyr), AgBF,; (c) N-butylthymine (NBT), pyridine (Pyr), AgBF,, one step.

obtaining polymers with functional groups that can be
manipulated independently by external stimuli.
Afterward, we extended the orthogonal multifunction-
alization strategy from random to block copolymers.*¢ We
found that in the case of a thymine-functionalized block
copolymer receptor (13) association constants for forma-
tion of ADA-DAD hydrogen-bond arrays between the
thymine receptor and DAP substrate were slightly lower
than those observed for polymeric diaminopyridine re-
ceptors (12) functionalized with THY substrates which can
be attributed to the greater degree of self-association of
the thymine receptor verses the diaminopyridine receptor.
However, the independence of the two recognition events
remained intact, and an orthogonal functionalization
(Scheme 10) could be achieved just as in the previous
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Scheme 10. Block Copolymer Functionalization through Metal Coordination and Hydrogen Bonding?
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study. Therefore, we concluded that both block and
random copolymers are excellent candidates for obtaining
multifunctional polymers through a combination of metal
coordination and hydrogen bonding.

lymer Multifunctionalization via _
rogen-Bonding and lonic Interactions

We reasoned that other types of interactions such as
Coulombic forces could also be used in our orthogonal
multifunctionalization strategy. Our hypothesis was that
the combination of hydrogen-bonding and ionic interac-
tions would be an interesting new route to bifunctional
ionomers. We found that bifunctional ionomers based on
diaminopyridine and thymine recognition partners and
ammonium salts could be synthesized through stepwise
or one-step orthogonal strategies (Scheme 11).*” Most
importantly, the presence of the ionic complex does not
interfere with the hydrogen-bonding strength of the DAP:
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THY pair and the hydrogen-bonding interactions do not
impede ion exchange. These results demonstrate that
noncovalent synthetic strategies based on two recognition
events are not limited to metal coordination and hydrogen
bonding.

Polymer Multifunctionalization via Metal
Coordination and Pseudorotaxane Formation

Our initial noncovalent, orthogonal polymer functional-
ization strategies relied either on metal coordination or
Coulombic interactions with a high association constant
(Ka) and a hydrogen-bonding process with a lower K, or
on two hydrogen-bonding recognition events. While these
combinations are certainly suitable for some applications,
such as cross-linked materials,*? other applications require
two strong interactions in order to truly rival a covalently
functionalized copolymer analogue. Thus, we developed
such a system by combining the Pd(II) pincer-type metal
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Scheme 12. Noncovalent Polymer Functionalization through Metal Coordination and Pseudorotaxane Formation?
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FIGURE 4. Noncovalently functionalized terpolymer.

complex with the interaction between dialkylammonium
ions and crown ether macrocycles. Specifically, we intro-
duced the well-known pseudorotaxane formed between
dibenzo[24]-crown-8 and dibenzylammonium ions onto
a block copolymer backbone that also housed a Pd(II)
pincer complex.** Again, we found that this new approach
is a highly versatile polymer functionalization strategy in
which polymer backbones could be functionalized with
pyridines and/or dibenzylammonium ions site-specifically
(Scheme 12). Most importantly, we found strong associa-
tion constants (K, > 10° M~! for metal coordination and
K, ~ 10° M~! for pseudorotaxane formation in CH,Cl,) for
both recognition processes and proved that both recogni-
tion pairs are independent of one another.

Noncovalent Terpolymer Functionalization

Having demonstrated that a new, more complicated type
of interaction can be used to functionalize block copoly-
mers, we expanded this system to functionalize terpoly-
mers (Figure 4).% For this study, we used metal coordi-
nation, pseudorotaxane formation, and hydrogen-bonding
arrays. A stepwise functionalization strategy was used to
reach the fully functional terpolymer 16. We investigated
the K, values for the formation of each receptor:guest
complex in CH,Cl,. In the case of pincer complexation,
we found the K, to be greater than 10° M~!. Association
constants for pseudorotaxane formation were approxi-
mately 10° M1, while association constants for the weaker
interaction between diaminopyridine receptors and thym-
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Scheme 13. Noncovalent Synthetic Approach to Functionalized, Cross-Linked Polymers?
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ine substrates were found to be approximately 10> M.
In this study, we also investigated the effect of recognition
unit density along the polymer backbone and found no
correlation between recognition unit density and bond
strength. The results of this study demonstrate that (i) a
noncovalent synthetic strategy can be successfully applied
to polymers bearing more than two functionalities and
(ii) the relative functional unit density can be varied
without a decrease in binding affinities between receptor
and substrate, potentially allowing for production and
optimization of a catalog of tailorable materials.

Cross-Linking

The possibility of obtaining functional materials using our
noncovalent functionalization strategies is key for the
success of this methodology.*? Our first goal was to
produce both densely cross-linked and densely function-
alized polymers using exclusively noncovalent side-chain
interactions (Scheme 13). One advantage of combining
both metal coordination and hydrogen-bonding contain-
ing materials is that the dynamics of each interaction can
be co-opted individually or in concert with the other to
obtain a variety of polymers responsive to a catalog of
external stimuli, including temperature, pH, solvent,
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polymer concentration, and competitive metal-coordinat-
ing ligands. For example, when hydrogen bonding is used
to cross-link polymers and pincer-type metal coordination
to functionalize the side-chains of the resulting cross-
linked arrays, it is possible to break up the cross-links
thermally and yet maintain the integrity of the metal
complex. On the other hand, when metal coordination is
used to cross-link polymers and hydrogen bonding for the
functionalization, the cross-links can be reversed by the
addition of PPhs, which coordinates stronger to the Pd-
(IT) pincer complex than pyridine.

Polymer multifunctionalization can often be difficult
to achieve with traditional covalent synthetic strategies
due to incompatibilities between functional groups and
polymerization methods, interferences among functional
groups, and differences in comonomer reactivity ratios.
Over the past 5 years we have shown that a viable solution
to these three common problems is employment of
noncovalent synthetic strategies to produce multifunc-
tional polymers. Using this approach, multifunctional
polymers can be easily obtained with the use of hydrogen-
bonding self-sorters, copolymer receptors bearing hydro-
gen-bonding and metal coordination recognition units or
ionic complexes, and copolymer receptors bearing hy-
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drogen-bonding and pseudorotaxane recognition units.
Moreover, these synthetic strategies not only are limited
to two recognition types but can be extended to higher
orders of functionalization. Finally, we have proven that
these approaches can be applied to materials chemistry
by fabricating highly responsive and densely functional-
ized cross-linked polymers.

Conclusion and Outlook

In this Account we described strategies for obtaining
densely functionalized polymers through noncovalent
synthetic strategies. Noncovalent interactions such as
hydrogen bonding, ionic interactions, metal coordination,
electrostatic interactions, and w—x stacking can be used
individually or in concert with one another to obtain
homofunctionalized or multiply functionalized polymers.
These noncovalent synthetic strategies can be advanta-
geous over covalent analogues for several reasons: (i)
noncovalently functionalized polymers have the ability to
self-heal due to the reversibility of noncovalent bonds, (ii)
a generic polymer backbone can be used to obtain a
library of fully functionalized polymers, (iii) several dif-
ferent types of noncovalent interactions are orthogonal
to one another, while many covalent modifications are
not, and (iv) such polymers are highly responsive to
external stimuli. Aside from simply adding functionality
to a polymer, this approach also allows for the tuning of
bulk properties such as morphology or the degree of cross-
linking. The research efforts described in this Account
clearly demonstrate the potential of noncovalently func-
tionalized polymers and have certainly laid the ground
work for future endeavors in this area. The real test will
be the synthesis of materials for specific applications and
examination of the materials performance in devices. A
few examples have already emerged with good results. Our
future research emphasis will follow this trend by examin-
ing the influence of noncovalent functionalities on bulk-
polymer properties and test noncovalently functionalized
materials in applications.
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