Chapter 2
Part I—Synthesis of Hyperbranched
Polymers: Step-Growth Methods

List of Abbreviations

DB Degree of branching

DP Degree of polymerization
FRP Free radical polymerization
Hb Hyperbranched

MW Molecular weight

M.W.D Molecular Weight Distribution
NMP  N-methyl-2-pyrrolidinone solvent
P.D.I  Poly dispersity index

PC Polycarbonate

PG Poly glycerol

ROP Ring opening polymerization

2.1 Introduction to Theoretical Approaches
in Hyperbranched Polymerization

Following the extensive works on dendrimers which are structurally perfect but
tedious to prepare, the need for the development of structurally imperfect hyper-
branched (hb) polymers has gained momentum. A dendrimer is constituted of
terminal units (at the globular surface) and dendritic units (inside the macro-
molecular framework). Whereas a hb polymer is constituted of terminal units (at the
irregular surface), linear units and dendritic units (both of which are distributed
randomly inside the macromolecular framework). These structural variations in
dendrimers and hb polymers arise from the difference in synthesis strategies and
mechanism of their formation. A lot of research has already been done and also
ongoing to introduce new synthesis strategies for the development of hb polymers
for commercialization. Hb polymers may be prepared via one of the three one pot,
low-cost pathways- (1) bottom up approach (polymerization of monomers), (2) top
down approach (breakdown of macromolecules) and (3) from polymer precursor
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molecules [1]. Among these, the bottom up approach is popular in the synthesis of
hb polymers which is further categorized into four subdivisions-1) AB, polycon-
densation (where x > 2), (2) vinyl polymerization, (3) A, + B; polymerization;
following Flory’s rule of equal reactivity and (4) polymerization of asymmetric
monomer pairs; following the rule of non-equal reactivity. It is well established
from our Nature that branching is an important phenomenon as it facilitates fast and
efficient transfer and distribution of energy and mass. Hence, hb polymers would
undoubtedly attract biomedical applications where transport phenomenon is one of
the essential parts. In fact, there is a constant hunt for the new monomers to develop
hb polymers with better tunable properties (say physiochemical properties,
biodegradability, biocompatibility, self-assembling properties, peripheral function-
ality for target specific delivery applications, stimuli responsiveness, etc.) and
controlled topologies than the existing ones, especially for the biomedical appli-
cations. This chapter is mainly focused on the synthesis of bio-medically important
hb polymers (either established or with potential future prospects) through AB,
polymerization and A, + B3 polymerization which may follow either step-growth
or chain-growth routes.

2.2 Hyperbranched Polymers from AB,-Type Monomers

Both in theory and practice, majority of the hb polymers with a multitude of
functional end groups have been synthesized via one-pot step-growth reaction of
AB,-type monomers (where x > 2), following either single monomer methodol-
ogy; SMM or double monomer methodology; DMM. Till today, AB,, AB3, AB4,
and ABg type monomers have successfully yielded hb polymers [2].
Polycondensation of AB,-type monomers produces random hb polymers unlike
ideal generations of dendrimers, as in the former case the polymer chain formation
occurs via random reaction sequences (via dimers, trimers, short/ long oligomers,
etc.). The simplest and the most successful hb polymers are generally obtained from
AB,-type monomers (trifunctional monomers), following Flory’s cascade theory
(whereby crosslinking can be prevented as detailed below) [3]. In an AB, poly-
condensation reaction, if both the B groups of one molecule react with the A group
of two different molecules then only a branch unit (a three-arm structure) is gen-
erated (see Scheme 2.1). Otherwise, in the same case, if only one of the B groups of
one molecule reacts with the A group of another molecule then a linear polycon-
densed polymer is generated. In an ideal hb polycondensed AB, polymer, each
molecule definitely contains at most, one unreacted A group (provided there is no
intramolecular condensation reaction between A and B) and n + 1 unreacted B
groups for n mer units.

However, often polycondensed AB, polymers get gelled and hb polymers
cannot be obtained owing to the uncontrolled growth in three dimensions. Gelation
in an AB, system occurs when a critical number of intermolecular linkages get
exceeded which must be avoided in order to generate hb polymers [4]. Successful
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Scheme 2.1 Schematic representation of the probable architecture of a hb polycondensed AB,
polymer; I- initiator unit, L- linear unit, D- dendritic unit, and T- terminal unit

branching theory for the conventional hb polycondensed AB, polymers was the-
oretically established by many groups among which those determined by Flory [5],
Holter—Frey [6], Moller et al. [7], and Hult et al. [8] are well accepted. Traditional
Flory’s cascade/ branching theory (in terms of the critical extent of reaction; con-
version of B groups) predicted the critical branching coefficient (i.e., the probability
for the attachment of a B group of a branch unit to another unit) for a polyfunctional
condensation system employing A-R-B¢.; monomer where f = number of functional
groups per monomer of the same reactivity; f > 3. Flory assumed,

o = pp (1)

where pg was the fraction of B groups that condensed (provided all the B groups
were equally reactive). As A and B react stoichiometrically,

pex (f—1) = pa (2)

where p, was the fraction of A groups that reacted.
Thus, replacing pp, Flory obtained,
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o =pa/(f—1) 3)

Now that as o,,,x = 1/ (f — 1) for any condensation reaction since p,(max) = 1,
was actually considered as the critical condition for the network formation in a
multi functional monomer system. Indirectly, it was assumed later that soluble hb
polymers might be successfully generated if oo x (f — 1) < 1. Such a prediction for
the critical conditions for the network formation given by Flory was although a
pathbreaking attempt for the generation of hb polymers, yet was certainly hypo-
thetical as he considered three ideal situations- (1) A should react only with B in the
reaction medium, (2) absence of cyclization and other side reactions, (3) the
reactivity of B was totally independent of DP, and (4) both the B groups have equal
reactivity. A typical hb macromolecule contains dendritic units (fully reacted B
groups), terminal units (unreacted B groups), linear units (one reacted B group), and
a focal point (A group); Scheme 2.1. Generally, an AB,-type monomer contains a
focal point (say an imino group or an aromatic ring) which acts as the branching
point. However, from Flory’s cascade theory any information about the extent of
branching cannot be obtained as o which is basically the number of B groups that
reacted, can either be part of a linear chain or a hb chain. In the year 1991, Frechet
et al. established the expression for DB (DB in terms of theoretical M.W.D which
in turn is indirectly related to the number of different units present in a mass of
polymer chains) for a hb polycondensed AB, polymer [9]; see Scheme 2.1 for the
location of different units which can be determined by NMR spectroscopy.

DBr= (ZD+Z2T)/(ZD+ 2T + 2L) (4)

Again, in the year 1997, Frey and Holter provided another expression for DB
(DByf in terms of DP) for the AB, system [6];

DBpr =2D/% (D), =2%x2D/(2x 2D+ XL) = (2 D+ X T— number of molecules)/
(XD + 2T+ 2 L— number of molecules)
= 2 x (avg no. of branching points per hb molecule)/
(avg DP—1)

(5)

The group predicted that an AB,-type monomer with similar reactive both B
groups yield hb polymers having maximum DB of 0.5 due to the statistical nature
of an AB, polymerization reaction. Finally, Moller’s group further modified
Frechet and Frey—Holter branching parameters and established a corelation between
DB and the conversion of A groups in an AB, system [7]. Moller observed that the
value of DBg decreased from 1.0 (for py = 0) to 0.5 (for p4 = 1) but never
decreased below 0.5. Moller also observed that DBy increased from O (for p4 = 0)
to 0.5 (for pp = 1). In this regard, Frey—Holter parameter provided a better
understanding of the extent of branching in a hb AB, polycondensate than Flory
and Frechet parameter as DBy increased with the conversion of A group which



2.2 Hyperbranched Polymers ... 19

indirectly suggested the addition of more and more molecules to the branched
structures at the branching points. However, Frechet parameter again suffers from
the assumption of a generation of monodisperse hb polycondensed AB, polymer
(an ideal situation). In the present day, DB is considered as one of the important
parameters for the determination of the structure of a hb polymer. There are
numerous analytical techniques from which DB for an AB, polycondensate system
may be determined (either directly or indirectly) [10] which are detailed in the
subsequent Chap. 4 under the Sect. 4.2.

To generate AB, hb structures, AB, or latent AB,-type reactants may be used solely
as the monomer, AB,-type monomers may be used as the additive seed in
co-polycondensation reactions or AB, polycondensation may be carried out in the
presence of a third molecule core B where f > 2 [11]. The firsthb polycondensed AB,
polymer was commercialized under the trade name “Boltorn” by Berzelius (Perstorp
Polyols Inc. USA) from the esterification reaction of 2,2 dimethylolpropionic acid.
Following Berzelius’ work, numerous hb polycondensed AB, polymers (from different
classes of condensation polymers) have been prepared through controlled condensation
reactions, of which some major works include polyarylenes-Suzuki coupling,
polyaryleneacetylenes-Heck reaction, polyaryleneether/polyetherketones-aromatic
substitution, polycarbosilanes/polycarbosiloxanes-hydrosilylation, etc. Even hb
grades of polyesters, polyamides, polyethers, polyethersulfones, polycarbonates,
polysiloxanes, polyphenyleneoxides, polyphenylenesulfides, and poly (bis-(alkylene)
pyridinium)s.

2.2.1 Carbon—Carbon Coupling Reactions

2.2.1.1 Transition Metal Mediated C—C Coupling Reactions

One of the oldest techniques to synthesize new architectural macromolecules like
hb polymers was relied on C—C bond formation, catalyzed by transition metals
(mostly Pd and Ni). The first substitute to dendrimers, hb polyphenylenes, 6 was in
fact developed by Kim and Webster through a one-step coupling reaction (a Suzuki
type coupling reaction) between 3,5 dibromophenyl boronic acid (an unstable AB,-
type monomer intermediate, 4), in the presence of catalytic amount of tetrakis
(triphenylphosphine) Pd (II) in aqueous carbonate (Scheme 2.2) [12]. Alternately,
successful hb polyphenylenes, 6 were also prepared from mono-Grignard com-
pound (another unstable AB,-type monomer intermediate, 5), in the presence of
catalytic amount of tetrakis(phenylphosphine) nickel chloride.

Polyphenylenes are the typical examples of transition metal catalyzed
chemo-selective aryl-aryl coupling reactions. Unlike linear polyphenylenes, hb
polyphenylenes are soluble in many organic solvents like THF, o-dichloro benzene,
tetrachloroethane, etc., and thus processable owing to the presence of numerous
voids spaces (where solvent molecules may be entrapped). Void spaces are gen-
erated from irregular microstructures of the hb polymers and also for reduction in
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Scheme 2.2 Scheme showing transition metal catalyzed C—C coupling reaction for the generation
of hb polyphenylenes [12]

n — 7 stacking interactions [13]. Hb polyphenylenes are basically nonconducting
polymers because extended m conjugation is prevented in the microstructure due to
the presence of packed and twisted phenylene units and hence they may be suitable
as high-performance insulators. Diverse derivatives of functionalized hb
polyphenylenes were also prepared by many researchers by electrophilic substitu-
tion reactions at positions bearing halogen groups either on polylithio-phenylenes
or polyphenylenes, with electrophilies like —CO,, CH;0CH,Br, (CH;),0, ROH,
DMF, etc. Often with the introduction of hydrophilic electrophiles, hb
polyphenylenes become water soluble and get suitable in many bio-based appli-
cations owing to the rendered biocompatibility and biodegradability. In an attempt
to explore the world of aromatic hb polymers, Tanaka et al. synthesized hb poly
(triphenylamine)s, 8 by Ni (I) catalyzed coupling of an AB,-type Grignard reagent,
7 (Scheme 2.3) [14]. However, the intermediate AB,-type monomer, 7 is highly
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Scheme 2.3 Scheme showing Ni (II) catalyzed C—C coupling reaction for the generation of hb
poly (triphenylamine)s [14]
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moisture/air sensitive and hence restricted the production of hb polymer, 8 for
commercial purposes.

So far, most of the successful formation of hb polymers through transition metal
catalyzed C—C coupling reaction was carried out either by Suzuki coupling reaction
or by Heck coupling reaction. Suzuki coupling reaction was employed in the
synthesis of hb polyarylenes, poly (triphenylamine)s and poly (aryleneether)s. Sun
et al. prepared hb poly (triphenylamine)s, 10 from 4-[bis(4-bromophenyl)amino]
benzene boronic acid in its ester form, 9; a derivative of tris(4-bromophenyl)amine,
by a Suzuki coupling polycondensation reaction in a one-pot system; Scheme 2.4
[15]. The same group also synthesized an alternating hb copolymer of poly
(triphenylamine-fluorene), 12 of higher M.W and better solubility than the hb poly
(triphenylamine)s-homo polymer, by a Suzuki coupling polycondensation reaction
between 9 and a multifunctional core molecule named as 2,7-diiodo-9,9-
dioctylfluorene, 11; Scheme 2.4 [15].

Hb aryl/alkyl polymers with controlled architecture and high DB were prepared
by Bo et al. from an AB,-type monomer, in the presence of an AC,-type monomer
(where AC, is more reactive than AB, under mild temperature conditions) by a
one-pot Suzuki coupling polycondensation reaction; Scheme 2.5 [16]. A two-step
temperature variation was followed to ensure a controlled growth of the dendritic
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Scheme 2.4 Scheme showing Suzuki coupling polycondensation reaction for the synthesis of hb
poly (triphenylamine)s and hb poly (triphenylamine-fluorene)s [15]
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Scheme 2.5 Schematic representation of a probable mechanism for the formation of a hb polymer
through AB, + AC, type Suzuki coupling polycondensation reaction; there was a difference in the
reactivity of the monomers under different reaction conditions [16]

structures. AC,; an iodo-aromatic compound reacted faster than AB,; a
bromo-aromatic compound with boronic esters, at a lower temperature and hence
formed multi B functional AB,-type branched oligomers. In the further step, under
refluxing condition, AB,-type oligomers polymerized to form highly branched
structures. Often catalyst transfer reactions are favored to improve DB of the hb
polymers. Huang et al. synthesized a hb polymer with a very high DB-100% [17].
There are reports on the improvement of DB of the hb polymers but they are less
explored as there are only a few monomers which may allow such achievement
[18]. The group of Huang used an AB,-type monomer containing one aromatic
boronic pinacol ester and two aromatic bromo groups linked by an alkyl chain
spacer for the catalyst transfer polymerization in the presence of P(t-Bu);; the ligand
and Pd,(dba);CHCI; as the source of Pd(0) catalyst, to develop hb polymers.
Extensive research has found that selective functionalization of hb
polyarylenes/poly (triphenylamine)s or their other derivatives through halogen
exchange reaction with hydrophilic groups may produce biocompatible polymers
for safe applications in diodes intended for making the components of electronic
organ implants. Often hb polyphenylenes are used as multifunctional macroinitia-
tors for the star polymers which may find usefulness in the design of various
biomedical devices. Heck coupling polycondensation reaction is another important
reaction scheme which is highly utilized in the synthesis of hb poly (arylenevi-
nylene). Lim et al. in their study successfully synthesized hb poly (1,2,4-phenylene
vinylene), 14 from 4-bromo-1,3-divinylbenzene, 13 (an AB,-type monomer) via
Heck coupling reaction (employing Pd (II) catalyst); Scheme 2.6 [19, 20]. Nishide
et al. used an asymmetrical AB,-type monomer, 15 to develop head to tail linked
and 1,2,4,6 substituted-poly (phenylenevinylene), 16 through Pd (II) catalyzed
Heck coupling reaction; Scheme 2.7 [21].

Fukuzaki and Nishide developed a stable high spin and three-dimensional hb
poly (1,2,4-phenylenevinyleneanisylaminium), 18 in the nanometer range from an
asymmetric trifunctional monomer N-(3-bromo-4-vinylphenyl)-N-(4-
methoxyphenyl)-N-(4-vinylphenyl)amine, 17 via a polycondensation route
employing Pd (II) catalysts; Scheme 2.8 [22]. So far, there is no report on the
applicability of such organic-derived magnetic polymers with high solubility in the
realm of biomedical, yet additional functionalization of these polymers may make
them as attractive constituents in the magnetic field operated medical devices, in the
near future.
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Scheme 2.6 Scheme showing Heck coupling reaction for the synthesis of hb poly
(1,2,4-phenylenevinylene) [19]
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Scheme 2.7 Scheme showing Heck coupling polycondensation reaction for the synthesis of hb
1,2,4,6 substituted- poly (phenylenevinylene) [21]
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Scheme 2.8 Scheme showing Heck coupling polycondensation reaction for the synthesis of hb
poly (1,2,4-phenylenevinyleneanisylaminium) [22]

Other transition metals that are often used as the catalysts in the synthesis of AB,
hb polycondensed polymers include ruthenium and copper. Lu et al. reported
successful generation of hb poly (4-acetylstyrene); an AB,-type monomer via Ru
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(II) catalyzed polycondensation reaction [23]. Acetophenone derivatives with a
vinyl or an ethynyl group are mainly used as the AB,-type monomers in the
dihydridocarbonyltris(triphenylphosphine)ruthenium; ([Ph;P];RuH,CO) catalyzed
polycondensation reactions for the generation of hb polymers. Utilization of Cu
(D) catalyst in the synthesis of C—C coupled hb polymers was successfully done by
In et al. who utilized Ullmann polycondensation reaction to generate hb poly
(phenylene oxide). Mr. In prepared 3,5-dibromophenol, 19 from pentabromophenol
and polymerized 19 to hb poly (phenyleneoxide), 20 via a two-step process, in the
presence of Cu (I) catalyst at a very high-temperature range; Scheme 2.9 [24].
Although Ullmann reaction requires a much robust condition for the ether bond
formation yet it is favored in many cases over the nucleophilic aromatic substitution
reaction as the former reaction may be adapted to well-known monomers for the
synthesis of hb polymers. In the same work, In’s group further converted bromine
terminated hb poly (phenyleneoxide) to a lithium carboxylate derivative for which
the structure 20 became water soluble.

Of the various cross-coupling reactions, recently Sonogashira reactions have
gained impetus in the synthesis of hb polymers. Tolosa and his team produced hb
polymer 22 from an AB,-type monomer, 21 via a polycondensation route
employing Sonogashira reaction, in the presence of Pd (II) catalyst and Cu
(1) cocatalyst; Scheme 2.10 [25]. Hb polymer 22 exhibited a M.W of 2.4 x 10*
g mol ™' and a P.D.I of 2.0. However, owing to high iodine content, the fluores-
cence property of 22 was somewhat quenched by the heavy atom effect. Further
functionalization of 22 with different types of terminal alkynes produced derivatives
of 22 with higher quantum yields and thus could be considered as suitable candi-
dates for sensory applications.

In another work, Li et al. developed an AB,-type hb nonlinear optical polymer
24 from monomer 23 via Sonogashira coupling reaction; Scheme 2.11 [26]. Hb
polymer 24 was soluble in a range of solvents (CHCl;, THF, DMF, and DMSO),
thermally stable, optically transparent and exhibited an M.W of 11,750 g mol™" and
second harmonic coefficient as high as 153.9 pm. V', Higher nonlinear optical
effects of hb polymer 24 undoubtedly made them attractive for photonic applica-
tions which may find suitability in label-free bioimaging. In fact, nonlinear optical
polymers are used in non linear optical microscopes for the imaging of drugs and
dosages during the life cycle of the product, from manufacturing to their fate in the
body (say distribution in tissues and live cells) [27]. The scope of nonlinear optics

OH OH 1. NaOH
B B 2.CuCl
r T A /@\ 3. Quinoline
Br Br Br Br 0 Br
Br 19 )\ 20

Scheme 2.9 Scheme showing Ullmann polycondensation reaction for the synthesis of hb poly
(phenyleneoxide) [24]
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Scheme 2.10 Scheme showing Sonogashira polycondensation reaction for the synthesis of a
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Scheme 2.11 Scheme showing Sonogashira polycondensation reaction for the synthesis of a hb
polymer with nonlinear optical properties [26]

has gained much importance especially with the introduction of the concept of
personalized therapy.

From the different discussed works, it is observed that transition metal catalyzed
C-C coupling polycondensation reactions of AB,-type monomers leave an
indelible effect in the field of hb polymer synthesis. Through the correct choice of
monomers and post polymer functionalization with biocompatible moieties, hb
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polycondensed AB, polymers have already found applicability in the diverse
biomedical arena. However, AB,-type hb polymers prepared through C—C coupling
reactions in the absence of transition metals are gaining further importance to avoid
toxicity arising from the presence of trace metal catalysts which otherwise may
prove to be fatal to health (for in vivo applications) if not eradicated.

2.2.1.2 Polycycloaddition Type C-C Coupling Reactions- Metal Free
and Metal Catalyzed Reaction Pathway

In the recent era, besides conventional polycondensation reactions, polycycload-
dition reactions have gained much attention in the synthesis of hb polymers.
Polycycloaddition reactions offer high selectivity and good yields in polymer
synthesis. Age old cycloaddition reactions feature simultaneous breakage and for-
mation of sigma bonds in a concerted manner via cyclic transition states.
Cycloaddition reactions are possible only when phase matched interactions occur
between the highest occupied molecular orbital (HOMO) of the unsaturated end and
the lowest unoccupied molecular orbital (LUMO) of the other end, respectively, of
the same substrate. Unlike condensation reactions, small molecules are not pro-
duced during cycloaddition reactions. Thus, species with high MWs may be
obtained. Furthermore, unlike free radical reactions, as unwanted side reactions like
reactions with oxygen and water do not happen during cycloaddition reactions, the
latter is much favored in the polymer synthesis and modifications. Among the
various types of polycycloaddition reactions, primarily [4 + 2] and 1,3-dipolar type
cycloaddition step-growth reactions (where notions indicate the number of 7
electrons involved in the cycloaddition reaction) have been successfully utilized in
the synthesis of hb polymers. Other reactions like [2 + 2] and [2 + 2 + 2] type
polycycloaddition reactions have also received considerable attention in this regard.
A typical example of [4 + 2] type polycycloaddition reaction which is often fol-
lowed in the synthesis of hb polymers is Diels—Alder reaction (D.A). D.A reaction
is pericyclic in nature which occurs between a conjugated diene (a 4m electron
system) and a dieneophile (a 27 electron system) where frontier molecular orbitals
combine in a suprafacial manner (i.e., addition to lobes occur on the same side of
the  system). The resulting adduct is a highly regio-selective 6 membered ring
structure. Unlike other polycycloaddition reactions, D.A reaction follows a ther-
mally reversible mechanistic pathway during polymerization. Such
thermo-reversibility often makes D.A cycloadducts attractive candidates in
thermo-responsive drug/gene delivery devices. However, in practice, D.A reaction
often fails to produce polymers with high M.Ws owing to the side reactions and
retro [4 + 2] cycloadditions. By employing a strategy of synchronous aromatization
and irreversible loss of a small molecule (say carbon monoxide), retro [4 + 2]
cycloadditions may be prevented and polymerization is thus favored. After the
pioneering work of Stille et al. where they synthesized linear polyphenylenes [2§],
Morgenroth and Mullen prepared hb polyphenylenes via repetitive inter molecular
D.A-based C-C coupling technique, from two kinds of AB,-type monomers of



2.2 Hyperbranched Polymers ... 27

tetraphenylcyclopentadienones; Scheme 2.12a [29]. In this notable work, they
utilized AB,-type monomers comprising of one cyclopentadienone as a diene and
two triple bonds as dienophiles. Typically, one equivalent of triisopropylsilyl
protected diene, 25 was reacted with two equivalents of tetrabutylammonium
fluoride at 180 °C in diphenylether to generate deprotected dienophiles in situ in the
existing structure; thereby an AB,-type monomer was developed which finally got
polymerized to hb polyphenylenes, 26 in a time period of 12 h. Polymeric
cycloadduct 26 was soluble in most of the common organic solvents, exhibited an
average M.W of ~ 17,000 g mol™" and P.D.I of 6.85. The same group also syn-
thesized hb polyphenylenes, 28 from a phenyl substituted in situ generated AB,-
type monomer which in turn is obtained from a phenyl substituted diene, 27 in a
similar fashion as the previous work; Scheme 2.12b. Polymeric cycloadduct 28
displayed higher average M.W (~1.07 x 10°> g mol™") but a lower P.D.I (4.3) than
polymer 26, respectively. Unlike in Pd (I) catalyzed coupling of arylboronic acids
with aryl halides where only structures with 1,3,5-linked triphenyl benzene units are
produced, D.A reaction gives birth to architectures with densely packed benzene
rings. Owing to the dense packing of benzene rings in the hb polyphenylenes
prepared by D.A reaction, they undergo intramolecular dehydrogenation reactions
which produce poly cyclic aromatic hydrocarbons. As often, poly cyclic aromatic
hydrocarbons are used in gene therapy or drug delivery, the method of D.A is
preferred in the synthesis of densely packed polyphenylenes over the other methods
of preparation for the absence of harmful trace metals.

Si
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Scheme 2.12 Scheme showing the synthesis of densely packed hb poly (phenylenes) via D.A
type polycycloaddition [29]
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Following the same methodology, Harrison and Feast prepared a hb polymer
constituting of maleimide and cyclopentadienone (i.e., a polyimide) from an AB,-
type monomer via D.A reaction [30]. The resulting hb polyimide was soluble in
common organic solvents. Hb polyimides are very useful for encapsulation of
biomacromolecules and insulation of active implants [31].

Nowadays, the combination of conventional D.A reaction and retro D.A
cycloreversion reaction has gained significant importance in the synthesis of smart
materials especially which display thermoresponsiveness with respect to physical
properties (like color, viscosity, etc.) [33]. Such reactive polymers are highly useful
for biomolecules immobilization, drug/gene delivery, and enzyme modifications.
Gok and Sanyal prepared multi arm star polymers containing thiol reactive mal-
eimide groups, 30 at the focal point; Scheme 2.13 [32]. The team deliberately
masked double bonds of the reactive maleimide groups with furan via D.A reaction
and generated a macroinitiator, which subsequently underwent a living polymer-
ization with various methacrylate and acrylate monomers. Finally, they deprotected
maleimide groups at the core of the polymers via retro D.A process (thermal
treatment). Such macromolecular multi arm reactive polymeric scaffolds may be
conjugated with drug molecules and such systems exhibit enhanced bioavailability
and reduced clearance rate. In another work, Froimowicz and his team utilized
anthracene functionalized hb polyglycerols in self-healing process via [4 + 4]
reversible photo-cyclo-addition reactions [34]. Anthracenes undergo forward
[4 + 4] dimerization process (or rather crosslinking in the case of anthracene
containing polymers) when irradiated with 366 nm light and finally irradiation with
254 nm light induces backward decomposition of the dimmers (or rather
de-crosslinking). In this regard, it is worthy to mention that self-healing polymers
often find suitability in biological systems [34]. Hence, there is enough scope in
exploring D.A/retro D.A reaction combination to prepare hb smart materials for
biomedical applications. [2 + 2] cycloaddition dimerization reactions between
bifunctional monomers often generate polymer with special architectures. Under
thermal conditions, [2 + 2] cycloaddition reaction involves either a suprafacial or
antarafacial molecular orbital interactions according to Woodward and Hoffmann
selection rules. However, thermal [2 + 2] cycloaddition reactions involve highly
strained transition states and thus are very difficult to follow. Thermal [2 + 2]
cycloaddition reactions using ketenes moieties are very much favored as ketenes
have linear structures which prevent steric repulsion in the antarafacial transition
states and also ketenes cyclodimerize readily to produce 1,3-cyclobutanedione
heterocycles. In this regard, interestingly isocyanates are isoelectronic with ketenes
and can form cyclic dimers (1,3-diazetidine-2,4-diones) and trimers (tri substituted
triazetidinediones). Both aliphatic and aromatic diisocyanates are precursors to an
important class of polymers- polyurethane and polyurea; which hold high value in
the future of biomedical applications. Itoya et al. produced hb poly (triazetidine-
diones) via cyclodimerization polymerization of aromatic diisocyanates at
high-temperature (200 °C) and under high pressure (700 MPa) without the use of
solvent or catalyst for 20 h [35]. Ta, Nb, or Cocatalysts catalyzed [2 + 2 + 2]
cycloaddition polymerizations between two monoynes (one AB,-type monomer
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Scheme 2.13 Scheme showing the synthesis of multi arm star polymers containing reactive
functional groups via D.A/retro D.A reaction strategy [32]
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constituting of bifunctional alkynes and another is just a monofunctional alkyne) is
just another approach to synthesize hb polymers. Tang et al. produced hb
polyarylenes/poly (arylene ethynylene) utilizing [2 + 2 + 2] inter molecular
cycloaddition reactions, i.e., via cyclotrimerization of alkynes. In one such work,
Tang’s group prepared completely soluble hb polyphenylenes via polycy-
clotrimerization [36]. They observed that the nature of the catalysts played
important roles in determining the molecular structures of hb polymers and thus
affected their yields, solubility in various organic solvents and other physical
properties. TaCls produced partially soluble hb polymers at low temperatures while
NbCls, Mo(CO)4(nbd), [Mo(CO)3(cp)],, PdCl,-ClSiMes, and Pd/C-CISiMe; gave
birth to soluble hb polymers. In another work, Tang’s team further explored
polycyclotrimerization reactions to prepare hb polyarylenes using Cocatalyst acti-
vated via UV irradiation [37].

2.2.1.3 C-C Coupling Reactions via Nucleophilic Substitution
Reactions

Polymerizations proceeded by nucleophilic substitution reactions are quite useful in
the generation of hb polymers. Generally, AB,-type monomers constituting acti-
vated leaving groups are used for the purpose. One such example includes the use
of activated methylene carbon as the branching origin. Jin et al. prepared controlled
branched polymers from an AB,-type monomer containing a difunctional nucle-
ophile, 32; 4-(4’-chloromethylbenzyloxy)phenylacetonitrile [38]. In this monomer
32, both the A (CICH,) and 2B (CHCH,) sites were attached separately to the
aromatic rings by a flexible ether bridge. The polymerization of activated methylene
monomers was carried out in DMSO-NaOH (aq) medium in the presence of a phase
transfer catalyst (tetrabutylammonium chloride; TBAC) without gelation;
Scheme 2.14. Hb polymers 33 exhibited broad M.W.D and were soluble in organic
solvents like DMSO, DMF, and THF. In et al. used aromatic nucleophilic substi-
tution reactions on an AB,-type monomer 34 to generate hb poly (arylene ether
amide)s with fluorine or hydroxyl end groups; Scheme 2.15 [39]. In this work, the
two fluorine leaving groups (the B groups) of the AB,-type monomers were acti-
vated for the aromatic substitution reaction by the electron withdrawing carbonyl
groups of the amide linkages. Hb polymers 35 showed high DB (0.43-0.53), high
Tg (>200 °C), high thermal stability and were readily soluble in aprotic polar
solvents.

Yang and Kong in their work, produced hb polymers with a high DB, via a
Friedel-Crafts aromatic substitution reaction of an AB,-type monomer, 36;
5-(4-phenoxyphenoxy)isobenzofuran-1,3-dione [40]. Utilizing acid-catalyzed con-
densation reaction of isobenzofuran-1,3-dione with aromatic compounds which
exclusively yields 3,3-diaryl compounds, the group produced hb poly (arylene
isobenzofuran-1(3H)-one), 37; Scheme 2.16.
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monomers to hb polymers [38]

So far, we have not obtained any hb polymer synthesized via nucleophilic
substitution reactions to be useful in biomedical applications. However, we fer-
vently believe that in future, nucleophilic substitution-based polymerization reac-
tions hold too much prospect in the generation of hb polymers for external medical
devices.
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Scheme 2.16 Scheme showing the synthesis of a hb polymer via Friedel-Crafts aromatic
substitution reaction of an AB,-type monomer [40]

2.2.14 C-C Coupling Reactions via Michael Addition Reactions

Michael addition reaction which is the nucleophilic addition of a carbanion or
another nucleophile to an o, B-unsaturated carbonyl compound, has also attracted
the synthesis of hb polymers. Michael addition reaction proceeds rapidly at room
temperatures and involves less toxic precursors which often suits biomedical
applications. Endo et al. procured an AB,-type monomer, 38; 2-(acetoacetoxy)ethyl
acrylate and carried out Michael addition reaction with 38 in the presence of a mid
base 1,8-diazabicyclo-[5.4.0Jundec-7-ene (DBU) catalyst, to generate hb poly (B-
ketoester); Scheme 2.17 [41]. Hb polymers 39 exhibited high DB around 0.43—
0.829 and were highly soluble in DCM and CHCl;.

D.L Trumbo used Michael addition reaction to polymerize diacrylates
(tripropylene glycol diacrylate) and bisacetoacetates to generate hb polymers in the
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Scheme 2.17 Scheme showing the synthesis of hb poly (B-ketoester) from an AB,-type monomer
via Michael addition reaction [41]

presence of DBU catalysts [42]. Difunctionality of acetoacetate groups facilitated
the formation of hb polymers. The hb polymers exhibited high M.W
(~4.37 x 10° g mol ") but broad M.W.D (P.D.I ~ 10). Concerning the field of
biomedical applications, Gao et al. precisely developed highly water soluble,
biodegradable hb polyesters with a large amount of terminal hydroxyl groups from
an AB,-type monomer and found them to be suitable for drug delivery;
Scheme 2.18 [43]. The group prepared the intermediate AB,/AD,, type monomer
(an ester diol, 40) from diethanolamine and methyl acrylate via Michael addition
reaction in situ and continued the polymerization at a higher temperature. The hb
polyester, 41 contained tertiary amino groups in the backbone/end hydroxyl groups
with moderate M.W and DB was slightly greater than 0.5.

Once again, Park and his team synthesized hb polymer-based gene transfection
agents via Michael addition reaction between low M.W linear polyethylenimine, 42
and polyethylene glycol diacrylate, 43; Scheme 2.19 [44]. The resultant hb polymer
44 was highly branched due to the inherent branching in polyethylenimine and also
for the reaction at multiple amine sites along the polymer backbone. The hb
polymer 44 was water soluble, biodegradable, exhibited M.W around 10° g mol ",
had low cytotoxicity, formed complexes with plasmid DNA, and enabled gene
transfection in HepG2/MG63 cell lines with high efficiency.
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2.2.2 Carbon-Hetero Atom Coupling Reactions

2.2.2.1 C-N Coupling Reactions via Condensation of Amines and Acid
Derivatives

Linear aromatic polyamides and polyimides are known as high-performance
polymers owing to excellent thermal, mechanical, and chemical properties.
However, these aromatic polymers are insoluble in common organic solvents at
room temperature due to the presence of rigid repeating units. Often linear aromatic
polymers are restricted in a number of applications because of their robust struc-
tures. Introducing dendritic units into the aromatic polymers not only improve
solubility but also make them suitable in other sectors of applications including
biomedical applications. In fact, hb aromatic polyamides are potentially used as
supporting materials for protein immobilization [45]. Hb polyamides, hb poly-
imides, and hb polybenzoxazoles are generally prepared via condensation of amines
and acid derivatives, i.e., via amidation of AB,-type monomers. It was for the first
time Kim introduced liquid crystalline property in the hb aromatic polyamide
materials [46]. He prepared hb polyamides (-COOH terminated-46 and —NH, ter-
minated-48) from AB,-type monomers, 45 and 47 in an amide solvent at low
temperature; Scheme 2.20. Both hb polyamides 46 and 48 exhibited M.W of 2.4—
4.6 x 10* g mol™!, P.D.I around 2.0-3.2. Hb polyamide 46 displayed nematic
phase liquid crystalline properties and did not lose birefringence up to 150 °C.
Often nematic liquid crystalline polymers are used in biosensors and ophthalmic
lenses [47]. Hence, liquid crystalline hb polymers may be useful as potential
biosensors.

Many a times, hb polyamides are synthesized via direct polycondensation
reaction in the presence of condensing agents which activate -COOH groups of the
AB,-type monomers in situ. The structure of AB,-type monomers very much affects
DB of the hb polyamides during direct polycondensation reactions. Ishida and his
team found that the use of AB,-type dendritic macromonomers enhances DB of the
hb polymers [48]. AB4, ABg, and ABg type dendrons of amino benzoic acids
produced hb polyamides with DB as high as 0.7-0.8 unlike those obtained from
AB,-type monomers (DB ~ 0.32). Direct/self-polycondensation reactions were
further explored in the synthesis of hb polyimides in order to ensure high DB. Hb
polyimides were prepared by a two-step process, via self-polycondensation of an
intermediate polyamic acid methyl ester precursor; Scheme 2.21 [49]. Yamanaka
et al. prepared an AB,-type monomer, 49 which was transformed into polyamic
acid methyl ester precursor, 50 in situ using a condensing agent,
(2,3-dihydro-2-thioxo-3-benoxazolyl)phosphonic acid diphenyl ester (DBOP) in
NMP. Finally, hb poly imide, 51 was synthesized from 50 via chemical imidization
process in the presence of acetic anhydride and pyridine in DMSO at 100 °C for
24 h. The resultant hb polyimide was soluble in DMF/DMSO/NMP, had a DB of
0.48, an M.W of 1.8 x 10° g mol ' and a P.D.I of 3.0 with outstanding thermal
stability.
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2.2.2.2 Click Chemistry in C-N/C-S Coupling Reactions

[3 + 2] or 1,3-dipolar cycloaddition reactions are often considered as powerful tools
in the development of dendritic structures via hetero atom coupling reactions. So
far, Cu (I) catalyzed Huisgen 1,3-dipolar cycloaddition between an azide and
terminal/internal alkyne derivatives (commonly known as azide—alkyne click
reaction or CuAAC reaction), thiol-ene click reaction, and thiol-yne click reaction
are extensively used in the synthesis of triazole functionalized hb polymers from
various AB,-type monomers. The term “click chemistry” was first proposed by
Sharpless who in his language gave the following criteria for the reaction strategy:

“The reaction must be modular, wide in scope, give very high yields, generate
only inoffensive byproducts that can be removed by nonchromatographic methods,
and be stereospecific (but not necessarily enantioselective). The required process
characteristics include simple reaction conditions (ideally, the process should be
insensitive to oxygen and water), readily available starting materials and reagents,
the use of no solvent or a solvent that is benign (such as water) or easily removed,
and simple product isolation. Purification-if required —must be by nonchromato-
graphic methods, such as crystallization or distillation, and the product must be
stable under physiological conditions.” [50] Sharpless [50] and Tornoe [51]
claimed that the reactions to terminal alkynes exclusively yield anti-regioisomer of
1,4-disubstituted [1-3]—triazoles and thus is favored in the polymerization reac-
tions. Click reaction is basically an A, + Bj reaction strategy. However, with the
advancement of research, many AB,-type monomers have been designed for the
purpose. Depending upon the design of AB,-type monomers (having both two
acetylene and one azide groups or vice versa), hb polytriazoles rich in acetylene or
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azide periphery could be obtained. Earlier, CuUAAC polymerizations of AB,-type
monomers yielded insoluble polymers owing to self-oligomerizations [52].
However, recent studies showed that self-oligomerization could be avoided to
successfully generate soluble hb polymers. Li et al. designed AB,-bisazides, 52 &
54 and polymerized them via “click reaction” to azo chromophore containing
soluble hb polymers 53 & S5, respectively, which exhibited nonlinear optical
properties; Scheme. 2.22 [53]. The group added additional chromophores C1 & C2
(which are structurally similar to 52 & 54, respectively, but contains only alkyne
groups) during the second stage of polymerization, in the respective reactions to
avoid crosslinking through reactions with the unreacted azido groups.

In an attempt to prepare hb polymer from an AB,-bisalkyne, 56 (with terminal
alkyne groups), Scheel et al. used both thermal click and CuAAC polymerization
techniques [52]. Thermal click polymerization of 56 yielded soluble hb polymer 57
(containing 1,5-and 1,4-isomers in the ratio 36:64) whereas CuAAC polymerization
of the former produced insoluble, rubbery hb polymer 58 (containing exclusively
1,4-isomer); Scheme 2.23.

In some cases, when 1,5-regioisomer is preferred over 1,4-regioisomer and a faster
controlled reaction than CuAAC polymerization is desired, Ru (II) catalyzed click
polymerization (RuAAC) is employed [54]. Often click reaction is favored in the
synthesis of polymers for biomedical applications. The 1,4-regioisomer of [1-3]—
triazole bears a striking resemblance to peptide—amide bond in terms of geometry
and thus is compatible with the functional groups present in the biological
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Scheme 2.22 Scheme showing the synthesis of hb polymer from AB,-bisazides via CuAAC click
reaction [53]
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thermal/CuAAC click reaction [52]

macromolecules like proteins, DNA, RNA, etc. In fact, [1-3]-triazole moiety has
been utilized to mimic peptide—amide bond to generate dipeptide isotere in B-
strands and o-helical coiled structures [55]. However, there are few drawbacks
associated with CuAAC polymerization or rather metal catalyst mediated click
polymerization especially if the polymers synthesized are intended for biomedical
applications. AB,-type monomers constituting of both alkyne and azide groups are
highly reactive and are often difficult to store (even under ambient condition) or are
rapidly consumed during the preparation owing to the uncontrolled
self-oligomerization; even some materials are explosives. Again, metal catalysts are
highly cytotoxic (especially neurotoxic) and the residues are difficult to eradicate
from the reaction systems. The presence of trace metal catalysts also affects the
physical properties (electronic, optical, etc.) of the synthesized polymers; say for
example luminescence of the polymers gets quenched by the metal traps. Even,
CuAAC polymerized products are often insoluble which defer the primary neces-
sity of hb polymers. Ru (I) catalysts used in RuUAAC polymerization are quite
expensive and tedious to prepare. Cu (I) catalysts (either prepared in situ or pur-
chased) are highly sensitive to air and require inert atmosphere for storage which in
turn expedite cost. Hence, owing to these serious drawbacks, metal catalyst
mediated click polymerization is often discouraged in biomedical applications. In
this regard, metal free click polymerization of azides and alkynes, i.e., MFAAC
polymerization has emerged as a potential alternative strategy for [1-3]-
triazole-based hb polymers syntheses. To be precise, thermally carried out click
reactions are not considered as MFAAC reactions because the former does not meet
the general criteria for click reactions. In fact, thermally carried out click reactions
(which is carried out at quite a high-temperature) are regio-random reactions and
yield both 1,4-and 1,5-triazole isomers almost in equal ratios. Generally, alkynes or
azides attached to electron withdrawing groups (carboxyl group, ether group, etc.),
i.e., propiolates and aroylacetylenes facilitate MFAAC polymerization with high
regio-selectivity [56]. The work of Li’s group included the synthesis of hb poly
(aroxycarbonyltriazole)s via MFAAC polymerization, for the detection of explo-
sives through aggregation induced emission [57]. Surprisingly, MFAAC
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polymerization technique is very less explored in the world of hb polymers for
biomedical applications. Owing to the feasibility of a reaction and the absence of
any cytotoxic elements, MFAAC reactions may attract further research. There is
another variation in “click chemistry” like strain-promoted azide—alkyne cycload-
dition reaction (SPAAC) which is gaining impetus in the synthesis of hb polymers
with a high level of purity. SPAAC reaction belongs to the category of
“bioorthogonal chemistry” which refers to the orthogonal reaction between a
cyclooctyne and an azide without any significant interference from native biological
processes, oxygen, and moisture. Hence, SPAAC reaction is highly favored in the
fabrication of bioactive and cell-instructive materials. Ring strain of the cyclooctyne
mainly drives the SPAAC reaction thermodynamically. In spite of the fact that
SPAAC reaction is highly encouraging in labeling biomacromolecules and their use
in living cells, owing to the limited commercial availability of the cyclooctyne
reagents and tedious synthesis routes, SPAAC is not so much explored yet. With
the progress in azide—alkyne click polymerization, recently thiol-ene/yne click
polymerization has been much explored either to synthesize hb polymers or to
functionalize them. Thiol-ene reaction which occurs between a thiol and an alkene
to form an alkyl sulfide, is generally considered as the click reaction (as they are
characterized by high thermodynamic driving force and occurs under extremely
mild conditions). Thiol-ene reaction proceeds via an anti-Markovnikov addition of
a thiol to an alkene and is quite favored in biomedical sciences. Much research has
been carried out in the synthesis of hb polymers containing thioether and thioester
groups, via free radical or base/nucleophile catalyzed Michael addition type thiol—
ene click polymerization. Thiol-ene click polymerization is often followed in the
synthesis of hb polycarbosilanes and polycarbosiloxanes and functionalization of
other hb polymers. Polycarbosilanes and polycarbosiloxanes are potential
antibacterial biocides and thus find too much prospect in biomedical applications
including the drug delivery devices [58]. This phenomenon demands extensive
research in the exploration of polycarbosilanes and polycarbosiloxanes. Xue et al.
successfully synthesized hb organo silicon polymers 60 and 62 via thiol-ene click
polymerization under UV light (which is basically a step-growth route involving
hydrosilylation between an alkene and a thiol group), of an AB,-type monomer
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Scheme 2.24 Scheme showing the synthesis of hb organosilicon polymer via step-growth thiol—
ene click polymerization [59]
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mercaptopropylmethyldiallylsilane, 59 and an AB;-type monomer mercapto-
propyltriallyl silane, 61, respectively, Scheme 2.24 [59]. The hb polymers exhibited
an M.W of 3279 g mol ' for 60 and 2963 g mol 'for 62 whereas a DB of 0.6 for
60 and 0.22 for 62, respectively.

Many times, thiol-ene “click chemistry” is very much useful in the function-
alization of polymers for effective biomedical applications. Moreno and coworkers
at first developed hb aromatic polycarbosilane hydrophobic cores with allyl/vinyl
terminal units, 64 from an AB,-type monomer, 63 via hydrosilylation polymer-
ization [60]. The hb polymer 64 exhibited an M.W of 4500 g mol™ ', P.D.I of 1.4,
and DB of 0.43. Finally, the group carried out different thiol-ene functionalizations
on 64 to generate hydrophilic or rather amphiphilic terminal units (anionic or
cationic) in the respective hb polymers. The entire scheme for the synthesis of hb
polymer is provided in Scheme 2.25.

Similarly, Roy and Ramakrishnan designed an AB,-type monomer, 65 (bearing
two allyl benzyl ether groups and an alcohol functionality), allowed
self-condensation of 65 under acid-catalyzed melt transetherification to generate hb
polymer 66 and then functionalized the peripheral allyl groups using variety of
thiols via thiol-ene click reaction; Scheme 2.26 [61].

Another variation, thiol-yne “click chemistry” also holds a strong position in the
development of functionalized hb polymers intended for biomedical applications.
Thiol-yne click reaction occurs between a thiol and an alkyne in an
anti-Markovnikov fashion, to form an alkenyl sulfide. Thiol-yne click polymer-
ization proceeds either via thermal or UV initiated route. Konkolewicz and
coworkers synthesized a functional hb polymer 68 via photo-initiated step-growth
thiol-yne click  polymerization from an AB,-type monomer;
prop-2-ynyl-3-mercaptopropanoate, 67, Scheme 2.27 [62]. The group used
[2,2-dimethoxy-2-phenylacetophenone]; DMPA as the potential photo initiator.
Thiol-yne click polymerization generally yields hb polymers with higher DB than
the conventional AB, polymerization (as the second B group reacts at a faster rate)
and offers scope for further functionalization (owing to the presence of many I
bonds in their structures) [6, 63].

The major drawback of thiol-yne click polymerization is the synthesis of suit-
able AB,-type monomers containing both free SH and reactive ethynyl groups.
These monomers are difficult to prepare and store as they react spontaneously even
at low temperature. However, the use of double monomer strategy circumvents the
problem of monomer handling for thiol-yne click polymerization. To overcome the
problem of monomer handling, Han et al. reported for the first time, synthesis of a
reactive AB,-type monomer (containing both thiol and alkyne groups) in situ and
its subsequent polymerization to a highly functionalized hb polythioether-yne by
following sequential “click chemistry” [64]. In the first step, the group generated an
AB,-type monomer via thiol-Michael addition click reaction and in the subsequent
step, they polymerized the monomer via thiol-yne click polymerization. The
resultant hb polymer exhibited a high DB of 0.6-0.8, high M.W and a broad P.D.I.
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strategy of hydrosilylation polymerization and thiol-ene functionalization [60]

In spite of the fact that thiol-based chemistry is highly favored in the design of
biological macromolecules, they are still avoided in many circumstances as thiol
functionalized compounds are pungent, sensitive to oxidation, generate harmful
reactive oxygen species, and are quite expensive.
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Scheme 2.26 Scheme showing the functionalization of a hb polymer via thiol-ene click reaction
[61]
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Scheme 2.27 Scheme showing the synthesis of hb polymer via photo-initiated thiol-yne click
reaction from an AB,-type monomer [62]

2.2.2.3 C-O Coupling Reactions

C-O coupling reactions via nucleophilic substitution of alkoxides and phenoxides
generally yield hb engineering plastics (e.g., poly (aryl ether)s, poly (ether ketone)s,
poly (ether sulfone)s, etc.) which so far are hardly useful in the realm of biomedical
applications. However, the esterification of carboxylic derivatives generates very
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useful hb polyesters and hb polycarbonates. For a long time, polyesters, both ali-
phatic and aromatic are highly recommended in the biomedical applications
(especially in the design of drug/gene delivery devices) owing to certain useful
properties like easy degradability of polyesters under physiological conditions and
rapid metabolization of the degradation products in vivo. Often polyesters are
functionalized with bioactive/bio-responsive constituents; for which they become
sensitive to enzymes, to various redox conditions or to pH of the affected tissues
(apart from the physiological conditions) [65]. However, drug-polymer conjugates
demand high water solubility so that the vehicles can circulate the drug molecules
easily in the blood stream. But in most of the cases, the drug molecules get detached
from the vehicles uncontrollably once injected into the body. Hence, attaching the
drug molecules covalently to polymeric scaffolds (say through ester linkages which
can be readily broken only by esterase enzymes within the cells) often circumvents
the problem of drug unloading in undesirable parts of the body. In this scenario,
thus, hb polyesters have gained much impetus owing to high water solubility and
superior encapsulating efficiency through covalent attachment with the desirable
functional groups. “Boltorn” as introduced by Berzelius (Perstorp Polyols Inc.
USA), obtained from the esterification reaction of 2,2 dimethylolpropionic acid was
the first ever reported hb polymer which happened to be an aliphatic polyester with
a high degree of hydroxyl functionality and is commercially highly successful.
Malmstrom et al. synthesized hydroxyl rich hb aliphatic polyesters via
co-condensation reaction of 2,2-bis(methylol)propionic acid; bis-MPA and a four
functional polyol in a molten state [8]. They claimed that DB of the resultant hb
polyester was around 0.8. Later, the same group rectified and suggested that the
actual DB of the polyester was around 0.45. In the earlier version, such a high DB
of the polyester was reported owing to the undue acetal formation during NMR
analysis in acetone-dg in the presence of trace amount of acid catalyst which could
not be removed. Recently, as an alternative to petrochemical-based products, many
times, aliphatic polyesters are developed from the renewable resources. Usage of
biomass precursors for the bio-plastics reduces green house gas emissions and
significantly prevents the depletion of scarce fossil resources. One of the important
classes of commercially exploited bio-plastics is poly (lactic acid) which is actually
an aliphatic polyester. Poly (lactic acid) is used in various biomedical devices (like
as suture materials, in bone-fixation devices, implants for the repair of osseous and
soft tissues, in controlled drug delivery, in medical packaging, etc.) due to high
biocompatibility, biodegradability (can be degraded easily by the hydrolysis of ester
linkages without the requirement of any enzymes which otherwise may have caused
inflammatory reactions; the hydrolysis of ester linkages even provide spaces for the
newly developing tissues) and bio-absorbable properties with low immunogenecity
[66]. However, linear poly (lactic acid)s are often difficult to process (due to high
crystallinity) and hence are prepared in conjunction with other comonomers [67].
Otherwise, the introduction of branching into the structure also ease the processing
of poly (lactic acid) and encourage biomedical applications.

Tasaka et al. synthesized a hb copolymer, 71 of L-lactide (LA), 69 and a
metabolically degradable bifunctional monomer; DL-mevalonolactone (ML), 70 via
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ring opening polymerization, ROP in the presence of Sn(Oct), catalyst;
Scheme 2.28a [67]. Here, ML (containing a lactone ring and a pendant hydroxyl
group) acted as a latent AB,-type comonomer (as the second hydroxyl group
remained inactive until the lactone ring was attacked) and also as an initiator for
ROP. In another instance, Pitet and his coworkers developed a hb copolymer, 73 of
LA, 69 and glycidol, 72 via simultaneous ROP of epoxides and lactides in the
presence of Sn(Oct), catalyst; Scheme 2.28b [68]. ROP leading to branched
architectures is generally favored at a higher polymerization temperature (say
around 110-130 °C) and continues for days before desirable products are obtained.
To avoid the usage of metallic catalysts, Tsujimoto et al. prepared hb poly (lactic
acid) using castor oil (bearing three secondary hydroxyl groups) as the initiator for
the ring opening of lactide ring, which finally formed the core of the hb polymer
[69]. Apart from poly (lactic acid), ester copolymers of glycerol precursors (ob-
tained from renewable resources) are also considered as important bio-polyesters.
Hb polyglycerol or polyglycidol (hb PG) consist of a polyether backbone and
peripheral hydroxyl groups at every branch points. Hb PG is generally obtained via
oxyanionic ROP of glycidol (a highly reactive hydroxyl epoxide) which acts as a
latent cyclic AB,-type monomer (as it releases a second hydroxyl group upon ring
opening) [70]. The hydrophilic nature and the presence of free hydroxyl groups in
hb PGs suit the design of hydrogels for biomedical applications (drug delivery,
tissue engineering, bioconjugation with peptides, protein immobilization, the sup-
pression of protein adsorption to blood-contacting surfaces, etc.) [65, 71].
Moreover, PGs are highly biocompatible, exhibit low cytotoxicity against fibroblast
and endothelial cells. For the first time, Sunder’s team synthesized hb PGs with
controlled M.Ws, narrow P.D.I (1.13-1.47) and reasonable DB (0.53-0.59), via
anionic ROP of glycidol and by making use of a fast proton exchange equilibrium
(in the presence of a partially deprotonated triol as an alkoxide initiator) [72].
Robinson et al. developed hb aryl polyesters as viscosity improvers (VII) for
lubricants via AB, polycondensation of a monomer containing 12—-16 methylene
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Scheme 2.28 Scheme showing the synthesis of hb poly (lactic acid) via ROP technique by
including an AB,-type comonomer and an intermediate, respectively [67, 68]
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units in order to ensure good hydrophobicity for solubility in nonpolar medium
[73]. Often in high operating temperature window (40-150 °C), lubricants suffer
from thinning which adversely reduce application potentiality. Generally, polymers
with high M.W (>100 kDa) are used as viscosity modifiers in commercial lubri-
cants [74]. However, linear polymers are prone to degradation under high shear
forces. Thus, hb polymers are favored as efficient viscosity modifiers as they are
more resistant toward shear degradation [75]. Further, in the subsequent years,
various hb copolymers of PGs have also been designed for desirable biomedical
applications. Lee and his team made an approach to develop hb double hydrophilic
block copolymer of poly (ethylene oxide)-hb-polyglycerol as an efficient drug
delivery system with high loading capacity and controlled release properties [76].
The hb copolymer was capable of forming a self assembled micellar structure on
conjugation with doxorubicin (a popular hydrophobic anticancer drug) when linked
through pH sensitive hydrazone bonds. Following the protocol of Sunder and his
coworkers, Garamus et al. prepared amphiphilic hb poly (glycerol ester)s with
varying degrees of esterification, by partial esterification of a hb PG with palmitoyl
chloride and studied their solution properties in different solvents, using SANS
studies [72, 77]. Parzuchowski and his coworkers also synthesized highly func-
tionalized hb polyesters from glycerol-based AB,-type monomers, ethyl{3-
[2hydroxy-1-(hydroxymethyl)ethoxy]propyl}thioacetate via polycondensation in
the presence of different catalysts [78]. Other biocompatible hb aliphatic polyesters
include hb polycarbonates (hb PCs) and hb polyphosphates which have been
explored in the last few years for various biomedical applications. Parzuchowski
and his team successfully developed an AB,-type monomer, 5-{3-
[(2-hydroxyethyl)thio)]propoxy }-1,3-dioxan-2-one from glycerol and subsequently
polymerized the monomer to biocompatible and biodegradable hb PCs via ROP
technique [79]. However, most of the hb PCs and hb polyphosphates are generated
via A, + Bj strategy and thus detailed under the Sect. 2.3. In a recent work, Testud
and his team successfully developed hb polyesters via polycondensation of fatty
acid-based AB,-type monomers [80]. The group designed four different types of
AB,/AB;-type monomers constituting of a methyl ester group (A group) and
two/three alcohol groups (B groups) via epoxidation of the internal bonds of
vegetable oils and subsequent ring opening of the epoxide groups under acidic
condition. Finally they carried out the polycondensation reaction on the multi-
functional bio-based monomers in bulk to synthesize hb polyesters with tunable
properties (M.W ~ 3000-10,000 gmol™!, P.D.I ~ 2-15 and DB ~ 0.07-0.45).
It has been studied that the aliphatic monomers which are used for the synthesis of
hb polyesters are often highly susceptible to thermal degradation reactions such as
decarboxylation, cyclization, or dehydration [81]. Hence, the hunt for hb aromatic
polyesters has been expedited. The most popular approach for the synthesis of hb
aromatic polyesters is melt polycondensation of AB,-type monomers [82].
However, for the increment in the production of hb polyesters, more convenient
method is necessary. So far, the AB,-type monomer which is extensively used in
the synthesis of hb aromatic polyester is 3,5-dihydroxy benzoic acid; DBA [83, 84].
However, poor thermal stability of DBA restricts direct esterification and thus the
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hydroxy groups are often chemically modified by acetylation or trimethylsilylation
prior to polycondensation reactions. In the earliest known work, Kricheldorf and his
team used 3,5-bis(trimethylsiloxy)benzoyl chloride as an AB,-type monomer and
condensed it with 3-(trimethylsiloxy)benzoyl chloride in bulk (at around 250-
300 °C) to synthesize hb poly (3-hydroxybenzoate) which is an aromatic polyester
[85]. They isolated the hydroxyl terminated hb polyesters from the synthesized hb
polymers by adding methanol which hydrolyzed trimethylsiloxy groups. Similarly,
Turner and his group used 3,5-diacetoxybenzoic acid as an AB,-type monomer and
condensed it via acidolysis reaction at 250 °C in bulk to synthesize a hb aromatic
polyester [86]. The resultant hb polyester was soluble and exhibited a M.W greater
than 10° g mol™'. Generally, the polycondensation reaction of 3,5-diacetoxybenzoic
acid requires higher polymerization temperature than that required for the poly-
condensation reaction of 3,5-bis(trimethylsiloxy)benzoyl chloride in order to obtain a
polymer with high M.W. Fomine and his group reported the synthesis of a coumarin
(which has medical approval in pharmaceutical chemistry) containing hb aromatic
polyester via the esterification reaction of an AB,-type monomer [87]. Kricheldorf
and his group reported the polycondensation reaction of an ABs-type monomer
(triacetylated gallic acid) in bulk to generate a hb aromatic polyester [88]. Qie et al.
reported the synthesis of carboxylic groups terminated aryl-alkyl hb polyester via
melt polycondensation of an AB,-type monomer, 5-hydroxyethoxyisophthalic acid
[89]. The resultant hb poly (5-hydroxyethoxyisophthalic acid) being a polycation,
was used to generate self-assembly films with the assistance of a polyanion, poly
(diallyldimethylammonium chloride) via layer by layer technique. Often, to replace
the robust condition of melt/bulk polycondensation process, one-pot solution poly-
condensation of AB,-type monomer is favored in the synthesis of hb polyesters.
Moreover, in the melt polycondensation process, if even a trace amount of impurities
is present in the monomer then insoluble polymers are formed [90]. In this regard,
Erber et al. showed the formation of hb aromatic polyesters with phenol terminal
groups from an AB,-type monomer, 3,5-dihydroxybenzoic acid via solution poly-
condensation reaction, in the presence of 4-(dimethylamino) pyridinium 4-tosylate as
the catalyst [91]. The resultant hb aromatic polyester exhibited a DB around 0.6
which was almost similar to those hb aromatic polyesters obtained via melt poly-
condensation of 3,5-bis(trimethylsiloxy) benzoyl chloride. Owing to the broad utility
of the hb aromatic polyesters (in coatings, paints, adhesives, etc.), extensive
researches are carried out to develop new interesting properties and even some of
them have been successfully explored for commercialization. Generally, hb aromatic
polyesters are used in vitro biomedical applications due to the question of bio-
compatibility of all grades.

2.2.2.4 Enzyme-Catalyzed Polymerization
These days, there is an urge for the development of nontoxic and environment

friendly catalysts for the polymer syntheses. As an alternative to the existing metal
catalysts used in polymerization, isolated enzymes have attracted much attention.
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Enzymes exhibit high catalytic activities, offer good enantio/regio/chemoselectivity,
follow mild reaction conditions, have the ability to be used in bulk reaction media
(without the use of organic solvents), are biodegradable, recyclable and maintain
good biocompatibility [92]. Hence, enzyme-catalyzed polymerization is often
highly favored in the synthesis of polymers specially intended for biomedical
materials, drug/gene delivery vehicles and other pharmaceutical materials. So far,
enzyme-catalyzed polymerization has successfully yielded many polymers like
polyesters, polycarbonates, poly (amino acid)s, polyaromatics, etc. Popular com-
mercially exploited enzymes, widely used in the polymerization have been listed by
Uyama and Kobayashi which include oxidoreductases (for polyphenols, polyani-
lines), transferases (for polysaccharides, polyesters), hydrolases (for polysaccha-
rides, polyesters, polycarbonates, etc.), lyases, ligases, etc. [93, 94]. Initially,
enzyme-catalyzed polymerization of few selective monomers like £-caprolactone
(CL), o-valerolactone (VL), and y-butyrolactone (BL) yielded polymers with low
M.W and that too after many hours of reaction [95]. Hence, to circumvent the
problems associated with the earlier version of enzyme-catalyzed polymerization,
these days the polymerization is carried out using immobilized enzyme catalyst
subtrates [92]. With the advancement in research, enzyme-catalyzed polymerization
has also been explored in the synthesis of hb polymers which are more likely to suit
biomedical applications. For the first time, Skaria et al. synthesized a series of hb
copolyesters via a combination of ring opening AB polymerization (of &-capro-
lactone) and AB, polycondensation (of 2,2-bis(hydroxymethyl)butyric acid, BHB),
catalyzed by immobilized Lipase B (isolated from Candida antarctica) [95]. They
were able to maintain 0 < DB < 0.33 for the different hb copolyesters just by
controlling the comonomer ratio in the feed. Lopez-Luna and coworkers reported
the synthesis of hb poly (VL-co-BHB) and poly (CL-co-BHB) via immobilized
Lipase B catalyzed ring opening of the respective L-lactide in the presence of an
AB,-type comonomer BHB core [96]. They carried out the enzyme-catalyzed ROP
in 1,1,1,2-tetrafluroethane as a green, benign, polar, but hydrophobic solvent.
However, the resultant hb copolyesters were semi crystalline and exhibited low DB
(0.02-0.09) which might be due to the Ilimited solubility of BHB in
1,1,1,2-tetrafluoroethane (~ 10 wt%). Later the same group improved DB of the
resultant hb polylactones by carrying out the enzyme-catalyzed ROP of L-lactide
(CL/VL) and an AB,-type core monomer BHB, in an ionic liquid (IL);
1-butyl-3-methylimidazolium hexafluorophosphate which is again considered as an
environmentally benign solvent [97]. In a recent work, Xu et al. synthesized a series
of hb poly (amine-ester)s with a value of DB (>0.8), via immobilized Lipase B
catalyzed polycondensation of triethanolamine and diesters [98]. The resultant hb
poly (amine-ester)s were biodegradable, exhibited low cytotoxicity/good
biocompatibility/micellization ability and thus were suitable for loading/carrying
drugs. There is immense scope in enzyme-catalyzed polymerization as many new
enzymes from different sources are coming up commercially at acceptable prices.
Hence, further research in the realm of enzyme-catalyzed polymerization would
definitely develop new hb polymers with huge potentiality in biomedical
applications.
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2.3 Hyperbranched Polymers from A, + B; Monomer
Pairs and Other Couple Monomer Methodologies

Apart from SMM (like AB, polymerization), the application of double monomer
methodology; DMM in the synthesis of hb polymers is also highly acknowledged
as an alternate strategy. DMM is further classified into A, + B3 methodology and
couple monomer methodology; CMM, depending upon the selection of monomer
pairs and reaction pathways. Polymerization of the functionally symmetrical
monomer pairs like A,/By4, A3/Bsz, Ay/Bs, etc., yields soluble hb polymers. Among
these, A, + B; DMM (via condensation or addition mechanism) has received
significant encouragement in the synthesis of hb polymers. A, and B3 being sep-
arate entities are relatively easy to synthesize as compared to AB, monomers and
thus facilitate commercialization. There is enough scope in expanding A, + B3
strategy for biomedical applications owing to the existence/development of the vast
choices of the monomer pairs. A, + B3 strategy can be followed either in poly-
condensation or in self condensing vinyl polymerization. However, A, + B;
polymerization often occur in an uncontrolled fashion and there is always a high
risk of gelation and intra molecular cyclization reactions (especially when the molar
feed ratio of Ay: B3 > 0.9, at high monomer concentrations and at high conver-
sions) [99]. In an A, + B3 approach, AB,-type intermediates are formed at the
initial stage of polymerization. In the subsequent reaction steps, AB,-type inter-
mediates further reacts with unreacted A, and B3 monomers and produces A,B,
species (where x >2 and y >2). These A,B, being highly reactive species
encourage intra molecular cyclization and crosslinking (after a certain conversion of
the functional groups). In general, A, + Bj strategy develops branched polymers
with cyclic building blocks and/or a mixture of branched and cyclic polymers. In
fact, earlier A, + B3 strategy was solely used for the synthesis of crosslinked
polymers. Aharoni et al. established a series of successful reactions between aro-
matic diamines (A;) and aromatic dicarboxylic acids (B3) but the resultant polymers
were crosslinked networks [100, 101]. It was only after the pioneer work of Jikei
and Kakimoto, it was established that when equimolar amounts of A, and B;
monomers are used, soluble hb polymers could be synthesized [102]. The group
prepared hb aromatic polyamides via condensation reactions between aromatic
diamines (A,) and trimesic acid (B3) in the presence of condensing agents at 80 °C
for 3 h. In this work, they maintained a low monomer concentration of monomers;
0.21 mol L™" (3.3 wt%) to avoid gelation. They proposed that if the first con-
densation of A, and Bj is faster than the following propagation, then an AB,-type
intermediate is formed which subsequently undergoes polycondensation and thus
prevents gelation. In fact, they compared the structural features of hb aromatic
polyamides obtained from A, + B3 polymerization and AB, polymerization. To
their surprise, they observed that the hb aromatic polyamides obtained from
A, + Bj strategy exhibited higher number of the dendritic units as compared to the
terminal units whereas those obtained from AB, polymerization exhibited equal
number of the dendritic and the terminal units. Following this work, numerous
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patents and papers have been published which were mostly based on the poly-
condensation between glycerols and dicarboxylic acids/or cyclic anhydrides. So far,
A, + Bj strategy has been employed successfully to synthesize some important
classes of hb polymers like hb polyamides, hb polyimides, hb polyesters, hb
polyethers, hb polycarbonates, hb polyphosphates and hb polyurethanes; some of
them are undoubtedly potential biomaterials. Fang et al. used A, + B3 strategy to
develop hb aromatic polyimides [103]. In this work, they used a series of dian-
hydrides (A,) and a triamine; tris(4-aminophenyl)-amine (B3) to prepare the hb
polyamic acid precursors which were subsequently transformed to the respective hb
aromatic polyimides via thermal or chemical imidization. Here, the order of
monomer addition played a significant role in the development of hb aromatic
polyimides either rich in terminal amines or anhydrides and it hardly affects DB.
Often it is difficult to avoid gelation in an ideal A, + Bj polymerization. Deviation
from the ideal A, + Bj strategy, i.e., by using a condensing agent, it is possible to
prevent gelation significantly. Hao et al. followed a non ideal A, + Bj strategy to
prepare soluble hb polyimides from 1,4-phenylenediamine (A;) and tri (phthalic
acid methyl ester) (B;) in the presence of diphenyl (2,3-dihydro-2-thioxo-
3-benzoxazoyl) phosphonate condensing agent [104]. These hb polymers exhib-
ited DB of 0.52-0.56 and inherent viscosities of 0.17-0.97. Unal and Long
developed a hb poly (ether ester) via cyclization free melt condensation of A,
oligomers and B; monomers [105]. In this novel work, they condensed oligomers
of poly (propylene glycol) and trimethyl 1,3,5-benzenetricarboxylate in the pres-
ence of titanium tetraisopropoxide and stopped the reaction prior to gelation. Both
hb PCs and hb polyphosphates are highly useful as functional materials and bio-
medicine, such as antibacterial/antifouling materials, in protein purification/
detection/immobilization/delivery, in drug/gene delivery, in tissue engineering, in
bioimaging, etc. Scheel et al. synthesized thermo-labile hb PCs via A, + B3 route
employing bis (carbonylimidazolide) and triethanolamine [106]. Such hb PCs may
find usefulness in the preparation of nanoporous materials. In another work,
Miyasaka and coworkers synthesized hb PCs via A, + B3 polycondensation of
di-tert-butyl tricarbonate (A,) and 1,1,1-tris(4-hydroxyphenyl)ethane (B3) [107].
The resultant hb PCs exhibited DB around 0.5-0.7. Apart from being biocompat-
ible and biodegradable, polyphosphoesters are structurally similar to nucleic acids
and teichoic acids. Under physiological conditions, polyphosphoesters easily
degrade into harmless, low M.W materials either through hydrolysis or enzymatic
degradation of the phosphate bonds. In an early work, Wang and Shi developed a
reactive flame retardant hb polyphosphoester via A, + B3 polycondensation of
bisphenol-A (A,) and phosphoryl trichloride (B3) at 100 °C [108]. Following this
work, many research has been focused on the synthesis of hb polyphosphates and
functionalized hb polyphosphates which is elaborately detailed in the review of Lie
et al. [109]. There are also significant works on the synthesis of soluble hb polymers
via A; + B; CuAAC polymerization. Xie et al. prepared hb polytriazoles via
A, + B3 CuAAC polymerization of 4-N,N’-bis(2-azidoethyl)amino-4'-nitroazo-
benzene (A,) and 1,3,5-tris(alkynyloxy)benzene (Bs) in a one pot at room tem-
perature [110]. In another work, Qin et al. developed soluble, regio-regular hb poly



2.3 Hyperbranched Polymers from A, + B; Monomer 51

(1,2,3-triazole)s via A, + B3 CuAAC polymerization [111]. The resultant hb
polytriazoles exhibited DB around 0.9 and quite high M.W. Chen et al. developed
reduction cleavable disulfide bonds containing hb poly (ester triazole)s via A, + B3
CuAAC polymerization of dipropargyl 3,3'-dithiobispropionate (A;) and tris(hy-
droxymethyl)ethane tri(4-azido butanoate) (B3) [112]. The hb poly (ester triazole)s
exhibited M.W of 2.04 x 10* g mol™" and P.D.I around 1.57-2.17. These hb
polymers are highly recommended as stimuli responsive anticancer drug nanocar-
riers; except the fact that catalyst traces have to be eradicated. Often A, + B;
strategy facilitate the synthesis of hb polymers with exceptional desirable proper-
ties, from uncommon monomer couple pairs. Kanai et al. designed hb poly (cya-
nurateamine) and hb poly (triacrylatetrimine) with good antimicrobial activities,
from a pair of multifunctional monomers, via A, + B3 Michael addition type
polymerization [113]. In this work, they used diethylenetriamine and
2.4,6-triallylcyanurate/trimethylolpropane triacrylate as A, and B; monomer pairs,
respectively. From the growing demand for the development of A, + Bj strategy as
an alternative to AB, polymerization, it is obvious that A, + B3 polymerization has
a very good prospect in future. Hence, to encourage the establishment of A, + B;
strategy for commercialization, gelation must to be prevented. Some ways of pre-
venting gelation include the formation of reactive AB,-type intermediates (as
gelation is easier to prevent in AB, polymerization), partial functionalization of
peripheral groups, stopping the polymerization through precipitation/end capping
prior to the critical point of gelation, usage of suitable condensing agents, intense
stirring, keeping low monomer concentration, and through other few methods as
described later under the Sect. 2.4.

Although there are numerous methods to prevent gelation in A, + B; poly-
merization, yet most of them are not effective to the mark. Hence, as an alternative
to A, + Bj strategy, a new genre of synthesis strategy was developed. This new
synthesis strategy is based on the in situ formation of AB, intermediates (during the
initial stage of polymerization) from a specific pair of monomers with different
reactivities of functional groups in each. These monomer pairs are basically func-
tionally asymmetric in nature. This approach is analogous to nonideal A, + B;
strategy and is popularly known as couple monomer methodology; CMM. Owing
to the prevention of gelation, CMM is highly sought after for the scale up of hb
polymers. Depending upon the reactivity of the monomer pairs, different categories
of CMM have been reported [114]. For a monomer pair of AA’ and B'B,, in one of
the instance when A’ is more reactive than A then CMM is named as AA' + B3
strategy. In another instance, when B’ is more reactive than B then CMM is named
as A, + B'B, strategy. Finally, when both A" and B’ are differently reactive than A
and B, respectively, then CMM is named as AC + DB, strategy. In all the cate-
gories of CMM, AB,-type intermediates are formed in situ which eventually react
to form hb polymers without any crosslinked structures. In CMM, M.W and the
type of terminal functional groups on the hb polymers can be controlled by
maintaining the molar feed ratio of the monomer pairs. When the molar feed ratio of
AA' to B'B, is lower than 1:1 then the resultant hb polymers exhibit low M.W and
are rich in B groups. Whereas when AA":B'B, molar feed ratio is greater than 2:1
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then the resultant hb polymers have high M.W and are rich in A groups. It is only
when AA":B'B, molar feed ratio is between 1:1 and 2:1, the hb polymers are
equally rich in A and B groups with moderate M.W. So far, CMM has been
successfully established in the generation of hb poly (sulfone amine)s, hb poly
(ester amine)s, hb poly (urea urethane)s, hb poly (amide amine)s, hb polyesters, and
hb poly (ester amide)s [114, 115].

2.4 Drawbacks of Hyperbranched Polymerization
Techniques and Possible Remedies

From the vast studies of AB, polymerization or rather AB, polymerization for the
synthesis of hb polymers, it is clear that AB, polymerization is a very important
category of reaction. However, in an AB, type batch polycondensation reaction,
often there is hardly any control over the polymerization conditions owing to the
complementary reactivity of A and two B functional groups which lowers M.W,
broadens P.D.I, and DB is hardly beyond 0.5 for the resultant polymers [90]. Even
yields of the polycondensed hb polymers in a step-growth reaction decrease owing
to internal cyclization reactions, crosslinking reactions, and different reactivities of
the similar B functional groups. Ideally, an AB,-type hb polymer should resemble
the topology of a perfect dendrimer as two branches are expected to develop in a
regular fashion, from each monomer. Although the two B groups of a terminal unit
are equal in reactivity yet their ability to react depends strongly on the kinetic
factors prevailing during the one-pot step-growth process. Once one of the B groups
get reacted, a proximal steric hindrance is generated which generally prevents the
other B group to react and thus the probability of development of branching units
decrease (as observed in most of the reactions). Again, the regular dendritic growth
of an AB,-type monomer gets impeded due to fast depletion of the monomer at an
early stage of the reaction and thereby the polymerization continues through cou-
pling of the sterically hindered oligomeric units. Thus, these limitations of AB,
polymerization hinder the development of hb polymers as advanced soft materials
in the commercial world. Lot of efforts has been made to overcome the short-
comings of AB, polymerization in order to add prosperity to the subject. In this
regard, Shi et al. made a detailed and comprehensive study on the ongoing
development of new reaction strategies for the synthesis of hb polymers with
controlled topology and properties [116]. They claimed that there are three cate-
gories of reaction strategies which may be followed for any type of polymerization
(for step growth, chain growth, and other reaction types) to improve the structure
and properties (controlled M.W, narrow P.D.I and high DB) of the hb polymers
(Scheme 2.29). These include-

(I) Slow addition of monomers to multifunctional core or chain terminator (a
semi batch process). From the pioneer work of Malstorm et al. [8], Feast
et al. [117] and Bharathi et al. [118], a concept of copolymerization of an
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Approach 1: slow addition of monomer to core
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—_—
Slow addition HBFs

Slow addition
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AB, AB,

— HBPs

Slow addition Slow addition

B'ycore

Approach 3: confined space

>Y
-

Scheme 2.29 Schematic representation of three different approaches to decrease P.D.I of the hb
polymers. Reprinted (adapted) with permission from Shi et al. [116]. Copyright (2015) American
chemical society

AB,-type monomer in the presence of a multifunctional core monomer, B
was developed to control M.W and P.D.I of the hb copolymers significantly.
During any polymerization reaction, probability of the addition of hb species
to the other species (monomers, oligomers, etc.) is proportional to the
number of functional groups and the number of functional groups is again
proportional to DP. Thus, larger molecules grow faster than the smaller ones
which in turn actually broadens M.W.D of the resultant hb copolymers [119].
Due to slow monomer addition, a very slow monomer concentration is
maintained throughout, in the reaction mixture. Thus, the monomer almost
exclusively reacts with the growing polyfunctional macromolecules (with
complete exclusion of monomer—monomer reaction) which results in high
M.W, narrow P.D.1, and high DB [120, 121]. Moreover, the By molecule acts
a chain terminator core which also restricts the undesirable side reactions
significantly. In an ideal situation, the conversion of A groups should be
100% at all times of the reaction, i.e., the previously added monomer has to
be consumed completely before a new monomer is being added, which is
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however not the case. But in reality, this approach is favorable when the rate
of polymerization is reasonably fast. However, it is quite challenging to
maintain the rate of monomer addition to be reasonably slow but constant
during the polymerization reaction. The addition of a By multifunctional core
molecule to an AB, system also makes the final hb copolymer to resemble
the dendrimer like hierarchical architecture. In a random polymerization
process, as most of the terminal units disperse at the periphery, the intro-
duction of a core adds a focal point in the hb copolymer [122]. The molar
feed ratio of the AB,-type monomer and the B, molecule is a highly critical
parameter in determining M.W and P.D.I of the hb copolymers. Generally, a
high molar feed ratio of AB, and By (say greater than 100) broadens M.W.D
of the hb copolymers due to increased probability of the monomer—monomer
reaction, i.e., self AB, polymerization [118]. However, keeping the molar
feed ratio of AB, to B less than 100 dramatically reduces M.W of the
resultant hb copolymers which may limits their applications in many
potential fields. The second comonomer multifunctional core molecule may
be added to the AB, system, either as a small molecule or as a polymer.
When a multifunctional polymer or a macroinitiator is used as a core in an
AB, system, then it is a kind of hypergrafting strategy (grafting-from tech-
nique is generally followed) [123]. Hypergrafting strategy may involve
grafting of a hb block copolymer either from the surface of a multifunctional
linear macroinitiator (linear-graft-hyperbranched copolymer) [124] or from a
multifunctional hb macroinitiator (hyperbranched-graft-hyperbranched
copolymer) [125]. The multifunctional macroinitiator core molecule is gen-
erally composed of polyglycerols and poly (ethylene glycol)s. It has been
found that hypergrafted hb copolymer products being core—shell type poly-
mers are often highly useful in biomedical transport applications or for
applications in bio-conjugations. In spite of using a multifunctional core
molecule in the polymerization reaction mixture, often hb copolymers
exhibit bimodal M.W.D; a narrow, high M.W peak, and a broad, long tail on
the lower M.W end. Bharathi and Moore dramatically improved the GPC
chromatograms of the hb copolymers prepared from an AB,-type monomer
and a By comonomer by carrying out the polymerization reaction on an
insoluble solid (polymer, peptide, etc.) support [126]. They speculated that
due to the limitations in the spaces that exists when a hb polymer attaches to
a solid support, a high M.W could be maintained during the hb polymer-
izations. The solid support also inhibited any undesirable intramolecular
cyclizations between the A and the B groups. In this novel work, they
tethered a Bytype monomer core to an insoluble solid support suspension
through a triazene linkage and then subsequently polymerized an AB,-type
monomer in the presence of the core support suspension, Pd (II) catalyst and
piperidine. The resultant hb copolymers (isolated from the solid support)
exhibited highly controlled features like M.W of around 5-25 x 10° g
mol™! and P.D.I of around 1.1-1.5. The only problem associated with the
technique of slow addition of the AB,-type monomer to a multifunctional
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an

core (either supported or unsupported) is the happening of self-
polymerization of the AB,-type monomer which generally results in low
yield of the desirable hb copolymers.

Maintaining different reactivities of the multifunctional core and the mono-
mer in a real polymerization process, although a difference in reactivity
between the AB,-type monomer and the By molecule is always maintained
but by maintaining a wide difference in their reactivities, further improve-
ment in the GPC chromatogram of the resultant hb copolymers is possible
[127]. This approach is analogous to slow monomer addition in the sense that
randomness of the polymerization reaction is significantly reduced. Due to
wide difference in the reactivity ratio between AB, and B (B is preferably
more reactive than the B groups of the AB,-type monomer due to higher
degree of functionality), B; reacts with AB, at a faster rate and delays
undesirable homopolymerization of AB,. Bernal et al. prepared hb poly
(arylene ether phosphine oxide)s in the presence of a series of By molecules
with varied reactivities and observed P.D.I as low as 1.25 [128]. Following
this work, further improvement in the GPC chromatogram was procured by
Roy et al. where they synthesized hb polyethers in the presence of highly
active B3 core than the AB,-type monomer [129]. They observed on
increasing the molar fraction of B3 to AB,, decrease in M.W (as low as
5400 g mol™") and P.D.I (<1.5) occurred. Hence, in order to obtain hb
copolymers with narrow P.D.I but high M.W and high DB in the true sense,
more research has to be done to develop new pathbreaking strategies. These
days, activation of the functional groups on the core polymer also signifi-
cantly narrows M.W.D of the hb copolymers. On using the B, core molecule
with higher reactivity than the AB,-type monomer, a faster consumption of
the core molecules than the AB,-type monomer occurs in the initial stage.
However, after complete reaction of the B with the A groups, the surface B
groups on the produced 1* generation hb copolymer become equally reactive
to that of the B groups on the monomer. This phenomenon significantly
reduces the effect of faster reaction of the B, core than the monomer. Hence, a
consecutive activation of the B groups on the Ist generation hb copolymer
during the polymerization reaction is necessary. Suzuki et al. introduced the
concept of multibranching polymerization (MBP) which generates a den-
dritic polymer with the initiator as the core [130]. MBP proceeds via mul-
tiplication of the propagating ends at every step of the propagation. To carry
out a successful MBP reaction, a judicious choice of monomers and an
adequate feed ratio between the monomers has to be maintained. In a later
work, Suzuki et al. designed hb dendritic polyamine consisting of primary,
secondary (a nonbranching point) and tertiary (a branching point) amino
groups via Pd catalyzed decarboxylative ROP of a cyclic carbamate mono-
mer in the presence of benzylamine initiator [131]. This type of MBP
involves a monomer with a leaving group at the allylic position which is
activated from time to time by the oxidative addition of Pd to form a
[I-allylpalladium complex intermediate. The II-allylpalladium intermediate
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is further nucleophilically attacked by an initiator fragment and a propagating
end. Thus, here free amine initiator (benzylamine) or rather the growing
polymer chains reacted with the monomer but the monomer could not
undergo self-polymerization; thereby narrows M.W.D of the resultant hb
copolymers. The hb copolymers exhibited DB around 0.6-0.8 and P.D.
I < 1.5. In another attempt, Ohta and coworkers synthesized hb copolymers
by exploiting the change of substituent reactivity effects between the
monomer and the B core as well as the growing polymer [132]. Generally,
reactivity of the initially identical groups changes after one of them has
reacted. In their study, they generated an AB,-type monomer anion with an
amide anion (as A group) and two ethyl ester groups (as B groups) where the
amide anion deactivated both the ester groups which subsequently prevented
AB, self-polymerization (through +I effect) and encouraged reaction of the
AB,-type monomer anion exclusively with the initiator core molecule
(constituting of two reactive ester groups). In the following step, the AB,-
type monomer anion further reacts with the ester groups of the growing
polymer chain which had been activated through the formation of amide
linkage. The resultant hb copolymers exhibited P.D.I < 1.13 but DB was
only 0.5 (due to equal reactivity of the terminal B groups on the polymer).
Unfortunately, this approach is applicable only to certain classes of polymers
(as the choice of monomer-core pair is critical) which restrict its exploration.
By carrying out the hb polymerizations in confined spaces- When a poly-
merization reaction (especially in FRP) is carried out in a homogeneous
medium, variety of random reactions occur due to unconfined nature of the
process (i.e., infinite space). Undoubtedly, such random reactions adversely
affect the structure of the polymers with complex architectures where
otherwise control in the reaction strategy is necessary. On the contrary, when
a polymerization is carried out in a heterogeneous, dispersed medium (say in
microemulsion), it is possible to synthesize polymers with controlled and
complex architectures. A well dispersed medium or rather the presence of
discreet micelles ensures compartmentalization which is basically segrega-
tion and/or confinement of the reactants within the discrete polymerizing
particles. Such confinement of the reactant molecules dramatically reduce
polymer—polymer inter particle reactions and thus narrows M.W.D of the
resultant hb polymers. Each discrete polymerizing sites acts either as a
microreactor or a nanoreactor with a well defined boundary. Each reactor is
highly localized and independent and there is hardly any mass transfer
between the adjoining reactors. This synthesis approach is mainly popular in
the controlled radical polymerization technique. So far, the attempt to control
the hierarchical structures of the hb copolymers with well defined properties
has been mostly successful with this approach.
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2.5 Conclusion

This chapter has covered some of the notable advancements in the synthesis of hb
polymers via step-growth and chain-growth reactions since their birth. Typical
approaches for the synthesis of hb polymers like AB, polycondensation, A, + B;
polymerization and other categories which are quite widely followed worldwide is
discussed in length. In each section, a brief detail has been provided how different
methods can be used to produce different important classes of hb biomaterials. This
chapter also focuses on the drawbacks associated with the different preparatory
methods for the hb polymers and how various researches have come up with
suitable remedies.
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