Chapter 2

Polymer Chelating Ligands: Classification,
Synthesis, Structure, and Chemical
Transformations

Abstract The past few decades were marked by significant achievements in the field
of chelating polymer ligands including those of different types of polymers and various
chelating fragments. The chelating polymers classification adopted in this book
includes, primarily, the method of preparation and structure of the polymer backbone
and then its functionality. These ligands provide broad control over the metal chelate
distribution and allow to preparing polymeric materials with enhanced stability, tunable
solubility in aqueous and organic media, as well as interesting optical, magnetic, and
fluorescent properties. This chapter analyzes the synthetic methodologies and spatial
structures such chelating polymer polymers as linear, branched, cross-linked, grafted
polymers, dendrimers, star and hyperbranched polymers, as well as liquid-crystalline
polymers and polymeric films. Special attention is paid to the features of chelating
polymer ligand preparation methods: (co)polymerization of chelating monomers,
methods of controlled radical polymerization, click chemistry methods, method of
cation polymerization, chemical oxidized polymerization, electropolymerization,
photo- and microwave-assisted polymerization, cyclopolymerization, asymmetrical
polymerization, post-polymerization modification, polycondensation reactions,
«greeny» synthesis, and grafted polymerization. The problems and future prospects of
such chelating polymer ligands are outlined.

Chemistry of chelating polymers has reached its peak development in XXI century:
keys to the synthesis of a range of new type of CPLs have been found, fine tech-
nology of fabrication of such materials as biosensors, medical implants, organic
light-emitting diodes (OLED) has been developed, spatial structural organizations
of interface boundaries have been basically understood. Thin films give a possi-
bility of direct synthesis of polymers with extremely difficultly compatible func-
tional groups. Using post-polymerization modification (PPM) in combination with
click chemistry methods makes it possible to avoid limitations, which would be
impossible to achieve otherwise [1]. Polymers are very convenient for fabrication of
hybrid materials, because a chain gives a wide range of possibilities for integration
of functional groups and active centres of different origins.
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Interaction between MX,, and CPLs is the most-used method of PMC prepara-
tion [2—14]. It is important that the possibility of synthesis of PMCs, as well as their
physico-chemical properties, can be engineered even at the stage of CPL design.
Presently chemistry and synthesis technique of CPL are developed quite well and they
continue to improve. Owing to achievements of contemporary polymer chemistry,
now there are no considerable difficulties in synthesis of any chelating fragments
linked by a polymer chain. Moreover, almost all types and classes of traditional
polymers are involved in solutions to these problems (Fig. 2.1) [15].

All three traditional approaches of polymer chemistry are used for creation of the
polymers containing chelating fragments:

e homopolymerization, co-polymerization, and grafted polymerization of mono-
mers with chelating nodes;

e polycondensation of respective compounds, which bring to CPL formation;

e PPM of functional groups of polymers for completion of chelating fragments.

The simplest way of producing CPLs is associated with synthesis of new mono-
mers for reactions of polymerization and polycondensation, in which necessary
functionalities are included in chemical structure of their monomers. Though these
precursors with chelating groups always took a special place among other methods of
polymer chelation, due to their simplicity and wide range of reactions with their
participation, researchers always encountered with the problems of establishment of
the effect of these groups on polymerization rate and conversion, as well as intro-
duction of sufficient number of monomer units in a polymer during copolymerization
of multiactive comonomers, etc. However, a potential of this approach is limited,
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since, on the one hand, a number of similar monomers is strongly limited, and on the
other hand, the (co)polymerization process is accompanied by variety of chemical
transformations of these monomers.

Alternative approach is PPM (post-polymerization design) of CPLs of different
topology and structure from already known polymers [16, 17], especially, using
commercial polymers as backbone [18, 19]. Possibilities of this way are almost
infinite: from changing such simple characteristics as composition of a chelating
fragment, length of linking bridges (spacers), presence of cross-linkings, etc., to
subtler effects, like long-range correlations and gradient structure. Therefore, in
frameworks of this approach a wide range of CPLs can be designed, almost without
disturbing the main chain of initial polymer.

The developed preparation methods of CPL synthesis are widely used in labo-
ratory practice and in industry, in particular, in production of chelating sorbents.

Increasing needs of science and engineering bring to the forefront the problems
of design of principally new «functional» [20-25], «smart» [26-28], «stimuli-
responsive shape memory» [29], «self-oscillating» [30], and other materials, using
efficient critical technologies meeting demands of «green chemistry» [31-37].
Among them is primary choice of enzymatic catalyst [38—40], reaction medium
(supercritical carbon dioxide [41-43], ionic liquids (ILs) [44], water as solvent [45—
47]), design of biodegradable polymers [48], etc.

Varying of a polymer chain structure makes it possible to perform «fine tuning»
of necessary parameters and properties, thus creating prerequisites for fabrication of
materials with desired properties [49-53]. In this respect applying of the principles
of constitutional dynamic and adaptive chemistry [54-59] is very promising,
especially with usage of molecular dynamic libraries [60] or computer databases of
polymers [61]. Chemical structure of macromolecules is widely variable: even a
single macromolecule could be considered as a «molecular system», which can
change configuration in a wide range, and abnormally low entropy makes it highly
sensitive to different impacts.

2.1 Linear, Branched and Network Polymers as Chelating
Macroligands

The study of the physico-chemical properties and spatial structure of polymers is
one of most promising approaches to solution of the problem of design and directed
synthesis of PMC with predetermined properties. In contrast to low molecular
weight analogues, polymer ligand is characterized by some features, which make
difficult to study its physico-chemical characteristics. This, probably, explains why
many CPLs based on synthetic polymers have not been adequately studied. For
them three levels of structural organization should be taken into account [62]:

— molecular, which reflects chemical structure of polymer units, their distribution
in chain and stereochemical construction of the chains;
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Fig. 2.2 Structure of Linear
polymers
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— supramolecular, which takes into account intermolecular interactions, degree of
ordering and macromolecular packing;

— topological, which characterizes correlation between elements of the structure of
polymers (molecular-mass distribution, parameters of 3D structure, etc.)

Among vast variety of topological structures of the polymers [2, 63], the sim-
plest are linear, branched, and network structures (Fig. 2.2).

Most widely for the CPL synthesis free radical polymerization is used, rarely
used is ionic polymerization of chelating monomers depending on character of
active particles. By a number of types of contributing monomers homopolymer-
ization (one type of monomer) and co-polymerization (two and more types of
monomers), resulting in linear or branched polymers, are distinguished. In order to
obtain spatially cross-linked polymers, polymerization is carried out in presence of
divinyl compounds, for example, divinylbenzene (DVB), N,N'-methylenebisacry-
lamide (MBA), etc., or various methods of 3D polymerization are used [64]. Wide
use of this technology is stipulated by a possibility of its application for different
vinyl monomers, soft conditions of reaction process, often by tolerance to func-
tional groups of monomers, easiness of application in industry, and low cost as
compared with other technological processes.

2.1.1 (Co)polymerization of Chelating Monomers

Polymerization begins from breaking of one chemical bonds and creation of others.
Break in double bonds leads to decrease in energy of a system and is spontaneous
exothermal process (AG < 0, AH < 0). However, without external impacts (ini-
tiators, catalysts, etc.) polymerization usually proceeds slowly. Thus, methacry-
loylacetone can polymerize slowly at storage at room temperature, however, its
polymerization rate is far slower than that of traditional monomers, such as methyl
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methacrylate (MMA), styrene (St), etc. This is due to strong tendency to transfer of
a chain by chelating fragments (for example, by enol form of -diketonate groups)
and low activity of enol radicals as compared to radicals of the chain growth [65].

To increase polymerization rates of chelating type monomers, standard methods
are used: chemical action by introduction of different initiators (peroxides, azo-
compounds). Thus, benzoyl peroxide (BP) was used in polymerization of monomers
containing such chelating fragments as o-hydroxyaldehydes (ketones) [66, 67], sal-
icylaldimines [68-70], 8-hydroxyquinolines (HQ) [71-74], etc.

The examples of using 2,2'-azobisiso-butyronitrile (AIBN) are polymerization of
monomers with groups 1,4,8,11-tetraazacyclotetradecane (cyclam) [75], HQ [76—
79], 2-acrylamidosulphadiazine [80], 2-acrolyl-quinazoline [81], 34-membered
monoazacrown ether [82], and also co-polymerization of traditional monomers with
chelating monomers 5-vinyl-m-phenylene-m'-phenylene-32-crown-10 [83], benzo-
15-crown-5 derivative [84], acrylamidomethyl-18-crown-6 (acrylamidomethyl-15-
crown-5) [85], benzo-12-crown-4 (15-crown-5, 18-crown-6)-acrylamide [86—89],
Q-methacrylate [90-92], etc.

These initiators are widely used for synthesis of cross-linked co-polymers. Thus,
2-hydroxy-4-acryloyloxybenzophenone was co-polymerized with DVB in presence
of AIBN [93]. Poly(vinylcatechol-co-DVB) resins were obtained via suspension
polymerization of 3,4-dimethoxystyrene and DVB and toluene as a porogen and the
following removal of protection from catechol groups (Scheme 2.1) [94].

Co-polymerization of 4-acetyl acryloyl ethyl acetate and acrylic acid (AA) was
performed using AIBN as initiator and MBA as a cross-linking agent [95]. The cross-
linked polymers of poly(2-hydroxy-4-acryloyloxybenzophenone) were obtained by
free-radical polymerization of 2-hydroxy-4-acryloyloxybenzophenone monomer
with DVB cross-linking agent [96].

It should be noted the synthesis of homo- and copolymers of poly(norbornene)
containing spiropyran (SP) side groups [97]. Due to the opened merocyanine
(MC) form, difficulties in the homopolymerization of SPs were observed, which
resulted in low polymerization yields for homopolymers. At the same, copolymers
with 10 mol% SP content were obtained in good yield. Also it is important that
switching between the apolar SP form and the zwitter-ionic MC form also leads to
switchable wettability.

Of considerable interest is also poly(crown ether) bearing dibenzo-24-crown-8
moieties in the polymer backbone prepared using a rotaxanation-protection proto-
col, including stepwise production via the polymerization of cavity-filled [2]
rotaxane and subsequent removal of the axial fragment [98].
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Values of reactivity coefficients for Q-methacrylate (r;) and MMA (r,) found
from the Finemann-Ross dependence are 0.76 and 0.52, respectively [90]. When
the values r; and r, are less than 1, azeotropic polymerization takes place, and
r; = 0.67 (which corresponds to the mole fraction of Q-methacrylate in the initial
monomer mixture) points to the fact that the formed co-polymer will have the same
composition as the initial monomer mixture. When the molar fraction in the
monomer mixture is less than 0.67, co-polymer is enriched with units of chelating
monomer. The composition of the co-polymer (Table 2.1) illustrates these
relationships.

The idea of a character of distribution of co-polymers of a certain molecular
weight—polydispersity index (PDI = M/M,,), is seen from Table 2.2. The My, and
M, values change from 13,974 to 19,996 and from 38,071 to 56,950, respectively,
while PDI varies from 2.68 to 2.96. Intrinsic viscosity varies from 0.015 to
0.030 dL g™'. These results show that when content of Q-methacrylate decreases in
the co-polymers, average molecular weight and viscosity decrease considerably,
whereas PDI varies randomly [90].

Table 2.1 Copolymer compositions data and reactivity ratios of copolymers of Q-methacrylate
and MMA

Monomer feed composition Conversion Composition of Reactivity
(%) Q-methacrylate in ratio
Q-methacrylate MMA copolymer [m,] I 1
[M,] mol. [M:]
mol.
1.00 - - - 0.76  |0.52
0.50 0.50 9.45 0.552
0.40 0.60 8.86 0.425
0.30 0.70 8.38 0.336
0.20 0.80 9.76 0.212
0.10 0.90 8.40 0.184
- 1.00 - -

Table 2.2 Average molecular weights and viscosity data for the copolymers Q-methacrylate with
MMA

Composition of Q-methacrylate in copolymer M, My, PDI M), dL ¢!
1.00 19,219 56,950 2.96 0.030
0.552 19,966 46,153 2.72 0.023
0.425 15,210 42,356 2.78 0.020
0.336 14,539 39,626 2.73 0.019
0.212 14,210 38,071 2.68 0.016
0.184 13,974 38,102 2.73 0,015
- 14,848 40,146 2.70 0.017
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Among other initiators, we shall notice 2,2'-dimethoxy-2-phenyl-acetophenone,
which was used for polymerization of diethyliminodiacetate-containing monomers
based on ethyl-o-bromomethacrylate and o-chloromethacryloylchloride with die-
thyl iminodiacetate [99]. Monomers show low homopolymerization activity, which
is ascribed to steric effect of N,N-disubstituted methacrylamides, in presence of
allylamine group they are subjected to the degradation transfer of a chain, while
bulky iminodiacetate groups enclose a double bond. Monomers with diethylimin-
odiacetate groups are co-polymerized with acrylamide (AAm) in water under action
of the 2,2'-azobis(N,N'-amidinopropane) dihydrochloride initiator. It should also be
noted that in this system rate of polymerization and conversion of both monomers
are reduced.

Among other kinetic dependencies of polymerization, we shall note that
p-vinylbenzoylacetone polymerization follows the traditional model of radical
polymerization; its rate is proportional to square root from concentration of initiator.
The ratio of activities in co-polymerization is r; = 2.56 for St and r, = 0.32 for
p-vinylbenzoylacetone in benzene [100].

Polymerization is carried out in different ways: in bulk, in solution, in suspension.
For example, polyacryloylacetone is prepared by polymerization of acryloylacetone
in sealed tubes [101]. Initiated polymerization of salicylic acid O-carboxyanhydride
was performed in block at 140 °C [102]. In this case, rather pure polymer is
obtained, and the main difficulty of the process is in removal of polymerization heat.
Most CPLs are obtained by polymerization in solution, since it is easier to remove
heat and to control composition and structure of the polymers, however, a problem
of a solvent removing is raised. A scheme of radical precipitation polymerization can
be represented as follows (Scheme 2.2).
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Scheme 2.2 Mechanism of particles’ formation during precipitation polymerization, including
particle nucleation (a, b) and particle growth (c)
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The co-polymer PAN-co-poly(hexamethylene guanidine hydrochloride), where
PAN is polyacrylonitrile, was also obtained by precipitation co-polymerization of
acrylonitrile (AN) and modified macromonomer poly(hexamethylene guanidine
hydrochloride) in water [103].

During suspension polymerization a monomer exists in form of drops dispersed
in water or other liquid. As a result of the reaction, polymer beads are formed with
the size from 107'° to 107"* m. Inversion suspension co-polymerization of hydro-
philic glycidyl methacrylate (GMA) and iminodiacetic acid (IDA) [104]; suspension
radical co-polymerization of 2-methacryloyl amidocysteine, and 2-hydroxyethyl-
methacrylate [105, 106] can be considered as examples. The traditional drawback of
this method is a necessity in stabilization of suspension and washing of polymers
from stabilizers.

Apart from traditional ways of initiation, polymerization of chelating monomers
can also take place as a result of radiation initiation. Therefore, y-radiation poly-
merization of AA is performed in presence of 2-mercaptobenzimidazole and a
cross-linking agent [107]. The CPL with fragments of ethylenediaminetetraacetic
acid (EDTA) is obtained via y-radiation induced template polymerization of AA on
polyacrylamide (PAAm) in presence of EDTA-Na, and MBA as a cross-linking
agent [108]. Hydrogel poly(N-(hydroxymethyl) methacrylamide-1-allyl-2-thiourea)
is synthesized under action of y-radiation using ®’Co with different radiation doses
to change the porosity and cross-linking density of the hydrogels [109, 110].

Control over molecular weight of macromolecules can be realized, as in the case
of traditional monomers, using initiators, inhibitors, and other compounds. However,
transfer and termination can take place at different stages of a chain growth, therefore
macromolecules are polydisperse. A drawback of radical polymerization is a diffi-
culty in control over molecular weight of a polymer, molecular structure, and compo-
sition of a co-polymer [111]. Therefore, there was always a necessity in improvement
of the process of radical polymerization under soft conditions, so that CPLs with
controlled molecular weight, required architecture of macromolecules and low PDI
could be obtained.

2.1.2 Chelating Macroligands Obtained by the Methods
of Controlled Radical Polymerization

A range of new chemical and biologic methods of polymerization used in large-scale
and small-scale polymer production is recently developed [26]. Thus, discovery of
«living» controlled radical polymerization (CRP) [112—-114] was a serious step in the
way of improvement of the technology, because this method provides production of
high quality polymers with predetermined structure and molecular weight under
conditions typical for radical polymerization. The polymers obtained by that way
have narrow PDI and a specified molecular weight. Moreover, the method of CRP
gives a possibility of synthesis of polymer molecules of complicated architecture
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(block-co-polymers, star-like and grafted structures), and also a possibility of intro-
duction of chelating fragments in a polymer structure. Thus, the «living» controlled
radical co-polymerization is used to obtain polyfunctional block (-b-) St-co-MMA
polymers with narrow PDI, containing units of 2,2":6’,2"-terpyridine (tpy) in the side
chain [115].

It should be noted the synthesis of «schizophrenic» copolymer (poly[l'-(2-
methacryloxyethyl)-3’,3'-dimethyl-6-nitrospiro-(2H-1-benzopyran-2,2'-indoline)]-b-
PAA) by sequential Cu(0)-mediated «living» CRP at 30 °C in an oxygen-tolerant
system followed by hydrolysis of the resulting polymer [116]. The «schizophrenicy
micellization behavior of as-prepared copolymer in aqueous solution regulated by
light and pH stimuli was vividly demonstrated (Fig. 2.3).

In the ideal «living» polymerization reaction of irreversible chain termination
does not happen, all polymer chains begin their growth almost simultaneously (at
the initiation rate far higher than the growth rate of a chain). Therefore, PDI is very
narrow (<1.5), and growth of polymer chains can be continued at addition of a new
portion of a monomer. A decrease in contribution from the reaction of irreversible
chain termination can be achieved by decrease in concentration of growing polymer
radicals via introduction of mediators of polymerization, which react reversibly
with growing polymer radicals, thus converting them into inactive state. Therefore,
equilibrium is reached between active and inactive polymer radicals. Without going
into details of quite profoundly studied mechanism, we shall notice that, depending
on a way of «livening» macromolecules, the following kinds of this method are
distinguished:
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Fig. 2.3 Vividly «schizophrenic» micellization behavior in aqueous system
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(1) polymerization with participation of metal complexes, so called Atom Transfer
Radical Polymerization (ATRP) [117, 118];

(2) polymerization via reversible addition of a radical and fragmentation of dithioe-
thers, in other words, Reversible Addition Fragmentation Transfer (RAFT)
Polymerization [119-123];

(3) polymerization with participation of stable radicals, including nitroxyl groups,
which is called Nitroxide Mediated Polymerization (NMP) [124].

In the most widely spread ATRP method «livening» of macromolecules is due to
reversible atom transfer: a macroradical interacts reversibly with a special addition
(catalyst, a compound of a transition metal) via redox reaction, alkyl-halide (most
often bromide) is used as initiator.

The ATRP of St is performed in presence of 5-(chlorosulfonyl) salicylic acid
[125, 126]. Polystyrene (PS) with end-capped HQ groups has been obtained via
ATRP with 5-chloromethyl-Q acetate used as initiator. The results point to the fact
that polymerization proceeds by the first order by monomer. Molecular weight of
the formed polymer increases linearly with consumption of the monomer and
displays very narrow molecular-weight distribution (PDI less than 1.2) [127].
Depending on molecular weight, polymers can self-assembly in hollow or solid
spheres, or monolayer film with regular pores [128].

Diblock-copolymer with HQ side groups was synthesized by St polymerization
using RAFT method in presence of a chain-transfer agent, which was a polymer
produced by living controlled polymerization of the monomer being a product of
reaction between HQ and 2-hydroxyethylmethacrylate [129]. RAFT co-polymerization
of 2-((HQ-5-yl) methoxy) ethyl methacrylate with St or MMA was successfully carried
in presence of 2-cyanoprop-2-yl-dithionaphthalenoate. Its kinetic behavior confirms the
origin of living polymerization [130]. It is noted application the nonionic amphiphilic
brush polymers such as poly(PEO methyl ether vinyl phenyl-co-St) trithiocarbonate
and poly(PEO methyl ether vinyl phenyl-b-St-b-PEO methyl ether vinyl phenyl)
trithiocarbonate as macro-RAFT agent in the emulsion RAFT polymerization of
St, where PEO is poly(ethylene oxide) [131]. PS and poly(n-butyl acrylates) with two
end tpy groups are obtained via RAFT polymerization using the symmetric bis-tpy-
functionalized trithiocarbonate as the chain-transfer agent [132]. Amphiphilic polymers
poly(triethyleneglycol methyl ether methacrylate)-b-PS with tpy groups randomly
distributed along water-soluble block-copolymer have been obtained by RAFT poly-
merization [133]. Similarly, the PS-b-poly(2-hydroxy-5-vinylbenzaldehyde) copoly-
mers are obtained from 2-hydroxy-5-vinylbenzaldehyde using the chain-transfer
macroagent PS with the end trithiocarbonate groups [134].

Chelating ligand 2,2'-bipyridine (bpy) with fixed in 5,5'-positions RAFT-agents
showed good controlling functions during St polymerization according to the first
order kinetics and linear growth of molecular weight with conversion (Scheme 2.3)
[135].

The analogous synthetic procedure is applied for synthesis of tpy with one bound
RAFT-agent used for controlled co-polymerization of St and N-isopropylacrylamide
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Scheme 2.3 RAFT polymerization of St using a bpy block with two cross-linked RAFT-agents

(NIPAM) resulted in formation of a polymer with the tpy-chelating end group [136].
The monomer functionalized by benzenedinitrile, 2-methyl-acrylic acid 6-(3,4-
dicyano-phenoxy)-hexyl ester, was successfully polymerized via RAFT method. The
polymerization has all features of the «living»/CRP: first order kinetics, linear
increase of molecular weight with conversion of the monomer, narrow PDI, and
successful chain-extension experiments [137]. Also RAFT polymerization was used
for production of amphiphilic block-copolymers with chelating oxime group, in
which hydrophobic keto-functional blocks self-assemble into micelles in water [138].
Addition of bifunctional alkoxyamine to these solutions brings to cross-linking of the
micelles, forming star polymers.

Alternating RAFT copolymerization of p-methoxydiethylene glycol-substituted St
and N-(2-salicylaldehyde-aminoethyl) maleimides leads to well-defined alternating
copolymers with narrow polydispersity (PDI < 1.35) [139]. It is interesting that these
alternating PMCs show an excellent selective fluorescence «OFF-ON» response to
Zn(II) ions by inhibiting the photoinduced electron transfer (PET) effect. At the same
time, the initial salicylaldimine monomer almost has no fluorescence response to
Zn(II) ions due to the PET process.

RAFT polymerization was used to prepare the well-defined block copolymers
based on 2-(acetoacetoxy) ethyl methacrylate (hydrophobic, metal chelating) and
9-anthryl-MMA (hydrophobic, fluorescent) with effective dual chemosensor prop-
erties (i.e., amino- and metal-ion sensors) in an organic solvent (chloroform) [140].

The controlled polymerization of commercially available 2-(acetoacetoxy) ethyl
methacrylate was performed in presence of such highly efficient chain-transfer
agent as 2-cyano-2-propyl dithiobenzoate and AIBN as radical initiator (Table 2.3)
[141]. Under determined conditions of the reaction the quantitative conversion of
the monomer is really achieved for polymerization time in the interval from 15 to
20 s. The polymerization follows the first order kinetics by the monomer, molecular
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Table 2.3 Experimental conditions and molecular characteristics of (acetoacetoxy)ethyl methacry-
late homopolymers obtained by RAFT radical polymerization (initiator: AIBN, solvent: ethyl
acetate, temperature 60 °C)

[Monomer]y/[agent]o/[AIBN], (M) Time (h) xp“ DP® PDI
5.2/0.271/0.037 20 >0.99 30 1.16
2.6/0.132/0.020 n.d. 0.82 44 1.17
5.2/0.072/0.020 15 >0.99 106 1.16
3.7/0.052/0.007 20 0.96 145 1.15
5.2/0.026/0.005 18 0.39 177 1.13
2.6/0.021/0.004 46 0.85 176 1.13

“monomer conversion
bdegre:::—of—polymerization

weight of the polymers increases linearly with conversion, and final products have
monomodal and narrow molecular-weight distribution (apparent PDI < 1.2). These
results lead to the assumption that RAFT radical polymerization provides controlled
synthesis of CPLs.

A special mechanism of «living» radical polymerization is associated with using
of specific initiators, so called iniferters [142]. During inifert-induced «living radical
polymerization a growing radical interacts reversibly with stable or low active radical
(stable radicals, spin traps, cobalt porphyrins) with formation of adduct containing
labile end group, which is able to split from the end of chain under heating or
irradiation (Scheme 2.4).

The iniferter method was used, for instance, for free radical polymerization of
acetone oxime acrylate [143].

In the NMP method polymerization is implemented with using of stable, including
nitroxyl radicals. Thus, homo-telechelic macroligands with chelating tpy-4'-yl units at the
ends of a chain are obtained by NMP of St using bis-tpy-functionalized NMP initiator
[144]. The NMP method was also used to obtain amphiphilic water-soluble block-
copolymer of poly(sodium-styrenesulfonate) (PSS) and 5-(4-acryloyloxyphenyl)-10,15,
20-tritolylporphyrin) [145]. Polymers with M,, higher than 60,000 containing up to
10 mol% of chelating tpy units were successfully obtained by NMP method via

+ N CHp=CHX
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Scheme 2.4 Mechanism of iniferter-induced «living» radical polymerization
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co-polymerization of MMA with a monomer containing a tpy fragment. The PDI
occurred lower than 1.3, though it is well known that tpy interacts with a stationary
phase during gel chromatography and broadens polydispersion [146]. Interaction
between a primary produced benzylchloride-functionalized initiator with 2,6-di
(2-pyridyl)-4-pyridone in presence of potassium carbonate was used to fabricate a
tpy-containing initiator for NMP, which was successfully applied for controlled bulk
St polymerization, resulted in production of chelating macroligand based on PS. It
should be noted that the remained nitroxide groups at the end of PS can be replaced
by a tpy-containing maleimide with formation of telechelic bis-tpy-functionalized
PS [147].

The synthesized free-radical TEMPO-based (TEMPO is (2,2,6,6-tetramethylpiperidin-
1-yl) oxyl, or (2,2,6,6-tetramethylpiperidin-1-yl) oxidanyl) initiators containing dibenzo-
24-crown-8 and bis(mm-phenylene)-32-crown-10 were used for production of PS with the
end crown ether fragments and narrow PDI [148, 149].

Presently many research groups improve these methods of synthesis of polymers
in order to obtain CPLs with determined beforehand molecular weight, polydis-
persion, topology of a chain, which also contain necessary functional groups in
predetermined sites of the chain. The aforementioned methods are now essential in
CRP, though many variants and combinations of them exist. We shall resume
that possibilities of CRP are as follows: narrow PDI, control over the rate of poly-
merization, topology of macromolecules, microstructure of a chain, and composition
homogeneity of copolymers, and also controlled functionality of macromolecules.

2.1.3 ROMP as a Method of Production of Chelating
Polymers

An interesting method of CPL production is ring-opening metathesis polymer-
ization (ROMP) [150]. This method, in particular, was applied to obtain chelating
polymers with tpy and carbazole (Cz) groups in side chain [151, 152], porphyrin
(Pp) copolymers, and long-chained alkyl norbornene using Grubbs initiator [153].
Dibenzoylmethane (dbm) initiators with one or two alcohol groups are used for
creation of poly(e-caprolactone) (PCL) macroligands with chelating fragments at
the end or in the middle of a chain with low PDI ~ 1.1 (Scheme 2.5) [154].

Mono and bis(thydroxyalkyl)-bpy were used as ROMP initiators of e-caprolactone
and pL-lactide, catalyzed by tin octoate (Scheme 2.6) [155].

Hydroxypropyl-tpy macroligand was used as initiator of polymerization of
g-caprolactone with hydrogen-bound (H-bound) end groups (Scheme 2.7) [156,
157].

Instead of tin octoate aluminum alkoxide can be used as a catalyst of ROMP
with contribution from polymer initiators (Scheme 2.8) [158].
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Scheme 2.8 Schematic representation of synthesis of poly(L-lactide)-based 3,6-di(2-pyridyl)
pyridazine (DPP) chelating ligand

The cross-linked crown ether polymers with sulfur-ether group were obtained by
ROMP from 3-thiopentyl glycidyl ether and diethylene glycol bisglycidyl ether
with Na, NaOCH,CH,OCH,CH,OH, or BuLi as a catalyst, respectively [159].

2.1.4 Click Chemistry Methods in Synthesis of Chelating
Polymers

One of the methods of control over topology of the formed CPLs is using of «click
chemistry», simple in realization of reactions, which proceed stereospecifically and
with high yield in easily removed solvents, with formation of easily separated side
products [160, 161]. The Cu(I) catalyzed azide-alkyne cycloaddition (CuAAC) is
the premier example of a click reaction [162]. The majority of studied click reaction
is based on the 1,2,3-triazole as a stable linkage to connect two components. In
particular, 1,4-functionalized 1,2,3-triazoles are versatile ligands with wide set of
donor sites for metal chelation, including N3, N2 and C5 (Fig. 2.4).
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Fig. 2.4 Examples of metal coordination with participation of 1,4-functionalized 1,2,3-triazoles

Click polymerization was successfully used for synthesis of a range of Pp-containing
polymers with triazole rings served as spacers. Polyaddition of Pp-containing dialkyne
and 1,4-diazidobenzene is initiated either simple heating, or by Cu(I)-catalyst, bringing
to polymers with relatively high molecular weight. The polymer obtained by thermally
induced click polymerization has unimodal molecular-weight distribution and moderate
PDI after long time of reaction up to 170 h. As compared to the metal-free click poly-
merization, growth rate of the molecular weight in Cu(I)-catalyzed click polymerization
decreases, which results in relatively low molecular weight of the produced polymer
[163].

2.1.5 Method of Cation Polymerization in Chemistry
of Chelating Macroligands

Ionic polymerization proceeds via heterolytic mechanism and is initiated by ions (anions
or cations). They particularly play in this case a role of active centers. Vinylcatechol
monomers can be polymerized in presence of tin tetrachloride (5-vinyl-1,3-benzodioxol,
3,4-dimethoxystyrene, 6-vinyl-1,4-benzodioxane, 4-vinyl-1,3-benzodioxol) or lithium
butyl (5-vinyl-1,3-benzodioxol, 2,3-dimetoxy-St, 6-vinyl-1,4-benzodioxane) with for-
mation of polymers with molecular weights up to 95,000 [164]. N,N'-bis(vinyloxyethyl)
thiuramdisulphide homopolymers are also obtained by the reaction of cation polymer-
tization [165].
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Vinyl polymers with macrocyclic side crown ether chain are synthesized via
anion polymerization of derivatives of o-(alkoxy-methyl) acrylates with 13-17
cyclic units. Counter-cation in the polymerization system predetermines a polymer
yield and its stereo-regularity [166].

2.1.6 Chemical Oxidized Polymerization in the Chemistry
of Chelating Polymers

Recently synthesis of PCL by chemical oxidized polymerization is widely studied
[167]. Thus, linear Pp-thiophene copolymers are synthesized via polymerization of
Pp bound in 5,15-positions with tetrathiophene or bithiophene fragments in pres-
ence of FeCl; as an oxidizer [168].

Copolymers containing IDA were obtained via polymerization of MMA and
chelating monomer, GMA-IDA, with potassium persulfate as initiator [169].
Oxidized copolymerization of 8-aminoquinoline and o-anisidine with using of
ammonium persulfate as oxidizer brings to pure and uniform particles of the
copolymer of several microns in size [170]. Polymerization yield and intrinsic
viscosity of a copolymer depend strongly on the ratio of monomers (Fig. 2.5). In
particular, the yield decreases in geometric progression from 64 to 16% as the
content of aminoquinoline increases from zero to 100%, thus pointing that
8-aminoquinoline is inhibitor to oxidized polymerization of o-anisidine. It should
be noted that 8-aminoquinoline shows higher homo-polymerization activity than
two others chelating nitrogen heterocyclic amines, i.e. pyrimidylamine [171] u
pyridylamine [172]. Intrinsic viscosity of 8-aminoquinoline and o-anisidine
copolymers, and DP change, depending on content of 8-aminoquinoline in a
complicated way.
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In the case of poly(o-phenylenediamine) (PPD) obtained using ammonium per-
sulfate as an oxidizer, yield of a polymer depends on presence of metal ions in the
reaction mixture, which can react as oxidizing reagents and/or catalysts [173]. In
this case ladder polymers were obtained.

The initial rate of homogeneous polymerization of 2-methacryloyloxyethyl
phosphorylcholine as betaine monomer with potassium peroxydisulfate at 40 °C
corresponds to the equation V = k[activator]0'98[monomer]1'9, and the total acti-
vation energy of polymerization is 12.8 kcal mol~" [174]. Copolymers of aniline
and o-aminoacetophenone of different compositions were obtained via chemical
oxidized co-polymerization using two different methods (emulsion and inverse
emulsion copolymerization) with two different oxidizers (ammonium persulfate and
BP) [175]. Poly(2-aminobenzoic acid) and poly(2-aminobenzoic acid-co-aniline)
are synthesized via chemical polymerization in 1 M aqueous solution of hydrochlo-
ric acid [176, 177]. Poly(1,8-diaminonaphthalene) in form of microparticles is
obtained by chemical oxidized polymerization of 1,8-diaminonaphthalene in pres-
ence of (NH4),S,0g [178]. Poly(2,6-diaminopyridine) was synthesized via inter-
phase polymerization, in which solid (NH4),S,0g was quickly added to solution
containing 2,6-diaminopyridine [179]. Morphology of thus obtained poly(2,6-
diaminopyridine) is characterized by spherical microparticles with average diameter
1 pum, which is smaller than that of poly(2,6-diaminopyridine) obtained by homoge-
neous polymerization. Chemical interphase oxidized polymerization for synthesis
of poly(1-amino-5-chloroanthraquinone) particles in nitrobenzene solution is per-
formed with CrO5 used as oxidizer in aqueous phase in air [180].

Copolymers of o-aminobenzylamine and different amounts of aniline are obtained
in diluted solution of hydrochloric acid using ammonium persulfate as oxidizer
[181]. Nanoparticles with properties of semiconductors are synthesized by oxidized
copolymerization of 8-aminoquinoline and 2-ethylaniline [182]. Fine particles of the
copolymers 8-aminoquinoline and o-phenetidine are synthesized via chemical oxi-
dized polymerization in three aqueous media. Copolymer nanoparticle size decreases
monotonically with increasing the content of 8-aminoquinoline from 5 to 100 mol%.
A special feature of this method is fabrication of semiconductor nanoparticles with-
out a stabilizer by incorporation of 8-aminoquinoline groups with positively charged
quaternary ammonium groups adjusted to sulfone groups. Both molecular weight
and bulk electric conductivity reach maximum values at content of 8-aminoquinoline
5 mol%, and yield of polymer and bulk electric conductivity are maximum at
minimal temperature of polymerization 5 °C [183].

The PPD microrods are produced with iron chloride used as an oxidizer [184]. In
contrast to electrochemical polymerization, which has some limitations, such as low
efficiency and uniform shape of the formed film, chemical oxidized polymerization
under action of (NH,4),S,0g or FeCl; allows production with high yield of micropar-
ticles of poly(1,8-diaminonaphthalene) with high molecular weight [185]. Conducting
nanofibrils of poly(1-amino-5-chloroanthraquinone) have been successfully synthe-
sized by interphase chemical oxidized polymerization [186]. The nanofibrils show
maximal yield 64.8%, their aspectratio is 67 (diameter 30 nm, length 2 pum), and bulk
electric conductivity 6.2 x 107> S cm™', when 1-amino-5-chloroanthraquinone
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monomers oxidize CrO; in combined medium consisting nitrobenzene and 250 mmol
L 'of HCIO, in solution.

Depending on conditions of reaction of chemical oxidation, PPD are formed as
powders, colloid dispersions, thin films, or composites [187].

Polythiophenes containing oligo (ethylene glycol) spacers and crown ethers are
synthesized by copolymerization of 3-methyl tetra (oxyethylene)oxy-4-methylthio-
phene and 3-(((2-aminobenzo-18-crown-6-ethyl) triethoxy) oxy)-4-methylthiop-
hene in presence of FeCl; solution [188]. Thiophene monomers containing meso-tet
raphenyl-Pp units bound via alkyl spacers, and also meso-3,5-ditert-butyl-tetra
phenyl-Pp units, bound via tetra (ethylene glycol) spacers, were copolymerized in
presence of 3-dodecylthiophene using FeCl; as an oxidizer [189, 190]. Studies in
this field are intense.

2.1.7 Chelating Macroligands Obtained by the Methods
of Photo- and Microwave-Assisted Polymerization

Series of copolymers poly(methacryloyl-2-oxy-1,2,3-propanetricarboxylic acid-co-
exo-3,6-epoxy-1,2,3,6-tetrahydrophthalic acid), poly(methacryloyl-2-oxy-1,2,3-
propanetricarboxylic acid-co-hydrogenethyl-exo-3,6-epoxy-1,2,3,6-tetrahydrophth-
alate), and poly(methacryloyl-2-oxy-1,2,3-propanetricarboxylic acid-co-a-ethoxy-
exo-3,6-epoxy-1,2,3,6-tetrahydrophthaloyl-5-fluorouracil) were obtained from the
respective monomers via photopolymerization at 25 °C for 48 h [191, 192]. M,, of
the synthesized polymers was in the range from 9400 to 14,900, and PDI—1.2-1.4.

Interest in application of microwave irradiation in polymer synthesis and mod-
ifications constantly increases [193]. Especially active the method of microwave
irradiation is recently applied in step-growth polymerization, open-chained poly-
merization, and radical polymerization [194, 195]. It is often used also in «green»
synthesis of CPLs. Thus, using microwave irradiation, the CPL were obtained by
condensation of thymol and guanidine with formaldehyde in 2 M hydrochloric acid
with the 1:1:2 molar ratios of the reacting monomers for 15 min [196], and also
dianhydride of 3,3',4,4’-benzophenonetetracarboxylic acid, 4,4’-diaminodiphe-
nylmethane and 4,4'-oxydianiline [197]. It is noted using of microwave irradiation
for the production of phthalocyanine (Pc) polymer by the reaction of tetranitrile
monomer with 4,4'-[pyridine-2,6-diylbis(methyleneoxy)] diphthalonitrile [198],
different polyamidoamines (PAMAM) [199], including optically active ones con-
taining hydantoin and thiohydantoin in the main chain [200], and also dithia-
bridged polymeric Pc containing a substituted thiophenylamine Schiff base [201].
Functionalization of polychloromethylstyrene (PCS) by 2-aminothiophenyl-S-acetic
acid was performed under action of microwave irradiation [202].
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Also microwave-assisted enzymatic polymerizations should be noted, which
combine advantages of microwave heating and enzymatic catalysis, the field rather
well studied in synthesis of CPL [203].

2.1.8 Cyclopolymerization for the Production of Chelating
Macroligands

Derivatives of poly(phenyl acetylene) with crown ether units in the main chain are
obtained by cyclopolymerization of the 1,14-bis(4’-ethynylphenoxy)-3,6,9,12-
tetraoxatetradecane and 1,17-bis(4'-ethynylphenoxy)-3,6,9,12,15-pentaoxahepta-
decane using Rh(nbd)BPh, (nbd—norbornadiene) as the catalyst [204].

Pc polymer is formed by the reaction of polytetracyclomerization of o-bis [3-(3,4-
dicyanophenoxy) propyloxy] benzene synthesized via interaction of 4-nitrophthalo-
nitrile with o-bis[(3-hydroxypropyl) oxy] benzene [205].

n-Conjugated polymers containing units of dithiafulvene and bpy are obtained by
the cycloaddition polymerization of aldothioketene derivative from 5,5'-diethinyl-bpy
[206]. Radical polyaddition of bis (a-trifluoromethyl-f3, 3-difluorovinyl) terephthalate
with 18-crown-6 gives soluble fluorine-containing polymers containing crown ether
units in the main chain and M,, = 5.5 x 10* with unimodal PDI (Scheme 2.9) [207].

Stable porous organic polymers containing functional units of catechol with tun-
able porosities (560-1050 m* g~') and degrees of functionalization are synthesized
using the strategy of Co-catalyzed acetylene trimerization [208].
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Scheme 2.9 Preparation of fluorine-containing polymers containing crown ether units in the main
chain
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2.1.9 Asymmetrical Polymerization in Synthesis
of Chelating Polymers

Recently great attention is paid to production of chiral CPLs [209]. For example,
chiral poly(L-lactides) with end tpy groups are obtained by controlled coordination
polymerization [210]. Asymmetrical anion homopolymerization of N-4'-benzo-
15-crown-5-maleimide for production of optically active polymers has been per-
formed with chiral anion initiator consisting of metal-organic compound (n-butyl
lithium, diethyl zinc) and chiral ligand ((-)-sparteine), (S,S)-(1-ethylpropylidene)-
bis(4-benzyl-2-oxazoline) [211].

Optically active PAAm containing amino acid fragment poly [N-methacryloyl-L-
leucine methyl ester] with controlled M,, and relatively narrow PDI (<1.3) has been
obtained using initiating system methyl-2-bromopropionate/CuBr/tris(2-dimethy-
laminoethyl) amine [212]. Acetylene monomers containing salicylidene Schiff-base
groups as well as Schiff base and hydroxyl groups are polymerized with the catalyst
[(nbd)RhCI],/Et3N with formation of polymers with high molecular weights
M, =2.6-72 x 105) and high yields (75-97%) [213]. The polymers form helical
structures with a predominantly one-handed screw sense. The same catalyst [(nbd)
RhCIl],/Et3N is used for polymerization of acetylene monomers, containing Schiff
base and the amino group, (S)-N-(4-ethynylbenzylidene)-1-phenylethanamine, (R)-
N-(4-ethynylbenzylidene)-1-phenylethanamine, N-(4-ethynylbenzylidene)- 1-phenyl-
ethanamine, (R)-N-(4-ethynylbenzyl)-1-phenylethanamine and (R)-N-(4-ethynyl-
benzyl)-1-phenylethanamine with formation of polymers with lower molecular
weight (M,, = 9000-60,000), but the same high yield (85-97%) [214]. The polymers
also have helical structures with a predominantly one-handed screw sense.

Asymmetrical polymerization of 4'-isocyanatobenzo-18-crown-6 in presence of
chiral initiator of lithium amide salt and (S)-(2-methoxymethyl) pyrrolidine was
used to produce 4'-isocyanatobenzo-18-crown-6 with end units of (S)-(2-methoxy
methyl) pyrrolidine [215]. The polymer has a positive Cotton effect (240-350 nm),
and in its main chain a single-coil partial helix is formed, which does not change
under action of adverse factor, chiral compound of L-phenylalanine HCIO,4. Cis-
transoidal 4-ethynylbenzo-15-crown-5 was polymerized with Rh(nbd)BPh, [216].
Analysis of chiral optical properties of the polymer allows it to be recommended as
thermally sensitive material.

Copolymerization of monomers containing different chiral and Pp units results in
formation of artificial helical polyisocyanides containing enantiopure groups [217].
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CI(RsP)P! C=C—Pl(PR,)Cl

The similar approach was used in design of helical nanorods based on polymers
with fixed Pp [218]. In this case, Ni(Il)-catalyzed polymerization of isocyanide
monomers containing chiral Pp brings to respective polymers (Scheme 2.10), Pp units
of which are in four clearly defined stacks which run in parallel to the polymer axis.

OCHy,

Scheme 2.10 Synthesis of Pp-containing polymers
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Scheme 2.11 Preparation of Pp-containing polymers based on poly(N-propargylamine)

Another polymer matrix was used for production of chiral poly(N-propargyla-
mines) containing Pp groups (Scheme 2.11) [219]. Molecular weights of the
polymers are 17,000 and 24,000 with cis-content 85 and 78%, respectively, dis-
playing highly stereo-regular structures with considerable optical activity.

Cyclopolymerization of diacetylene monomers in presence of rhodium catalyst
was used to produce poly(phenylacetylenes) with cavities of different sizes formed by
crown ethers placed in elementary units [220]. The polymers have helical structure
with single-coil macromolecules prevailing. Formation of «guest-host» complexes
with achiral compounds brings to chiroptical changes based on the fluctuation in the
main chain conformation. The polymers with chiral main chain cross-linked alter-
nately with (R R)-salen (where salen—N,N'-bis(salicylidene)ethylenediamine) and
1,4-dioctyloxybenzene, using the Pd-catalyzed C—C cross-coupling as the key stage
of the reaction [221]. The polymers are soluble in standard solvents and work as
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Fig. 2.6 Polymers with chiral main chain cross-linked alternately with (R,R)-salen and 1,4-
dioctyloxybenzene, as highly selective «OFF-ON» fluorescent chemosensors on Zn(Il) ion, and
enantioselective recognition of (R)- and (S)-imines under action of polymer complexes
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selective «OFF-ON» fluorescent chemosensors on Zn(I) ion (Fig. 2.6). The obtained
Zn(II) polymeric chelates have strong chiral recognition with respect to (R-) and (S)-
1-phenyl-N-[(pyridine-2-yl) methylene] ethanamines under ambient conditions.

2.1.10 Chelating Macroligand Preparation
via Post-polymerization Modification

PPM is the most widely used method of CPL synthesis [222, 223]. The method is
based on chemical interactions between reactive functional groups contained in a
polymer matrix or preliminary incorporated in the polymer with respective organic
compounds in direction of completion of chelating fragments. These reactions lead
to a change in chemical composition of a polymer, but do not disturb its main chain.
The PPM method gives a possibility to obtain different CPL structures based on
polymer matrices, for example, of syndiotactic PS [16]. However, one of the main
drawbacks of this method is presence of different side processes, and a necessity of
removal of unlinked components.

PPM as a method of introduction of functional groups into ready reactive polymer
precursors is considered as highly effective synthetic strategy for design of materials
with predetermined properties [17], and also of complicated polymer topologies
based on multifunctional cyclic polymers [224]. PPM of block-copolymers attracts
keen attention beginning from fundamental synthesis, correlation between structure
and properties, and to practical applications [225]. The formed block-copolymers
with modified side chain preserve properties attributed to a parent block-copolymer,
while incorporated into the side chain functionalities provide control over properties
of a materials, and hence, their applications.

Thus, polyacrylic acid (PAA) was chemically modified with 1,2,4,5-tetrahy-
droxybenzene or benzene-1,2,4,5-tetrol via Minisci reaction. Degree of modifica-
tion reached the highest value 55% under the following optimal conditions: tem-
perature 70-80 °C, time 4 h and the ratios of the reagents 1.25 [226].

The method of nucleophilic incorporation of the lithium PS living chains to
6-position of the pyridine ring with the following termination and oxidized rearom-
atization was applied to perform end functionalization of the polymer. In order to
prevent two living chains coupling via addition to the same bpy, or tpy unit, excess
of pyridyl-containing compounds is used, which makes it possible to produce
polymers consisting of 77-93% only singly end-functionalized chains [227].
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The commercial polymer Eupergit® C, which consists of epoxy-activated polymers
formed from hydrophilic AAm with allyl glycidyl (epoxide) groups was modified by
aminotriazole [228].
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The polymer ligand having tpy as a fixed group has been obtained by Williamson
etherification reaction between 4’-hydroxy-tpy and commercial PCS [229]. Interaction
of monoamine-functionalized poly(ethylene glycol) (PEG) and 2-(2-aminoethoxy)
ethanol with PS-b-poly(2-hydroxy-5-vinyl benzaldehyde) via aldehyde-amine con-
densation brings to amphiphilic block-copolymers containing fixed salicylidene-Schiff
base with precise structure. This polymer can self-assemble in ethanol in micelles with
salicylidene-Schiff base on the core-shell interface (Scheme 2.12) [134].

Interaction between meso-tetracarboxyporphyrin (mTCPP) and PEG-diamine
brings to Pp-cross-linked hydrogel for fluorescence-guided monitoring and surgical
resection (Fig. 2.7) [230].
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Scheme 2.12 Synthesis and self-assembly PMC based on salicylidene-Schiff base
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(b)

PEG diamine

Fig. 2.7 Pp-cross-linked hydrogels. a mTCPP (green) structure and PEG-diamine (red);
b schematic image of hydrogel

Benzaldehyde Wang resin was used for production of fixed calixarene-bpy ligands
[231].
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3D ordered macroporous cross-linked PS with 2-mercaptobenzothiazole groups
incorporated in walls of pores directly or via arms of hydrophilic spacer to the
polymer backbone is obtained (Scheme 2.13). Arms of the hydrophilic spacer are
PEG chains with three different lengths. It is important that 3D ordered structure is
well preserved after functionalization. Density of 2-mercaptobenzothiazole groups
is 0.052 mmol m~> [232, 233].

The reaction of condensation of sodium salt of pentane-1,3-dione and PCS in
dichloromethane brings to B-diketone-functionalized resins [234]. Poly(chlorome-
thylstyrene-co-divinylbenzene) (PCD) is chemically modified via alkylating by
pyridylazo-a-naphthol in presence of phase transfer catalyst [235]. Poly(GMA) beads
with average size 350 pm were treated by iminodiacetonitrile, and then by hydroxy-
lamine to produce amidoxime fragments [236]. The series of amine-functionalized
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Scheme 2.13 Preparation of CPLs containing 2-mercaptobenzothiazole groups

resins with ethylenediamine (en), N,N-dimethylethylenediamine, N,N-diisopropyle-
thylenediamine, 2-methoxyethylamine, diethylenetriamine (dien), tris(2-aminoethyl)
amine, triethylenetetramine (trien) was obtained by chemical modification of terpolymer
from glycidyl methacrylate-co-ethylenedimethacrylate (GL) (20 mol%), St (77 mol%)
and DVB (3 mol%) [237]. The reaction of nucleophilic substitution between benzyl
chloride groups of PCD microspheres and 5-amino salicylic acid brings to CPL such as
PS-salicylic acid [238]. Such examples are numerous.

2.1.11 Polycondensation Reactions as a Way to Chelating
Polymers

Polycondensation reaction is based on ability of phenols, amines, and other com-
pounds to interact with aldehydes, ketones, and their derivatives in presence of
alkali or acid catalysts, which results in polymer preparation, accompanied by for-
mation of low molecular weight products. Polycondensation is carried out in melt,
solution, or on interface. Depending on structure and ratio of initial components
taking part in the polycondensation, CPLs of linear, branched or spatial configu-
ration can be obtained [239, 240]. As a rule, a mixture of products of condensation
forms due to synthesis. Besides, this way of CPL production has drawbacks, in
particular, ambiguity of structure of produced polymers, poor reproducibility of the
synthesis products, low capacity of CPL, and limited possibility of changing char-
acter of the functional groups during synthesis. Polycondensation proceeds step-
wise, at that intermediates are stable, i.e. polycondensation can be stopped at any
stage. The resulting low molecular weight products of reaction can be reacted with
intermediates, stimulating their decomposition (hydrolysis, aminolysis, acidolysis,
etc.). Therefore, low molecular weight products should be removed from the
reaction medium.
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Polycondensation of bifunctional compounds called linear, and polycondensation
of compounds having three or more functional groups is called a three-dimensional.
Thus, condensation of 2,4-dihydroxybenzophenone, oxamine and formaldehyde in
various ratios in the presence of an acid catalyst led to terpolymers [241].

It should note polycondensation in melt carried out without solvents, heating
monomers at the temperature by 10-20 °C higher than the melting point (softening
temperature) of polymers (usually 200-400 °C). The process begins in the inert gas
medium and is finished in vacuum. For example, condensation of 2,5-diformylfuran
or 5,5'-oxydimethylenebis(2-furaldehyde) with carbamide at 110 °C by melting of
the solid mixture gives a crystalline polymer with 90% yield (Scheme 2.14) [242].

Kinetics of synthesis of polyesters based on 1,4-naphthalene di(carboxylic acid)
and hydroquinone diacetate via polycondensation in melt is studied. In particular,
the polycondensation obeys the second order kinetics independently on whether it
is catalyzed or not. To describe kinetics at the initial stage, a system of twelve
differential equations was derived with four different rate constants [243].

For polycondensation in solution a solvent is used, which can also serve as an
absorbent of low molecular weight product. Thus, method of polycondensation in
solution of 2,5-bis(mercapto-acetichydrazide)-1,3,4-thiadiazole with 4,4'-biphenic,
3,3'-azodibenzoyl or 4,4'-azodibenzoyl dichlorides was used for synthesis of
interesting class of poly hydrazides containing 1,3,4-thiadiazole fragment in the
main chain [244].

Interphase polycondensation takes place on the interface of gases, solutions, or
two immiscible liquids, and provides production of polymers with high molecular
weight. We should also notice mechano-chemical synthesis of salicylic acid-for-
maldehyde CPLs [245].

Various polycondensation reactions are used for the synthesis of CPL, among them
catalyzed cross-coupling reactions (particularly, Sonogashira [246-248], Suzuki
[247, 249, 250], Heck [247], Buchwald-Hartwig [251], Wittig [252], Williamson
[253], Stille [254, 255], and also Horner-Wadsworth-Emmons condensation [256]).
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Scheme 2.14 Condensation of 2,5-diformylfuran or 5,5'-oxydimethylenebis(2-furaldehyde) with
carbamide
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It should be noted the use of condensation reactions for the synthesis of such
interesting class of CPL as a polymeric SPs [257]. Thus, waterborne polyurethane
containing SP groups is prepared by polycondensation of isophorone diisocyanate,
polytetrahydrofuran glycol, dimethylol propionic acid, 1,4-butanediol, trimethy-
lolpropane and 1-(2-hydroxyethyl)-3,3-dimethylindolino-6-nitrobenzopyrylospiran
[258]. The dispersion and film showed a very good photochromic effect.

A series of alternating copolymers of SP and flexible spacers is synthesized by
Suzuki polycondensation [259]. These polymers can be transformed into the cor-
responding protonated form of the red alternating MC polymer in quantitative yield
by direct acidification or pulsed ultrasound. At the same time deprotonation of MC
polymer occurs upon the addition of a base resulting in the blue form of polymer.
Suzuki polycondensation is also used for production of the main-chain conjugated
copolymers based on alternating SP and 9,9-dioctylfluorene units [260]. It is impor-
tant that the reaction conditions are optimized to obtain copolymers with appre-
ciably high molecular weight up to M, ~ 100,000. Ultrasound-induced isomer-
ization of SP to the corresponding MC form yields a deep-red solution.

The combination of microwave-assisted synthesis and Suzuki-Miyaura polycon-
densation leads to a mechanochromic, alternating SP-based copolymer that allows
the reproduction of molecular mass distributions [261]. Several parameters such as
microwave power, temperature, stoichiometry, and ligand are screened, leading to
molecular weights up to M, ~ 174,000. Embossing films of SP-based copolymer
yields the colored MC copolymer that undergoes a thermally facilitated back reaction
to SP-based copolymer.

2.1.12  «Green» Synthesis of Chelating Macroligands

Recently in synthesis of CPL, like in all chemical syntheses, ecology problems receive
much attention, which is realized via «green chemistry» principles, implemented by
displacement of ecologically hazardous substances by more safe materials, enhancing
product biodegradation cycles, using of catalysts and renewed resources for safety
improvement and efficiency of polymer chemistry [34-39, 262]. Different biocatalytic
syntheses can serve as examples of this approach [40]. Thus, the phenol ligand, 4-(phen-
5-yliminomethyl)-phenol, was subjected to biocatalytic polymerization by Hematin
[263]. Typical is increase in molecular weight with increase in conversion, though
accompanied by simultaneous broadening of PDI. The drawback of this process is
inability of the reaction product to recommence a living process with addition of a fresh
portion of monomer. A polymer is formed exclusively due to reaction of square termi-
nation of the growth radicals.

Hemoproteins encapsulated in reversible micelles were used as catalysts of poly-
merization of o-phenylenediamine in presence of hydrogen peroxide. During catal-
ysis of polymerization with hemoproteins in water, only trimers were formed. It is
interesting to notice that macromolecules synthesized in presence of hemoglobin in
reversible micelles are linear or trapezoid [264]. Linear PAMAM are obtained via
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polymerization of ethyl acrylate and N-methyl-1,3-diaminopropane in a solvent
medium in presence of lipase catalyst produced by Candida Antarctica [39].
Depending on conditions of reaction, lipase catalyzes polymerization of monomers or
formation of Michael adduct. Lipase has high selectivity in the reaction of poly-
merization and provides polymer production for biomedical application. Enzymatic
oxidation of o-phenylenediamine with cytochrome C as a catalyst is carried out in
organic media [38]. Polyphenols with molecular weight 1000-3000 and containing
0.94-0.59 mol kg~' hydroxyl groups are synthesized via reaction of phenol, cate-
chol, and pyrogallol catalyzed by horseradish peroxidase [265]. When adding tetra-
butyl-ammonium bromide to buffer to obtain convenient and ecologically pure
system, enzymatic polymerization of phenol is more effective: the maximum con-
version of phenol can reach 99.1% [266]. The catalyzed by lipase polycondensation
of L-malic acid, adipic acid and 1,8-octanediol in organic media is performed using
Novozym 435 as a biocatalyst [267]. M,, increases from 3200 to 16,600 as the
reaction time increases from 6 to 48 h at the temperature 70 °C and remains rela-
tively constant as the reaction time goes on increasing to 72 h.

A series of di-acids (succinic, glutaric, adipic, and sebacic acid) and diols
(1,4-butanediol, 1,6-hexanediol, and 1,8-octanediol) were used for lipase-catalyzed
polycondensation [268]. Synthesis of PPD is performed using a catalyst similar to
oxidase in presence of cerium nanodioxide [269]. The polymer showed unique
morphology, conductivity, and photoluminescence due to control over pH of the
solution during synthesis (Fig. 2.8).

A combination of enzymatic polycondensation and click chemistry was used for
production of grafted copolymers (Scheme 2.15) [270]. Aliphatic polyester con-
taining fixed azide groups were obtained via enzymatic polycondensation in

- Conductive
- Near IR fluorescence

PD monomer

- Non-conductive
- No near IR fluorescence

PPD

Fig. 2.8 The effect of pH synthesis on morphology, conductivity, and photoluminescence of PPD
in presence of cerium nanodioxide



2.1 Linear, Branched and Network Polymers as Chelating Macroligands 43

N3 ji ﬁ
OH 07 *(CH,), 'O
HO enzymatic ) o o click . N m
polycondensation JL JL chemistry j;
e 0" (CH,), 0 — > N/
0 -
X Ny (CH:
Ao CH 0TS )ﬁfo
d \/1:O'CH3

Scheme 2.15 An example of a combination of enzymatic polycondensation and click chemistry
for production of CPLs
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presence of lipase from Candida Antarctica of B type. Grafting to Ns-functional
polyether was made quantitatively at room temperature using click reaction CuAAC
with monoalkyne-functional PEO, M,, = 750. Moreover, both, enzymatic poly-
condensation and click reaction were successfully carried out sequential in one
reactor:

Enzymatic synthesis of CPL was developed with account for different types of
reactions, including open-chained polymerization, polycondensation, the combi-
nation of open-chained polymerization and polycondensation, and chemoenzymatic
polymerization [271].

Among demands of «green chemistry» is primary choice of reaction medium,
which is safe from ecological point of view. In this regard the majority of studies
were performed with water used as a solvent [45-47]. Water-soluble polymers
attract a great interest due to their potential application for environment protection,
for removal of polluting substances, in biomedicine, etc. Among irrefutable
advantages of water-soluble polymers is the fact that their application does not
cause pollution of environment, and this is not associated with using of toxic,
flammable and explosive solvents [272].

The water-soluble poly(St-co-GMA-IDA) is formed during interaction of St with
chelating vinyl monomer GMA-IDA [273].

CHy
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Water-soluble polyethylene imine (PEI) containing N-methyl hydroxamic acid
chelating groups was synthesized (Scheme 2.16) [274].
Sulfonate-functionalized water-soluble conjugated polymer containing bpy units

in main chain as receptors of transition metal ions was obtained by Sonogashira
reaction. This polymer can be easily solved in water (5 mg mL™") and in some
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Scheme 2.16 Synthesis of water-soluble PEI containing N-methyl hydroxamic acid

polar organic solvents, such as methanol [275]. Anion water-soluble polyfluorene
bpy-derivative polymer with side sulfonate groups in position 9 of the fluorine units
is developed [276].

CPLs are obtained by one-step synthesis under soft conditions [268] via
copolymerization of thiosemicarbazide and formaldehyde in water solution.
Water-soluble aminosulfonate-phenol-salicylic acid-formaldehyde polymer with
narrow PDI range is synthesized via reaction between phenol, sodium sulfanilate,
salicylic acid and formaldehyde [277]. Dianhydride reacts with diazacrown ethers
with formation of water-soluble EDTA-diazacrown ether polymers [278]. Also
water-soluble polymer drug-form produced via the reaction of vinylpyrrolidone
(Vp) and N-vinyl-N-glycidyl-y-aminobutyric acid with acetylsalicylic acid is
interesting [279]. Readily available and highly effective material for determination
of rare earth metals based on a polymer containing amino groups for water solu-
bility and thiourea groups for metal chelation was synthesized [280].

Using radical polymerization, the water-soluble polymers, poly-(2-acrylamido-
glycolic acid) [281], and CPLs containing sulfonic acid groups [282] are obtained.

Tripyridyl-Pp monomer, 5-[4-[2-(acryloyloxy) ethoxy] phenyl]-10,15,20-tris(4-
pyridyl)-Pp monomer is copolymerized with AAm to obtain hydrophobically linked
water-soluble polymer [283]. Water-soluble nt-conjugated polymers containing 5,5'-
bpy or 6,6'-bpy units in m-conjugated main chain are obtained as scaffolds for macro-
molecular chelation of metal [284]. A possibility to adapt fluorescence quenching
conjugated polymers under action of nitrogen oxide NO and its partial reduction with
addition of Cu(Il) ions in the system acetonitrile-water is considered for fluorescent
detection of NO (Fig. 2.9).

Another important solvent in green chemistry of polymers is supercritical carbon
dioxide [43]. Thus, following the strategy of green chemistry, gradient copolymer
poly(1,1,2,2-tetrahydroperfluorodecyl acrylate-co-acetoacetoxyethyl methacrylate)
successfully synthesized by RAFT in supercritical CO, with good control over M,
and composition [42, 285].

Ionic liquids, being a new class of solvents, which possess interesting properties,
such as high ionic concentration, nonvolatility, good thermal stability and inflamma-
bility are of certain interest for green chemistry. As a typical example, we note poly-
hydrazides obtained by direct polycondensation of dihydrazides with benzofuro
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Fig. 2.9 Structure of conjugated polymers with bpy units in the main chain and change in intensity
of their fluorescence at adding NO and Cu(ll) ions

[2,3-b]-benzofuran-2,9-dicarboxylic acid in ILs and triphenyl phosphite (condensing
agent) without any additional components (Il can act as a solvent or as a catalyst) [286].

Undoubted advantage of green chemistry is using of biodegraded polymers [48].
Thus, biodegrading poly(anhydride-ester) was synthesized by polycondensation in
melt of acetylated monomer for production of a polymer prodrug [286]. The poly-
mer consists of alkyl chains linked by ester bonds in aromatic fragments, in particular,
salicylic acid, an active component of aspirin. Incorporation of this compound, having
remedy properties ascribed to salicylic acid, and easiness of metabolism, into the
polymer chain gives a polymer prodrug, which can have different potential applications
(for example, at inflammatory bowel decease).

Hydrolytically and microbiologically degraded poly (EDTA-co-lactose) with
linked carboxyl groups of high molar weight (132,000) was obtained via poly-
condensation of EDTA anhydride and lactose [287]. Also biodegraded polyamides
containing o-amino acid should be noted [288].

Biodegraded poly(anhydride-esters) containing EDTA in the main chain and
linked antimicrobial groups (for example, carvacrol, thymol or eugenol) are syn-
thesized via polymerization in solution [289]. For these polymers hydrolytic degra-
dation in vitro ends after 16 days, bringing to release of free antimicrobial drugs and
EDTA. There polymers are completely decomposed in components, which are
biologically relevant and provide a possibility of increasing shelf life of consumer
goods in food and personal care manufacturing using antimicrobial and anti-
oxidizing approach.

In other biodegraded poly(anhydride-esters) based on salicylic acid and digly-
colic acid the bioaccessibility of salicylic acid was dependent on several factors,
including solubilization rate, macroscopic erosion of the powdered polymer, and
hydrolytic cleavage of the anhydride bonds [290].
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Cross-linked, biodegraded cytocompatible polyesters based on salicylic acid
were produced from melt condensation for localized and steady supply of salicylic
acid [291].

The improved strategy of PAMAM synthesis for biomedical application is also
worthy of notice: catalysis using green biocompatible salts of alkali-earth metals
[292]. Outstanding results should be expected in this direction in the nearest future.

2.2 Grafted Polymerization in Chelation of Macroligands

There are many problems, to solve which it is necessary to transport a chelating
fragment to the surface or near-the-surface layer of a polymer, for example, in
catalysis [293]. Fixing chelating units on a polymer surface decreases considerably
diffusion limits of chelation processes, and mobility of grafted chains diminishes
role of spatial problems during chelation of MX,,. In many cases this purpose is
achieved by the grafted polymerization techniques.

According to recommendations of IUPAC, grafted macromolecules are con-
sidered to be the macromolecules with one or more types of blocks linked to the
main chain, so that these side chains have constitutional or configuration charac-
teristics different from those of the main chain and randomly distributed. They are
used as CPLs since the end of 1960s. A number of potential applications of the
grafted polymers are presently substantially broadened due to development of CRP
technique. Graft-copolymers containing a great number of side chains can display
worm-like conformations, compact molecular packing and substantial effects of end
chains due to their limited and closely fitting structures [294-298].

2.2.1 Specifics of Grafted Polymerization

The main approaches to synthesis of grafted copolymers are based on well-known
methods: chemical (free-radical polymerization, ATRP, ROMP, iniferter-induced
polymerization), radiation, photochemical, plasma-induction, enzymatic grafting,
polycondensation reaction, etc. Grafting has noticeable advantages as compared
with other methods of CPL synthesis due to several reasons, including easy and
controlled incorporation of grafted chains with high density and their exact local-
ization on the surface without changing properties of a polymer substrate. Moreover,
rigid fixation of grafted chains on a polymer surface prevents them from delami-
nation and guarantees long-term chemical stability of the integrated chain, in con-
trast to physically bound polymer chains [299].

The grafted polymers are most often obtained in two principal ways: «grafting-
from» and «grafting-through» [300]. However, development of click chemistry has
brought to appearance of the third approach «grafting-to» (Fig. 2.10) [301].
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Fig. 2.10 Schematic presentation of «grafting-fromy, «grafting-through», and «grafting-to» processes

The main demand to successful «grafting-from» reaction is preliminary obtained
macromolecule with distributed initiating active centers. In other words, in the
«grafting-from» method a macromolecular matrix is modified to integrate active
centers capable of initiating the grafted polymerization [21, 295, 296, 302].

Commercial polymers are widely applied as polymer carriers in the «grafting-
from» polymerization processes: polyethylene (PE), polypropylene (PP), polyte-
trafluoroethylene (PTFE), poly(vinyl alcohol) (PVA), poly(vinyl chloride) (PVC),
PCD, etc. [18, 19]. Thus, the methods of PE surface modification by grafting are
compared (flame treatment, crown discharge, plasma and high energy radiation,
initiators and polymer grafting, chemical and photochemical treatment, halogena-
tion) [303], and the PE modifying methods using grafting in solution, melt, solid
state grafting, other methods [304]. There is an interesting usage of grafting for
surface functionalization of latexes for their following application in biotechnology
[305]. Simple devices have been designed [306] for adsorption and metal ion
concentration, which contain different chelating monolithic polymers, for example,
poly(butyl methacrylate-co-ethylene dimethacrylate) monoliths with photo-grafted,
en-modified GMA.
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Production of polymers with grafted chelating fragments is carried out in two
ways: one-stage, which includes grafted polymerization of chelating monomers to a
polymer substrate, and two-stage, which supposes production of grafted multi-
functional groups with their following completion up to a chelating fragment. The
«grafting-from» method provides production of polymers with very different
chelating fragments, for example, en, diethylenediamine, trien [307-309], 2,2'-
dipyridilamine [310], thiol [311], amidoxime [312-314], sulfonic acid [315], imin-
odiethanol [316, 317], di-2-propanolamine and 3-amino-1,2-propandiol [316], IDA
[318-320], N-methylglucamine [316, 321], 2,3-diaminonaphthalene [322], catechol
[323], B-diketones [324, 325], salicylic acid [326, 327] and acetyl salicylic acid [328],
N-acylsalicylamides [329], Pp [330], crown ethers having a variety of donor-atoms
(thia- and azacrown ethers, crown ethers with oxygen atoms) [331, 332], anthranilic
acid [333], etc.

Surface modification of polymers is initiated by free radicals formed from an
initiator and transferred to a polymer matrix for interaction with a monomer with
grafted copolymers forming. Examples of directly generated free radical formation
are redox reactions with participation of peroxides and persulfates. Free-radical
active centers are generated by direct oxidation of a polymer matrix by ions of some
transition metals (cerium, chromium, vanadium, cobalt). Thus, polymer flocculant
(cross-linked copolymer PAAm-xanthate with grafted sodium gluconate) was
synthesized in aqueous solution using cerium-ammonium nitrate (initiator of the
reaction) and epichlorohydrin (cross-linking agent) [334]. The same initiator was
used for grafting diaminomaleonitrile on PVC in nitrogen atmosphere in aqueous
nitric acid [335]. The grafted copolymerization of AN to PVA microspheres was
performed using cerium-ammonium sulfate as initiator. The grafted PAN was
converted into poly(amidoxime) by the reaction with hydroxylamine hydrochloride
[336]. Redox-potential of metal ions is an important factor, which determines
efficiency of grafting. In general case metal ions with low oxidation potential are
preferred as efficiency of grafting is concerned. Using metal chelates in grafting is
not very suitable, but has some advantages. There are compounds, which can give
free radicals upon heating, which are transferred to a polymer chain (for example,
azo-compounds, peroxides, hydroperoxides, peroxide diphosphates, etc.). Apart
from the aforementioned initiators, BP and AIBN are very effective in grafting
reactions. Preliminary chemical treatment (for example, ozonation, diazotization,
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xanthantion) of polymeric matrix can generate free radicals, which initiate the
grafted polymerization process. We shall also notice formation of secondary free
radicals, which initiate the grafted polymerization process, for example, CO,~,
C,047, etc. [296].

When performing grafted radical polymerization, first polymer monolayers form,
as a result, catching of a double-bond on a surface is kinetically impeded at once
after covering of the surface by polymer chains, due to which amount of the grafted
polymer on the surface is limited and does not exceed 1.5 mg m ™2 [337]. Polymer-
ization on grafted self-assembled monolayers (SAM) allows controlled decoration
of the surface by macromolecules [338]. Using of SAM in grafting attracted much
attention due to their stability, reliability, and perfect control over orientation of
functional groups.

More rarely free radical grafting in melt is used. In this case a mixture of poly-
mer matrix, monomer and initiator is heated to high temperature, so that grafting
proceeds in the melt. Thus grafted polymerization of p-(met) acryloyloxybenzoic
acids on isotactic PP was performed [339]. Grafted polymerization of p-acryloy-
loxybenzoic acid has no effect on formation of both forms of o (monoclinic) PP,
while p-metacryloyloxybenzoic acid brings to o, form. B-Crystalline (hexagonal)
modification forms in PP-grafted(-gr-)-poly(acryloyloxybenzoic acid) at 185 °C;
B-form was not observed in the grafted copolymers of poly(methacryloyloxyben-
zoic acid).

Radiation grafted polymerization is widely used as CPL synthesis technique
[340]. Especially efficient is using the radiation-grafted materials (nanogels and
microgels, hydrogels, fibers and monoliths, as well as membranes and brushes) for
separation and purification, including environmental remediation, biotechnology,
water production, chemical industry, and biomedicine categories [341]. General
scheme of the grafted chelating adsorbent production can be represented as follows:

Preparation scheme of graft adsorbent
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Irradiation of macromolecules can cause their homolytic splitting and, therefore,
brings to formation of free radicals on a polymer surface. A medium is important in
this case, for example, if irradiation is performed in air, peroxides can be formed on
a polymer surface. Lifetime of free radicals depends on origin of a polymer matrix.
Grafting is performed in three ways: (a) preliminary irradiation; (b) peroxidation,
and (c) simultaneous irradiation technique [342, 343]. In the method of preliminary
irradiation, a polymer matrix is first irradiated in vacuum or in presence of inert gas
for free radical formation. The irradiated polymer matrix is then treated by a
monomer in liquid or gaseous state or solution in appropriate solvent. This method,
in particular, was applied to obtain chelating porous sheets for using in solid-state
extraction [344]. First vinyl monomers containing epoxy-groups were radiation-
grafted to PE-based porous sheets, and then the epoxy-groups were converted into
IDA chelating fragments. The chelating porous sheets with density of IDA groups
2.1 mol kg™"' were cut into discs of 13 mm in diameter in order to fit an empty
cylindrical cartridge with a capacity 6 mL. The similar procedure of preliminary
irradiation of a polymer-substrate was applied for grafting GMA on preliminary
irradiated PP fibers then followed by dien amination [345].

In the peroxidase grafting method, the initial polymer is subjected to irradiation
with high energy in presence of air or oxygen with formation of hydroperoxides or
diperoxides depending on nature of a polymer matrix and irradiation conditions.
Stable peroxy products are then treated by a monomer at high temperature, at which
peroxides are decomposed into radicals, which initiate the grafting process. An
advantage of this method is that the intermediate peroxide products can be stored
for a long time before involvement in the grafting process.

And finally, in the simultaneous irradiation method a polymer and monomers are
irradiated simultaneously with formation of free radicals and the following linking.
Thus, PVA aqueous solutions containing different amount of EDTA were subjected
to y-irradiation with ®°Co source to produce PVA-EDTA hydrogels. It occurs that
content of EDTA in the hydrogel matrix is far lower than in the initial mixture
[346].

The two-stage method of production of grafted siderophore-mimetic CPLs on PP
surface has been developed: photo-initiated grafting poly(methacrylate) (PMA) with
the following transformation into poly(hydroxamic acid) (Scheme 2.17) [1].

Photo-initiation was also used for grafting GMA on PE films followed modifi-
cation at 80 °C of grafted films by disodiumimino diacetate [347]. Photo-grafting
such chelating monomer as 2-acrylamidoglycolic acid, 3-sulfopropylmethacrylate,
and 2-acrylamido-2-methyl-1-propanesulfonic acid on poly(ester sulfonic) mem-
branes was performed without photoinitiator [348].

Surface modification using plasma or glow-discharge includes three possible
methods: plasma treatment, plasma polymerization, and plasma-induced grafted
polymerization [349, 350]. Thus was, for example, immobilized tetraphenyl-Pp on
a plasma-treated PP [351]. Plasma treatment or glow discharge treatment can
change properties of a surface of a polymer-substrate by integration of some polar
groups, such as hydroxyl and amino groups. Thus, amino groups generated by
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Scheme 2.17 Schematic diagram of production of PP-gr-poly(hydroxamic acid) using two-stage
surface grafting

ammonia plasma, initiate open-chained polymerization of N-carboxyanhydride of
y-stearyl-L-glutamate on PP microporous membranes [352] . Also plasma-initiated
grafted polymerization of benzo-18-crown-6-acrylamide should be noted [353].

2.2.2 Controlled Grafted Polymerization

The vast majority of the recent years’ studies considering synthesis of grafted CPLs
are focused on using CRP technologies, such as NMP, RAFT, and most often,
ATRP [354-356]. Using CRP makes it possible to easily control molecular weight
of the grafted chains, which, in turn, control a grafted layer thickness. Probably, the
simplest way to achieve it is to control polymerization duration, experimentally this
can be realized by a simple periodical removal of samples from reaction as nec-
essary. Thus, very thin uniform layers (just several nanometers in thickness) can be
obtained using slow polymerization methods and short times of growth, though
thickness ~500 nm is possible. Gradient in thickness is also formed by slow
feeding of a polymerization solution (monomer and a catalyst in a solvent) in
container with a substrate [357]. Control over thickness can be also achieved by
addition of free (non-bound) initiator, and allows achievement of high conversion,
at that molecular weight is determined by the [monomer]/[initiator] ratio.

The ATRP method has some advantages for production of well-defined grafted
polymers, among which are simplicity of initiator synthesis, fair control over a
polymer growth, «living» character of the grafting process and a possibility to carry
out a reaction in ecologically safe solvents under fair control [296]. Many different
classes of grafted polymers are obtained by ATRP method, including hydrophobic,
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Scheme 2.18 Diagram representing activation and surface-initiated ATPRs on a nylon
membrane, where HEMA is hydroxyethyl methacrylate, PEGMA is poly(ethylene glycol
methacrylate), and BIBB is 2-bromoisobutyrate bromide

hydrophilic, charged (cation and anion), stimuli-responsible (pH and temperature),
biocompatible, cell-adhesive, antimicrobial, and chemically active (for PPM or
cross-linking) [355]. The method of surface-limited ATPR provides access to user’s
database of hybrid materials based on polymers for special applications [358]. CPLs
are obtained by grafting poly(GMA) on bead PCD using surface-initiated ATRP,
and the following reaction of epoxy groups with IDA [359]. Using ATRP method,
2-hydroxyethylmethacrylate and poly(ethylene glycol methacrylate) were grafted
on a nylon-membrane surface (Scheme 2.18). Formed grafted homopolymers can
interact in the following copolymerization reactions with formation of polyfunc-
tional grafted diblock-copolymers [360].

ATRP was successfully used for the surface-initiated grafted polymerization, but
it has one serious drawback, sensitivity to oxygen of Cu(I) complexes usually used
for polymerization. This sensitivity requires thorough deoxygenation of solvents and
polymerization containers. Therefore, a version of ATRP was developed, called
Activators ReGenerated by Electron Transfer Atom Transfer Radical Polymerization
(ARGETATRP), which substantially decreases sensitivity to oxygen by introduction
of excess reducing agent in a reaction [361]. This approach has two important
advantages as compared to conventional ATRP: it provides improved oxygen
enduring and considerable decrease in concentration of a catalyst from heavy metals
[362].
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Electrochemically-induced ATRP (eATRP) is also developed for production of
IDA-functionalized poly(GMA) grafted to carbon fibers for detection of nano-
nickel from baths for chemical nickel-plating [363].

The only demand to multifunctional RAFT grafting from a macro-initiator is a
possibility of radical transfer of atoms along a polymer chain. Initiating active
centers can be incorporated by copolymerization [364]; they can be integral part of
the first polymer [365] or can be included in PPM reactions [366]. If each active
center along a polymer matrix contributes to formation of one of the branches, then
a number of chains grafted to a macromolecule can be controlled by a number of
active centers. Though a number of grafted chains can be regulated, there can still
be a difference in lengths of each grafted chain due to kinetic and steric effects. The
key feature of RAFT polymerization is a possibility of obtaining grafted polymers,
for example, poly(vinyl esters) by chain extension of macroRAFT-agents con-
taining polyfunctional fragments [367]:

Control over

- Structure
- Tacticity
- Functionality

The most often used macroRAFT-agent for this purpose is O-ethyl xanthate-
terminated PEG. An example of using a macroRAFT-agent obtained using PPM by
xanthate of a polymer preliminary produced by the RAFT method is fabrication of
PVA-gr-polyvinyl acetates using R- and Z-approaches (Scheme 2.19) [368].

Alternative approach is that, in which macroRAFT-agent (poly 2-((2-ethylxan-
thatepropanoyl) oxy) ethyl methacrylate) is obtained by linking chain transfer xan-
thate agents to each monomer unit of poly(2-hydroxyethyl methacrylate) obtained by
ATRP method. RAFT polymerization of vinyl acetate [369], or consequent poly-
merization of Vp and vinyl acetate [370] in presence of synthesized macroRAFT-
agent provide production of polyfunctional polymers (Fig. 2.11).

The «grafting-from» method was successfully applied to obtain some chiral
grafted polymers [371-374]. These polymers include, for example, helical poly-
acetylene polymer matrix with side poly(N,N-dimethylamino-2-ethyl methacrylate)
chains [375].
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Fig. 2.11 Grafted polymers synthesized by RAFT polymerization from ATRP-obtained
macroxanthate, where I is poly(Vp) and II is poly(Vp)-b-poly(vinyl acetate)

Recently easily available method of grafted polymerization from a poly-
dopamine (PDA) coating layer has been developed [376]. First a PDA layer is
applied to virtually any surface, independently on functional groups present on the
surface, which can form surface-bound radicals under sunlight. Therefore, the PDA
layer can serve as a photo-inducing layer for initiation of radical grafted poly-
merization of any monomer (Fig. 2.12). The special features of this method are the
possibility of spatial control over architecture of the grafted polymer chains (pat-
tern, gradient) and use of a vast grafting area with ultrasmall amount of a monomer
solution (thin polymer layer).

Unusual strategy of creation of functionally grafted pseudo-semi-interpenetrative
network structures is developed by the reaction of bifunctional linear polymers
cross-linking with multifunctional dendritic cross-linking units placed in the ends of
chains of linear polymers. The obtained materials have pseudo-semi-interpenetrative
structure [377], in which a linear polymer is fixed by a network structure.
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surface-bound
radicals

Fig. 2.12 Grafted polymerization of thin layers
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Fig. 2.13 Condensation of grafted ligand

We shall notice using reaction of polycondensation for production of grafted
CPLs (Fig. 2.13) [378]. In this case a polymer-substrate poly [(2-acetoacetoxy)
ethyl methacrylate] with B-keto ester groups along a chain is obtained by RAFT
polymerization and is introduced into reaction of polycondensation with PEG
monomethyl ether with end NH,-groups. By varying the initial molar ratio between
a polymer-substrate and a polymer with end NH,-groups, grafted polymers with
varied graft density can be obtained.

The «grafting-through» (or macromonomer method) is one of the simplest ways
of synthesis of grafted polymers with well-defined side chains [379, 380].
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This method enables to introduce macromonomers, which are prepared by another
process of controlled polymerization into matrix obtained by CRP method. Thus, for
example, macroRAFT-agents of a chain transfer, a-norbornenyl-functionalized poly
(z-butyl acrylates) were obtained by RAFT method and then polymerized by ROMP
method using Grubbs catalyst (Fig. 2.14) [381].

Combination of controlled polymerization processes allows control over poly-
dispersion, functionality, composition of a copolymer, a matrix length, length of
grafted chains, and a distance between them by changing a molar ratio between a
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monomer and a macromonomer and relationships of reactivity values of both. The
grafted chains can be homogeneously or heterogeneously distributed depending on
the relations between reactivity of end functional groups on a macromonomer and a
low molecular weight monomer; this has a significant effect on physical properties
of materials.

Homogeneous distribution of grafts  Heterogeneous distribution of grafts

A series of segmented poly(alkyl methacrylate)-gr-poly(p-lactide)/poly(dime-
thylsiloxane) terpolymers with different topology were prepared using «grafting-
through» and CRP techniques [382]. At that, two ways of synthesis were used:
one-step approach, in which methacrylate monomer (MMA or butyl methacrylate)
was copolymerized with the mixture of poly(p-lactide) and poly(dimethylsiloxane)
macromonomers, another one was two-stage approach, in which a grafted copoly-
mer containing one macromonomer was chain-extended by copolymerization of the
second macromonomer and low molecular weight methacrylate monomer. Topol-
ogy of the grafted terpolymers prepared in different combinations of two approa-
ches can be schematically presented as:

Gradient “palm tree” Symmetrical gragient Successive gradients

Grafting becomes more efficient way for production of grafted copolymers as
different methods of click chemistry have appeared [301, 383]. This approach called
«grafting-to» includes such click reactions as thiol-based additions, activated ether
coupling, azide-alkyne cycloadditions, some Diels-Alder reactions, and also non-
aldol carbonyl chemistry, for example, oximes, hydrazones, and amides formation
[384]. Thus, a polymer-substrate with glycidyl butyrate units obtained by ATRP
method is modified by sodium azide for preparation of a suitable for «grafting-to»
copolymer using click chemistry (Scheme 2.20). The reaction of click-type with high
yields results in the formation of a co-polymer with 1-hydroxy-2-azido functional
groups with high yields, which are additionally functionalized for a second via a click
reaction at room temperature. 1,3-Dipolar cycloaddition of PEO methyl ether pen-
tynoate catalyzed by CuBr/N,N,N',N" ,N"-pentamethyldiethylenetriamine gives grafted
polyfunctional polymers with PEO hydrophilic side chains [385].
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Scheme 2.20 Click reactions in grafted polymerization

«Grafting-to» approach is used for preparation of star-shaped molecules of
weakly and densely grafted polymers [386]. The «grafting-to» technique assumes
using a main chain with functional groups, which are randomly distributed along
the chain. Formation of a grafted polymer follows the reaction of coupling between
the functional matrix and end groups of the reactive grafted chains. These coupling
reactions make possible chemical modification of a polymer matrix. General
mechanisms of reactions used for synthesis of these copolymers include free-radical
polymerization, anion polymerization, ATRP [387, 388], ring-opening polymer-
ization (ROP) [389, 390], ROMP [391] and living polymerization technique.
Copolymers prepared using the «grafting-to» method often used the technique of
anion polymerization. This method including the coupling reactions of electrophilic
groups of a polymer matrix and growing centers of anion living polymer would be
impossible without generation of a polymer matrix having reactive groups. High
yield of the chemical reaction called atom transfer nitroxide radical coupling
chemistry is typical of the «grafting-to» polymerization method.

We shall focus on production of CPLs for gadolinium contrast agents using
«grafting-to» strategy. For example, copolymers of activated ester monomer, pen-
tafluorophenyl acrylate, and oligoethylene glycol methyl ether acrylate were prepared
and modified with the chelating ligand 1-(5-amino-3-aza-2-oxypentyl)-4,7,10-tris
(tert-butoxycarbonylmethyl)-1,4,7,10-tetraazacyclododecane for chelation with Gd
(IIT) [392]. We shall notice synthesis of macrocyclic [393] and amylose-containing
[394] grafted polymers by the «grafting-toy method.
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Optically active grafted polymers based on helical polyacetylenes were produced
using combination of ATRP, catalytic polymerization and click chemistry (Fig. 2.15)
[395]. Strategy of obtaining grafted polymers consists of four main steps: (1) syn-
thesis by ATRP method of alkynyl terminated poly(NIPAM) as one click-reagent for
using as side chains in grafted polymers; (2) synthesis by catalytic polymerization of
helical copolymer acting as helical polymer substrate; (3) synthesis of azido-
functionalized copolymer by transformation of bromide groups into azide for pro-
duction of the second click-reagent, and (4) synthesis of optically active grafted
polymers by click reaction. The grafted polymers can self-assemble in aqueous
solution forming core/shell structured nanoparticles having optical activity and
thermal sensitivity.
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Fig. 2.15 Scheme of production and self-assembly of thermally-responsible amphiphilic polymers
based on helical polyacetylenes
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2.2.3 Macromolecular «Brushes»

The distinctive physical properties of grafted polymers are attributed to three
interconnected parameters, such as grafting density (o), molecular weight of the
grafted chains, and quality of a solvent. The most fundamental and easily measured
property of a grafted polymer is its height (H), which is determined by hydrody-
namic radius (R,) of polymer covering a particle and increasing as repulsion forces
between particles increase. The main statements of theoretical and experimental
approaches for description of spatial structure of grafted chains are derived from the
idea that depending on density of a polymer grafting, fixed chains gain so called
mushrooms or brushes configurations on the solution/substrate interface (Fig. 2.16).
At that, their mutual transitions are possible, depending on different factors [396].

In a good solvent, where a surface is «inert», height of a grafted chain is
determined by balance of monomer-monomer repulsion (or osmotic pressure of the
monomers), which advances heightening of a grafted chain, and stretching of
entropy of the chains, which promotes decrease in height. Grafting density is a
number of ends of grafted chains per unit surface area of a substrate, and is
expressed by equation

1
c=—— 2.1
(D/a)’ 21

where D is a distance between grafting points in units of monomer size. If o is very
small, chains are efficiently isolated from each other and act independently: there is
no additional osmotic pressure caused by the chains to stretch them away from the
surface, and the chains form isolated islands or «mushroomsy.

Size of isolated chains in a good solvent is determined by Flori radius:

Rp ~ N>/ (2.2)
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Fig. 2.16 Schematic representation of conformations of surface-linked polymers in the brush
regime (on the left) and in the mushroom regime (on the right) in good diluter. Also conformations
of surface-linked polymers in a bad solvent are shown
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Fig. 2.17 a Scheme of chains grafted by the ends to inert substrate swelling in solvent at D
distance between the grafting points. Distance between the grafting points is far more than the
radius Rg ~ aN>3, 5o that these chains are isolated from each other and form mushrooms on the
surface. b Scheme of Alexander-de-Gennes solvated brushes

so that if tethered dilutedly, size of a single-chain mushroom is Rg. Critical grafting
density ("), which makes a boundary between the mushroom and the brush regimes,
is grafting density, at which mushrooms begin to touch each other, or if distance D
between graftings is approximately equal to Rg (Fig. 2.17a).

The equations, which connect height of the grafted chains (H), polymerization
degree (DP) and grafting density (o) based on the Flori theory, are as follows:

H «x DPc"
o = hgpNa/M,,

where hy is thickness of a dry brush, N, is Avogadro number, p is volume density
of a polymer.

In a good solvent, thickness of a grafted polymer in the mushroom regime with
low grafting density is H ~ No'. Thus, the longer chains, the more diluted a fixing
surface should be, so that the grafted chains would remain in the mushroom regime.
At the early stages of polymerization, when a number of monomers in each growing
chain is small, a surface is bound to isolated polymer mushrooms. But once chains
become longer, each mushroom grows until they fall on each other finally forming
polymer brushes.

The physical picture of Alexander-de-Gennes model is based on «blobsy, as is
shown in Fig. 2.17b, their size is determined by grafting distance D. The blobs
works as rigid impenetrable spheres, which fill space.

Height or thickness of a brush L is equal to a number of monomers in a chain
contained in a column with (D/oz)2 area and height L/a and is estimated as:
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No?
O~ (23)
Therefore, at high grafting density chains are effectively modeled by hard-core
blobes, which generally spread in normal to the grafting plane direction. The
Alexander-de-Gennes model determines how a blob size changes as grafting den-
sity changes. Introduction of the blob model occurs useful and simplified theoretical
tool, which deals with the physical sense of the problem.

Transition from «grafted» copolymers to «brushed» happens only when density
of the grafted side chains begins to affect a matrix ability to accept random coil
configuration.

Macromolecular brushes belong to the general class of grafted copolymers [21,
302, 397-406]. However, in this case the grafting density can be very high, at least,
in some segments of a copolymer. Really, polymers with one chain grafted on a
repeated unit of a polymer matrix were obtained. This results in very tense situation
along the polymer matrix, which makes a macromolecule take unusual conforma-
tions due to steric repulsion stipulated by densely packed side chains [407]. Densely
grafted side chains reinforce the polymer matrix, but it retains some conformation
freedoms. Dynamics of the side chains and the matrix changes as compared with
respective homopolymers, and dynamics of the matrix shows that it is plastified by
side chains, and the molecule becomes dynamically more uniform.

:b\<f.‘:>

Graft copolymer Densely grafted brush copolymer

Overloaded structure of polymer brushes appears due to limited mobility of side
chains. Linear brushes, also called bottle-brush copolymers, as molecular archi-
tecture are well known in biology, where they are responsible for different functions,
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including mucociliary clearance of breathing ways and mechanical performance of
articular cartilage.

In turn, polymer brushes are subdivided into a range of classes, among which
star brush copolymers, brush block-copolymers, heterografted brush copolymers,
gradient brush copolymers and molecules with double grafted side chains (brushes
of brushes) are most important [385].

Thus, if a tetra-functional initiator is used for polymerization of poly(2-hydroxy
ethyl methacrylate) with 2-(trimethylsilyloxy) ethyl methacrylate groups, the obtained
polymer can be functionalized with formation of 4-arms macroinitiator. This product,
in turn, can be used for production of 4-arms star macromolecular brushes [408].

SP-containing polymer brushes used as photoswitchable, reversible optical sen-
sors that show selectivity for different metal ions and drastic changes in surface wet-
tability present a special interest [409, 410].

It should be noted bifunctional polymer brushes orthogonally derivatized with
oxotitanium and nitrilotriacetate-Fe(IlI) groups for enriching both mono- and
multi-phosphorylated peptides for mass spectrometry analysis (Fig. 2.18) [411].

Topologically different materials, for example, brush macromolecules with block-
copolymers of grafted side chains and «standard block-copolymers», in which one or
more segments along a polymer chain are brush copolymers of different composi-
tions, can be related to brush copolymers. The first type of grafted polymers is
formed when macromolecular brushes are used as macroinitiators for polymerization
of the second monomer [412].
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The resulting nanostructured macromolecules can form soft/hard core/shell
systems, macromolecular channels, stable worm-like micelles or inverse micelles,
and other complicated architectures. It is important that these materials served as
templates for production of gold nanowires [413].

Interesting approach to synthesis of a material, which can also be related to brush
block copolymers, is formation of a precursor of macroinitiator with the following
elongation of a chain by another monomer. This brings to «standard» for block-
copolymers architecture along a brush matrix. Another block can be used for for-
mation of a segment with separated phases for physical linking of brush-copolymer
macromolecules, for example, shown in the following schematic drawing (Fig. 2.19).

To study self-assembly in large domain ordered nanostructures [414], PS-b-
polylactide brush copolymers are synthesized by combination of three controlled
methods of polymerization. A block-copolymer matrix for double grafted poly-
merization was prepared for RAFT polymerization of solketal MMA followed by
polymerization of 2-(bromoisobutyryl) ethyl methacrylate. Branches of polylactide
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Fig. 2.19 Schematic image of brush copolymer with linear architecture of block-copolymer along
matrix, where n-BA is n-butyl acrylate, ODMA is octadecyl methacrylate, HEMA-TMS is 2-
(trimethylsilyloxy) ethyl methacrylate

were «grafted-from» from the first block after removal of a ketal groups, and PS
branches were grafted by ATRP from the second block. A similar structure was
obtained by consequent copolymerization of matrix precursor of a monomer-
initiator and a macromonomer [415]. This results in formation of a block-copolymer
brush synthesized by the «grafting-from» and «grafting-through» combination.

One more interesting topology of brush, which is important for PMC problems,
is shown by synthesis of materials called hetero-grafted copolymer brushes. For
example, brush copolymer with grafted PEO and poly(butyl acrylate) is obtained by
the following scheme. First, precursor is prepared for CRP initiator by preliminary
«grafting-through» polymerization of a macromonomer with low molecular weight
co-monomer [416, 417]. Then, protecting groups on the precursor monomer units
are transformed with formation of fragments capable of initiation of ATRP, and the
final product is synthesized using «grafting-from» polymerization of a second
monomer with initiated groups distributed along a brush copolymer chain.

Combination of copolymerization gradient and synthesis of macroinitiator pro-
vides access to brushes with controlled gradient of grafting density along the initial
matrix [418, 419]. Gradient macroinitiators are prepared by spontaneous copoly-
merization of monomers with different reactivity or by controlled addition of one
monomer to copolymerization of monomers with relatively similar copolymeriza-
tion constants [420]. If macroinitiator with gradient of initiating centers along a
matrix is used in grafting from copolymerization, the resulting molecule has higher
density of side chains on one end of the matrix than on the other. Upon compression
the rod-globule transition goes on the end where a brush is densely grafted, leaving
a molecule with ball-like «head» and broadened «tail», so called «tadpole con-
formation» (Fig. 2.20) [419].

First, tadpole shape is formed of the block-grafted copolymers of bromide PS
and methacryloyl-end poly(zerz-butyl acrylates) and then hydrolysis of poly(zert-
butyl acrylate) side chains to PAA side chains, which form pH-sensitive micelles in
water [421].

Another combination of «grafting-from» and «grafting-through» methods can
result in formation of such type of polymers, which are called «double grafted»
brush copolymers. This topology appears when macromonomers are polymerized
by «grafting-from» method of linear macroinitiator.
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In many cases, this can be considered as a brush copolymer in which each grafting
is a brush copolymer [380].

Binary polymer brushes containing homopolymer and di-block copolymer bru-
shes, which is the attractive class of ecologically sensitive nanostructured materials,
should also be noted [422].

It is important that grafted polymerization is a convenient method for production
of «tailored» polymers playing important role in PMC chemistry. For these pur-
poses, for example, PEI was grafted to «tailored» polyurethane using the second
4,4'-diphenylmethane diisocyanate linked to carbamate half of polyurethane [423].

As is seen from this brief review, grafting polymerization methods are contin-
uously improved, which advances fine control not over a polymer structure, but also
over its chelating junction. At the same time, in many cases in these processes no
proper attention is paid to the problems of formation of homopolymers and methods
of their removal from products.
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Fig. 2.21 Anatomy of a dendrimer. This example is the AB, type, where each branch is made
from a monomer A which is divided into two monomers B

2.3 Dendrimers as Polymer Chelating Ligands

Dendrimers (originated from Greek «dendrony, tree) relate to the class of polymer
compounds, which have numerous branches [424-444]. Other proposed synonyms
to these compounds were arbolors and cascade molecules; however, they occurred
less commonly used. Dendrimers are multiply branched approximately spherical
big molecules and have distinct chemical structures (Fig. 2.21) [445].

2.3.1 General Characteristics of Dendrimers

Considering chemistry of polymers, dendrimers are almost ideal monodisperse
macromolecules with regular, highly branched 3D structure; they are even called
polymers of the 21st century [446]. They consist of three architectural components,
such as core, branches and end groups, and they are built from an initial atom,
nitrogen, to which carbon and other elements are linked via repeated series of
chemical reactions, forming spherical branched structure. A number of branches
increase during their formation at each elementary act of monomer addition. As a
result, while molecular weight of the dendrimers increases, shape and hardness of
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molecules change, which is, as a rule, accompanied by change in physico-chemical
properties of the dendrimers, such as intrinsic viscosity, solubility, density, etc.
Reactions used till now in synthesis of polymers and dendrimer-like polymers are
not, as a rule, chain reactions. Usually, these are well known reactions of con-
densation, substitution, and linking by multiple bonds.

As aresult of the first stage of polymerization in the ends of branches free groups
are formed, each of which can react with two additional monomers, thus forming
first generation (G1) dendrimer. There can be a finite number of these consequent
stages, since at some moment a close-packed structure of monomers is formed,
which prevents further polymerization. For example, a layer of G9 dendrimer
already contains 3069 monomers, and diameter of this molecule is ~ 10 nm. In
other words, dendrimers are highly branched nanostructures with controlled com-
position and architecture, having functional groups incorporated in a regular «bran-
ched upon branched» structure. Such high density of functional groups confined in
the limits of nanometer containers makes dendrimers especially attractive as chelating
agents of high capacity for metal ions [447, 448].

The existing synthetic approaches provide production of regular dendrimers,
whose macromolecules have strictly definite molecular weight. Besides, it should
be noted that many properties of dendrimers, such as glass-transition temperature
(Ty), depend strongly on chemical origin of terminal groups placed on the surface of
the spherical molecules. All aforementioned facts attract interest of researchers-
chemists to synthesis of dendritic macromolecules. Thus, by now dendrimers have
been synthesized basing on polyethers and polyesters, polyamides, polyphenylenes,
polysiloxanes, polycarbosilanes, etc.

Utmost sizes, configuration and molecular-weight characteristics of regular
dendrimers can be predicted theoretically. Since growth of macromolecule branches
in all directions is equally probable, they become almost spherical already after 3—4
generations. Then, hence molecular weight of all macromolecules at each stage of
controlled synthesis increases by the same value, the formed polymers are almost
monodispersing, i.e. they contain macromolecules of equal molecular weight and
size. Thus, for PAMAM dendrimer the ratio of average-weight and average-number
molecular weights is very close to unit (PDI = 1.001-1.005), which is a sign of
monodisperse polymer.

The key parameters, which determine structure and size of dendrimer macro-
molecules, are: N, functionality of a core (index of core branching), i.e. a number
of dendrons grown from the core of a macromolecule: Ny, index of unit branching,
a number of branches formed by each repeated unit; G, generation number. Ideal
dendritic structures can be described by exact mathematic expressions using ter-
minology of polymer chemistry. Thus, the number of terminal groups z is increased
in accordance with the

zZ= NchGv
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which means that in the simplest case of trifunctional core and difunctional
branching center (N. = 3, N, = 2) number of terminal groups increases from 2 to
48 in the core in the fourth generation.

The number of repeating units N, greatly increases with the generation number
even for the simplest case:

NG+1 -1
N;=N,—-2—— (2.4)
Ny — 1

and the molecular weight of M, respectively, increases exponentially with each
generation:

G+1_l

M =M.+N, NNb
- C C T Nb—l

+MthG“> (2.5)
where M, is weight of the core and M, is weight of terminal units.

Using the aforementioned parameters, the following can be calculated theoret-
ically: DP or a number of repeated units, a number of terminal groups, molecular
weights of the core, repeated units, and end groups. In Table 2.4 calculated and
experimentally found characteristics of macromolecules of a PAMAM dendrimer
are compared. It is seen that the calculated and experimentally measured values of
molecular weight for the samples with predetermined number of generations almost
coincide.

Experimental data on sizes of macromolecules are in the range of the calculated
data determined by two extreme conformations respecting to extended and corru-
gated dendrons.

The best results were obtained by now for PAMAM dendrimer, whose efficiency
of branching reaches 95%. The cascade polymers produced by one-stage method
display efficiency of branching of terminal groups no better than 70%. Probably,
their most noticeable difference from polymers produced by controlled synthesis is
higher polydispersity.

experimentally ound values o 0P Moo [Mes oo
of molecular weight and 0 3 360 9.6-19.2 1
diameter of macromolecules 1 1044 12.8-28.8 16
of PAMAM dendrimer 2 21 2411 17.6-41.6 24
3 45 5154 5200 |24.1-51.2 32
4 93 10,633 10,700 | 30.6-65.6 40
5 189 21,563 21,600 | 38.5-81.6 56
6 381 43,451 44,000 |47.5-91.2 66
7 765 87,341 88,000 |61.8-104.0 75
8 1533 174,779 174,000 |78.0-117 90
9 3069 |349,883 98.0-130.0 105
10 |6141 700,091 123.0-143.0 124
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2.3.2 The Main Types of Chelating Dendrimers

Among most widespread types of dendrimers with the highest value for CPL syn-
thesis, we should mention the following.

1. PAMAM dendrimers are synthesized by divergent method taking ammonia or
en as basic reagents. They are built using repeated consequent reactions con-
sisting of (a) double Michael addition of methacrylate to primary amino group
with the following (b) amidation of the forming carbomethoxy intermediate with
great excess of en (Fig. 2.22).

2. Polypropylene imine (PPI) dendrimers are synthesized by the divergent method
beginning from 1,4-diaminobutane (DAB). As an alternative name of PPI den-
drimer the name POPAM dendrimers is sometimes used to describe of this class
of dendrimers. POPAM denotes Poly(Propylene AMine), much like the acronym
PPL. They grow by multiple repeated consequent reactions consisting (a) double
Michael addition of AN to the primary amino group with the following
(b) hydrogenation under pressure in presence of Raney-cobalt (Scheme 2.21).
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Fig. 2.22 Schematic representation of the G4 dendrimer with 64 amino groups at the periphery.
This dendrimer begins from the en core; branches or arms have been attached by Michael addition
to methacrylate followed by complete aminolysis of the methyl ester obtained using en [449]
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Scheme 2.21 PPI dendrimer synthesis scheme
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Fig. 2.23 Structure of tecto-dendrimers

3. Tecto-dendrimers. They consist of a dendrimer core surrounded by dendrimers
of several generations (for each type of construction) designed for performing
functions required for smart-therapeutic nanodevices [450-452]. Different com-
pounds perform different functions, beginning from recognition of the diseased
cells, diagnostics of illness, delivery of drugs, and ending by therapy results. It is
important that dendrimer core of tecto-dendrimers may or may not contain a
therapeutic agent surrounded by dendrimers (Fig. 2.23).
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4. In multilingual dendrimers the surface contains several copies of certain func-
tional groups [453].

5. Chiral dendrimers, in which chirality is based on design of constitutionally
different but chemically similar branches of chiral cores (Fig. 2.24) [454-456].
As a practical matter, chiral dendrimers are especially interesting, because a
combination of well-defined structure with chiral groups brings to a possibility
of control over sizes and shapes of interior caverns in dendrimers. They provide
development of different application fields, related to chirality, for example,
molecular recognition, sensors, catalysts, enantioselective separation, etc. It is
important that controlled 3D structure in these polymers resembles natural
polymer systems and, consequently, offers new directions for biological and
medical applications. Chiral dendritic molecules can be classified by four cat-
egories [457]: (a) dendrimer with chiral core; (b) dendrimer with chiral end
units; (c) dendrimer with chiral building blocks, and (d) dendrimer with different
branches linked to a nonplanar core.

6. Hybrid dendrimers include block or grafted polymers of dendritic and linear
polymers (Fig. 2.25) [458]. Hybrid linear-dendritic (a copolymer formed with
one or more dendritic fragments associated with one or more linear analogues)
and dendronized polymer (a special type of a linear-dendritic hybrid, wherein
the linear polymer contains dendrons attached to each repeating unit) are dis-
tinguished. To obtain this class of compounds two main approaches are used:
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Fig. 2.24 A cartoon representation of the variety of possible formats for chiral dendrimers that
feature: a a chiral central core, b chiral units at the peripheral surface, ¢ achiral core coupled to
constitutionally different branches, d chiral branching units and e chiral units at the core, branches
and peripheral surface
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terminal units (b) and the PEG chain (c¢)
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Fig. 2.26 Hybrids of dendritic and linear polymers

macromonomer and attach-to routes (Fig. 2.26). In the first case, a monomer is
polymerized, which already carriers a dendrimer of a certain size, in the second
case module synthesis is used according to traditional chemistry of dendrimers
based on divergent or convergent methods, with linear polymers or macro-
monomers used as building blocks [459].

For example, a series of photosensitive hybrid dendrimers G1-G3 is synthesized
by the addition of amidoamines dendrons with end groups of o-nitrobenzyl alcohol
to an alternating copolymer of St and maleic anhydride. It is found that the degrees
of attachment of dendrons comprise 74, 42 and 26%, respectively, indicating that
the number of attached dendrons decreases from G1 to G3 because of steric hin-
drance at the higher generation dendrons with large branches [460]. Hybrid
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dendrimers with PAMAM units and surface groups of N-hexylamide type or poly
(N-methylglycine) blocks are obtained by the ring-opening copolymerization of
sarcosine-N-carboxyanhydride with the dendrimer. Aqueous solutions of copoly-
mers with poly(2-methyl-2-oxazoline) and PAMAM blocks are synthesized by
reaction of polyoxazoline with w-terminal functional groups [461]. Such den-
drimers have 3D hybrid architecture of nano-organized systems containing cavities
inside and outside of the dendrimer, and interconnected, which gives them a con-
trolled permeability. Self-assembled block copolymers such as «head to tail» are
produced from PAMAM as head and blocks of poly(L-lysine) (PLL) as tail. At that,
PL tail blocks undergo «helix-coil» transition as a result of changing the solvent
from water to methanol, resulting in a 3D structure similar to the protein molecules
[462]. Dendronized alternating copolymers containing crown ether units are syn-
thesized by copolymerization of St having side chains of the polyether dendron
(two generations) and maleimide having side units of dibenzo-24-crown-8 [463].
Hybrid dendrimers from PPI (core) and PAMAM (shell) are also described [464].

Design of biocompatible environment-sensitive dendrimers is carried out based
on PEG and PAMAM G4 dendrimers with N-tert-butoxycarbonyl-S-acetamido-
methylcysteine moiety [465]. PAMAM G4 dendrimers, whose end groups modified
by L-phenylalanine or y-benzyl-L-glutamate and PEO chains are attached to the
amino acids units, are obtained for use as nanocapsules [466].

A synthetic route to thermosensitive molecules using alkylamide side groups is
proposed. It was shown that the thus obtained PAMAM dendrimers have a lower
critical solution temperature (LCST), and the accumulation of N-alkylamide groups
on dendrimers periphery provides thermosensitivity initially thermo-insensitive
dendrimers. It is noted the attempt to extend the application of the technique to
lipids based on PAMAM dendrimers with two octadecyl chains as a head group and
a hydrophobic tail [467].

An interesting class of hybrid dendritic molecules is dendrigraft polymers [468].
Size of dendrigraft polymers is usually by 1-2 orders of magnitude more than of
their dendritic analogues and is from about 10 nm to several hundred nanometers.
Another distinctive feature of these polymers is synthesis based on the reaction with
grafting polymer side chains serving as building blocks. To obtain these compounds
three different synthetic methodologies were used: (1) divergent «grafting-to»
methods based on consequent reactions of coupling polymer chains with function-
alized polymer-substrate; (2) divergent «grafting-from» methods using cyclopoly-
merization initiated from functional centers placed on a polymer-substrate; and
(3) convergent «grafting-through» methods including coupling preliminary formed
polymer chains in one-pot synthesis.

It should be also noted different structural classes of dendritic copolymers such
as hyperbranched copolymers, linear-dendritic block copolymers, dendrimer-like
star-branched block copolymer, multiarm dendritic initiators, dendritic focal point
chain transfer agents etc. [469].

7. Amphiphilic (Janus) dendrimers consist of two insulated parts of a chain end, half of
which are donors, and another half acceptors (Fig. 2.27). PAMAM dendrimers also
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relate to amphiphilic dendrimers consisting of a hydrophilic core of a dendrimer and
hydrophobic shells of stearyl acrylate type [470] or aromatic dansyl (1-dimethyl
amino-1-naphthalene-5-sulfonyl) and 1-(naphthalenyl)-2-phenyldiazene [471]. Or,
on the contrary, amphiphilic dendrimers consist of hydrophobic PEO core and
hydrophilic carboxyl groups [472], and the latter can be used as polymer reagents in
green technology of chemoremediation in liquid homogeneous phases [473].

8. Micellar dendrimer consists of unimolecular micells of water-soluble hyper-
branched polyphenylenes [474].

9. Highly branched oligomers or polymers consisting of dendritic structures con-
taining mesogen group, which can display meso-phase behavior, relate to liquid
crystal dendrimers. They consist of mesogen monomers forming liquid crystal
dendrimers in lamellar, columnar, and nematic phases (Fig. 2.28) [475].

It is noted co-dendrimers of Janus type G1 or G2, which combine the prome-
sogenic bent-core and a rod-shaped molecular segments synthesized by universal
CuAAC click reaction (Fig. 2.29) [476]. Depending on the ratio between the
amount of rod-shaped and bent-core blocks these compounds form meso-phases in
the range from nematic to complex polar smectic meso-phase, wherein the two
kinds of mesogenic fragments are separated on a nanometer scale. If the ratio bent/
rod 1:1, the materials form ferroelectric meso-phases and macroscopic polarization
is stable in the absence of an applied electric field.

10. Frechet-type dendrimers designed Frechet based on poly(benzyl ether) hyper-
branched skeleton (Scheme 2.22) [477—-480]. Such dendrimers typically have
surface carboxyl groups acting as a convenient anchor point for further surface
functionalization or surface polar groups increasing the solubility of the
hydrophobic type dendrimer in polar solvents or aqueous media.
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Fig. 2.28 Liquid crystal dendrimers

Fig. 2.29 Preparation of liquid crystal dendrimers via click-synthesis

11.

12.

Radially layered poly(amidoamine-organosilicon) (PAMAMOS) dendrimers
are inverted unimolecular micelles, which consist of hydrophilic nucleophilic
PAMAM interiors and hydrophobic organosilicon (OS) surface groups [481,
482]. Generalized 2D projection of the structure of these nano-sized globular
macromolecules is shown in Fig. 2.30. This unique dendrimer family was
discovered in 1990, and contains many compositional and functional variants,
including dendrimers with terminal alkoxysilyl groups (X = Si—OR).

In the polysiloxane dendrimers, the key point in the synthesis of each gener-
ation is the alternation of two reactions: the formation of peripheral groups —
SiOEt (actually chain growth) followed by substitution at —SiCl (Scheme 2.23)
[483-485].
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Scheme 2.22 Scheme of synthesis of Frechet-type dendrimers

13. Phosphorus-containing dendrimers represent a broad class of dendrimers con-
taining phosphorus donor atoms in different parts of the dendritic architecture
[486—488]. An interesting example is hexachlorocyclotriphosphazene that can
be used as branch points for the rapid synthesis of dendrimers with high density
of functionality as well as for the synthesis of dendrimers having exactly one
function different from all others. These dendrimers are used as the materials
providing reusable catalysts, chemical sensors or substrates for cell cultures
(Fig. 2.31) [489]. Furthermore, these dendrimers were used for in vivo imaging
and in order to clarify the biological mechanisms, particularly for anti-
inflammatory dendrimers.

The binding of carbosilane dendrons with phosphine in the focal point with
phosphorus-hydrazone dendrons having thiophosphoryl azide in the focal point was
successfully carried using the click reactions (Scheme 2.24) [490]. Appropriate
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Fig. 2.30 A generalized representation of the structure of PAMAMOS dendrimer. Red: interiors
cell s of PAMAM branches; blue: external cells of OS branches. I: Core atom or group of atoms;
X: inert or reactive end groups; numbers 1, 2, 3, 4, ... denote generation; letters: a, b and c
represent PAMAM-PAMAM, PAMAM-OS and OS-OS chemical bonds, respectively

Janus dendrimers have characteristics of both components, thus they are fatty as a
carbosilane dendrons and can be easily functionalized with a phosphorus-hydrazone
dendrons.

It is noted chiral diphosphine-functionalized Janus dendrimers containing up to
sixteen 2,2'-bis(diarylphosphino)-1,1’-binaphthyl (BINAP) units, readily synthe-
sized via the liquid phase organic synthesis with G3 Frechet-type poly(aryl ether)
dendron as the soluble substrate [491].
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Scheme 2.24 The scheme of synthesis of phosphorus-containing Janus dendrimers via click-synthesis

2.3.3 Divergent and Convergent Synthesis

Dendrimers are obtained by controlled multi-staged synthesis, in which the main
are two strategies of synthesis according to divergent and convergent schemes. The
already becoming classical scheme of dendrimer synthesis (Fig. 2.32) beginning
from an initial branching center following by repeated reactions of a layer growth
and removal of protection is called divergent [492]. A distinctive feature of this
scheme is fast increase in a number of reaction centers on the surface of a dendritic
molecule associated with increase in a generation number. This, in turn, brings to
difficulties of purification of the final compounds from the products of incomplete
substitution of surface functional groups, if such are present in the system. The
purification problem is caused by very little difference between molecular weights
of dendrimers with completely reacted surface groups and products of incomplete
substitution.

This difference does not exceed several percent. To overcome this drawback,
another approach was proposed called convergent method [477]. If in the case of

monomer
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Fig. 2.32 Divergent growth method [492]
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divergent synthesis, a dendritic molecule is growing from the center to periphery, in
this case, on the contrary, a dendrimer is «collected» beginning from the surface
groups. Taking to the notation system introduced before, the convergent growth of
a monodendron can be represented by a scheme shown in Fig. 2.33.

An advantage of the convergent approach is a small number of reacting groups at
each stage, which, in turn, brings to minimal number of intermediate compounds
(products of incomplete substitution). Besides, a difference in molecular weight of
initial, intermediate, and final products is so big (1.5-2 times) that it allows easily
isolate a target compound in pure form. However, a significant drawback of this
method is appearance of steric hindrances emerging at the stage of linking a
monodendron to a branching center. There are such a small number of reactive
groups (actually one for monodendron—a focal point), which plays a negative role.
In the reaction system there is quite low concentration of reacting groups, whose
activity is lowered even more due to a great number of «inert» (surface and other)
groups, and reaction is impeded.

Most currently known chelating dendrimers are obtained by the two traditional
methods and the number of these CPLs sufficiently large. Among the most inter-
esting examples are variety dendrimers with tpy chelating moieties [10, 14]. A
series of dendrimer polyallyl- and polyferrocenyl-containing chelating bpy ligands
was obtained by the coupling reaction of 4,4'-bis(bromomethyl)-bpy with AB; and
ABg-dendrons [493]. Synthesis of G1 and G2 dendrimers with dibenzo-24-crown-8
groups serving as branching blocks is described [494]. A dendrimer with pseu-
docrown ether, which can chelate Ag(I) and Hg(II) ions, was obtained in the similar
way [495].

It is doubtless that the dendrimers themselves are chelating ligands, since for them
a considerable probability is typical of multiple-point metal ion coupling by
monofunctional ligands due to their high density on the surface [496]. Metal chelates
with dendrimers based on PEO and polypropylene oxide can be an example [472].
A consequence from this, in particular, is ability of crown ether groups to migrate
over surface (Fig. 2.34), which was called «spacewalk» [497, 498].
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Fig. 2.34 Complex of crown ethers with G4 PAMAM dendrimer

It should be noted numerous examples of dendrimers with porphyrin and
phthalocyanine fragments [499]. So, different Pp [500] including 5,10,15,20-
tetrakis(4-hydroxyphenyl)-Pp and 5,10,15,20-tetrakis(3,5-dihydroxyphenyl)-Pp can
be used as a core of dendrimer [501]. Pp-containing dendritic polymers up to G4 are
obtained by Suzuki polycondensation of dendritic dibromide macromonomers and
pinacolyl ethers of Pp-diboron acids [502]. Synthesis of the G2 poly(benzyl ether)
dendrimers having N3O Pp in a core (21-oxo-Pp core) is described [503]. Then
phenyl-containing compounds (dendrons), from which branching of generations
has already begun, can be linked to the Pp cores. At that superstable structure is
obtained, which makes it possible to remove a Pp core from a micelle, as a result a
cavity is formed, which is appropriate for catalytic and other reactions. Removal of
Pp is executed by splitting of ether bonds, and the formed cavity is surrounded from
inside by eight carboxyl groups. Something similar happens in depth of protein
enzyme globules.

Possibilities of synthesis regarding architecture and chemical composition of
produced polymers are broadened considerably at combination of the divergent and
convergent schemes used. Taking into account the aforementioned advantages and
disadvantages of both approaches, it should be noted that recently a tendency is
observed of using a combined approach, which includes linking of monodendrons
produced by the convergent method not to a pointed branching center, but to a
dendrimer of G2-G3 synthesized beforehand by the divergent scheme.
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2.3.4 Alternative Methods of Synthesis

For rapid studies of dendrimers, it is highly desirable to develop more efficient
synthetic processes to avoid more elaborative and time-consuming stages of acti-
vation or protection of monomers in the reaction of condensation and purification
using chromatographic separation. To these methods, which make it possible to
reduce a number of synthetic stages and obtain a desired dendrimer with high yield,
belong: a double-stage convergent growth approach, a hypermonomer approach,
and double-exponential dendrimer growth, and orthogonal coupling strategies
(Fig. 2.35) [504].

For example, in the double-exponential growth approach [505] first two func-
tional groups of AB, monomer are disguised so that it would be possible to
selectively take off protection. Then two growing monomers, one of which with
protected functional group B, are obtained by removal of protection from the
functional group A (divergent type of a monomer), and another one with protected
functional group A is obtained by removal of protection from the functional group
B (convergent type of a monomer) in individual reactions. The monomer of
divergent type is condensed with the monomer of convergent type to produce
protected dendritic molecules. Dendrimers of higher generations are synthesized by
repetition of selective processes of de-protection and coupling. Therefore, DP
depends on a number of generations increasing according to double exponential
function from the initial generation (n), as DP = 2°" — 1. Double exponential
growth was used, in particular, to produce dendritic aliphatic G4 polyethers,
beginning from 2,2-bis(thydroxymethyl)propionic acid in six stages with two
purifications [506]. If macromolecules having the same generations were prepared
by the ordinary divergent scheme, a number of purifications, corresponding to a

Conventional approaches Revised approaches

; ,. R o

Divergent growth _\‘I\‘ % '(1;‘ 2 A’R\ﬁ .4_ _,j‘_'_g “"_Ql)
¥

W Daouble stage convergent growth
Wl
= N
. Dendritic growth
a. Activation of the peripheral groups ‘ﬁ\‘_&
a*. Activation of the focal point E?;t‘*

Hypermonomer

Convergent growth

Double exponential growth

Fig. 2.35 Comparison of conventional and revised approaches
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number of generations would be needed. Therefore, this method allows reducing a
number of growth stages and simplification of purification of a final dendrimer.

The G6 dendrimer consisting of poly(phenylacetylene) linked with polyether
was synthesized in three stages and two chromatographic separations based on
orthogonal coupling strategy using Mitsunobu etherification or Sonogashira reac-
tion [507]. Thus also coupling of efficient orthogonal ABC Passerini multicom-
ponent reaction and ABB thiol-yne multicomponent reaction two kinds of
dendrimers were synthesized efficiently: dendrimers with two generations in three
steps and dendrimers with two generations containing one kind of internal func-
tional group and two kinds of surface functional groups in five steps [508].

The hypercore or the branched monomer approach [509] specifies preliminary
assembly of oligomer precursors, which can be linked with organic fragment.
Linking of oligomer precursors goes in radial, branch-to-branch direction. A core
interacts with two or more moles of a reagent containing, at least, two protected
branching centers with the following removal of protective groups. The following
release of reactive centers brings to the G1 dendrimers.

Contrary to these methods, the following two methods can exclude time-consuming
processes of protection removal or activation. In the two monomer approach two
different monomers are used, at that, one of the different functional groups of AB,
monomer is prescribed for selective interaction with one of two different functional
groups of CD, monomer, i.e. functional groups A and C react with reactive D and
B centers, respectively. A typical example is synthesis of poly(ether-urethane) den-
drimer from 3,5-diisocyanatobenzyl chloride and 3,5-dihydroxybenzyl alcohol [510].
Generations can grow in one reactor without intermediate purification stages.

One more approach, which helps to avoid the time-consuming purification
process is using PS-PEG resin for synthesis of PAMAM dendrimers. It is a simple
and efficient method for preparation of dendrimers up to the G3 [511].

One-pot synthesis of poly(amino carbonate) dendrimer from 2,6-dimethyl-4-
heptanol and tert-butyl alcohol is performed using high-selective carbonyldiimi-
dazole (CDI) reaction [512].

Introduction of energy using the microwave radiation is a widely used method in
synthetic chemistry and is mainly in the organic chemistry [513-515]. Microwave
synthesis is a highly effective technique for performing high-speed synthesis and is
based on the interaction of electromagnetic waves with the mobile electrical
charges, which may be polar solvent molecules or ions in solution. In a solution
polar molecules try to align themselves in an electromagnetic and alternating field
and so that the molecules are constantly changing their orientations. Thus, by
applying the appropriate frequency, the collision between the molecules is achieved,
which leads to an increase in the kinetic energy, i.e. system temperature. Therefore,
high speeds of heating and uniform heating over the entire sample are possible.
Synthesis of dendrimers using microwave radiation at low temperature reduces the
reaction time, significantly reducing the occurrence of defects in the dendrimer
backbone. For example, using microwave radiation PAMAM G1 dendrimers are
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synthesized by divergent method in high yields, high purity and in nearly perfect
regioselectivity [516].

It is noted the use of microwave amidation method for the synthesis of PAMAM
dendrimers with Jeffamine polymer core up to G4 [517]. This method reduces the
aminolysis time and minimizes excessive use of reagents and solvents. Quick, easy
and one-step microwave synthesis of water-soluble PAMAM dendrimers with the
same polymer Jeffamine® T-403 core and the two monomeric, en and dien, cores
were achieved with high (90-96%) yields in a short time (110-140 min, from 3.5 to
4 times faster than normal reactions) and under mild conditions using methanol as
the solvent [518].

Microwave synthesis allows quick access to the lower generations (one to three)
triazine dendrimers with high yields [519]. Using microwave convergent synthetic
approach, two reactions of nucleophilic aromatic substitution are performed on
cyanuric chloride within 10 min at 60 °C using primary amines (Fig. 2.36). It is
important that the substitution with the diamine obtained monochlorotriazine
requires 95 °C for 30 min and the purification are performed by an automated
chromatography system so G3 dendrimer can be prepared from starting materials in
less than one day.

Similarly, starting from commercially available and inexpensive materials,
accelerated synthesis of triazine dendrimers of odd generations up to G9 with high
yields was performed using microwave radiation (Fig. 2.37) [520].

Unique SAMs, consisting of dendritic viologen-shaped molecules with
o-mercaptodecyl groups (G = 0-3) at the top of the dendritic structure, which can
encapsulate a certain amount of metal anionic complexes, determined by dendritic
structure, are noteworthy [521]. Such lower generation dendritic molecule is suc-
cessfully synthesized by microwave heating, thereby providing easy access to the
G3 dendrimers without requiring processes of protection/deprotection during gen-
erations growth. SAM of dendritic molecules themselves is made by soaking of
gold substrates in solutions of molecules in a mixture of ethanol/acetonitrile at room
temperature (Fig. 2.38).

A «dumb-bell» shaped molecule can be produced using a reaction of two den-
drimers with a cross-linking agent, for example, hexanediol chloride [522]. The

10 eg Diamine Diamine reaction

26qCsCO; --n...___
Dioxane, 95°C TTttee- /\‘

30 min MW
cl -<]—(NHBOC),, de ‘Q“‘NHBOC]H

. 0.45 eq CaN4Cly
w _________ 4.2 eq DIPEA
------ THF, 60 °C
Cyanuric chloride 10 min MW

reaction

Fig. 2.36 Scheme of microwave synthesis of triazine dendrimers
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Fig. 2.38 Preparation of dendrimers SAMs using a microwave synthesis

promising way is using 3D polycondensation method for dendrimer synthesis [63,
64, 523]. A solid phase synthesis of inverse PAMAM was developed, and when
AB, type monomers were used, only one reaction was required for synthesis of
each PAMAM generation [524].

2.3.5 Using the Click Chemistry in the Synthesis
of Dendrimers

Recently design of dendritic macromolecules has reached a noticeable success,
mainly due to extremely advantageous and elegant developed synthetic routes
based on click chemistry [445, 525-527]. In particular, very efficient are click
chemistry methods used in synthesis of dendrimers via Diels-Alder [528], thiol-yne
[529], and azide-alkyne reactions [530-532]. Synthesis of some dendrimer that
employs CuAAC and furan-maleimide Diels-Alder click chemistry in layer-by-
layer (LbL) fashion can serve as an example shown in Fig. 2.39 [533]. Apparent
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Fig. 2.40 Click-synthesis of N,S-chelating dendrimers

advantage is potentially «green» character of this methodology of design of
macromolecular assembles.

The combination of controlled polymerization methods and click reactions
creates an effective platform for the production of polymers with different archi-
tectures (Fig. 2.40) [534].

Usually performed CuAAC reaction in the synthesis of dendrimers requires
stoichiometric use of the most common click-catalyst CuSO4-5H,O with sodium
ascorbate. An effective, practical and easily accessible catalytic Cu(I) complex with
hexabenzyl-tris(2-aminoethyl) amine was proposed to carry out this reaction under
milder conditions for the synthesis of relatively large dendrimers. This catalyst can
be used to form intradendritic [1,2,3]-triazole heterocycles coordinated with the
transition metal ions through their nitrogen atoms (Fig. 2.41) [535].
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Fig. 2.42 Microwave click-synthesis of polyphenol dendrimers

It is noted the use of copper granules in held by microwave alkyne-azide
1,3-dipolar cycloaddition click-synthesis of antioxidant dendrimers based on lilac
aldehyde and vanillin (Fig. 2.42) [536]. Importantly that the copper granules
ineffective at both room temperature and at reflux (<5% yield). However, they have
shown to be highly effective when synthesis of chelating dendrimer is performed
under microwave radiation, giving yields up to 94% for 8 h. Equally important is
the fact that the dendrimers obtained by using this method, practically showed no
contamination by copper (9 ppm), which was the same as the background level.

2.3.6 The Post-synthetic Modification of Dendrimers

Numerous studies were performed for purposeful synthesis of chelating fragments
in a core, inside, and on surface of dendrimers using post-synthetic modification
(PSM) (Fig. 2.43) [537].
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Fig. 2.43 Surface-, interior- and core-functionalized heterofunctional/multifunctional dendrimers

Selective modification of the dendrimer surface by different functional groups is
very difficult [538]. However, derivatives of PAMAM dendrimers with acetamide,
hydroxyl, and carboxyl terminal groups were successfully synthesized from the
G4 PAMAM dendrimers with en core and five primary terminal amino groups [539].
The reaction of acetylation of G5 PAMAM dendrimers, containing reactive amino
groups was carried out [540]. Terminal amino groups of G1 PAMAM dendrimer were
used as initial material for synthesis of glycidol and acetamide-end-capped dendrimers
[541]. Carboxylate-functionalized G5 PPI dendrimers were obtained by double Michael
coupling of amine-functionalized PPI dendrimer to methacrylate with the following
basic hydrolysis [542]. Modification of PAMAM dendrimers surface by benzoyl
thiocarbamide was used to obtain ion-exchanged material having high selectivity to
heavy metal ions [543]. Peripheral functionalization of G2 PAMAM dendrimers con-
taining terminal amino groups was performed using 9-anthracenecarboxaldehyde
[544]. G1 PPI dendrimer was modified by reaction of terminal amino groups with
2-pyridinecarboxaldehyde [545]. Dendritic chelating oxybatho-phen ligands (up to
G3) were obtained by treatment of the respective Fréchet-type dendrons carrying
benzyl-bromide groups in the focal point by 4,7-bis(4'-hydroxyphenyl)-phen, where
phen is 1,10-phenanthroline [546].

Chemoselective substitution of surface groups in the range of phosphorus-
containing dendrimers occurs successful [547, 548]. Reaction of dendrimers car-
rying P(X)Cl, (X=0O, S) groups on periphery with allylamine and then with a
sodium salt of p-hydroxybenzaldehyde brings to the aldehyde terminal groups,
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which can be subjected to further modification, for example by Schiff and Wittig
reaction. Thus, terminal functional groups P(X)Cl, are monosubstituted and then
disubstituted not only by amines and aldehydes, but by phosphorus ylids, hydra-
zine, and chiral compounds. Inner layer of a dendrimer containing eighteen P-N(S)
blocks can also be post-modified by allyl and propargyl triates, giving chemose-
lectively allylated and propargylated dendrimers pointing that accumulation of a
certain number of functional groups is possible in well-defined globular macro-
molecule. These dendrimers with rich surface and internal functionalities can have
applicability potential in different fields, especially, in catalysis.

Interaction between phenol, formaldehyde, and GO and G1 PAMAM dendrimers
brings to fabrication of two dendrimers containing benzoxazine side groups [549].
Interesting ion-chelating dendrimers are obtained on the basis of a benzene tri-
carbonyl core linked to three tripodal branching units, each of which contains a
carboxyl, catechol, and 3-hydroxy-6-methyl-pyran-4-one fragments [550]. Surface
groups of PAMAM and PPI dendrimers were modified by salicylate-, catecholate-,
and hydroxypyridinonate-fragments [551]. A chelating ligand based on xanthate-
functionalized PAMAM dendrimer was obtained from polyamidoamine dendrimer
with terminal hydroxyl groups [552]. It is also noted surface modification of
phosphorus-containing dendrimers for the preparation of (+)-cinchonine fragments
[553].

A new family of poly(propylenamine) ferrocenyl dendrimers with azacrown
ethers based on DAB was produced by the reaction of functionalized ferrocenyl
derivative {[n’-CsH4COCI]Fe[n’-CsH,CONCH,CH,(OCH,CH,)s]} through amido-
ferrocenyl blocks [554].
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Fig. 2.44 Scheme of functionalization of PAMAM dendron by PEG chains

A copper-free strategy of strain-promoted azide-alkyne cycloaddition, which
provides a quantitative functionalization under mild reaction conditions without any
metal impurities, is developed for functionalization of poly(amido)-based dendron
with PEG chains (Fig. 2.44) [555].

Effective precursors for PSM towards creating chelating fragments were
mono-functionalized dendrimers based on polyamide with terminal azide or alkyne
moieties derived using microwave 1,3-dipolar cycloaddition [556]. Microwave
Huisgen 1,3-dipolar cycloaddition between azide-peptides and dendritic alkynes
was used to produce multivalent dendrimeric peptides with yields ranging from 46
to 96% [557].

Strategy of in situ PSM was successfully applied for synthesis of AB,C
bifunctional dendrimers with inner acetylene/azide and outer hydroxyl groups
[558]. These dendrimers can be easily transformed into dendritic nanoparticles or
used as cross-linking agents for preparation of hydrogels.

Highly active surface of dendrimers serves as a basis for their self-assembly to
supramolecular structures [559].

An example of modification of dendrimers in a core can be incorporation of
resorcinarene [560], anthracene [561], and fluorene [562] cores in PAMAM den-
drimer. We shall consider synthesis of two types of dendritic B-diketonate ligands,
which contain dbm core and poly(aryl ether) dendron, and range of dendritic 2-
(2-pyridyl) benzimidazole ligands [563]. Asymmetrically placed dendrimers with
Cz and phenyl azomethine cores were obtained through Ullmann and dehydration
reactions in presence of titanium tetrachloride [444]. Derivatives of tetrapyrazino-
porphyrazine-containing flexible linear and rigid dendritic groups were synthesized
[564].

Crown ethers and tpy ligands were successfully linked to the focal point of
light-harvesting phenyl-acetylene monodendrons through Pd-catalyzed coupling
reaction [565]. It is also noted dendritic chiral phosphorus ligands, including
diphosphines monodentate phosphoramidites and N,P-ligands synthesized by fixing
the respective chiral phosphorous units in the core or the focal point of Frechet-type
dendrons [566].
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It is important to emphasize that the purposeful creation of multi-functional
dendrimers, with well-defined structures is necessary not only from the point of
view of further chelation of metals, but also for the application of dendrimers in
nanomedicine, light-harvesting systems, sensing and catalysis [567]. Furthermore,
because of their unique steric structures and rich peripheral functional groups
dendrimers are promising for various bioinspiring functions, including artificial
proteins, viruses, enzymes, cell structure and light-harvesting antennas [568].

2.3.7 Fixing Dendrimers on Solid Surfaces

Dendrimers occurred to be convenient objects for fixation on different surfaces
[569]. The special names dendritic-surface hybrid or dendronized surface were even
introduced for such systems. Thus, PAMAM dendrimers with terminal amine
groups are fixed on surfaces of carbon nanotubes [570], and PAMAM dendrimers
modified by 1,8-naphtalamides are fixed on polyamide-6 used as a matrix for
producing fluorescent materials [571, 572]. A detailed study of nanostructured G1-
G3 dendrimer, supported on Merrifield resin with hydroxyl-, mesylate- and
bromine-end groups showed [573] that particle diameter growth is associated with
the end groups of samples and increases nonlinear with the dendrimer, wherein the
dendrimer particles after G2 became denser.

Microwave technology is used for grafting PAMAM dendrimers on silica sur-
face [574]. It was found that the amount of amino groups and nitrogen content
increase with increasing generation PAMAM. Such dendronized surface links
bovine serum albumin through glutaraldehyde, at that the immobilization efficiency
increased with the increase in the generation of PAMAM.

Similarly, PAMAM G1-G7 dendrimers are constructed on the surface of
ethylenediaminepropyl-functionalized magnesium phyllosilicate lamellas using a
modified microwave synthesis [575]. The resulting solid materials showed an
increase in their interlamellar space and disorganization of their lamellae packing
with dendron growth.

In recent years, numerous studies are conducted with such interesting carrier as
graphene oxide. Fixation of PAMAM dendrimers on graphene oxide surface using
«grafting to» method can be cited as an example [576]. Obtained dendronized
materials proved effective in the adsorption of a number of heavy metals.

2.3.8 Properties of Chelating Dendrimers

The study of the physico-chemical properties and architecture of dendrimers is one
of the most promising approaches to solving the problem of designing and directed
synthesis of MCD with predetermined properties. However, the dendrimer ligand,
unlike low molecular weight analogues is characterized by a number of features that
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make it difficult study of its physico-chemical characteristics. Oppositely to almost
all other macromolecules, including even hyperbranched and star-like polymers,
dendrimers do not obey the Mark-Coon-Houwink equation after reaching a certain
molecular weight [577-580]. For example, in the case of polyether dendrimers after
reaching of molecular weight about 5000, its further increase brings to a decrease in
intrinsic viscosity. This phenomenon can be understood taking into account that as
a generation number increases, volume of a dendritic macromolecule increases in
cubic proportion of a linear size, while its weight increases as an exponent, which
does not work for any other polymer. Unusual relations between intrinsic viscosity
and molecular weight for the dendrimers correlate with a change in their shape from
loose to globular structure with increase in molecular weight.

Dendrimers, like most linear polymers, are (depending on composition and
molecular weight) viscous liquids, amorphous powders, or glassy resins, well
soluble in most known organic solvents. Viscosity of their solutions is by several
orders of magnitude lower than that of linear polymers with similar molecular
weight. Unlikely to chain polymers, these ones do not have a crystal state; however,
liquid crystal ordering is possible in polymer solutions and melts, containing
mesogen groups.

Dendrimers of low generations (0, 1, and 2) have more asymmetric shape and
have more open structure as compared with dendrimers of higher generations. As
long as chains growing from a core become longer and more branched (in the G4
and higher dendrimer generations), a dendrimer molecule gains a globular shape.
When critical branched state is reached, dendrimers cannot grow due to lack of
space. This is called «star burst» effect [581]. For PAMAM dendrimer it is observed
after G10, which contains 6141 monomer units and has diameter about 124 A, at
that the reaction rate decreases dramatically and no further reactions of terminal
groups take place.

Numerous studies of the spectroscopic properties, melt rheology, solution
properties of bio- or synthetic dendritic polymers have shown a special behavior of
dendritic structures in bulk and in solution [582-586].

Presently there are more than fifty families of dendrimers, each of which have
unique properties, surface, branching groups and cores, which can be adapted for
different applications. Thus, dendrimers containing photoactive units can be used
for probing of metal ions. For example, for these purposes G5 PPI dendrimers are
applied, which are functionalized at periphery with strongly luminescent dansyl
(1-dimethyl amino-1-naphthalene-5-sulfonyl) units [587].

High local orientation mobility of a dendrimer segments is typical of dendrimers
[588]. Therefore, various reactions on a dendrimer surface or «guest-host» assem-
blies give a way to stoichiometric nanocompounds, such as dendrimer-dendrimer,
dendrimer-protein, dendrimer-fullerene, metallodendrimer, etc. These examples
convincingly confirm appearance of active dendritic modules based on the platform
of synthetic nanochemistry [589].

One of the interesting features of dendrimers is formation of fractal structures,
existence of a solid state with extremely low density [590]. Interest shown to
chemical compounds with fractal structure is stipulated by, at least, two reasons.
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Fig. 2.45 Conceptual progression from branched dendrimer architecture to interrelated, non-tree-
like fractal motifs

Firstly, these systems are rather wide spread in nature. Secondly, they are basic
structural forming element for a range of macroscopic systems appeared as a result
of physico-chemical processes and phenomena similar to fractal structures devel-
opment. A fractal polymer with all features of Sierpinski triangle can be presented
geometrically considering transformation proceeding from a 3-oriented 2D den-
drimer to the triangular (1 — 3) branched motif, which can be superimposed on the
pattern of Sierpinski triangle predicted as early as in 1916. Dendritic branches
divide in two the triangle sides, and these intersection points make a basis for
development of Sierpinski triangle (Fig. 2.45) [591].

Dendrimers have specific properties, such as low density, highly developed
structure of inner caverns, high specific surface, high sedimentation stability of
disperse particles, etc., which characterize them as promising carriers of different
substances, including drugs [592-596], and nanoreactors for production of
nanometer metal particles [597]. Our interest to these structures is sustained by their
high chelating capacity to a wide range of metals.

2.4 Chelating Hyperbranched Polymers

During two last decades a special attention has being attracted to such interesting
CPLs as hyperbranched polymers, nanostructured polymers with complicated archi-
tecture of macromolecules [20, 53, 63, 64, 598-611]. Nano-dimensionality and poly-
functionality of hyperbranched polymers stipulates apparent attractiveness of these
reagents as regards oriented synthesis of polymers with predetermined chelating
properties. Possibilities of functioning coordinationally active structured ligands as
nanocontainers encapsulating target compounds, or nanoplatforms retaining «host»
molecules or functional groups on the surface, will make it possible to obtain and
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characterize new hetero- and polynuclear metal chelates. The attention to hyper-
branched polymers is attracted due to their unique chemical and physical properties,
and a possibility of their application in coatings, additions, drug delivery, macro-
molecular building blocks, nanotechnologies, and supramolecular systems.

Presence of technologically significant methods of hyperbranched polymer
synthesis of several types (in particular, aliphatic polyether Boltorn® [52], poly
(amidoester) Hybrane® [612] and PEI Lupasol® [613, 614], as well as a number of
hyperbranched polyesters [615] and polyurethanes [616—618]) gives a possibility of
implementation of their industrial production within the limits sufficient for further
application in very different areas.

As well as dendrimers, hyperbranched polymers relate to group of polymers with
densely branched structure and a great number of reactive groups (Fig. 2.46). They
are alike also because they are obtained by polymerization of monomers with mixed
functionalities, usually designated as A,B or A3;B monomers, thus providing
exponential growth of branched structures in two directions and with the same
molecular weights. However, there are principal differences between them.
Dendrimers are hyperbranched monodisperse polymers, while ordinary hyper-
branched polymers are polydisperse. Moreover, absolutely different fundamental
synthetic approaches are typical of them: whereas absolute control over all stages of
chemical synthesis of dendrimers is required, a simplified approach is needed for
production of hyperbranched polymers, similarly to ordinary synthetic polymers
technology. Hyperbranched polymers obtained by controlled method in two or
three stages, can work as well as dendrimers synthesized in 10 or 12 stages.
Dendrimers are polymers with orderly branched structure, while hyperbranched
polymers have randomly branched structure.

>

A
(a) Ao o 4 b)) AA
AA A A&\T A

Fig. 2.46 a Dendrimer, b hyperbranched polymer with B core (functional groups A are on
periphery)
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Fig. 2.47 Comparison of polymer architectures as a function of degree of branching

There are three main parameters for description of hyperbranched polymers:
molecular weight, PDI and a degree of branching (DB). The later can be calculated
using the following equation [619]: DB = 2D = (2D + L), where D is a number of
dendritic units, L is a number of linear units. This parameter is used for topologic
characteristic of hyperbranched polymers and can serve to determine a difference
between linear polymers, dendrimers, and hyperbranched polymers (Fig. 2.47).

Dendrimers have no linear units, and in this case a degree of branching is 1. On
the other hand, linear polymers have no dendritic units; therefore, DB has zero
value. Respectively, hyperbranched polymers should have intermediate value of
DB between 0 and 1. Control over branching degree is very complicated and
usually non-regular, polydisperse macromolecules with DB = 0.4-0.7 are obtained.
This brings to formation of a great number of geometrical isomers, whose number
increases with increase in molecular weight and a number of reaction centers of
monomers. DB has an extreme value 0.66 at slow addition of monomers and high
degree of conversion.

2.4.1 Star Polymers

The simplest branched macromolecules are called star polymers, in which several
linear polymer chains are fixed only on one fixation point (core) [620]. Based on
chemical composition of the arms, star polymers can be divided into two categories:
homoarm (or ordinary) star polymers and miktoarm (or heteroarm) star copolymers

Star polymer Miktoarm star polymer

Fig. 2.48 Star and miktoarm polymers
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(Fig. 2.48). Homoarm star polymers consist of symmetric structure containing
divergent stars with the same chemical composition and similar molecular weight.
In contrast, miktoarm star molecule comprises two or more arms with different
chemical compositions and/or molecular weight and/or different periphery func-
tionality [621, 622].

To obtain star polymers, methods of controlled polymerization are actively used,
which can be separated into three common synthetic approaches: (a) «core-first»
approach («from-approach»), in which a polyfunctional initiator is simultaneously
used for initiating polymerization of vinyl monomers, thus forming polymer stars
(Fig. 2.49a); (b) «arm-first» approach includes reaction of a living macroinitiator
(or) macromonomer, an arm, with bifunctional vinyl cross-linker, with formation of

(a)

.}:. nojm LW A S A

Multifunctional

initiator
(b) PN
M Cross-linker
—_—
Macroinitiator
MJ.‘ Cross-linker
——
Macromonomer Initiator
(i) Self-assembly
Block copolymer (ii) Cross-linking
macroinitiator
(c) on -
Functionalized \ : !
polymer —_— Wx“ o~
. x - Multifunctional
Tl Na linking agent

Fig. 2.49 Synthetic approaches to preparation of star polymers via controlled polymerization:
a the core-first approach, b the arm-first approach, ¢ grafting to approach
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Scheme 2.25 Synthetic route to hyperbranched multi-arm star copolymers by two-stage method

a densely cross-linked core, from which arms are spread (Fig. 2.49b); (c) «graft-
ing-to» approach can be considered as a combination of controlled polymerization
and addition reactions, in which a preliminary formed polymer, arm, is prepared
through controlled polymerization and introduced into the coupling reaction with
polyfunctional cross-linking agent, which works as a core (Fig. 2.49¢c) [623].

We shall consider as an example a simple two-stage synthesis of multi-arm star
poly(glycerols) with several poly(glycolide) arms (Scheme 2.25). At the first stage
glycidol is polymerized in anion-type using trimethylolpropane as a tri-functioning
initiator, and at the second stage polyethers-polyols are used as macroinitiators for
the open-chain polymerization of a glycolide using Sn(Oct), as a catalyst [624].

The combination of star-shaped dendrimers and linear chains reveals much more
variation of polymer architectures and new molecular properties. Examples are
hyperstar that can be obtained by different approaches, but usually «core-first,
«grafting-from» or «grafting-onto» approaches used linear polymers for grafting to
the dendrimer core [625-627]. For example, the synthesis of a number of dendrimer-
like star-branched poly(methyl methacrylate) (PMMA) from G1 to G7 by stepwise
iterative methodology based on the «arm-first» divergent approach (Scheme 2.26)
[628].

Besides being able to use as chelating ligands, hyperstars actively studied in
anion-cured epoxy thermosets [629], and in biomedical areas as the core-multishell
nanocarriers [630, 631].

2.4.2 Methods of Synthesis of Hyperbranched Polymers

The developed by now methods of synthesis of hyperbranched polymers are
divided into three categories [63, 64, 459, 632-635]:
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— polymerization by the mechanism of stepwise poly-addition of polycondensa-
tion type;

— radical polymerization by the chain poly-addition mechanism;

— other methods (for example, radical polymerization under conditions of living
chains, which is a special case of poly-addition, etc.).

The first method is a classical approach to synthesis of hyperbranched polymers,
in which AB, and ABy + By monomers with equal reactivity of B functional
groups are used (Fig. 2.50). The reaction includes typical characteristics of a staged
reaction of polyfunctional monomers and oligomers formed without linking. In this
case growth of a polymer begins from the already existing A and B reaction centers,
in other words, new centers do not form during polymerization. As a result of
reaction, strongly branched macromolecules are formed, which contain dendritic
units (completely reacted B groups), terminal units (non-reacted B groups), linear
units (one reacted B group), and one focal point (A group).

Among synthetic approaches bringing to very wide structural variety of
hyperbranched products, use of AB, monomers is the predominant. This method is
used, in particular, for production of Boltorn® industrial polyethers based on
commercially available AB, monomer 2,2-dimethylol-propionic acid (A = COOH;
B = OH) by etherification reaction. In this case terminal hydroxyl groups form a
shell of a hyperbranched polymer.

Hyperbranched polymers are synthesized from AB, monomer containing bis(m-
phenylene)-32-crown-10 and two groups set on its opposite ends, linked with a
benzene ring. The monomer is easily self-assembled and polymerized in solution,



100 2 Polymer Chelating Ligands: Classification, Synthesis ...

B

B Iy
/ polymers \

with focal unit without focal unit

Fig. 2.50 General strategy of synthesis of hyperbranched polymers through AB, and AB, + By
approach (x > 2; here is 2; y > 3; here is 3)

at that, to obtain a polymer with high DP, high concentration of a monomer
(150 g Lfl) is required [636].

Aromatic AB, bis-amino acid monomer 1 was used for production of hyper-
branched PAMAM polymers as «dendrimer equivalents» [637]. The analysis
showed that purified hyperbranched polymers have M, = 2000 and PDI = 3.2
(Scheme 2.27).

The fraction deposition method with use of another AB, monomer, 3,5-bis-
(4-aminophenoxy) benzoic acid, permits to prepare hyperbranched polymers with
the end NH,-groups [638]. For them, DB value increased as molecular weight of
the formed polymers decreased.

It is noted hyperbranched polymer containing chelating B-ketoester fragments
which is synthesized from 2-acetoacetoxyethyl acrylate by the Michael coupling
reaction in presence of 1,8-diazabicyclo-[5.4.0]undec-7-ene (DBU) as a catalyst.
DB in poly(B-ketoesters) was very high, about 82.9%, and M,, was between 2100
and 12,000 and it increased as temperature of the reaction and a degree of con-
version increased [639].

Hyperbranched N,N'-substituted polycarbamides are obtained using 3,5-diamino
benzoic acids containing methyl, benzene, and allyl substituents for AB, monomer
[640]. This method of synthesis of hyperbranched polycarbamides can be used for
creation of libraries of polymers with interior functional groups.

Condensation polymerization of 5-amino-isophthalic acid methyl ether con-
taining chains of N-(triethylene glycol) methyl ether is performed [641]. The
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Scheme 2.27 Synthesis of PAMAM hyperbranched polymer

formed hyperbranched polymers have M, = 3810-18,600, PDI = 1.11-1.19, are
water-solved and are characterized by LCST.
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There is an interesting approach in which AB, type monomer is formed in situ
via interaction between primary amino groups of 2-amino-2-ethyl-1,3-propanediol
or tris(hydroxymethyl)aminomethane with aliphatic carboxylic acid anhydride
[642]. It is important to emphasize that the initial substances are commercially
available, and the following thermal self-condensation is carried out without cata-
lysts or solvents. DB of the formed polymers is in the range from 0.36 to 0.55.
Among the obtained hyperbranched poly (ether-amides) polymer structures with
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cyclohexyl molecular skeleton have the lowest DB, the highest T,, and the best
thermal stability.

Self-polycondensation of AB, monomers using different strategies was suc-
cessfully applied to achieve DB = 100%, which is a typical property of dendrimers.
Besides, due to a change in the reaction rate constants of the first reaction of the
group B and the second reaction to the functional group A, hyperbranched poly-
mers with controlled DB from 0 to 100% can be produced [643]. Moreover,
molecular weight and molecular-weight distribution of the formed polymers can be
controlled.

Also binuclear platinum complexes having one acetylene terminal group and two
platinum-chloride groups can be used as AB, monomer [644]. Self-polycondensation
of such monomer in presence of copper catalyst brings to hyperbranched platinum-
polyyne polymers containing platinum-acetylide units and having high solubility in
basic organic solvents. It is important to notice that such metal-containing hyper-
branched polymers can then serve as precursors for PCMs.

For successful synthesis of classical hyperbranched polymers from AB; and
AB, + By monomers it is necessary to meet the following demands: first, A and B
groups should react selectively with each other without side reactions, secondly,
intermolecular cyclization should not take place, and thirdly, B groups should have
equal reactivity.

This type of polymerization can be performed by slow addition of a monomer in
presence of By molecule (f > 3) as a core, which provides structural control over a
growing polymer. Thus, hyperbranched polyethers were synthesized from 2,2-bis
(hydroxymethyl)propionic acid taken as AB, monomer and triethanol amine used
as a core molecule [645].

Another approach is copolymerization of A, monomer with B, co-monomers
(n > 3). Thus, hyperbranched polyethers with controlled molecular weight are
obtained using A, + B3 approach by interaction between glycerol and adipic acid
without a solvent in presence of a tin catalyst (Fig. 2.51) [616].

The same A, + B; approach was successfully applied for production of hyper-
branched polymers containing fragments of ferrocene (Fc) [646]. In this case diols,
dithiols, or dichloroarenecomplexes were used as A, compounds, and B; compounds
were preliminary prepared star-like molecules, as well as commercially available
triols.

Slow addition of monomer, 2,2-bis(hydroxymethyl)propionic acid, to a tri-
functional core gives a product with DB 47% [647].

A, + B4 approach was used for production of hyperbranched conjugated poly
(azomethines) via interaction between tetramines and dialdehydes [648]. Variation
of the ratios between reagents and introduction of dopants, for example, SnCl, or -
cyclodextrin (CD), makes it possible to change content of terminal amino groups,
which brings changes to interaction between the terminal amino groups and imine
bonds of the main chain, and provides control over chelating properties of produced
hyperbranched polymers.

Fluorescent hyperbranched polymer containing triphenylamine and divinyl-bpy
units is obtained by Heck coupling reaction of 5,5'-divinyl-bpy with tris(4-bromophenyl)
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Fig. 2.51 Idealized structure of hyperbranched polyethers synthesized from adipic acid and
glycerol in presence of tin catalyst

amine. It has M, = 1895 and M,, = 2315, high thermal stability and is well solved in
tetrahydrofuran (THF), chloroform, and dimethylsulfoxide (DMSO) [649, 650].

Hyperbranched polyyne with M,, = 6.55 x 10* containing triphenylamine as
the core, and diketone and pyrrol units is obtained by Glaser-Hay oxidative cou-
pling reaction [651].

A series of water-soluble aliphatic hyperbranched PAMAM with the same or
similar chemical structure of a PAMAM dendrimer is successfully synthesized from
commercially available AB and C, types of monomers using one-pot polymer-
ization [652]. Methacrylate was used as AB monomer, and polyamino-compounds,
such as en, dien, trien, tetraethylenepentamine and pentaethylenehexamine were
used as C, monomers. Hyperbranched polymers with different end groups and
properties can be obtained via regulation of the initial ratio between AB and C,.
However, stoichiometric regulations between pairs of functional comonomers and
potential risk of gelation assume serious drawbacks.

The chain growth mechanism for production of hyperbranched polymers has
been widely developed after discovery of self-condensing vinyl polymerization
(SCVP). Presently used monomer is designated as AB* and it contains an initiating
radical in addition to a double bond. The initiating fragment is activated and reacts
with the double bond forming a covalent bond and a new active center on the
second carbon atom of the double bond (Scheme 2.28). A number of active centers
increase in linear proportion to the growth reaction in SCVP, while two functional
groups are always used during self-polycondensation of AB, monomers. If new
active centers formed during polymerization have different reactivity as compared
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inimers

with active centers in the initial monomer, this difference has a considerable effect
on structure of obtained polymer. Living free radicals, electrophilic cation frag-
ments and carbanion can serve as active centers.

A Pd-diimine catalytic inimer containing catalytic, initiating and monomer
functionalities was used for synthesis of PE of hyperbranched-on-hyperbranched and
star architectures by SCVP of ethylene (Fig. 2.52) [653]. It is important that it
facilitates synthesis of star-shaped PE using tandem UV-coordination polymerization.

Aromatic polyamides with terminal NH,-groups containing diphenylquinoxaline
units are obtained by free radical polymerization of the 2,3-bis(4-aminophenyl)-
quinoxaline-6-carboxylic acid and 2,3-bis[4-(4-aminophenoxy) phenyl] quinoxaline-
6-carboxylic acid monomers at room temperature [654].

A variation of SCVP method is reversible addition-fragmentation chain transfer
self-condensing vinyl polymerization (RAFT-SCVP), which is used for synthesis of
segmented hyperbranched poly(GMA) (Scheme 2.29) [655].
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Scheme 2.29 RAFT-SCVP in synthesis of hyperbranched polymers

Apart from SCVP in the chain growth method other approaches are used, such as
self-condensing ring-opening polymerization (SCROP), also known as ring-opening
multibranching polymerization (ROMBP), proton-transfer polymerization (PTP), etc.
For example, in ROMBP method branching units of blocks are generated during the
ring-opening reaction, while initial AB monomers do not contain branching points.
Polymerization is initiated by addition of respective initiators for generation of active
centers, which can provide control over molecular weight and molecular-weight
distribution of formed polymers (Scheme 2.30) [656].

PTP of thiol and epoxy groups was, in particular, applied to synthesis of
hyperbranched water-soluble cation materials (Scheme 2.31) [657]. For this AB,
monomer was synthesized, which contains two epoxy and thiol groups. PTP of this
monomer catalyzed by bases brings to formation of polythioethers based on
hyperbranched polymer with DB = 65-69% containing about 2% structural defects
based on disulfide. This polymer contains two reactive centers, hydroxyl group, and
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Scheme 2.31 Scheme of synthesis of hyperbranched polymer using PTP method

epoxy block distributed over all branched polymer carrier. Epoxy groups can be
used in fixation of alkyl, aryl, and oxyethylene chains via thiol-epoxy reactions,
while hydroxyl groups formed during polymerization or following functionalization
can be involved in the coupling reactions of positively charged primary ammonium
groups to branched polymer carrier.

The abovementioned synthetic approaches cover majority of general methods of
preparation of hyperbranched structures. At the same time, in order to broaden
structural variety and complexity of designed macromolecular structures, different
building blocks are obtained by combination of strongly branched structures, which
brings to linear-dendritic block-copolymers, hyperbranched core-star structures,
dendrigrafts, and more complicated architectures [658].
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Recently new efficient methods of synthesis of hyperbranched polymers have
being used for different practical applications. For example, to obtain selective
analytic reagents such methods as enzyme-catalyzed polymerization, click chem-
istry, or slow monomer addition are used [659].

An example of green synthesis of hyperbranched polymers is lipase-catalyzed
production of polyfunctional poly(amine-ester)-type of hyperbranched polymers by
polycondensation of triethanolamine with polyethers [660]. Another example of
green synthesis is synthesis of hyperbranched polymer through thiol-yne pho-
topolymerization of macromolecules carrying thiol group at one end of the chain
and alkyne fragment at the other one (Scheme 2.32). These thiol-yne macro-
monomers were obtained by RAFT polymerization of St initiated by alkyne-
containing agent of a chain transfer followed by aminolysis trithiocarbonate groups
in thiol fragments. It has been shown that among different parameters of the process
(size of used thiol-yne macromonomer, amount of added photoinitiator, or initial
concentration of a used macromonomer), the latter is leading, having the effect on
final size of hyperbranched structures [661]. However, structure of hyperbranched
polymers can be controlled as in the case of dendrimers, and functional groups are
not localized in a definite position. This is stipulated by statistic character of
coupling stages, steric difficulties of growing chains, and reactivity of functional
groups, i.e. growth takes place only from two centers among all branching units,
which gives irregular and linear segments. At the same time, low cost of synthesis
of hyperbranched polymers makes it possible to produce them in large quantities,
giving them advantage against dendrimers in applications. Hyperbranched poly-
mers are thus considered as alternative to dendrimers for different applications in
researches and for practical using.

2 S
PI Hyperbranched
HSD\\\ — //‘S é\ .:_.-.;. polymer

PI: photoinitiator W

Scheme 2.32 Scheme of synthesis of hyperbranched polymer by thiol-yne photopolymerization
method
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It should be noted hyperbranched polymers with high DB and low dispersity
values produced of slow monomer addition of a thiol/yne monomer to multifunctional
core molecules in the presence of photoinitiator and under UV irradiation [662].

New strategy is developed [663], in frameworks of which small monomers can
directly grow into big hyperbranched macromolecules under action of sunlight
without any catalyst (Scheme 2.33).
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Scheme 2.33 Schematic image of growth of hyperbranched polymer under sunlight irradiation of
the mixture of alkyne-containing thiolactone and primary amine
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2.4.3 Post-synthetic Modification of Hyperbranched
Polymers

Directed chemical modification of hyperbranched polymers makes it possible to
perform architectural design of these compounds, determining size, shape, a ratio
between length and density, and functionality of their surface. Besides, PSM is also
an efficient method, which provides control of amphiphilic balance of polyfunc-
tional macromolecules. High local specific weight of active groups bringing to
existence of a number of identical ligands in a molecule is provided increased
binding of a specific substrate. All this determines exactly hyperbranched polymers
as a unique reagent for development of new composite materials of structural
functions and a system for molecules transporting (chromophores, phototropes,
catalysts, drugs) with a possibility of choice of delivery of specific compounds.

Four ways of PSM of hyperbranched polymers are based on highly branched
architecture and a great number of terminal functional groups of these macro-
molecules: (1) end capping by short chains or organic molecules, (2) end grafting
through living polymerization, (3) growth of hyperbranched polymers on a surface or
grafting from/on a surface, and (4) hypergrafting for production of hyperbranched
polymers with linear macromolecular core. End capping with small organic mole-
cules can be used to obtain a great number of end chelating groups linked to linear
and end units of hyperbranched polymers. Thus, hyperbranched polyamino-end
glycidols were synthesized [664] using end modification of terminal hydroxyl groups
with toluenesulfonyl chloride with the following nucleophilic substitution of the
toluenesulfonyl groups with secondary aliphatic amines (Scheme 2.34).

The greatest number of studies considering the end modification is carried out
using a hyperbranched commercial polymer Boltorn 2, 3, and 4 generations, H20,
H30, and H40, respectively. Thus, Boltorn polymers are modified by incorporation
of tertiary amino groups via interaction with diethylaminopropylamine using CDI
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Scheme 2.34 Scheme of the end capping process
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chemistry for development of non-toxic and biodegrading gene carriers [665].
Toxicity of modified hyperbranched polymers is lower than that of PEIL. Boltorn
H40 was subjected to interaction with hexamethylene or isophorone diisocyanates
to obtain polyurethane containing soft hyperbranched polyether segments [666].

Interesting end capping modified amphiphilic hyperbranched polymers are
synthesized on the basis of aliphatic polymer Boltorn H40, interior part and exterior
shell of which contain hydrophobic PCL and hydrophilic PEG segments, respec-
tively [667]. End capping of the surface of amphiphilic polymers using coupling
reactions between hydroxyl group of the PEG segment and carboxylic group of
folic acid provides carriers for cancer cells transport (Fig. 2.53).

Reaction of hyperbranched aliphatic polyester polyols of three generations with
toluylene diisocyanate was used to synthesize respective hyperbranched poly(ester-
urethanes) with end isocyanate groups [668].

Aliphatic hyperbranched polyethers synthesized from 2,2-bis(methylol)propi-
onic acid and tris(methylol)propane are modified by end capping method using
phthalic anhydride and trimellitic anhydride [587]. Oppositely to the initial, mod-
ified polymers can form globular aggregates in the N,N-dimethylformamide (DMF)/
H,O mixture due to their amphiphilic structure [669].

The end capping method was used for integration of reactive methacryloyl
radicals to periphery of hyperbranched polymers produced from pentaerythritol as a
«central core» and 1,2,4-benzenetricarboxylic anhydride and epichlorohydrin. The
obtained hyperbranched polyethers have good solubility in alkalis and ability to
photocuring.

‘ H40 core

N PCL segment

v N PEG segment

o Folate moiety

Fig. 2.53 End capping modified hyperbranched polymers
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Hyperbranched poly(GMA) was efficiently functionalized along all polymer
carrier by click chemistry methods such as azidation of oxiranes, thiol-epoxy,
thiol-en, CuAAC and Menschutkin reaction (Fig. 2.54) [670]. This reactions bring
to hyperbranched polymers containing chelating heterofunctional groups, including
hydroxyl + azid, bi-hydroxyl, tri-hydroxyl, hydroxyl + tertiary amine, hydroxyl +
alkene, hydroxyl + carboxyl, alkene + azid, alkyne + azid, hydroxyl + alkyne,
bi-hydroxyl + alken, hydroxyl + carboxyl, alkene + azid, alkyne + azid, hydro-
xyl + alkyne, bi-hydroxyl + alkene, etc., and all of them with ~100% conversion.
Also double «thiol-epoxy + thiol-en» and triple «thiol-epoxy + Menschutkin
reaction + CuAAC» click-sequences are possible, which makes modification of
functional groups even more easily available.

The end capping method is also used for integration of chelating groups in arms
of star polymers. Thus, DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid) fragments were fixed on a polymer arms with a poly(dimethyl acrylamide-co-
DVB) core with the following introduction of radioactive labels for biomedical
purposes (Fig. 2.55) [671].

Terminal grafting relates to the «grafting-from» type of reactions. Grafted poly-
mers from macromolecular initiators obtained by modifying functional groups of
hyperbranched polymers give a core-shell poly-armed star polymers or hyperstars.

SHP-4

o NaN,

SHP-8 SHP-9~13

Fig. 2.54 Click-sequences of functional groups of hyperbranched polymers
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Fig. 2.55 Structure of DOTA-containing star polymers labeled with radioactive medium lived
positron emitter 4Cu

Some properties, such as polarity, solubility, and flexibility of the hyperbranched
matrices can be controlled by modification using terminal grafting [672]. Three
methods of polymerization (for example, anion, cation, and living/CRP) are applied
to obtain hyperstars through reaction processes including macromolecular initiator
and in situ grafting.

For example, series of liquid crystal copolymers with multi-armed star azobenzene
side chains and hyperbranched core is synthesized by ATRP method via multi-
functional hyperbranched polyether as initiator and chlorobenzene as a solvent [673].
Multifunctional hyperbranched polyether initiator is prepared based on poly(3-ethyl-
3-(hydroxymethyl) oxetane) and 2-bromo-2-methylpropionyl bromide. Azobenzene
side arms had liquid crystal conformation of poly [6-(4-methoxy-4'-oxy-azobenzene)
hexyl methacrylate] with different molecular weights.

Method of modifying specific or interface surfaces with hyperbranched macro-
molecules or grafting hyperbranched polymers is called «surface growing»
(Scheme 2.35). Hyperbranched grafted polymers can be considered as polymer
brushes, which are usually linked to the surface with one end of a polymer chain, so
that the polymer can spread from the surface. Surface grafting is efficient strategy
for preparation of inorganic/organic hyperbranched polymer hybrid materials and
functional devices for improvement of properties of surface objects.

Hypergrafting is a grafting of hyperbranched macromolecules to a multifunc-
tional polymer core, and the obtained hybrid material is called hypergrafted polymer.
If a linear polymer is used as a core, a new type of a comb-like polymer cylinder is
formed. Hypergrafting method is used, for example, to obtain linear polyglycerol-gr-
hyperbranched polyglycerol (M,, = 1000—4000) using AB,,, monomers, from mul-
tifunctional, polydisperse macroinitiator cores by slow monomer addition [674].
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Scheme 2.35 Schematic representation of surface grafting

Hyperbranched polymers can be grafted also on other very different substrates.
Thus, hyperbranched PAMAM is grafted on particles of resin powder from tire
disposal, and the obtained product is well dispersed in water and can be used for
curing and increase in impact resistance of epoxy resins [675]. It is noted grafting
hyperbranched PEI of different molecular weight on the graphene oxide, which
leads to promising adsorbents for potential use in the removal of Pb(Il) ions from
wastewater [676].

Design of biodegradable hyperbranched polymers are promising area of research,
especially for biomedical applications. As an example, hyperbranched CPL synthe-
sized using hybrid copolymerization of e-caprolactone with GMA as the branching
agent and (1-fert-butyl-4,4,4-tris(dimethylamino)-2,2-bis[tris(dimethylamino)phospho-
ranilideneamino]-2A>, A°-catenadi(phosphazene) as a catalyst in one step can be a
typical example [677].

It can be concluded that though there is not yet complete clearness in many
aspects of hyperbranched polymers formation, intensity of studies in this field
guarantees that successful development of this task is beyond the question.

2.5 Polymeric Films as Chelating Macroligands

Recently a great attention has been given to such an interesting class of CPLs as
polymer films [21, 678-685]. Apart from profoundly studied areas of practical
applications of polymer films (semi-transparent membranes, electrode materials in
chemical current sources, preserving and packing materials, including anticorrosive
ones, etc.) incorporation of a rigidly bound metal in their structure opens more
possibilities for practical usage. No less important is the fact that some conjugated
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polymer films, polyaniline in particular, are commercially produced in large quan-
tities, because, as compared with inorganic materials, they are less expensive to be
applied in many electronic and optoelectronic devices such as semiconductor, trans-
port, electroluminescent and photocell elements. It should be noted that many poly-
mer films are related to nanometer materials; therefore, different nanometer effects
can be used to produce films with considerably optimized or improved properties
[686].

A wide range of practical tasks solved using polymer films or polymer coatings
deposited on different substrates requires different fabrication methods, which can
be divided into three groups. The first one supposes using of preliminary formed
polymer having chelating functionalities for production of films. The second group
includes different methods of assembling of polymer films from low molecular
weight substances with chelating fragments. And, the last, third group includes
different methods of PSM of preliminary produced inert or monofunctional films for
development of chelating units.

2.5.1 Polymeric Films Based on Pre-formed Chelating
Macroligands

The first group of these methods relates to multistage processes, because it includes
stages of production of a CPL, its purification, and processing into a film or
deposition on a substrate [21, 582, 684, 685, 687]. The main used approaches are:
submerging method, «drop evaporation» method, oxidation or reduction deposition,
spin-coating, etc.

The submerging method is based on holding of a substrate in a polymer solution
for some time, during which molecules are adsorbed and a film is formed on a
surface. Thus obtained films are stuck to the surface due to chemisorption and low
solubility of the formed coatings in a solution applied. This method was used, for
example, to obtain thin highly transparent homogeneous films based on copolymers
containing alternating ion-conducting segments of 24-crown-8 conjugated with
light-emitting fragments of 1,5-distyryl naphthalene [688]. Flexible transparent
films are also prepared on the basis of polymers containing dibenzocrown ethers in
the main chain, having aliphatic (Cq.;¢), aliphatic-aromatic, or oxyindole spacers.
It should be noted that in these polymers supramolecular structures are formed
[689].
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When forming polymer chelating films from solutions using the submerging
method, one starts from very simple approaches for thick film fabrication to more
sophisticated methods of thin film production, even to multilayered, and then to
monolayers. However, when using this method, often films with non-uniform
thickness are formed depending on viscosity of liquid, evaporation rate of a solvent,
etc. Films with good processability caused by high solubility of polymers in polar
aprotic solvents can be obtained by evaporation of a solvent from CPL solutions.
Thus, for example, polyamide films were obtained from monomers based on
isophthalic diacids, containing a benzo-12-crown-4 unit as a side group or benzo-
dipodand subunit in the side structure, which represented an opposite part of alicyclic
crown ether with an open chain [690]. To form films, solutions with 10% concen-
tration of a polymer are needed, and a solvent is removed by heating at 100 °C for4 h
in air-circulating oven and then at 120 °C for 4 h in vacuum.

The drop evaporation method is used for modification of electrodes with small
surface areas. Drop deposition of several micro-liters of a polymer solution of a
certain concentration with the following evaporation of a solvent makes it possible
to obtain a film, which is well reproducible by amount of the polymer and its
composition. Structural homogeneity of a film depends to a great extent on the
evaporation procedure: the latter should be rather slow. Composition of an initial
film (including chelating groups) can be changed during its treatment by a
respective reagent by the same «drop evaporation» method. Thus, to increase sta-
bility of PEI film in acid solutions, it is treated by dibromobutane solution in
isopropyl alcohol, which brings to cross-linking of the polymer and decrease in its
solubility with low pH [691].

The essence of the spin coating method is that a CPL is solved in appropriate
solvent, and the solution is spun. A spin coating is the preferable way for deposition
of thin, homogeneous films on plane substrates. It has been applied, in particular, for
coating of a quartz glass by polymers containing chelating spun bpy and planar phen
fragments. M,, of these polymers are 11,000 and 13,000 (PDI ~ 1.5), respectively
[692]. The chelating bpy fragment was incorporated into spin-coated films made of
regioregular conjugated polymers including alternating 3-alkylated oligothiophene
and bpy [693].
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Scheme 2.36 Synthesis of 2,1,3-benzoselenadiazole-based conjugated polymers

Spin-coated thin films I and II are also obtained on the basis of 4-ethynyl-2,6-bis
(pyrazolyl)pyridine (BPP) copolymers with fluorene in the main chain and M,
about 10,000 [694].

2,1,3-Benzoselenadiazole-based conjugated polymers are soluble in ordinary

organic solvents and can be spin-cast for formation of smooth homogeneous thin
films (Scheme 2.36) [695].

II
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Thin films (9-70 nm) of a range of polymers, which contain in the main chain a
dibenzo-18-crown-6 block linked with aliphatic spacer of different lengths (C, or
Cy4) and origins, are prepared from chloroform solutions by spin coating on a
silicon substrate. Geometry pattern of the grazing incidence small angle X-ray
scattering (Fig. 2.56) correlates with a size of out-of-plane structure and with the
length of repeated unit of the polymer. Heat treatment of the samples improves
nanostructures due to increase in number of lamellate consistencies and vertical
orientation of molecular columns [696].

Simultaneous copolymerization and film formation are performed in aqueous
solution with addition of an oxidant (ammonium persulfate) for obtaining ultra-thin
self-doped polyaniline films based on substrate of indium-tin oxide (ITO). The used
monomers were aniline and its derivative o-aminobenzenesulfonic acid. Rate of the
film formation depends on the monomers ratio: the rate is higher at higher con-
centration of aniline, and the film thickness is determined by duration of assembling
and temperature [697].

In order to deposit monomolecular layers, Langmuir-Blodgett (LB) method is used,
which gives name to thus obtained films. Phthalocyanines with substituents containing
hydrophobic and hydrophilic groups are used for creation of monomolecular layers
[698]. Soluble fluorine-containing polyamidoimides are obtained from 2,2-bis
[N-(4-carboxyphenyl)-phthalimide-1,4-il] hexafluoropropane and different diamines
as LB multilayers [699].

One of the methods of synthesis of multilayered films is based on gradual LbL
deposition of molecular layers. For example, when designing solid solar cells of the
sandwich type from polythiophene-Pp composite films, at the first stage a spin-
coated film of poly(3-dodecylthiophene) on a gold electrode is obtained [700]. Then
a layer of electrochemically produced bithiophene film is deposited on it, and at
last, a tetrathienyl-Pp film is obtained on the top using the same electrochemical
polymerization (1 or 10 cycles) in order to fabricate gold electrodes modified by
polythiophene-Pp film. An aluminum electrode was deposited on the obtained
polythiophene-Pp film by vacuum sputtering forming sandwich-like solid solar
cells.
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Fig. 2.56 The grazing incidence small-angle X-ray scattering patterns and out-of-plane structure
(interference maximum near the horizon) of the polymer repeating unit in the main chain
dibenzo-18-crown-6 linked to an aliphatic spacer of different length




118 2 Polymer Chelating Ligands: Classification, Synthesis ...

2.5.2 Assembly of Polymeric Films from Chelating
Monomers

The most widely spread methods of assembling polymeric films from low molec-
ular weight compounds with chelating functionalities are chemical, electrochemical,
plasma-chemical, and photopolymerization methods.

Thus, chemical polymerization was used to obtain films of poly(1,8-diamino-
naphthalene) on a porous polycarbonate membrane, which can serve as a template for
synthesis of nanometer structures [701]. At that, poly(1,8-diaminonaphthalene) obtained
using the method of chemical polymerization is closer by its properties to electrically
synthesized polymer. Moreover, in aqueous solutions nanowires were formed, as well as
two types of structures, nanowires and round shaped structures not fitting to pore size,
can be obtained by chemical polymerization in acetonitrile solution.

Resulting in optimal conditions of chemical polymerization (oxidizer—ammo-
nium peroxydisulfate) film of aniline and o-aminophenol have good conductivity
and high electrochemical activity to pH 11.0 with a wide potential region (from
—0.20 to 0.80 V). Among all the factors that affect the properties of the copolymers,
the ratio of o-aminophenol/aniline concentrations is a major [702].

Chemical co-polymerization of aniline with o-anthranilic acid in aqueous solu-
tion of hydrochloric acid can be applied for production of copolymer films in situ
by submerging an object glass into polymerized medium [703, 704]. It is estab-
lished that presence of o-anthranilic acid has an effect on the yield, the induction
period, the time of transformation of monomers and the growth rate of film
formation.
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Electrochromic copolymers based on o-phenylenediamine and aniline are easily
formed by chemical oxidized polymerization [705]. Coefficients of reactivity of o-
phenylenediamine and aniline are 9.70 and 2.74, respectively, showing stronger
tendency to homopolymerization than to copolymerization between them. The
copolymers have a much greater plasticity and uniformity of the film, as well as
higher electroactive and electrochromic best tricolor than homopolymers. Thus, the
film of the copolymer containing 50 mol% of o-phenylenediamine is red at —0.5 to
0 V, then becomes green in the range of 0 to +0.6 V, and then blue from +0.6 to
+1.35 V (Fig. 2.57).
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The method of electrochemical polymerization is most widely used for pro-
duction of CPL films. First, films are formed directly on an electrode surface, and
the product of reaction, electroactive film, has high electric conductivity. Secondly,
electrosynthesis provides high current yield and strict stoichiometry of the process,
therefore a film of a required weight and thickness is obtained. Thirdly, properties
of a polymer film can be controlled during its synthesis [691].

Electrochemical polymerization is an elegant, attractive, and easy strategy for
immobilizing chelating fragments on electrode surfaces [706]. This principle is
based on electrochemical oxidation (or reduction) of preliminary obtained mono-
mers for formation of polymer films containing chelating units. The obtained
polymer films should be electron conductors to provide electron transport in matrix
(and then following polymer growth). The most often used chelating monomers are
derivatives of o-aminophenol [680] and o-phenylenediamine [184].

Mechanism of electrochemical polymerization of these substituted monomers is
not completely explained, despite of a great number of data in this field. However,
presently it is generally recognized that the first stage in the electropolymerization
process is electro-oxidized formation of a cation-radical from a chosen monomer.
The oxidation reaction is continued by dimerization process, and the following
reactions of oxidation and coupling. This brings to formation of oligomers and
polymers on the electrode surface. It is also clear that morphology and physical
properties of CPL films depend, first of all, on conditions of electrochemical
polymerization.

Using three methods (cyclic voltammetry, potentiostatic and potentiodynamic
methods), electrocatalytic oxidative polymerization of o-phenylenediamine at the
electrode reduced graphene oxide/glassy carbon, in which reduced graphene oxide
acts as a catalyst, was carried [707].

5-Amino-phen can be polymerized electrochemically forming electro-conducting
polymer using potentiodynamic or potentiostatic method on different electrode
substrates: composite, formed by carbon paste in epoxy matrix, carbon glass, or an
electrode made of polycrystalline gold [708]. Poly(aminoanthraquinone) films
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which were successfully applied as analytical sensors for Ce(IIl) ions were obtained
using the same methods [709].

Electropolymerization of 3-amino-5-mercapto-1,2,4-triazole on a carbon glass
electrode in 0.1 M H,SO, solution [710] is used to form nanostructured films, while
uniformly conducting polymer films from poly(N-(1-naphthyl) ethylenediamine
dihydrochloride) are easily and reproducibly prepared by anode oxidation of a
monomer in the acid aqueous solution [711], and head-to-tail polymerization of the
monomer was observed. One-stage method of potentiodynamic deposition is a
convenient way for production of poly(l,5-diaminoanthraquinone)/reduced gra-
phene oxide nanohybrides, in which 1,5-diaminoanthraquinone and graphene oxide
are initial materials [712]. Poly(1,5-diaminoanthraquinone) displays a barleycorn-
like structure and is covalent grafted to the surface of the reduced graphene oxide
(Fig. 2.58).

Poly(o-aminophenol) films were potentiostatically produced at different poten-
tials of electrodes in acid aqueous solution [713].

Numerous studies were performed on electrochemical polymerization of mono-
mers containing chelating o-phenylenediamine fragment. Thus, electropolymeriza-
tion of o-phenylenediamine on Pt electrode was carried out from deoxygenized
water-acid medium by cyclic voltammetry method [714]. The kinetic equation V = k
[monomer]l'lg[acid]1'23[elo:ctrolyte]o‘87 is obtained from the value of anode current
density using cyclic voltammetry measurements. Apparent activation energy is
28.34 kJ mol~!. Electrochemical polymerization of two derivatives of 2,5-di
(2-thienyl)-1H-pyrrole, in pyrrol cycle of which of 3-pyridine or phen units are
contained [715], was used for preparation of conducting polymer films on a carbon
glass electrode, their maximum electric conductivity is (6.5-9.2) x 107> C cm™
(1.4 V). Color of the pyridyl films changes from brown-yellow to deep blue at
transition from the neutral state to the oxidized. Similarly, phen films were green-
yellow (Amax = 451 nm) in neutral state and light blue (1.4 V) in entirely oxidized
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Fig. 2.58 Covalent grafting 1,5-diaminoanthraquinone to the surface of the reduced graphene
oxide and current versus potential relationship of grafted polymers
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Fig. 2.59 Scheme of electrochemical reduction of phen

state. Electrochemical reduction of phen in water-acid electrolyte on a carbon glass
electrode brings to covalent modification of the electrode (Fig. 2.59) [716]. After
that, the deposited film can be switched to electroactive form using electrochemical
oxidation. Electroactive film can also be generated by alternative reduction and
oxidation voltammetry cycles of phen solution in aqueous sulfuric acid.

Electropolymerization of o-phenylenediamine in Ils, 1-ethyl-3-methylimidazolium
bromide and N-methylimidazolium tetrafluoroborate, on a carbon glass electrode
performed using cyclic voltammetry is interesting regarding green chemistry prin-
ciples [717]. An example of biocatalytic electropolymerization can be polymerization
of o-phenylenediamine on a carbon glass electrode, whose surface has been modified
by grafting of L-tyrosine [40]. The obtained modified electrode has high electrocat-
alytic response to presence of ascorbic acid and is used to find concentration of
ascorbic acid in vitamin C pills. It should be noted that a great number of CPL films, in
particular, based on derivatives of o-phenylenediamine and 3,4-ethylenedioxythiophene
are applied as biosensors [718].

Platinum disc microelectrode (50 pm in diameter) [719] and glassy carbon
electrode [720], modified by PPD, were used for H,O, sensors, and electrically
synthesized PPD was used for support of Prussian blue high-disperse layer [721].
The observed high stability of Prussian blue as a catalyst of H,O, decomposition is
due to presence of organic polymer in the microstructured composite film. The
results give an idea on design of high sensitive, stable, and free of noise biosensors.

Another interesting chelating monomer is 2,6-diaminopyridine, its electro-
chemical polymerization was performed using cyclic voltammetry in sodium
hydroxide aqueous solution [722]. In the produced films interpenetrating network
structure is formed, which is possible on doping of the polymer anions during
oxidation, or, on the contrary, during reduction.
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Based on this polymer, electrochemical sensor for detection of ascorbic acid is
designed. First, a layer of poly(2,6-diaminopyridine) is deposited on the surface of a
carbon glass electrode by electropolymerization technique, then negatively charged
nano-gold and positively charged 2,6-diaminopyridine were alternately adsorbed on
the modified electrode using LbL method. The sensor is characterized by high
electrocatalytic activity of ascorbic acid oxidation by bi-layered 2,6-diaminopyridine
film, thus providing abundant amino groups and positive charge, which advance
electron transfer between the electrode and ascorbic acid, and increase sensitivity of
the electrode [723]. Mediator-less ammeter biosensor of H,O, is also prepared by
immobilizing horseradish peroxidase enzyme on platinum wire electrodes coated by
colloid gold and modified by 2,6-diaminopyridine. The studied biosensors show high
selectivity, good stability, and reproducibility in design [724].

An example of electrochemically produced CPL with bpy fragment are stable
polypyrrol films containing fragments of 4,4’-dimethoxy-bpy and are obtained
using electropolymerization at the anode potential from —0.51 to —0.35 V and
cathode wave value —0.77 V [725].

Numerous works are concerned with modification of surface of the electrodes
with phen fragments. Thus, carbon glass surfaces are modified by phen derivatives,
such as 5-amino-phen and 5,6-diamino-phen, using cyclic voltammetry scanning
from +1.2 to +2.7 V [726]. Surfaces having phen chelating ligands with different
functional groups are promising for detection of transition metal ions. Carbon glass
electrodes are modified electrochemically by poly(5-nitro-phen) and poly(5-amino-
6-nitro-phen) layers (Fig. 2.60) for designing sensors for heavy metal ions (new
sensor platform) [727]. In particular, this was demonstrated by formation of

_< ( -( < Grafting site
= ; =4 {

-{'\‘., \ﬁ' \ H-
\-—Af - “ —_—
»—o{ El oxidation

_( 1

. \ H-
N —

a\

\-—;', EL oxidation

Fig. 2.60 Scheme of electrochemical polymerization of phen on carbon glass
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chelates between carbon glassy-grafted poly(5-nitro-phen) and poly(5-amino-6-
nitro-phen) layers and Cu(Il) ions.

Electrochemical modification of a carbon glass electrode by phen groups is
performed in two ways: reduction of respective diazonium ions and reduction of
phen (Fig. 2.61) [728]. Initially grafted electrochemically inactive organic film
becomes electrically active after it is subjected to electrochemical reduction and
oxidation. At that thin homogenous phen films (<2 nm) are deposited on the surface
of pyrolysis photoresist film electrode.

Electrochemical synthesis is used for production of a chelating ligand of N,N-
type, poly(3-amino-1,2,4-triazole) on Pt electrode [729] in ammonium oxalate
solution.

Poly(1-amino-9,10-anthraquinone) chelating films were prepared by electro-
chemical oxidation of a monomer in sulfuric acid solution [730] or in acetonitrile
using LiClO,4 as a background electrolyte [731]. The same ligand also was elec-
trically polymerized on platinum substrates from aqueous solution of hydrochloric
acid or nonaqueous electrolytes [732, 733]. Both in water and in nonaqueous
solutions the electropolymerization process obeys to the first order kinetics with
respect to concentration of a monomer (Fig. 2.62).

Nanowires based on poly(l-amino-9,10-anthraquinone) were directly synthe-
sized on a steel electrode preliminary modified by a thin film from poly(1-amino-
9,10-anthraquinone-co-o-phenylenediamine) through SiO, mesoporous template
(Fig. 2.63) [734]. It is shown that after removal of the template, nanowires of about
30 nm in diameter and 200 nm in length were fixed to the surface of poly(1-amino-
9,10-anthraquinone) with high adhesive strength of polymer nanostructures.

A series of cross-linked poly(2-hydroxyethyl methacrylate) films containing
1,2-diaminoanthraquinone is synthesized for optical biomedical analysis of nitrites
(nitrite-monitoring of biological liquids) and ecology (control over nitrite level in
drinking water) [735].
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Fig. 2.61 Modification of carbon glass electrode
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Fig. 2.63 Production of nanowires based on poly(1-amino-9,10-anthraquinone) through SiO,
mesoporous template

Electrochemical method was used to obtain donor-acceptor m-conjugated poly-
mers with 2,3-di(2-furyl) quinoxaline chelating fragment: poly [2,3-di(2-furyl)-
5,8-bis(2-(3,4-ethylenedioxythiophene)) quinoxaline], poly [2,3-di(2-furyl)-5,8-bis
(2-thienyl) quinoxaline] and poly[2,3-di(2-furyl)-5,8-bis(2-(3-methoxythiophene))
quinoxaline] [736]. All synthesized polymers contain 2,3-di(2-furyl) quinoxaline unit
in the main chain as acceptor block and different derivatives of thiophene as donor
aggregates. Colorimetric analysis showed that the first and third polymers were green
in the neutral state unlike the second polymer, which has a light blue color.
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Poly(o-aminophenol) is produced electrochemically in previously deoxygenated
acid medium. Initial rate of the reaction of electropolymerization on a platinum
electrode is low and obeys to the equation V = kz[D]O'SO[HCI]l'125 [M]1'29. Apparent
activation energy is 68.63 kJ mol™' [737].

Electrochemical oxidation of N,N'-bis(3-methoxy-salicylidene)-1,3-propylendiamine
brings to formation of a conducting CPL on the electrode surface [738, 739]. Similarly,
2,5-di-thienylpyrrole monomers containing salicylidenaniline fragments are electrically
polymerized with formation of electrochromic conjugated films [740].
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CPL films of N,S-type are deposited in situ on the surface of a carbon glass
electrode using electrochemical oxidation of 2-mercapto-4-amino-5-cyano-6-phe-
nylpyrimidine [741]; the polymer film consists of homogenous nanoparticles.
Another chelating monomer of N,S-type, 2-aminothiazole is polymerized on Pt
electrode using cyclic voltammetry from 0.01 M monomer solution containing
0.3 M ammonium oxalate solution with formation of homogenous and compacted
film [742]. Poly(2-aminobenzothiazoles) are obtained by electropolymerization
with 2-aminobenzothiazole and 6-ethoxy-2-aminobenzothiazole used as monomers
[743].

Chelating 2,3-di(2-thienyl) quinoxaline fragment was included in an electro-
chemically synthesized conjugated polymer [744]. The similar chelating 2,3-di
(2-thienyl) quinoxaline fragment is contained in some other monomers: 10,12-bis
(4-hexylthiophen-2-yl)dibenzo[f,h]thieno[3,4-b] quinoxaline and 10,13-bis(4-hexyl
thiophen-2-yl)dipyrido[3,2-a:2",3'-c] phenazine [745]. We shall focus on electro-
chemical polymerization of sulfur monomers of 8,11-bis(4-octyl-2-thienyl)-ace-
naphthyl-[1,2-b] quinoxaline and 8,12-bis(4-octyl-2-thienyl)-acenaphthyl- [1,2,5]
thiadiazolo[3,4,i]quinoxaline [746], as well as 6-(4-octyloxyphenyl)-4,8-bis(thiophene-
2-yl)-3H-[d]imidazole [1,2,5] benzothiadiazole, and 4-(4-octyloxyphenyl)-2,6-bis
(thiophene-2-yl)-3H-[d]imidazole-acenaphtho[1,2-b] quinoxaline [747]. The fluores-
cent polymer having reversible redox behavior, based on terthienyl with quinoxaline
group directly linked to the third position of the central thiophene ring, is synthesized
by electrochemical polymerization of 4-(2,5-bis(2,3-dihydrothieno[3,4-b] [1,4] dioxin-
5-yDthiophen-3-yl)pyrrolo[1,2-a] quinoxaline [748]. This polymer studied by fluores-
cence technique is selective with respect to Fe(Ill) ions (Fig. 2.64).
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Fig. 2.64 The fluorescent polymer having reversible redox behavior, based on terthienyl with
quinoxaline group, as a selective sensor with respect to Fe(IIl) ions

Electrochemical polymerization of 4-[(2,5-dithiophen-2-yl)thiophen-3-yl] pyrrol
chelating monomer leads also to a fluorescent polymer [749].

Study of electropolymerization of protoporphyrin IX on highly oriented pyr-
olytic graphite (HOPG) showed [750] that Pp are adsorbed on electrode and are
spontaneously self-assembled in ordered monolayers. Depending on origin of the
substituents on periphery of the Pp ring, reduction of substituted tetraphenyl-Pp
takes place in the range of negative potentials as a result of formation of m-anion
radical and di-anion, and oxidation of Pp with formation of m-cation-radical and
di-cation proceeds in the range of positive potentials [751]. In the case of tetrakis
(p-aminophenyl)-Pp poly-Pp film is formed on electrode during electrooxidation.
Electrochemical polymerization of the asymmetric 5,15-bis[4(-N,N-diphenylamino)
phenyl]-10,20-bis[3-(N-ethylcarbazoyl)]-Pp with electrically active functionalities
brings to formation of conjugate conductive and stable polymer films on the surface
of semi-transparent ITO electrode [752], which makes them promising candidates
for application in optoelectronic devices.

Electropolymerization of another Pp monomer, 5-(4’-aminophenylamino)-10,20-
diphenyl-Pp, with amino group linking the Pp core and the aniline block makes it
possible to obtain a polymer film forming a smooth layer on ITO and growing in
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normal direction to the electrode surface [753]. ITO electrode coated by electro-
chemically prepared film of poly(tetrathienyl)-Pp is photoactive electrode in pho-
toelectrochemical cell of Z-scheme type [754].

Electrochemical polymerization of tetra-(4-hydroxyphenyl)-Pp on ITO brings to
formation of films with nanostructured morphology [755], the same is attributed to
electropolymerization of poly-1,3-bisdithienyl benzene, having a Pp group as a side
chain [756] and to electropolymerization of Pp-fullerene monomer [757]. In this
polymer the Pp blocks are linked via amino-phenyl group with formation of a linear
chain, in which Pp is integral part of the main chain of the polymer. Chelating
monomers obtained by interaction between Pp in 5,15-positions with tetra- and
bithiophene are electrochemically polymerized on gilt electrodes [168].

A crown ether ring is contained in tetra-methyl-substituted 14-crown-4-3,4-pyrrol
chelating monomer, which has been electrochemically polymerized for studying a
possibility of its using as a sensor for lithium ion [758].

Highly efficient CPL are formed during electrochemical co-polymerization of
chelating monomers with traditional monomers. Thus, copolymers of o-phenyle-
nediamine and other aniline derivatives (for example, o- and m-toluidines [759—
764]) were widely studied for improvement of chelating properties of homopoly-
mers. In particular, in the case of o-phenylenediamine and o-toluidine copolymer
obtained in aqueous solution of acid on ITO-coated glass electrode, a band at
A =497 nm was assigned to head-to-tail mixed copolymer formed as a result of a
cross-reaction between o-phenylenediamine and o-toluidine cation-radicals.

Poly(1-amino-9,10-anthraquinone-co-o-phenylenediamine) is synthesized using
electrochemical method on stainless steel electrodes [765]. Topographic and mor-
phologic characteristics have shown that incorporation of o-phenylenediamine
increases homogeneity of a copolymer. Electrochemical copolymerization of ani-
line with 1-amino-9,10-anthraquinone showed formation of a clear picture of
nanometer polymer particles up to 100 nm formed in conducting copolymers [766].

Electroactive copolymers of aniline and o-aminophenol were obtained on ITO-
coated glass and gold electrodes [767] as well as carbon glass electrode modified by
multi-walled carbon nanotubes (MWCNT) [768]. Copolymerization rate and
properties of a copolymer depend strongly on the ratio between aniline and o-
aminophenol [769], as in the case of copolymerization of aniline with anthranilic
acid [770, 771] or 2-aminodiphenylamine [772].

There is interesting electrochemical copolymerization proceeding through formation
of a cation-radical of diphenylamine with chelating monomers 2,5-diaminobenzene-
sulfonic acid [773], anthranilic acid [774, 775], and o-phenylenediamine [776].

Pyrrol and anthranilic acid copolymers with block structure have been produced
by electrochemical method: order of the reaction by electric current density, HCI1
concentration, and monomer concentration is 1.02, 1.44, and 2.0, respectively.
Pyrrol has the coefficient of relative reactivity to copolymerization 1.58, while
anthranilic acid has 0.14 [777].
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Photoluminescent and electroluminescent spectra of poly(N-vinyl-Cz) and 2,9-
dimethyl-4,7-diphenyl-phen (1:1) films are studied [778].

Electrochemical copolymerization of Cz and dibenzo-18-crown-6 into pure boron
trifluoride diethyl etherate was carried out using direct anode oxidation of monomer
mixtures on electrodes made of platinum or stainless steel [779]. The copolymer
films showed better electrochemical behavior as compared with homopolymers, they
displayed excellent fluorescent properties, and good mechanical properties, and had
higher thermal stability and higher electric conductivity.

Tuning of chelating groups of thin films of SP-containing copolymers for color-
specific linking of a metal ion is performed using two monomers: SP-metha-
crylate and SP-methacrylate with methoxy-substitutent in 8'-position of benzopyran
ring [780]. MMA and 2,2,2-trifluoroethyl methacrylate were chosen as comono-
mers. It has been shown that each metal ion generates unique calorimetric reaction
for SP-containing copolymers.

A conducting polymer containing MC in the polymer backbone was prepared
by electropolymerization of a SP fragment covalently linked between two alkoxythio-
phene units. Utilizing the known metal coordination capabilities of MCs, introduction of
cobalt ions into the electropolymerization led to an enhancement of the morphology,
conductivity and optical properties of the PMC films (Fig. 2.65) [781].

The main advantage of electrochemical methods is their one-stage approach, in
particular, a possibility of exclusion from the technological scheme stages of pre-
liminary synthesis of polymer material, it’s following dissolution or dispersion and
fixing on a substrate, uniting all these stages in one process. Another important
property is that electropolymerization makes it possible to deposit at high rate
uniform polymer coatings on substrates with complicated configuration. The third
positive factor is a possibility of automation of these processes.

At the beginning of 1990s, when polymer films produced using chemical and
electrochemical methods from aniline, pyrrol, Py, thiophene and their derivatives
were already widely studied and produced on the industrial scale, a range of works
appeared concerned with their plasma-chemical synthesis [21, 782]. Increased
attention in this method is explained by the fact that is provides production of thin
uniform in thickness structures with a small number of macroscopic defects on
substrates of any form and origin. At that, because solvents, surfactants and oxi-
dants are not used, the problem of polymer purification does not arise. Deposition
of CPL using polymerization in low-temperature plasma provides fabrication of
thin functional layers of thickness from 0.001 to 10 um using a relatively simple
technique of vacuum deposition. Thus, plasma polymerization of en is studied for
modifying surface of quartz particles for optimization of concentration of nitrogen-
containing coatings produced through rotating barrel of a plasma reactor [783].
Uniform distribution of chelating groups over all surface of a particle is shown.
Plasma polymerization of 1-amino-9,10-anthraquinone in electric discharge to a
conducting polymer (1 x 10*-1 x 10° Q cm™") of highly conjugated structure has
been carried out [784].
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Coa

Fig. 2.65 A MC-based conductive polymer prepared by electropolymerization of a SP moiety
covalently linked between two alkoxythiophene units and forming chelates with Co(II) ions

To produce CPL based on polymer films, cationic photopolymerization occurs to
be a successful method. Thus, it has been shown that photopolymerization of tetra-
alkylepoxy-Pp takes at least 10 min of illumination at 90 °C, while thermal poly-
merization of the same sample takes 10 min of heating in dark at the temperature
150 °C. Tetra-alkylepoxy-Pp acts as a self-sensitizer for cationic photopolymer-
ization [785]. Cationic photopolymerization of liquid monomers based fullerene
and Pc was used to obtain polymer films suitable for using in complex solar cell
constructions (Fig. 2.66) [786].

2.5.3 Chemical Modification of Polymeric Films

A special place among methods of design of CPL films on solid surfaces has
chemical modification (functionalization). Thus, modification method for surfaces
of PE films by integration of chelating carboxylic acids, in particular, PAA (using



130 2 Polymer Chelating Ligands: Classification, Synthesis ...

Fig. 2.66 Complex solar cell constructions using polymer films based on fullerene and Pc

PEI or en cross-linking agents) is proposed [787]. The modifying PAA content is
9.12 + 0.71 mmol of carboxyl groups per 1 cm?. Modified surface of a PE film has
higher affinity to Fe(Ill) ions than to Fe(Il) ions at optimal binding pH 5. These
CPLs can be applied in chelatotherapy using heavy metals. Modification of PP films
can be performed in a similar way. Chelating ability of films is adapted by changing
conditions, for example, grafting density [788]. Even higher chelating activity
can be reached by transformation of carboxyl groups grafted to a PP film into
polyhydroxamic acids [1]. The obtained modified films show increased chelating
capacity with respect to iron ions (~ 80 nmol cm™ ). This is one of the ways of the
biomimetic design of chelating interface surface, which can broaden the application
field of PMC in restoring of environment, water purification and active packaging
cleaning.

A chelating ligand, IDA was covalently immobilized on poly(MMA-GMA)
films prepared using UV-initiated photopolymerization of epoxy groups [789].
Cu(Il) ion was chelated by immobilized ligand.

Electrochemical sensor of lead ions was developed by modification of an elec-
trode based on carbon paste using polypyrrol, functionalized by IDA (Fig. 2.67)
[790].

The S-nitroquinoxalines, substituted in 2 and 3 positions by 2-pyrrolyl, 2-furyl,
and 2-thienyl groups are used as active components in PVC membranes and
electrically polymerized electrodes, which were then tested as possible sensors for
different cations [791].
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Fig. 2.67 Electrochemical sensing Pb(lI) ions using carbon paste electrode modified with
polypyrrol modified by IDA

An example of modification of the polymer films using macrocyclic unit can be

(2,3,9,10,16,17,23,24-octa-[(4-carboxylate)-phenoxy]-Pc)-St-alkyl(meth)acrylate
polymer films [792].

2.6 Liquid Crystal Chelating Polymers

Recently new area of CPLs, liquid crystal polymers (LCP), has being intensely
developed. Macromolecular compounds capable of transforming into liquid crystal
state under certain conditions (temperature, pressure, concentration in solution)
belong to these polymers [793—798]. Since it takes an intermediate place between
amorphous and crystal states, it is also often called mesomorphic or meso-phase
(from Greek mesos, which means intermediate). Typical features of a meso-phase
are presence of orientation ordering in macromolecular arrangement (or their
fragments) and anisotropy of physical properties in absence of external actions. The
main advantages of the LCP are stipulated by their dual nature, which provides in
one material properties of macromolecular substances (with their ability to form
films, glasses, fibers, and coatings), and mesomorphic properties of liquid crystals
(which, in turn, display dualism of properties).

Similarly, to low molecular weight liquid crystals [799-802], LCP form the
same structural types of meso-phases: nematics (N), smectics (S), and cholesterics
(Ch) with typical for them arrangement of mesogenic fragments, presence of ori-
entation order in nematics and layer order in smectics. In the cholesteric phase
formed by optically active polymers, helical structure is formed, which determines
special optical properties of cholesterics (Fig. 2.68).
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Fig. 2.68 Different phases of liquid crystals

Rod-like structure in a molecule consisting of several aromatic or heterocyclic
rings linked directly or through different spacers predetermines behavior of a liquid
crystal during heating or in a concentrated solution. If a meso-phase is formed during
dissolution of polymers in certain solvents, they are called lyotropic LCP, and if
polymers transform in the liquid crystal state or in meso-phase as a result of thermal
treatment (heating or cooling), they are called thermotropic LCP. In the case of
lyotropic LCP formed in solutions, a certain structural type of meso-phase is realized
at exactly determined temperatures and concentrations of a polymer in solution and
is displayed on their phase diagrams. Thermotropic LCP transit into the liquid crystal
state above the melting point (Ty,) or at higher than T, or at the softening temperature
if an initial polymer does not crystallize. These temperatures correspond with the
lower boundary of a liquid crystal phase formation, while the upper boundary is so
called isotropization temperature (T;) above which a polymer transit into isotropic
melt. Particularly in the temperature range T, (or Ty,)—T; mesogenic fragments of a
LCP organize spontaneously, forming a certain structural type of a meso-phase (N, S
or Ch) with respect to molecular structure and molecular weight of a polymer.

Lyotropic liquid crystal state is most typical for rigid-chain polymers capable of
very specific phase separation. The liquid crystals of this type are binary or ternary
systems, which differ by a structural type as layered, rod-like, and cubic.
Lyotropic LCP is characterized by high rigidity of macromolecules, high melting
points being near temperatures of chemical decomposition, which excludes a
possibility of appearance of a thermotropic meso-phase. However, despite this,
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Fig. 2.69 Basic types of LCP: a polymers with mesogenic groups in main chain, b side-chain or
comb liquid crystal polymers

rigid-chain polymers form lyotropic liquid crystal systems in such highly polar
solvents, as sulfuric and chlorosulfonic acids, dimethylacetamide with lithium
chloride, etc.

Thermotropic LCP is formed by chemical bonding of rigid and flexible frag-
ments into one macromolecule, which can have linear or branched (comb-like)
structure (Fig. 2.69). At that, molecules of low molecular weight liquid crystals or
their mesogenic groups responsible for formation of a liquid crystal phase are
usually used as rigid fragments. In turn, flexible fragments, usually called spacers,
lowering rigidity of macromolecules due to their special dilution, decrease T, of
polymers, giving rather high autonomy to rigid mesogenic groups, which is nec-
essary for their cooperative interaction with a meso-phase formation.

Instead of flexible fragments, other chemical groups can be used, which break
linear structure of the rigid-chain macromolecules. In particular, a decrease in
rigidity can be reached by integration of bulky substituents or chemical groups,
which advance appearance of bends in a chain and break in their symmetrical linear
structure (for example, due to presence of phenylene or naphthalene cores included
in a chain not in para- but in meta- or ortho-positions).

2.6.1 Polycondensation in the Synthesis of Liquid Crystal
Polymers

The main structural units of the rigid-chain polymers of linear structure are aromatic or
heterocyclic fragments bound collinearly with each other via different spacers. Most
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often such polymers are produced by polycondensation or co-polycondensation of
similar or different bifunctional derivatives [803-814]. Thus, a wide range of poly-
imines is synthesized by polycondensation of diamines or hydrazines with dialdehy-
des, diketones or quinones [815-827]. Other known classes of LCP, such as
polyimides and polyquinoxalines are produced on the basis of cyclic aliphatic,
fluorinated, heterocyclic, Cz, perylene monomers of non-coplanar structure (loop,
spiro, and cardo), chiral compounds and compounds with non-linear optical properties
and non-symmetric structure [828, 829].

A series of semi-flexible homo- and co-polyazomethines containing imine bond
in polymer backbone is synthesized based on hydroxyl-functionalized mesogenic
cores with aliphatic spacers (Scheme 2.37) [805].

For polyazomethines containing p-substituted diamine, for example, 2-methyl-
1,4-phenylenediamine and aliphatic chain with two CH,-groups (polymer P2), the
T, = 333 °C was measured closely to decomposition, and no meso-phase was
detected. However, with an increasing spacer length, the transition temperature
decreases, and formation of a meso-phase is more probable. Thus, for P6 polymer
two endothermic points are established, at 229 and 259 °C, and the polymer
with ten methylene groups (P10) has shown only one Ty, 175 °C, at that, both
homopolyazomethines (P6 and P10) have typical nematic textures.

Poly(azomethine ethers), which display thermotropic liquid crystal properties, are
formed [807] at polycondensation of different diamines and 4,4'-diformyl-o.,-(diphe-
noxy) decane or 4,4'-diformyl-3,3-methoxy-o,w-(diphenoxy)decane. The mesogenic
transition temperatures decrease as a number of methylene groups increases from
tetramethylene to hexamethylene; the similar tendency is observed for polymers con-
taining aromatic segments. Nematic meso-phase formed only for the polymer syn-
thesized from 1,4-phenylenediamine and benzidine, and for polymers based on
tetramethylenediamine, there was absolutely no meso-phase observed. On the other
hand, the polymer with six methylene spacers had a grainy texture.

dialdehydes diamines
HO OH CHj : NH,
OHCOO_(CHZ)n_O@CHO * HZNONHZ HZNOCHa
n=26,10 p ‘ m
DMAg /LICI
rt., 16 h

OH (|:H3
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N=CH 0—(CHa),

Scheme 2.37 Synthesis of co-polyazomethines based on hydroxyl-functionalized mesogenic
cores and aliphatic spacers
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Copolymers of polyazomethine ether obtained by polycondensation in solution
with different diamines (for example, 1,4-phenylendiamine, 4,4'-diaminodiphe-
nylmethane, etc.) show nematic liquid crystal thermotropic properties [830].

A study of the effect of length of methylene interchange on molecular mobility
and dipole moment of polyazomethine ethers with azomethine-aromatic groups in
o-position has shown that for them existence of four relaxation processes in solution
is typical [831]. Parameters of molecular mobility (relaxation time and activation
energy of three local processes) depend nonmonotonically on the methylene
interchange length, showing the even-odd effect. In the case of the fourth large-
scale process these parameters have high values and increase monotonically as the
interchange length increases. This can be due to special features of conformation of
the ester part of a macromolecule, which is also confirmed by theoretical analysis of
geometric and electronic structure of coplanar conjugated polyazomethines [832].

Another group of polyazomethine ethers has been obtained using polyconden-
sation of diformyl-o-diphenoxyalkanes and 2,7-bis-(m-aminobenzylidene) cyclo-
heptanone or bis-(m-aminobenzylidene) acetone [808].

Mesomorphic properties of these polymers are determined by nature of diphe-
noxyalkane spacers (length of a spacer is 2, 4, 6, and 8 methylene units in the
dialdehyde structure) independently of a diamine structure. At that, polymers
synthesized from diamine with a cycloaliphatic core showed high T,, and T; points
as compared with polymers obtained from acetone-derivative diamine and the same
dialdehydes [808].

Study of thermal behavior of a LCP including alternating polyazomethine and
random poly-ester showed that it has the T, = 43 °C, which is far lower than the
crystallization temperature 97 °C, and two endotherms at 141 and 163 °C. This
indicates the transition from half-crystalline nematics to nematic liquid.

Synthesis of twelve different azomethine polymers with the main chain con-
taining banana-shaped mesogens is described (Scheme 2.38) [809].

Formation of a meso-phase also depends on length of aliphatic spacer and
substituents in a mesogen ring. Thus, for polyazomethines with short (m = 6)
spacer and carrying two or four halogen atoms, a nematic phase formation was
observed, and longer aliphatic spacers (m = 12) governed formation of smectic
meso-phase.

Also chiral salicylaldimine compounds including a fluorocarbon chain, with
calamic molecular shapes are produced (Fig. 2.70) [833].

Liquid crystal polyazomethine ether with side dimethoxybenzylidene groups has
been obtained by polycondensation of a diacid monomer benzalaniline-3',4'-
dimethoxy-terephthalic acid with two diol monomers [834].

Cross-linked LCP are obtained based on the liquid crystal twin epoxy mono-
mers, containing azomethine groups, cured by aromatic diamines [810].
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Scheme 2.38 Synthesis of azomethine polymers with the main chain containing banana-shaped
mesogens
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Fig. 2.70 Calamic molecular shapes of chiral salicylaldimine compounds including a fluorocar-
bon chain
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Nematic meso-phase showing schlieren textures was observed for all epoxy
monomers after melting with the temperature of the meso-phase formation between
10 and 17 °C.

Another series of twin monomers with the end glycidyl group linked to the
group of ester or ether and having aliphatic spacers of different lengths was used for
producing rod-like aromatic imine structures with ester or ether bonds [811].
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These monomers show mesogenic behavior, and their architecture influences a
type of meso-phase. Thus, monomers of 1A, IIA, and IIB series formed nematic
meso-phases, and IB monomers formed smectic meso-phases depending on a
length of aliphatic spacer. In particular, monomers with odd number of methylene
groups formed smectic C meso-phases, while monomers with even number of
methylenes formed smectic A meso-phases. After curing of homopolymer epoxy
resin by 2,4-diaminotoluene and p-amino-acetophenone azine, a cross-linked epoxy
resin is formed, which shows nematic meso-phase, excluding monomers of IB
series with spacers of 8 and 10 methylene groups, for which smectic C meso-phase
is formed. When the tertiary amine, 4-(N,N-dimethylamino) pyridine was used as a
catalytic cross-linking agent, all monomers of IB range formed smectic C phases,
whereas monomers of IIA series gave nematic phases [811].

Liquid crystal meso-phases [812] are formed in polyurethanes synthesized from
diols containing four phenyl rings linked in p-position by azomethine and ether
bonds and end spacers from 2 to 10 methylene groups and two isocyanates, hex-
amethylene diisocyanate and methylene-bis(cyclohexyl isocyanate).
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Diols and polyurethanes produced from them showed formation of nematic
meso-phase during heating. In both series of polyazomethines the transition tem-
perature decreased as length of a flexible spacer increased, and it was somewhat
higher for the polymers synthesized from hexamethylene diisocyanate than in the
case of polymers produced from diisocyanates with cyclohexyl fragments [812].

A great number of liquid crystal polymeric crown ethers, as well as azacrown
ethers, thiacrown ethers, and crown ethers with different heteroatoms is known
[835]. Microcrystallinity in them is conditioned by substituents bound to crown
ethers, depending of nature of which, rods, discs or tapers can form bringing to
different types of meso-phases.

Thus, LCP of poly-esters containing dibenzo-18-crown-6 units are obtained by
polycondensation in solution of 4,4'-(a,,m-alkandiol) dibiphenylyloyldichloride, cis-
4,4'-bis-(4-hydroxyphenylazo) dibenzo-18-crown-6, trans-4,4'-bis(4-hydroxyphe-
nylazo) dibenzo-18-crown-6, and 1,10-decandiol. Copolymers formed nematic
meso-phase in melt, which has a texture of twisted fiber, grainy or schlieren-texture,
and the T,, and T; of the copolymer decreased as length of a flexible spacer
increased [836].

Polycondensation of 4,4'-(alkylenedioloxy) dibenzaldehyde, cis-diaminodibenzo-
14-crown-4, and trans-cis-diaminodibenzo-14-crown-4 in solution was used to
produce LCP of Schiff base type and containing cyclic units of crown ether. These
polymers have M, = 13,000-24,000 and transform into liquid crystal state at the
temperature above the T,,. Most synthesized polymers had wide meso-phase range,
though some of them are liquid crystalline in nematic phase [837]. In the similar way
polycondensation of 4,4'-(alkylenedioloxy) dibenzaldehyde and diamine-dibenzo-
15-crown ether in solution were used to synthesize Schiff bases of liquid crystal
polymeric crown ether. Their M,, = 10,100-13,000 and they transform into liquid
crystal state at melting with formation of two types of textures, their Ty,, T,, and T;
depend on a type of flexible spacer [838].

Photochromic LCP, which contains azobenzene and crown ether groups, is
synthesized [803]. Positions of the crown ether groups with respect to pho-
tochromic fragment have an effect on phase and spectral properties, and on kinetics
of photo-orientation of the polymer thin films. These photo-oriented polymer films
can be used as sensors of metal ions.

Polymeric liquid crystal crown ethers are formed using polycondensation in the
solution consisting of 4,4'-(alkylenedioloxy) dibenzaldehyde, cis- and trans-4,4'-
diaminodibenzo-18-crown-6. All obtained polymers transform in the liquid crystal
state upon heating up to the T, at that nematic phase has typical schlieren texture,
while the smectic phase is focal-conic, and the T,, and T; depend on a type of
flexible spacer [839].
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2.6.2 Liquid Crystal Polymers Obtained by (Co)
polymerization

Liquid crystal meso-phases can also be formed using polymers with mesogenic
fragments linked to the main chain as side groups [809, 814-824, 840]. The
principle of production of comb-like LCP with side mesogenic groups is in syn-
thesis of monomers with mesogenic groups and their further homopolymerization
or copolymerization with mesogenic or non-mesogenic compounds. Thus, LCP are
obtained by free radical polymerization of salicylaldimine monomer 6-[3-hydroxy-
4-(4-octadecyloxyphenyliminomethyl) phenoxy] hexyl methacrylate in presence of
AIBN [841].

Different meso-phases have been found in methacrylate polymers with liquid
crystal fragments in the side chain based on ®w-hexyl-, m-butyl-, and ®w-undecyloxy-
salicylaldimine with n-alkyl or n-alkyloxy end substituents [842, 843]. In particular,
for decyloxy-, dodecyloxy-, and octyl-derivatives formation of smectic C, phase was
observed in wide temperature range, while tetradecyl-derivative shows a complicated
behavior: first smectic Ay phase appears, which transforms into smectic C, phase,
and then into smectic C4 phase [842].

Liquid crystal oligomers with side salicylaldimine groups were obtained using
free radical polymerization of respective monomers 5-(10-undecenyloxy)-2-[[(4-
(hexyloxy) phenyl) imino] methyl] phenol and 5-(10-undecenyloxy)-2-[[(4-(hexyl)
phenyl) imino] methyl] phenol [844, 845]. These oligomers form smectic meso-
phases similar to those of the initial monomers, and displacement of hexyloxy-chain
by hexyl-chain brings to the smectic C meso-phase.

Another way of production of comb-like LCP is linking low molecular weight
liquid crystal molecules to a polymer chain. In this case, it is necessary that the
polymer and mesogenic molecules involved in the reaction would have functional
groups capable of interaction. Thus conducting copolymers of poly [1-(thiophene-3-
methoxy)-6-(4-n-hexyloxy-2-oxybenzoic acid) hexane] and 3-n-hexylthiophene
containing side mesogenic groups attached parallel to the backbone are synthesized.
In this case transformation of non-mesogenic intermediate polymers to LCP with
high temperature-dependent conductivity was observed, which pointed to a decrease
in activation energy of the liquid crystal phase [846].

Liquid crystal thermosets epoxy resins with bis-azomethine biphenyl mesogenic
groups are formed during co-polymerization with non-mesomorphic epoxy com-
pounds. Under action of primary aromatic diamines, ferf-amines, and during
co-polymerization with non-mesomorphic epoxy monomers, a cross-linked net-
work structures are formed [847].

Thermal and photopolymerization of mesogenic azomethine monomers with
methacrylic and vinyl ether end groups have been carried out [814].

These monomers showed mesogenic behavior and, in most cases, a variety of
smectic meso-phases. Photopolymerization was carried out in presence of a pho-
toinitiator at the temperature, at which monomers formed smectic or nematic
meso-phase. It has been established that mono- and di-acrylates have similar tex-
tures [814].
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Formation of liquid crystal phases is significantly affected by structure of main
chain of polymers having mesogenic side groups [815]. Thus, polymer 1 with
MMA main chain formed nematic phase upon heating above Ty, and polymer 2 did
not form a meso-phase, even if it had the same mesogenic side groups. However,
copolymerization of MMA mesogenic monomer with MMA or methacrylic acid
brought to polymers 3 and 4 with liquid crystal properties, whereas content of
non-mesogenic monomer in copolymer did not exceed 20%.

Formation of symmetric azomethines of smectic A and B meso-phases is shown
for the case of thermotropic symmetric azomethines based on poly-1,4-butanediol--
bis(4-aminobenzoate) and 1,4-biphenyl carboxaldehyde [848].

A range of modified polyguanidines was synthesized, which were characterized
by their liquid crystal properties (chirality, homogeneity of side chains length,
linking mesogens to side chains) [849].

Studies of luminescent thermotropic liquid crystal polyazomethines containing a
chromophore mesogen based on fluorene and/or oxadiazole, showed formation of
nematic meso-phase containing alternating or statistical oxadiazole units. Mesomorphic
state keeps ordering degree of semi-crystalline compounds, which confirms the liquid
viscosity. Based on the obtained polymers, it is possible to produce monodomain or
multidomain ordered thin films with good mechanical and luminescent properties [850].

The polymer with liquid crystal side chain has been obtained from tolane based
on hemi-phasmid benzoic acid and poly-4-vinylpyridine (P4VP) [851]. It forms
smectic and hexagonal columnar meso-phases with different compositions, which
determine luminescent properties of the polymers.

Liquid crystal co-polyesters containing X-shaped 2D mesogenic units and crown
ether cycles of cis-4,4'-bis(4-hydroxyphenylazo)-dibenzo-14-crown-4 in a side
chain were obtained [852].

It should be noted that many studies have been performed with liquid crystal
azomethine oligomers in order to incorporate them into a polymer chain [820-826].
For example, a series of semi-flexible liquid crystal tetramers was obtained [820], in
which length of the central spacer was six methylene units, and lengths of exterior
spacers varied from 3 to 12 methylene units.

cho—QNm \_/ r_cH_«)p—@—S=N—@—o«cn_«:w—@—m;g—@—occH:J.,O—@N:N \_’, OCH;

All tetramers showed enantiotropic nematic phase, and the transition tempera-
tures depend on length and ratios of external flexible spacers. Properties of this
series of polymers were comparable with the respective series containing central
pentamethylene spacer, and the transition temperatures showed pronounced odd-
even effect with increase in lengths of the external spacers (even spacers gave
higher values) [820].

For LCP based on fluorinated carbon chains with end SFs groups a transition
from nematic to smectic A phase is detected [821].
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Recently LCP with very different topology, for example, block-copolymers,
graft-copolymers, graft-block-copolymers, etc. (Fig. 2.71) were synthesized [794].
Thus, liquid crystal rod-coil di-block-copolymers (coil-conformation of St segments
and rigid-rod conformation of mesogen-jacketed 2,5-bis[(4-methoxyphenyl)-oxy-
carbonyl]-St segments) with different molecular weight and low PDI are obtained
using ATRP method [853]. Liquid crystal behavior of polymers depends on
molecular weight of a rigid segment. Thus, only copolymers with M,, of a rigid
block above 9300 can form liquid crystal phases above T, of the rigid block.

A range of liquid crystal block-copolymers of ABC, type with azobenzene
fragments in the side chain has been obtained by combination of ATRP and
chemical modification reaction (Scheme 2.39) [854].

Photopolymerization of polyfunctional liquid crystal monomers with ester
spacers was applied to obtain monolithic ordered LCP nets [855]. Using different
strategies of synthesis, it is possible to control molecular orientation of polymers in
all three dimensions (Fig. 2.72). A film based on LCP has alternating plane chiral
nematic areas near perpendicularly oriented (so called homeotropic) areas, and the

( ¢ }[ 'ﬂh‘\\_,/’ i I
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Liquid Crystalline
Graft Copolymers Block Copolymers

Fig. 2.71 Structures of liquid crystalline block copolymers, liquid crystalline graft copolymers,
and liquid crystalline graft-block copolymers
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Scheme 2.39 Scheme of production of liquid crystal block-copolymers of ABC, type with
azobenzene fragments in the side chain by combination of ATRP and chemical modification
reaction

film changes its surface texture upon deposition as a coating. It is important to
notice that during action of UV light it switches from plane to corrugated state.

Based on interpenetrated liquid crystal-hydrogel polymer nets, stimuli-responsive
materials have been obtained [856]. These materials consist of cholesteric liquid
crystal nets, which reflect light, and entangled polyacrylate nets, which provide
humidity reaction, pH humidity, and pH response.

Numerous studies have been carried out on production of LCP nets of other
types [857]. In particular, a cross-linked film based on polyarylamide with fiber
morphology occurs photomechanically sensitive [858]. 3D shape of LCP nets
prepared with different cross-linking density is determined by the cross-linking
density and conditions of preparation, in particular, polymerization temperature
[859].

LCP can also be obtained by the photoinduced surface relief grafting, which
provides orientation control over meso-phases on surface [860]. In particular, plane,
perpendicular and patterned orientation of meso-phases can be easily obtained,
using photo-control, with a monomer, 4-propyldiphenylacetylenecarboxylic acid
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Fig. 2.72 Scheme of photopolymerization of polyfunctional liquid crystal monomers with ester
spacers for the production of monolithic ordered LCP nets

cinnamon ester. 3D ordering in LCP is achieved during photopolymerization of the
mixture of mesogens sandwiched between two patterned substrates [861].

2.6.3 Liquid Crystal Dendrimers and Hyperbranched
Polymers

Recently much attention is focused on liquid crystal dendrimers and hyperbranched
polymers [862—-868]. Tuning of meso-phase structure of these polymers can be
reached using respective molecular design depending on chemical nature of end
mesogenic groups, dendritic core, and a number of generations of a dendrimer.
Liquid crystal dendrimers can also contain mesogenic groups as a side or main chain,
and in the latter case two types of dendrimers are formed: willow-like and octopus
dendrimers. A range of other dendritic matrices is obtained: shape-persistent den-
drimers, fullerodendrimers, polypedes and rod-coil block co-dendrimers [862, 867].

Thus, block co-dendrimers consisting of multifunctional mesogenic and Cz-
containing 2,2-bis(hydroxymethyl)propionic acid of dendrons are synthesized [868].
Depending on chemical structure of composite dendrons, co-dendrimers formed
lamellar or columnar meso-phases. Electrodeposition of Cz-containing dendrons
afforded globular conformation, in which mesogenic molecular groups play the key
role.

Many studies were concerned with dendrimers containing thermotropic liquid
crystal fragments, because they can self-assemble in large organized assemblies
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[817-819]. For this purpose, PAMAM and PPI dendrimers were functionalized by
mesogenic fragments with azomethine groups [816]. Depending on generation of
dendrimers, a number of mesogenic blocks varied from 4 to 64. Since mesogenic
blocks contain one, two, or three end chains, a vast library of compounds displaying
formation of a meso-phase is collected. General mesomorphism observed for all
obtained dendrimers is based on chemical incompatibility between their constitutive
parts (rigid aromatic parts, dendritic structure and aliphatic chains), and two pos-
sible conformations of molecules (parallel or radial) (Fig. 2.73). Presence of one
aliphatic chain per mesogenic unit favors parallel arrangement of functionalized
dendrimers and formation of smectic A or C meso-phases. Increase in a number of
aliphatic chains (two or three) affords radial disposition bringing to formation of
columnar structures. At that, temperatures of meso-phase transition depend on a
dendritic core origin, a number of generations, and a number of terminal aliphatic
chains [816].

Based on dendritic LCP, stimuli-responsive luminescent materials are obtained,
which in future can be used as sensors of metal ions (Fig. 2.74) [869].

it 3 "
i

1
Soft parts of the dendrimer: ) f~ a
1- Terminal alkyl chains d - R
2 - PAMAM groups R A4 v
Hard parts of the dendrimer: - i
3 - Promesogenic units ;

Fig. 2.73 Schematic presentation of two main molecular conformations (parallel and radial) by
functioned at the end of liquid crystalline dendrimers and their correlation with a number of grafted
terminal alkoxy-chains. Gigantic rods and discs are formed by microsegregation of incompatible
segments by analogy with block-copolymers
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Fig. 2.74 Stimuli-responsible liquid crystals: change of photoluminescent colors triggered by a
shear-induced phase transition

Order and frustration in the LCP are studied using the example of the G2 liquid
crystal block- and statistic dendrimers with mixed aliphatic and mesogenic terminal
groups, as well as homo-dendrimers from several generations containing only
mesogenic end groups [870]. It has been established that homo-dendrimers from G1
to G4 show monolayer smectic phase, in G5 they show more ordered columnar
phase, G2 block-dendrimer has bilayer smectic phase, while statistic G2 dendrimer
does not show any mesogenic phase. The observed phase behavior is most con-
venient to be considered in terms of frustration due to competition between rigid
geometry of the dendritic matrix and close-packing conditions of terminal chains.

Interesting chiral LCP were obtained by coupling methyl-o-d-glucoside (G) and
methyl-o-d-mannoside (M) as different chiral structural fragments in a core and in
branching centers within dendritic scaffolds surrounded by 12 cyanobiphenyl
mesogenes (CB) (Fig. 2.75) [871]. Positional permutation approach of pyranose
unit’s G and M in the core and branching points was used for studies of meso-
morphic properties of chiral homogenous dendrimers GG/MM and respective chiral
heterogeneous dendritic homologues GM/MG. It occurs that the temperature profile
and structure of the meso-phase of four dendrimers do not depend substantially on
the origin of the central chiral core, and the external chirality on periphery pre-
dominates considerably over liquid crystal properties.

Liquid crystal co-polymers with multi-arm star azobenzene side chains and
hyperbranched core are obtained by ATRP method through multifunctional hyper-
branched polyether as initiator and benzene chloride as a solvent [812]. Multifunctional
hyperbranched polyether initiator is produced from poly(3-ethyl-3-(hydroxymethyl)
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Fig. 2.75 Structures of chiral liquid crystal obtained by coupling methyl-o-d-glucoside (G) and
methyl-o-d-mannoside (M) as different chiral structural fragments in a core and in branching
centers within dendritic scaffolds surrounded by 12 cyanobiphenyl mesogens (CB)

oxetane) and 2-bromo-2-methylpropionyl bromide. Azobenzene side arms have liquid
crystal conformation of poly [6-(4-methoxy-4'-oxy-azobenzene) hexyl methacrylate]
with different molecular weights and they form smectic and nematic phases, and the
phase transition temperatures from smectic to nematic phase and from the nematic to
isotropic phase increase as molecular weight of the copolymers increases from
1.78 x 10* t0 9.07 x 10*

Using very different methods of synthesis has brought to building of many
thousands of different in structure LCP. Apart from classic linear and comb-like
polymers, there is a great number of LCP containing paired mesogens, macro-
molecules with laterally bound mesogenic groups, disc-shaped and cross-shaped
fragments, also alternation of different mesogenic groups is possible in the limits of
one and the same polymer chain [872, 873]. The principal possibility of synthesis of
LCP consisting of macromolecules of any combination between mesogenic and
non-mesogenic fragments opens wide horizons for oriented design of PMC.

Analysis of the considered data points to the fact that by now a considerable
experimental material on synthesis of CPL has been collected, which shows
intensity of their chemistry development. Currently, the basic principles of design
of the chelating polymers are formulated, their structural organization is under-
stood, and development trends in the area are relatively well represented. It should
be emphasized that design of CPL is important, and in some cases, a critical task in
terms of both subsequent chelation reactions with a metal compound, and for
subsequent PMC use.
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However, until now a convenient classification of chelating polymers is not
developed. For subsequent transformations the prehistory of formation of chelating
fragments is important, since even the strict observance of all the intricacies of
parallel experiments is not always possible to obtain reproducible results. Because
very notion of “polymer structure” is a highly-valued and, as a first approximation,
is determined by the conditions of its synthesis, CPL are to be classified according
to the type of preparation thereof (polymerization, copolymerization of the corre-
sponding monomers, polycondensation or PPM). Moreover, the chelating frag-
ments are crucial in chelation of metal compound, so that the second parameter,
reflected in the classification should be the nature, size and spatial arrangement of
the chelating fragment, which may consist of both symmetrical and asymmetrical
groups. Therefore, CPL classification adopted in this book includes, primarily, the
method of preparation and structure of the base polymer and then its functionality.
Although this classification is to some extent arbitrary, but two parameters, put in
its foundation, more clearly characterize the CPL.

Table 2.5 shows the most typical derivatives of CPLs based on synthetic
polymers, and methods of their production. They are classified by type of produced
PMC as following the groups: ligands for molecular metal chelate, intracomplex
compounds, and macrocyclic complexes. Apparently, this division is very condi-
tional, since in many cases the same chelating fragments can participate in for-
mation of metal chelates of different types, metal chelates with mixed ligands, a
variety of bridge structures, and polynuclear metal chelates.

Obviously, presently there are no difficulties in synthesis of polymers with any
chelating functionalities. Thus, a technique for producing polymers of chelating
type is well developed and continues to improve. At the present stage of experi-
mental studies design of CPL, which are analogues of low molecular weight li-
gands, for example, acetylacetonates (acac), Schiff bases, etc., does not constitute
special synthetic difficulties.

Polymer chelating ligands are often low-tonnage polymers for special purposes;
therefore, PPM of industrial polymers such as PE, PP, PTFE, etc. is very per-
spective. Besides, in the last decade in spite of the well-known, cheap and widely
used thermoplastics and elastomers the focus has shifted to more expensive
materials.
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