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The construction of complex polymer architectures with well-defined topology, composition and functionality
has been extensively explored as the molecular basis for the development of modern polymer materials. The
unigue reaction Kinetics of free-radical polymerization leads to concurrent formation of crosslinks between
polymer chains and rings within an individual chain and thus (co)polymerization of multivinyl monomers
(MVMs) provides a facile method to manipulate chain topology and functionality. Regulating the relative
contribution of these intermolecular and intramolecular chain propagation reactions is the key to the
construction of architecturally complex polymers. This can be achieved through the design of new monomers
or by spatially/kinetically controlling crosslinking reactions. These mechanisms enable the synthesis of various
polymer architectures including linear, cyclized, branched and star-shaped polymer chains as well as
crosslinked networks. In this Review, we highlight some of the contemporary experimental strategies to prepare
complex polymer architectures using radical polymerization of MVMs. We also examine the recent
development of characterization techniques for sub-chain connections in such complex macromolecules.
Finally we discuss how these crosslinking reactions have been engineered to generate advanced polymer

materialsfor use in a variety biomedical applications.
[H1] Introduction

The polymerization of vinyl monomers is one of the most extensively used chemical reactions; accounting for
approximately half of annual worldwide synthetic polymer production (~334 million tons)!).2® To date, however,
vinyl polymers have mainly been used as commaodity plastics, rubbers and fibres. Inadequate control over molecular
structure has been one of the key obstacles to expansion of the application spectrum of these materials. In particular,
with the emergence of nano-, bio- and information technologies, the demand for more complex, well-defined and

functionally specific polymer materials is rapidly increasing. In this context, chemists have developed methods to
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access architecturally complex polymers with exquisite control over the connection of macromolecular chains.®* The
recent development of reversible deactivation radical polymerization (RDRP) reactions including atom transfer radical
polymerization (ATRP), reversible addition—fragmentation chain-transfer (RAFT) polymerization, nitroxide-
mediated radical polymerization,>7 have significantly improved our ability to control the homogeneity of chain length,
the manner of chain propagation, and the chain-end functionality. This has paved the way for the synthesis of
numerous types of architecturally complex polymer materials leaving one open question “How far can we push

polymer architecture?”.8

Within this rapidly expanding field, we find that multifunctional vinyl monomers can play a substantial role in
manipulating chain topology through the involvement of multiple reactive groups during the polymerization process.
Various polymer architectures, for example, (hyper)branched, star, single-chain cyclized and network have been
successfully created from this type of multifaceted monomer and are endowed with novel properties and functionalities

for diverse applications including nanomedicine,’® tissue engineering,* and catalysis.**

The history of radical polymerization of multivinyl monomers (MVMs) (Figure 1) can be traced back to 1935, when
Staudinger and Husemann studied the free radical copolymerization (FRP) of divinylbenzene with styrene and for the
first time proposed that the resulted product is a three-dimensional network macromolecule.*? This work initiated the
use of MVMs in the preparation of polymeric networks. In the 1940s, based on the mean-field gelation theory
developed by Flory,'® Stockmayer developed the first theoretical framework for networks from multivinyl/vinyl
copolymerization system and provided the method for gel point calculation (Box 1).}* Aside from the
cyclopolymerization of special divinyl monomers which are a special case, the uncontrolled polymerization process
and resulting rapid gelation at low monomer conversion limited the experimental advancement in this area until the
emergence of the RDRP in the 1990s. Improved control over the chain propagating reactions and increasing
sophistication in the design of the MVVMs, have ultimately led to the development of several remarkable strategies for

the production of complex polymeric architectures.

As shown in Box 2, the unique feature of radical polymerization of MVMs is that, together with monomer addition,
there are two co-existing and competing crosslinking reactions: intramolecular cyclization and intermolecular
crosslinking. The key to controlling such a polymerization reaction lies in tuning the occurrence of those two
crosslinking reactions by either promoting the intermolecular crosslinking with minimum involvement of
intramolecular cyclization or vice versa. The former strategy generates polymers with multiple inter-chain linkages

and the latter, produces polymers rich in intra-chain rings.

In this Review, we highlight how the distinct polymeric structures can be designed by manipulating intermolecular
and intramolecular crosslinking reactions during the radical polymerization of MVMs. In particular, we focus on the
innovative strategies to delay the macroscopic gelation and new characterization techniques for distinguishing the
inter-chain and intra-chain connections. Finally, we highlight the emerging biomedical applications of these
architecturally complex polymers. We anticipate that this review will stimulate the new strategies for polymerization

control, inspire more intriguing architectures, and expand the applications of such polymers.



[H1] Inter-chain combination

In the decades following Staudinger and Husemann’s description of the polymer network concept,? it has widely been
agreed that the primary role of MVMs in FRP is to form a linkage between two different kinetic chains (Box 2). Such
inter-chain combination function has provided easy access to synthetic polymers with crosslinked architectures, which
are the foundation of various technologies, ranging from traditional chromatographic separation to recent expansion
microscopy.*® Aside from such crosslinked networks with an infinite molecular weight (MW), branched and star-like
polymers with a finite MW are two other featured architectures from inter-chain combination. The gel point (the
monomer conversion at the critical transition momentfrom a branched polymer to a network) and the extent of the
competing intra-chain cyclization are the two critical parameters that must be controlled in the design, synthesis and

characterization of the resulting polymer architectures.

[H2] Crosslinked networks

Aside from a few special examples,*® networks formed by FRP of MVMs suffer from structural inhomogeneity, (e.g.
dangling, looped or entangled chains and chain/crosslink density fluctuation), which in turn greatly impacts their
mechanical properties and limits their applications.t” Non-ideal crosslinking kinetics, such as inefficient inter-chain
crosslinking and extensive intra-chain cyclization, have been ascribed as the primary origins of structural defects.®
Thus, one of the most challenging synthetic tasks for the production of ideal homogeneous MVM-derived network
materials is to maximize the inter-chain crosslinking efficiency and eliminate the intra-chain cyclization, by

manipulating the reaction conditions (Figure 2).

Research in the area are stymied by the lack of techniques to precisely characterize and quantify such intra-chain
connections —the products of intra-chain cyclization reaction'’ (as shown in ‘Characterization of chain connections’ .
Nevertheless, indirect evaluation of the extent of intra-chain cyclization has generally been done by analyzing a) the
structure information of precursor polymers, for example MW and/or intrinsic viscosity, initial pendent vinyl
conversion, b) gel points, ¢) network structural homogeneity, and d) network bulk properties, for example swellability
and elongation and shear modulus, as well as through computational simulation.’*?* Based on these techniques,
reaction conditions and monomer structures that favor inter-chain crosslinking over intra-chain ractions have been
reported. In the very early paper, Staudinger and Husemann'? found that soluble polymers with low specific viscosity
can be produced by polymerization of divinylbenzene in dilute conditions. This dilution effect was later explained by
the relatively high and long lasting concentration of local pendent vinyl groups,?® which results in enhanced
intramolecular cyclization [G]. Similarly, solvent quality affects the crosslinking pathways: inter-chain combination
is promoted in good solvents because of the excluded volume effects,? while intra-chain cyclization is favoured in
poor solvent as a result of collapsed chain conformations.?” Interestingly, Matsumoto and coworkers used this solvent
quality effect to control the intermolecular crosslinking reactions by using divinyl monomers (DVMSs) with opposite

polarities to the primary chain. Intermolecular crosslinking reactions are promoted under conditions where

crosslinkers could be assembled, but suppressed if the primary chains are assembled.?® Tuning the MVM structure



(for example, the length of inter-vinyl spacers or functionality of MVVMs), and concentration can also regulate the
probabilities for intra-chain cyclization and inter-chain crosslinking reactions. For instance, using MVMs with larger
inter-vinyl distance?®2° or higher functionality3*-3 — the number of vinyl groups per monomers — generally increases
the extent of inter-molecular crosslinking, leading to a more homogeneous network. Meanwhile, increasing the initial
amount of DVM fed into an FRP system will tend to increase the crosslinking density to a degree, but the crosslinking
density will stop at a plateau value or decrease with further increase of DVM concentration. This could be attributed

to enhanced structural inhomogeneities?>3*

These experimental approaches have paved the way for the development of structurally homogenous networks from
MVM polymerization. However, conditions that provide only intermolecular crosslinking and entirely avoid intra-
cyclization, thus producing structurally well-defined polymer networks, had not been reported until the recent work
by Kitagawa and coworkers,' (Box 2¢). DVMs were first embedding into the walls of metal-organic frameworks thus
separating the two vinyl moieties in two different channels, subsequent polymerization reaction in the channels
consumes the DVMs only by inter-chain crosslinking without any possibility for intra-chain cyclization. This elegant
work enabled the production, for the first time, an ideal crosslinked network from radical polymerization with a well-
positioned crosslinker and well-defined crosslink density and other unprecedented structural features such as: a) the
linear primary chains were permanently aligned in parallel by tethering adjacent chains; b) the linear primary chains
were kept in register at a predefined distance; ¢) pseudo-crystallinity was achieved in the presence of atactic polymer
chains, which is unlikely to occur spontaneously for such polymers; d) the crosslinking was completely integrated into
the pseudo-crystalline state; and e) the newly formed polymeric materials inherited the molecular and morphological
hierarchical order of the host MOFs. However, the synthetic complexity and limited scalability has hindered wide
application of such systems and more general methods towards such well-defined network are of great industrial and

academic interest.

[H2] Branched polymers

In branched polymers, oligomer subchains are interconnected to produce a globular macromolecule with a finite
MW.% During radical polymerization of MVMs, the intermediate products prior to gelation are inherently branched,
making this reaction a facile and cost-effective synthetic route towards branched polymers. Regulation (especially

delay) of the gel point is key to achieve branched polymers with a reasonable yield.

[H3] The “Strathclyde Route”. Recall from the Flory—Stockmayer theory (Box 1), that the critical condition for the
onset of gelation is when the weight-average number of crosslinked units per primary chain approaches unity. It
logically follows that if the average number of crosslinks per kinetic chain is controlled to being small enough (i.e. <
1), soluble branched polymers may be readily obtained even at the full conversion (Figure 2b). The first experimental
approach achieving this is known as the “Strathclyde Route” and was originally proposed by Sherrington and
coworkers.% External chain transfer agents (CTAs) (Figure 3 A~H) were added to the conventional FRP of monovinyl

monomers and DVMs in order to regulate both the primary chain length and the average number of crosslinks per



primary chain (Figure 3). In a typical reaction setup, the molar feed ratio of monovinyl monomers to DVMs to CTAS
was set at 100:10:10, and soluble branched polymers were obtained at near-complete (~99% ) conversion.*”38 This
technique holds great industrial promise as a facile, pragmatic and cost-effective way to produce branched vinyl
polymers using conventional FRP, especially so given later success demonstrated in agueous emulsion,® solvent-free

suspension® and continuous-flow reactors.*

In addition to the traditional thiol based CTAs, catalytic chain transfer agentswere later used in a similar manner.*:
Given the reversible chain transfer feature of catalytic CTAs, the addition of a ppm level of bis[(difluoroboryl)
dimethylglyoximato]cobalt(ll) (CoBF) (Figure 3 1) was sufficient to massively suppress the intermolecular
crosslinking and gelation, producing soluble branched polymers with monomer conversion over 90%.*? It then became
critical to optimize the concentration of catalytic CTAs employed as chain transfer rate constants were found to vary
significantly between different catalytic CTA/monomer combinations. Smeets later described an empirically
determined rule-of-thumb was that to prevent macroscopic gelation, the chain transfer frequency (defined as ky x
[CTA] in s?) should be 85 times the DVMs fraction (in mol % relative to monovinyl monomers) ,** which is an
important empirical parameter for the synthesis of branched polymers from such “Strathclyde route” polymerization

processes.

In a conceptually similar manner to the “Strathclyde Route”, the addition of oxygen** or the use of large amounts of
initiator®® have also been used to to terminate the propagation chain in conventional FRP of monovinyl

monomer/DVM systems leading to gel-free branched polymers.

In RDRP systems (unlike conventional FRP), the average number of crosslinks per primary chain can be readily
controlled by tuning the molar feed ratio of DVM:initiator (in the case of ATRP and nitroxide-mediated radical
polymerization) or DVM:RAFT agent (for RAFT polymerization). This paves the way for the successful
implementation of the “Strathclyde Route” to RDRP. Two prerequisite conditions are 1) the chain propagation must
remain well-controlled in such crosslinking RDRP systems, as verified by both simulated and experimental data,*6-4°
and 2) the observed values of DVM:primary chain should correlate well with the feed ratio.*® Soluble branched
polymers were obtained at near complete monomer conversion, provided that the feed ratio of DVM:initiator was kept
around or less than 1.5-%* In some cases, higher (up to 5) DVMs per primary chain can be tolerated without causing
the macroscopic gelation at near full vinyl conversion, an observation which can be easily attributed to increasing the
intramolecular cyclization.> Nevertheless, these approaches represent the design of a RDRP of monvinyl
monomers/DVMs system with a gel point at or beyond the point of complete monomer conversion (Figure 2b), such
that less than one divinyl branching monomer is incorporated into each primary chain at the end of the reaction, and

thus leading to the formation of branched polymers in facile one-pot reactions.

[H3] Deactivation-enhanced RDRP homopolymerization of MVMSs. In contrast to the ‘Strathclyde route’, which
manipulates the number of MVMs per primary chain, the deactivation enhanced ATRP strategy controls the

instantaneous Kkinetic chain length [G] in order to suppress uncontrolled crosslinking and thus delay the onset of



gelation. More importantly, this approach offers the possibility to homopolymerize MVMs at moderate or high
concentration to synthesize soluble products in good yields without the necessity of elaborate monomer design.® In
the original work, Wang and co-workers found that the addition of a large amount of deactivator in ATRP
homopolymerization of common commercially available MVMs such as divinylbenzene and ethylene glycol
dimethylacrylate, resulted in the significant increase in critical gel point (up to 60% monomer conversion).5” This
represents a marked improvement on the conventional ATRP system and is 5-fold higher than the predicted values by
Flory—Stockmayer theory. Almost complete conversion (up to 96%)° was later achieved by feeding the deactivator
and a small amount of reducing agent (e.g., ascorbic acid) to generate a small amount of activator in situ.>®

As described in Box 3, the key to this approach is to control the polymerization kinetics. Deactivation-enhanced (DE)
strategy features a much slower monomer addition rate (Rym) compared with the deactivation rate (Reeact), leading to
a small instantaneous kinetic chain length. The intuitive correlation of kinetic chain length with growth boundary
make it easier to understand the DE effect. The small growth boundary confines chain growth so that the few closest
vinyls have a much higher chance to be added to the active center during each activation/deactivation cycle, and hence
keeps the polymer chains growing in a limited space (Figure 2d). This avoids the rapid formation of long polymer
chains and the subsequent combinations of high MW chains in the early stages of the polymerization. With a small
growth boundary, controlling the chances of chain overlaps (by, for example, manipulating the chain dimension and
chain volume concentration) can potentially regulate the occurrence of intermolecular crosslinking and intramolecular
cyclization, and thereby control the polymer architecture. This can be achieved by controlling the initial molar feed
ratio of DVMs to initiator (Nk). A small Nk value (e.g. 2) is needed to achieve a hyperbranched topology,*® as MVMs
are predominately converted to short oligomers under this condition (Box 3). The subsequent intermolecular

combination produces hyperbranched polymers with a high degree of branching [G] and vinyl functional groups.

[H3] Selective polymerization of asymmetric MVVMs. Delay of the gel point can be obtained by chemoselective
polymerization of asymmetric MVMs which posess with two or more vinyl groups with different reactivity. The
highly reactive vinyls are polymerized first (via the monomer addition pathway) leaving the less reactive to be
consumed in a delayed manner or as pendent functional groups. As a result, branched or even linear polymers (as
opposed to crosslinked networks) are expected from such reactions, provided the reactivity ratio for each pair of vinyl
moieties (ri/r2, calculated based on Alfrey—Price theory®) is significantly different (Figure 4).5! Attempts to
chemoselectively polymerize two commercially available asymmetrical DVMs: vinyl methacrylate (Figure 4 A) and
allyl methacrylate (Figure 4 B) in which the reactivity ratios of the two vinyl moieties are ~1700 and 28, respectively,
using FRP or RDRP, showed a poor selectivity.52-%* Asymmetric MVMs with much higher reactivity ratio such as 4-
(3'-Buten-1'-oxy)-2,3,5,6-tetrafluorostyrene  (Figure 4 E) © and (4-(cyclohex-3’- enylmethoxy)-2,3,5,6-
tetrafluorostyrene (Figure 4 G)% with reactivity ratio of 8800 and 100,000, respectively, were later designed by
Wooley and coworkers, and good chemoselectivity was achieved in such radical polymerization reactions, yielding

linear polymers bearing pendent vinyls.%5:56

As an alternative to the pursuit of absolute selectivity in the polymerization reaction, the occasional and asynchronous

participation of the pendent vinyls during chain propagation can be exploited to synthesize soluble branched polymers



at higher monomer conversion (Figure 4 right).5% For instance, RAFT homopolymerization of 2-(5-
norbornene)methyl methacrylate (Figure 4 D) bearing a methacrylate group and a norbornene group with reactivity
ratio about 160, produced soluble hyperbranched polymers at monomer conversion of 90% with < 3% residual

methacrylate and ~67 - 83% residual norbornene, suggesting a branch ratio of ~17 - 33% was achieved.5

[H2] Star polymers

Star polymers are another type of architecturally complex polymer, featuring multiple linear/dendritic arm chains
radiating from a central core. These polymers have received significant attention in recent decades because their
structures lead to nanosized objects with controllable topology and desirable functionalities. The structural features
and synthetic strategies for the production of star polymers are very broad, and so readers are guided to a recent
review.”® Here, rather than summarizing again the approaches to star polymer formation, we focus on the controlling
the addition timing of MVVMs which is an exemplary strategy for controlling MVM polymerization that yields soluble
products in high yield without macrogelation. The primary role of MVVMs in the synthesis of star polymers is to
connect multiple linear chain ends together, and can be achieved either by adding MVMs to crosslink preformed
linear/dendritic chains (arm-first), or polymerizing MVMs first to a generate a crosslinked core, followed by the
growth of linear chains (core-first), as shown in Figure 2c. This synthetic strategy can be generalized to the control of
MVM addition timing, which governs the spatial distribution of crosslinking units. From this point of view,
conventional monovinyl monomer/MVMs copolymerization for synthesizing insoluble macroscopic gels is a one-pot
reaction with simultaneous addition of monovinyl monomers and MVMs." The recent success in synthesizing soluble,
branched polymers via semi-batch addition of MVM during RDRP (MVMs are added slowly during the reaction) of

monovinyl monomers’>7 further highlight this effect of MVVM addition timing.

[H3] The arm-first route. In the arm-first route, pre-synthesized linear polymers (arms) bearing an a- or w-chain-
end reactive moiety (e.g. an initiator fragment™ or vinyl group) or dendritic polymers with a single functionality at
the focal point™®-78 are subjected to localized crosslinking with the added MVMs. When the maximum number of arms
is reached, the buildup of steric hindrance around the core, acts to hamper the star-star coupling and macrogelation,
leading to soluble star-shaped final products.”® The successful implementation of “arm-first” polymerization replys
on the optimization of a large number of variables, including i) amount of DVM added; ii) the manner of DVM
addition; iii) the chemical nature of DVM; iv) the degree of polymerization and chemical nature of the linear arms; v)
the nature of the solvent and monomer concentration.®%% A large ratio MVVMs per linear macroinitiators (5 ~ 20 in
ATRP74# or even higher in other reactions®) can be tolerated in such system. Recall, then, that from the Flory—
Stockmayer theory, in the one-pot addition methods, the molar feed ratio of MVVMs per primary chain needs to be less

than unity to avoid macrogelation, highlighting the benefits of localized crosslinks in avoiding macrogelation.

[H3] The core-first route. DVMs were polymerized under ultra-dilute conditions to produce near monodisperse
nano-objects with multiple reactivatable sites to facilitate the further linear chain growth. For instance, Gao and

Matyjaszewski homopolymerized ethylene glycol diacrylate under dilute conditions to provide a soluble and



nanosized crosslinked gel containing multiple initiating moieties.®® After most of the DVMs and pendent vinyl groups

were consumed, a large amount of monovinyl monomers was added to perform the “grafting-from” polymerization

[G] and produce star-like polymers. The key to this method is to keep the proportion of pendent vinyl groups per core
at an extremely low level in order to prevent star—star coupling and eliminate the formation of “arm-—star” loops. An
advantage of sucha “core-first” approach over the “arm-first” method is that the dormant initiating moieties are located

at the star periphery, facilitating the further chain extension or chain end transformation.
[H1] Intra-chain cyclization

To achieve an efficient intra-chain cyclization in multivinyl polymerization, the monomer design or conditions must
be manipulated in order that it is kinetically favoured, i.e. cyclization rate is faster than the intermolecular reaction
rate. This can be achieved by either shortening the intervinyl distance within a MVM (i.e. proximity effects) or
shortening the growth boundary to ensure that the majority of pendent vinyls are located inside the growth boundary
of the chain-end radicals from the same primary chain. Other general approaches favouring intra-chain cyclization

such as decreasing monomer concentration, lowering solvent quality can also be combined with those strategies.
[H2] Cyclopolymers

Cyclopolymers are soluble linear polymers with repeated in-chain cyclic units, obtained from multivinyl
polymerization with alternating monomer addition and intra-chain cyclization in the absence of intermolecular
crosslinking (Figure 5). The first example of cyclopolymerization was described by Butler and coworkers,®”:8 who
found several unexpected water soluble products were produced in the FRP of diallyldimethylammonium salts. The
historical development, the scope, the mechanism and the practical significance of cyclopolymerization have been
summarized recently.®® Here, we focus on the recently described monomer design strategies that facilitate intra-chain
cyclization during radical cyclopolymerization.

[H3] Five- and six-membered cycles. The general principle of the monomer design for cyclopolymerization is to
have the two vinyl groups spatially close for efficient intramolecular cyclization. As per the “5 A rule [G] ,° smaller
DVMs with a short intervinyl distance, such as unconjugated 1,5- and 1,6 dienes, are inherently desirable. Following
Butler’s initial study on FRP of diallyldimethylammonium salts,®”#8 various 1,5- and 1,6 dienes such as (meth)acrylic
anhydride,®® divinyl acetals,® o-divinylbenzene®® and diallylsilanes®® weresubjected to FRP and the structures
obtained were demonstrated to have five- and six-membered rings (Figure 5a) distributed along the C—C chains. The
rapid expansion of RDRP techniques in the last two decades have greatly facilitated the synthesis of cyclopolymers
with well-defined MW, low dispersity and high chain end functionalities. For instance, Acar and coworkers reported
the cyclopolymerization of tert-butyl a-(hydroxymethyl) acrylate by both ATRP* and RAFT polymerization.® In
both systems, the soluble polymers with six-membered tetrahydropyran repeat units were synthesized at high

conversion (>80%) with low D and well-defined MW.



[H3] Macrocycles. The likelihood of intramolecular cyclization reactions occuring decreases significantly for rings
larger than six atoms,®” and extra effort must be expended to constrain the two or more polymerizable vinyl moieties
in close proximity for cyclopolymerization.

The use of chiral or bulky moieties as template molecules that regulate the vinyl orientation and enhance cyclization,
was one of the earliest strategies applied to produce cyclopolymers with macrocycles.?®1%2 For example, the
conformationally locked structure of myo-inositol orthoformate, which orients two hydroxyl groups in axial positions
of a six-membered ring, was used as the template molecule to generate a 4,6-bis(4-vinyl)- benzyl)-myo-inositol
orthoformate (Figure 5, 7) resulting in an intervinyl distance of about 4-5 A.193104 Radical cyclopolymerization of
these monomers under high dilution (0.1 M) produced soluble products with a high yield (80-90%). In a recent study,
the Thorpe—Ingold or gem-dimethyl effect has been applied by Li and co-workers to promote the cyclization of
dimethacrylate and bisstyrenic groups (Figure 5, 10 and 14) with RAFT cyclopolymerization producing a quasi-
double-helical cyclopolymer with switchable chirality.1%

Hydrogen bonding can also be exploited to tether and orient vinyl groups, either by using a template molecule such
as a catechol (Figure 5, 17)% to tether two vinyl monomers, or connecting two vinyl monomers with complementary
hydrogen bonding moieties (Figure 5, 16).197 While these pseudo-DVMs can assist in controlling the tacticity of the
final products, the ability to control the polymer topology is limited. The latest effort in this regard describes the use
of intramolecular hydrogen bonding to shorten the intervinyl distance of DVMs, facilitating the cyclopolymerization,
as achieved in the oligo(ethylene glycol) bisacrylamide (OEG,.DAAm, n = 3-6, Figure 5, 15).1%8

The formation of pseudo-crown ether structures by complexation of ether oxygens in ethylene glycol based divinyl
monomers to a cation has been used to shorten the end-to-end distance and enhance cyclopolymerization.® In a recent
study (Box 2b), such cation templated oligo(ethylene glycol) dimethacrylate (OEGNDMA, n =4, 5, 6, 8) with pseudo-
cyclic conformation was successfully cyclopolymerized by ruthenium mediated RDRP under high dilution (0.025 —
0.1 M), yielding soluble polymers with well-defined MW, large pendent poly(ethylene glycol) (PEG) rings (19- to 30-
membered rings) and low dispersity at high conversion (~90%).11° The average intervinyl distance in OEGsDMA was
efficiently reduced to 4.7 A with the addition of KPFs, which is in line with the <5 A rule”. The metal-ligand
coordination chemistry was also used to generate oriented pseudo DVMs for cyclopolymerization, producing main-
chain chiral polymers'** or sequence-regulated polymers.?

[H3] Polymerization in coordination nanochannels. Using functional molecular-scale spaces, such as crystals,
mesoporous silicas/aluminas, and metal-organic frameworks, to control the polymerization process and regulate the
resulting polymer structure, is a new avenue of research in polymer science.!*® Uemura and Kitagawa successfully
applied this techniqgue to MVM polymerization, achieving a selective linear polymerization'* or
cyclopolymerization'® of DVMs in 1D nanochannels. An essential requirement for such polymerization is to select
an channel of appropriate size for the guest monomers: no polymerization occurred when the nanoscale channels were
too small, and insoluble crosslinked structures are resulted when channels were too large.!** As shown in Figure 5c,
the authors demonstrated that controlled radical cyclopolymerization of 1,6-diene-type monomers could be achieved

in such 1D nanochannels of [Cuz(L)2(dabco)], (L = dicarboxylates, dabco = 1,4-diazabicyclo[2.2.2]octane).'*® For the



polymerization of acrylic anhydride, six-membered anhydride rings were dominantly formed, suggesting that

formation of the cyclic structure might be finely regulated in these nanochannels.

[H2] Single-chain cyclized polymers

Single-chain cyclized polymers are the result of a coexisting intra-chain cyclization and chain propagation synthesis
process and feature a highly looped single chain topology. The general synthesis process of a single-chain cyclized
polymer from DE-ATRP of MVMs is illustrated in Box 3. At the initial stage, in a fashion similar to linear RDRP
reactions, monomer addition is expected to occur by reaction between an active radical with one vinyl group in a free
monomer and leads to the formation of primary linear chains. This is consistent withwith the experimental results that
show a linear increase of MW with increasing monomer conversion, and a low dispersity with a unimodal gel
permeation chromatography peak. At this stage, the lower polymer volume concentration and the smaller growth
boundary achieved by DE strategy, act collectively to reduce the likelihood of the polymer chains from reacting with
the pendent vinyl groups of other growing polymer chains. Consequently, only the monomeric and same-chain
pendent vinyl groups are able to be polymerized by the propagating center. The addition of monomeric vinyl groups
results in linear chain propagation and the generation of pendent vinyl groups simultaneously. The reactions between
the chain end radicals (propagating centers) with the pendent vinyl groups located on that same primary chain result
in the formation of lasso-like covalent loops in a closed ring manner. The radical formed at the end of the lasso can
further participate in the polymerization either by monomer addition or by further intramolecular cyclization. It has
been difficult to experimentally detect the emerging moment of intramolecular cyclization, however, according to *H-
NMR spectroscopic studies, 28.3% of the pendent vinyl groups were consumed after only 8.3% monomer conversion
during this linear chain growth phase.’® Given that the pendent vinyl conversion at zero monomer conversion
indicates the extent of intramolecular cyclization,''” a large amount of pendent vinyls have been cyclized, resulting in
multiple cyclic units within the newly born primary chain. It should be noted here however, that in comparison to
cyclopolymers, the single-chain cyclized polymers feature incomplete cyclization, i.e., the existence of the unreacted
pendent vinyl groups. These unreacted pendent vinyl groups, located in the newly formed loops can further participate
in the chain growth, leading to loop-loop connection and a covalent knot structure, as found in proteins.!'8 Therefore,
the products isolated at this stage are termed as single-chain cyclized polymers, and show a globular morphology from
Atomic Force Microscopy (AFM) with low dispersity and a Mark—Houwink exponent (o) [G] of ~ 0.3, supporting the
spherical molecular conformation.

The presence of intra-chain crosslinkages was further confirmed by comparing the molecular weight of the degraded
products with the non-degraded one. By placing a cleavable spacer between the two vinyl groups!*6°, one can collect
and analyze the primary chains after subjecting the polymer to conditions that will degrade the cleavable monomer.
Such uncoupling of single-chain cyclized polymers results in a minimum change in MW, as the cleavable linkers are
located at either pendent chains or intra-chain loops. The cleavage of the linker only removes the dangling parts and
breaks the loops, leaving the nondegradable primary chain unchanged. Such a degradation process can be viewed as
an untying process of the cyclized and knotted units.>®611° |n contrast, however, using similar cleavable divinyl

monomers to from branched polymers comprising of short primary chains, where the degradable linkage lies between
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chains (inter-chain linkers), show a different uncoupling profile. In this situation, the subsequent degradation generates

smaller fragments of polymer chains with a significant decrease in MW.55:120

[H1] Characterization of chain connections

The advancement of architecturally complex polymer synthesis is often challenged by the lack of proper
characterization techniques, leaving polymer architectures that are too complex for traditional polymer analytics. This
is particularly true when attempting to distinguish and quantify inter-chain and intra-chain linkages, which are
chemically and spectroscopically similar. Although conventional characterization strategies tend to be indirect, direct
characterization methods such as the determination of intra-chain linkages based on the 'H-NMR spectroscopy
reported by Armes and coworkers!?! do have some potential. Studying the FRP of methyl methacrylate (MMA) with
disulfide-based dimethacrylate, they observed higher frequency chemical shifts for thiamethylene (S—S—CH>) protons
in cyclic linkages than linear chain linkages (6 3.00 ppm vs. 0 2.92 ppm), (Figure 6a). The difference in chemical
environment between the cyclic and noncyclic linkages was attributed to the gauche effect arising from the 90°
dihedral angle of disulfide bonds, but this difference was only sufficient to resolve the signals in small cycles, limiting

the applicability of this method.

An outstanding strategy for quantifying intra-chain connections, termed symmetric isotopic labelling disassembly
spectrometry (SILDaS), was recently developed by Johnson and coworkers, represents the first direct, precise, and
model-free loop quantification technique.'?>'?* The technique was originally proposed for the analysis of endlinked
polymer networks and was more recently extended to sidechain-crosslinked polymers.!?> The method relies on the
synthesis of polymer networks using cleavable and isotope-labelled precursors, and the topological information (for
example, the number of intra-chain crosslinks) can be reconstructed by quantifying the different types of degradation
fragments using liquid chromatography—mass spectrometry (LC-MS) as shown in Figure 6b. In the case of sidechain-
crosslinked polymers, a known ratio of deuterium-labelled and unlabelled primary chains were mixed and crosslinked.
When the polymer network is later degraded, by cleavage of a pendent ester, the ratio of intra-chain to inter-chain
connections can be determined by quantifying the mass distribution of unlabelled, half-labelled and fully labelled
degradation products. To best of our knowledge, the direct application of this technique to characterize the
crosslinkages in MVM-derived polymers has not yet been reported. But it holds the most promise in accurately
characterizing and quantifying the inter-chain and intra-chain connections. This is of fundamental interest for
elucidating structure—property relationships, an essential component in the development of advanced polymer

materials from such architecturally intricate macromolecules.

For polymers with complex architectures, the sample averaged set of analytical data is typically unable to capture fully
the structure features.Thus single molecule characterization strategies are highly desirable to probe both the structural
homogeneity or the unique micromechanics.'?® Recent advances in single-molecule imaging and spectroscopy
techniques— typically designed originally for the analysis of biomacromolecules such as proteins and nucleic

127,128

acids, — have also opened new avenues for the characterization, visualization and manipulation of architecturally

complex polymers. Atomic force microscopy (AFM) has been successfully applied to visualize individual polymer
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molecules, such as the individual star-like polymer architecture, to illustrate their overall morphology or coil/globular
chain features.'”® However, this technique is limited to large and stiff polymers and is thus not widely applicable to

most synthetic polymers, and it remains extremely challenging to directly visualize the sub-chain connections.

Aside from imaging, AFM also enables the evaluation of a variety of polymer physical properties, which are closely

126 and conductance.!*® Remarkably, after decades of

correlated to their subchain connections, such as the elasticity
development, AFM based single-molecule force spectroscopy (SMFS) has been demonstrated to be capable of probing
the conformational changes occuring in an individual molecule level when stretching a polymer chain to the point of
bond rupture.'?”!13! The inherent structural differences between intra- and inter-chain crosslinkings would mean that
mechanically breaking the first would lead to chain elongation while breaking the second will lead to chain rupture.
This concept has been verified successfully in protein unfolding research where intra-chain disulfide bridges were
cleaved by the addition of thiol'*>!3* or hydroxide nucleophiles'** under stretching. Such rupture events are marked
by chain elongations that correspond to the folded chain length behind the disulfide bond (Figure 6¢).!** In a recent
report, mechanical unfolding of synthetic polymers with multiple intra-chain hydrogen bonding was described by
Meijer and coworkers.'** The contour length, and the number of the rupture events as collected from the consecutive
force peaks, were used to correlate the amount of intra-chain linkages (Figure 6d). This example and others!'3¢-138
illustrate the feasibility and relevance of mechanically unfolding polymers for the characterization of sub-chain

connections.

[H1] Emerging biomedical applications

With the ability to tailor complex polymer architectures on a molecular level, free radical polymerization of MVMs
provides a good platform to develop advanced functional polymers Architecturally complex polymers, built from
biocompatible, biodegradable and functionalizable molecules, can serve as innovative building blocks for the
development of cutting-edge biomaterials, showing superior performance over their linear counterparts.'®
Furthermore, inspiration for complex architecture achieved through MVM polymerization can be gleaned from the
delicate biofunctions of naturally existing biomacromolecules such as circular plasmids, branched
glycogens/polysaccharides or nucleic acids with in-chain multiple cyclic units. A notable example is DIVEMA (pyran
copolymer), synthesized by free radical cyclocopolymerization of divinyl ether and maleic anhydride.'* It is known
as the first clinically tested polymeric anticancer agent with ability to induce interferon and activate
immunoscompetent cells.'"*!. An exemplary application of MVM derived polymers is as polymeric gene delivery
vectors, where polymer architectures play a crucial role in dictating the physicochemical and biophysical properties
of the polyplexes, and ultimately the overall gene transfection performance.'? Cyclic polymers, due to their unique
architectural characteristics (e.g., compact conformation and high charge density), manifest advantageous properties
in gene delivery such as reduced cytotoxicity and prolonged circulation time in vivo, as demonstrated for cyclic
Poly(dimethylaminoethyl methacrylate) (PDMAEMA)'# and poly(ethylenimine).'** Newland and co-workers have
explored polyplex formation between single-chain cyclized polymers and plasmid DNA, revealing that the single-

chain cyclized structure endows the polymers with the capability of condensing DNA in a loose conformation'#®
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leading, in turn, to more efficient transfection and decreased cytotoxicity over the commercial reagent SuperFect
(Figure 7).>!45 Star and branched polymers also display similar topological effects that benefit their use in gene
transfection. #6147 For example, star shaped PDMAEMA has a strong buffering ability and the formulated polyplexes
exhibited a loose morphology, which led to a superior gene transfection performance over their linear counterparts.'4®
The introduction of degradable branching points into a high molecular weight PDMAEMA, has been shown to

overcome the long-standing, and problematic, correlation between transfection efficacy and toxicity !4

150,151 Bacterial

Similar topological effects have also been observed in other biomedical applications of polymers.
contamination on medical device surfaces is a major safety issue in hospitals. Single-chain cyclized polymers were
used to fabricate coatings which suppressed the formation of a biofilm. The nanoparticulate single-chain cyclized
structure altered the surface morphology and hydrophobicity of the coatings, causing a reduction in bacterial
attachment/biofilm formation of up to 75%, in comparison with traditional coatings prepared from FRP of MVMs. !5
Boyer and coworkers found, owning comparable antimicrobial activity, hyperbranched polymers have substantial

better hemocompatibility comparing to the linear ones.'3

Hyperbranched polymers have also been synthesized to overcome the poor sensitivity in traditional '°’F MRI caused
by poor molecular mobility, association of the fluorinated segments and low fluorine content. The “shape-persistence”
of hyperbranched structures enabled a high molecular mobility and fluorine content, which led the polymers to exhibit
a high 'F MRI sensitivity with the possibility of acquiring images within short acquisition times in vivo.'** These
encouraging results highlight that manipulation of polymer architecture by the controlled polymerization of MVMs

provides a new way to enhance their diverse biomedical performance.

Another structural feature of MVM-derived polymers is the multiple residual vinyl groups, which can be further
modified or crosslinked through diverse chemistries, such as photocrosslinking'>® or click chemistry'*. In one
example, the multiple pendant vinyl groups on a hyperbranched polymer from homopolymerized PEG diacrylate were
modified with N-hydroxysuccinimide (NHS) groups to yield a crosslinkable, hyperbranched PEG-NHS polymer with
over 12 NHS groups per molecule.!”” Such hyperbranched PEG diacrylate polymers could react with thiolated gelatin,
forming a crosslinked hydrogel within minutes, due to the high content of residual vinyl groups.'* Owing to the ease
of structural manipulation, hydrogels from such systems are highly desired for manipulating cell behavior,'*® and are
thus under extensive investigation for cell therapy'*°. Zhao and co-workers demonstrated the utility of single-chain
cyclized polymers for fabricating injectable hydrogels for 3D cell encapsulation and showed thatrapid crosslinking

promoted long-term cell survival and proliferation.'>

Besides these topological and structural effects, MVMs are also widely used as crosslinkers to hold the functional
groups in position and/or maintain the configuration/morphology of polymeric materials. This function plays a critical
role in their applications as biomaterials, such as in stem cell maintenance, self-renewal, directed differentiation, cell

adhesion and harvesting, molecular recognition, adsorption, separation, and bacterial resistance. '°0-168

For example,
acid-degradable glycerol dimethacrylate was used to crosslink single-siRNA or protein nanocapsules by FRP, which
can effectively protect cargos from enzymatic degradation and then release them in a triggered manner.'®17° N, N'-

methylenebisacrylamide (BIS) was used to crosslink nanoparticles for use as abiotic protein affinity reagents for
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vascular endothelial growth factor (VEGF1650).!”" Another emerging application of MVMs as crosslinkers is for the
construction of hydrogels used for expansion microscopy (ExM).!3 In a typical protocol, sodium acrylate, acrylamide
and BIS are infused into fixed and permeabilized tissue samples and then polymerized to form a hydrogel in situ. After
treatment with a protease, the tissue—polymer composite was dialyzed against water. Due to the strong isotropic
swellability of the hydrogels, a 4.5-fold linear expansion of the specimen without distortion at the level of gross
anatomy was achieved, which enabled super-resolution imaging on a conventional fluorescent microscope (Figure 8).
The ExM technology further demonstrated its applicability in imaging human clinical specimens, visualization of

RNA and proteins.!727174

It is worth noting that MVM derived polymers, when compared to dendrimers, bottlebrush and cyclic brush polymers,
have some superiorities for biological/biomedical applications, such as broad monomer availability, ease of polymer
synthesis, high structural flexibility and functionalizability. However, some limitations are yet to be overcome such as
the relatively low monomer conversion for the synthesis of cyclized polymers; the broad molecular weight distribution

of branched polymers, and the residual vinyl groups in polymers which can lead to gelation during storage.

6 Conclusions

Although the studies of FRP of MVVMs have been conducted since the beginnings of polymer chemistry, recent
advances in polymer science have led to exciting developments in the area. Unlike the traditional FRP of monovinyl
monomers, the unique reaction kinetics and multiple potential propagation pathways of FRP of MVVMs provide great
flexibility in manipulating the chain topology and functionality. This results from the generation of polymerizable
pendent vinyl moieties on the growing chains, enabling concurrent inter-chain combination and intra-chain cyclization.
This increased tunability enables unprecedented control over the competing chain propagation events. This is assisted
by the elaborate design of special MVVMs, the control of gel points and the manipulation of the special distribution of
crosslinking chain growth kinetics. These strategies have highlighted multivinyl radical polymerization as a highly
efficient synthetic approach for the preparation of polymers with a variety of macromolecular architectures, including
(hyper)branched, cyclopolymer, single-chain cyclized, star polymers and networks. The well-controlled structures and
the inherent properties have stimulated many applications, especially in the biomedical area, ranging from therapeutic
and diagnostic applications to tissue engineering. It can be envisaged that the continual development of synthetic
approaches and an improved understanding of the structure—property relationships will facilitate further progress in
the field.

However, despite the great progress achieved so far, multivinyl radical polymerization techniques still need to
overcome several key challenges. A comprehensive understanding of the polymerization kinetics with concurrent
chain growth, cyclization and crosslinking reactions has not yet been achieved. Complete control over the occurrence
of competing propagation pathways remains challenging. Precise distinction and characterization of the inter-chain
crosslinking units and intra-chain cyclization units in cyclic/branched/crosslinked polymers are outstanding issues that
may be resolved with techniques such as network disassembly spectrometry. The formation of spatial inhomogeneity

with fluctuations of concentration and crosslink density in the networks from multivinyl radical polymerization is not
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yet fully understood and a theoretical framework that correlates such spatial inhomogeneity with mechanical

properties (e.g. elasticity) is not yet available. Nevertheless, the versatile nature of multivinyl radical polymerization

techniques make them a potentially efficient tool for achieving intricate structures, such as sequence-controlled or

self-folding polymers. Moreover, the newly emerging applications (e.g. expansion microscopy and antimicrobial

materials) will surely stimulate further development of this technique. Based on the large volume of work already

reported and their future potential, we believe that multivinyl radical polymerization will continue generate new and

innovative polymeric materials.
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Figure 1. Timeline of architecturally complex polymers by free radical polymerization of MVMs. A brief
summary of the major achievements in the field is given. The polymer architectures are described and further
categorized as intra-chain cyclization dominated and inter-chain combination dominated classes. Part of this figure is
adapted with permission from REF. 16
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Figure 2. Strategies to control free radical polymerization of MVMs. FRP is generally controlled by regulating the
inter-chain crosslinking, intra-chain cyclization and spatial distribution of crosslinks. To synthesize soluble products,
it is key to avoid macrogelation by diminishing the inter-chain combinations, enhancing intra-chain cyclization and
localizing the crosslinks. Contemporary experimental strategies include a) monomer design, b) control of crosslinks
per primary chain (gel point control), c) control of the spatial distribution of crosslinks, d) kinetic control of
crosslinking reactions, and €) use of nanochannels. a) The inter-chain and intra-chain crosslinking can be readily
regulated by designing asymmetric MVVMs or orienting the vinyl moieties in a close proximity. b) The gel point can
be delayed until full conversion by controlling the crosslinks per primary chain. c) The crosslinks spatial distribution
can be regulated by tailoring the monomer feeding polices. d) The control of the instantaneous kinetic chain length
provides an approach to regulate the chain growth boundary to delay the gel point. e)The use of metal-organic
frameworks can achieve exclusively intermolecular reaction or intramolecular cyclization, yielding well-defined
network or cyclopolymers.
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transfer agent (CTA) (A~I%833.175176) terminates the propagating chain through chain transfer reaction, keeping the
primary chain length short and the average number of crosslinkers per primary chain less than 1 thus to avoid the
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Figure 4. Chemoselective polymerization and branched polymerization of asymmetric monomers. The
reactivity difference of vinyls in an asymmetrical MVM (A~| 8566:69.17.178) can he used to regulate the reaction
kinetics, as high reactive vinyls are reacted first (via monomer addition reaction) leaving the less reactive one
reserved as pendent functional groups (producing linear polymer) or consumed in a delayed manner (generating
branched polymers). Thus it is critical to have the reactivity ratio for each pair of vinyl moieties (ri/r2, calculated
based on Alfrey-Price theory®®) be significantly different.
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Figure 5. Contemporary experimental strategies to engineer MVMs for cyclopolymerization.
Cyclopolymerization can be achieved by either using small DVMs (A)87:91-93.959.179 or by orienting the vinyl moieties
close to one another through the use of a bulky template (Ba), 100-105180-183 3 metal template (Bc),'%-1% by exploiting
hydrogen bonding (Bb)*%-1!2 or by constraining the reacting monomers in nanochannels (C)*°.
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Figure 6. Representative advanced techniques for identifying and quantifying intra- and inter-chain
connections. a Partial '"H-NMR spectra showing the different thiamethylene signals for the residues of fully reacted
disulfide-based dimethacrylate forming an intramolecular cycle or an intermolecular branch. Adapted with
permission from REF.!?!. b Schematic of the network disassembly spectrometry strategy for the calculation of inter-
and intra-chain connections in sidechain-crosslinked polymer networks based on counting the different isotope
labelled linkers after degradation. x/(1 —x) is the molar ratio of the normal (H) and deuterium (D)- labelled primary
chains. Intra-chain connections can only generate unlabeled (HH) and fully labelled (DD) linkages. Interchain
connections result in all three possibilities (HH, DD and HD). The mass difference of these fragments can be used to
calculate the percentage of intra-chain connections. Adapted with permission from REF. % ¢ Single-molecule force
spectroscopy for protein unfolding with the cleavage of intra-chain disulfide bridges, and the typical extension-time
curve recording the disulfide bond breakage by a 10.8 nm chain elongation, correlated to the residue length looped
by disulfide bonds. Adapted with permission from REF.!3* d Schematic illustrations of the mechanical unfolding
experiment on single chain polymeric nanoparticles and the typical force-extension curve showing the unfolding of
the intra-chain bridges. Adapted with permission from REF.!3!
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[b1] Flory-Stockmayer (F-S) theory

In the 1940s Flory®® and Stockmayer* outlined the first theoretical framework for the definition and calculation of gel
point based on the mean-field statistical theory. For the radical (co)polymerization of DVMs, they put forward a
mathematical expression of the gel point, based on an ideal polymer gel system with two assumptions: i) all vinyl
groups have equal and independent reactivity, and ii) intramolecular cyclization reactions are neglected. This resulted
in the following equation:

Ve™ acp(/lw'l) =1 (1)

where vis the weight-average number of crosslinks for each primary chain (equal to 1 at the critical gelation state), a
is the extent of reaction of vinyl groups. The subscript c is added to represent the critical gelation state, p is the initial
mole fraction of vinyls in divinylmonomers (within a mixture of divinylmonomers and vinyl monomers) , and Ay is
the weight-average polymerization degree of primary chains.

These assumptions greatly simplify the mathematical analysis of the model but also limit its practical application to a
large extent. Discrepancies are frequently found between the Flory—Stockmayer calculations and experimentally
observed gel points and areattributed either to intramolecular cyclization, or varied vinyl reactivity, or both.

[b2] Radical polymerization of multivinyl monomers

The radical polymerization of MVMs is a special field of free radical polymerization (FRP) with unique mechanistic
processes and special reaction kinetics, such as cross-linking, cyclization, autoacceleration, reaction diffusion-
controlled termination. All of these features originate from the generation of polymerizable pendent vinyl moieties on
the growing chain (reaction 1 in the figure a), and these pendent vinyls can continue to react with propagating radicals
through either intra-chain cyclization or inter-chain crosslinking. Intra-chain cyclization occurs when a pendent vinyl
reacts with a radical in the same chain- leaving behind a loop in the propagating chain (ring-closing reaction, reaction
2 of the figure a). Intra-chain cyclization is a special type of chain growth which elongates the length of kinetic chains
without increasing their molecular weight. Intermolecular crosslinking is a type of bimolecular reactions where
pendent vinyl groups react with radicals from other propagating chains resulting in the combination of different
primary chains and ultimately causing the change of the system from soluble sols to insoluble gels (reaction 3 of the
figure a). The seemingly trivial ability of one repeat unit to undergo multiple times of chain propagations enables the
formation of a range of novel macromolecular materials, ranging from a common network to the more complex
architectures.

It is critical to evaluate (and ultimately attempt to control) the rates of these two coexisting and competing reactions
in order to synthesize architecturally well-defined polymers. The experimental regulation of these two reactions has
been under extensive investigation, with the ultimate goal of efficient synthesis of either intra-chain cyclization
dominated, or inter-molecular crosslinking dominated polymer topology. Figure b and c illustrate two elegant
strategies towards that end. To achieve exclusively intramolecular cyclization with non-specialized MVMs, Sawamoto
and coworkers used a cation template to direct the monomers into a pseudocyclic conformation. This brings the two
intramolecular vinyl groups into proximity so that they are suitably positioned for intramolecular cyclization instead
of intermolecular crosslinking, yielding linear cyclopolymers with large in-chain PEG rings.'® Kitagawa and
coworkers further achieved conditions for inter-molecular only crosslinking reactions by embedding the divinyl
monomers (DVMs) into the structure of metal-organic frameworks. Subsequent radical polymerization of vinyl
monomers inside the nanochannels consumed DVMs solely by inter-chain crosslinking because the two vinyl moieties
are physically separated with no intra-chain cyclization reactions being possible.'® Part of this figure is adapted with
permission from REF. 6
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Part c of this figure is adapted from REF."", Springer Nature Limited.

[b3] Box 3. The growth boundary model for controlled homopolymerization of multivinyl monomers
To enable the kinetic and spatial manipulation of chain growth related reactions, including monomer addition, intra-
chain cyclization and intermolecular crosslinking (Box 2— Figure a), it is important to consider the instantaneous
kinetic chain length of ATRP, which is defined as the number of double bonds added during one activation cycle!8
_ R _ kp[M]
v _R - 0 - (2)
deact  Kgeact[Cu' /ligand ]
The instantaneous kinetic chain length (v) of ATRP generally represents the length that a growing chain can reach in
a single activation/deactivation cycle, and may be intuitively termed the growth boundary.5%116:119

To produce architecturally complex polymers, it is critical to keep this kinetic chain length short and thus avoid the
early stage gelation , as demonstrated in deactivation enhanced (DE)-ATRP of MVMs (Figure below). Under
conventional FRP or normal ATRP conditions, the kinetic chain length, and thus the growth boundary is large and
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allows a large number of vinyl groups to be added to an active center in each active cycle (Figure 2d). All of the vinyl
groups within the growth boundary have the chance to be react, including pendent vinyl groups in other polymer
chains. This results in the rapid generation of high molecular weight polymer chains. The overlap with the growth
boundary of other active polymers results in significant inter-chain combination, quickly yielding an insoluble gel, in
accordance with Flory—Stockmayer theory. However, the DE approach retains a larger amount of deactivator species
(Cu"/ligand as shown here), and thus the instantaneous kinetic chain length is kept small. This small growth boundary
confines the addition of the active center to only the very few closest vinyl groups before deactivation occurs, and
hence keeps the polymer chains growing in a limited space (Figure 2d). In this way, unlike a typical FRP, the
deactivation strategy avoids the rapid formation of large polymer chains combinations of multiple chains in the early
stages of the polymerization reaction.

With a small growth boundary, the manipulation of the chain dimension and chain volume concentration can
potentially regulate the occurrence of intermolecular crosslinking and intra-chain cyclization. The chain dimension
and chain volume concentration are closely correlated with the initial molar feed ratio of DVMs to initiator (Ni).

In systems with small Nk values (e.g. 2), a large amount of initiator is added and as a result of the small growth
boundary, the addition of a large number of monomers to a single primary chain is avoided. Instead, the monomers
are predominately converted to short oligomers in a controlled fashion. Subsequent intermolecular combination
produces hyperbranched polymers with a high branching ratio and vinyl functional groups.

In systems with large Nk values (e.g. 100),1¢ a small number of short primary chains are generated in the the early
stages of reaction. Thus, for a specific active center in its active cycle, the nearest vinyl groups are most likely to be
monomeric vinyl groups or pendent vinyl groups in the same chain, respectively. Reaction with these proximal vinyl
groups corresponds to the chain propagation and intra-chain cyclization. In this situation the intramolecular cyclization
is kinetically favored over the intermolecular crosslinking. The benefits of a high proportion of intramolecular
consumption of pendent vinyl groups are twofold: i) monomer conversion before gelation can be significantly
increased; and ii) single-chain cyclized polymers can be generated if the polymerization is terminated in a timely
fashion, beforeintermolecular crosslinking occurs.
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During free radical polymerization, the regulation of intermolecular crosslinking and intramolecular cyclization
enables the construction of complex polymer architectures. This Review summarizes methods to achieve this control
and techniques to analyse the sub chain connections. Finally, it discusses exemplary biomedical applications of the

complex polymer products.

List of glossary term

Intramolecular cyclization: According to IUPAC, crosslink is defined as a small region that connects two or more
different polymer chains. Intramolecular reaction here is also ascribed as a special crosslinking reaction,
because it produces a similar linking unit that bridges two different monomers at the same primary chain
together, forming a loop structure.

Degree of branching (DB): In radical polymerization of MVVMs, degree of branching is defined as the number of
branch points (i.e. fully reacted MVMSs) per repeat unit, as quantified by nuclear magnetic resonance® or
through degradation®®,

“5 A rule”: “5 A rule” that it is necessary to keep the distance between the two vinyl within 5 A to ensure the
enhancement of intramolecular cyclization.8®

Instantaneous kinetic chain length: The number of double bonds added during one activation-deactivation cycle in
ATRP!84 (Equation 2 of Box 3)

“Grafting-from” polymerization. A type of polymerization process in which initiating moieties are covalently
bonded to the main polymer backbone and monomers are polymerized as side chains.

Mark—Houwink exponent (a): A constant from Mark—Houwink equation, which correlates the intrinsic viscosity
([n]) of polymer with its molecular weight (M): []=kM®.28" o values depend on the configuration of polymer

chains in the solvent environment.
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