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The construction of complex polymer architectures with well-defined topology, composition andifictionality
has been extensively explored as the molecular basis for the development of modern polymetamals. The
unique reaction kinetics of free-radical polymerization leads to concurrent formation otrosslinks between
polymer chains and rings within an individual chain and thus (co)polymerization of multiviny monomers
(MVMs) provides a facile method to manipulate chain topology and functionality. Regutang the relative
contribution of these intermolecular and intramolecular chain propagation reactions is thekey to the
construction of architecturally complex polymers. This can be achieved through the design of newonomers
or by spatially/kinetically controlling crosslinking reactions. These mechanisms enable tleynthesis 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 stegjies to prepare
complex polymer architectures using radical polymerization of MVMs. We also examine the reue
development of characterization techniques for sub-chain connections in such complex macrdetnles
Finally we discuss how these crosslinking reactions have been engineered to generate advancéango

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

The polymerization of vinyl monomers is one of the most extensively cisechical reactions; accounting for
approximately half of annual worldwide synthetic polymer production (~334 miltioe}).>® To date, however,
vinyl polymers have mainly been used as commodity plastics, rubbefibeesd Inadequate control over molecular
structure has been one of the key obstadexpansion of the application spectrum of these materials. In particular,
with the emergence of nano-, bio- and information technologies, the demambr@rcomplex, well-defined and

functionally specific polymer materials is rapidly increasihgthis context, chemists have developed methods to
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access architecturally complex polymers with exquisite control over the conndati@emmolecular chaink! The

recent development of reversible deactivation radical polymerization (RDRP) reactionsimelioth transfer radical
polymerization (ATRP) UHYHUVLEOH DGGLW L R&anhsteD (RARTY \Wdlykveri Baton ritkoideq
mediated radical polymerizati&, have significantly improved our ability to control the homogeneity of chagttien

the manner of chain propagation, and the chain-end functionality. akigpded the way for the synthesis of
numerous types of architecturally complex polymer materials leaving one DpeHVWLRQ 3+RZ IDU FDQ
SRO\PHU DUPKLWHFWXUH""

Within this rapidly expanding field, we find that multifunctional vinyl monomeas play a substantial role in
manipulating chain topology through the involvement of multiple reactivepgrduring the polymerization process.
Various polymer architectures, for example, (hyper)branched, state-simgin cyclized and network have been
successfully created from this type of multifaceted monomer and are endidtvedvel properties and functionalities

for diverse applications including nanomedicirtssue engineerintf,and catalysi!

The history of radical polymerization of multivinyl monomers (MVMs) (Fegd) can be traced back to 1935, when
Staudinger and Husemann studied the free radical copolymerization (FRP) ofogimzgne with styrene and for the
first time proposed that the resulted product is a thisensional network macromolecufeThis work initiated the
use of MVMs in the preparation of polymeric networks. In the 1948sed on the mean-field gelation theory
developed by Flory® Stockmayer developed the first theoretical framework for networks from inyilfixinyl
copolymerization system and provided the method for gel point calculation (Bé& Aside from the
cyclopolymerization of special divinyl monomers which are a special casentoatrolled polymerization process
and resulting rapid gelation at low monomer conversion limited the experimental adeabhaehis area until the
emergence of the RDRP in the 1990s. Improved control over the phgpmgating reactions and increasing
sophistication in the design of the MVMs, have ultimately led to the developmsexefal remarkable strategies for

the production of complex polymeric architectures.

As shown in Box 2, the unique feature of radical polymerization of MVMsais thgether with monomer addition,
there are twoco-existing and competing crosslinking reactions: intramolecular cyclization and imeerizo
crosslinking. The key to controlling such a polymerization reaction liesnimguthe occurrence of those dw
crosslinking reactionsby either promoting the intermolecular crosslinking with minimum involvement of
intramolecular cyclization or vice versghe former strategy generates polymers with multiple inter-chain linkages

and helatter, produces polymers rich in intra-chain rings.

In this Review, we highlight how the distinct polymeric structures can be designadrbpulating intermolecular
and intramolecular crosslinking reactions during the radical polymerization of MWMmrticular, we focus on the
innovative strategies to delay the macroscopic gelation and new characterization technidiggmdaishing the
inter-chain and intra-chain connections. Finally, we highlight the emerging biomexipitations of these
architecturdly complex polymers. We anticipate that this review will stimulate the new strategies for ppétiner

control, inspire more intriguing architectures, and expand the applicationshgbclymers.

ZH



[H1] Inter-chain combination

In the decades following Staudinger and HusenfflinGHVFULSWLR Q RI WKH &Sth&\wviadelybeeh WZRUN F
agreed that the primary role of MVMs in FRP is to form a linkage betweenitf@redt kinetic chains (Box 2). Such

inter-chain combination function has provided easy access to synthetic polyithesosslinked architectures, which

are the foundation of various technologies, ranging from traditional etogmaphic separation to recent expansion
microscopy:® Aside from such crosslinked networks with an infinite molecular weight (MWéyched and star-like

polymers with a finiteMW are two other featured architectures from inter-chain combination. The gél(ihan

monomer conversion at the critical transition momentfrom a branched @otgna network) and the extent of the

competing intra-chain cyclization are the two critical parameters that must be coritraheddesign, synthesis and

characterization of the resulting polymer architectures.

[H2] Crosslinked networks

Aside fromafew special example’$,networks formed by FRP of MVMs suffer from structuirdlomogendty, (e.g.
dangling, looped or entangled chains and chain/crosslink density flucjyatibich in turn greatly impacts their
mechanical properties and limits ihapplications.” Non-ideal crosslinking kinetics, such as inefficient inter-chain
crosslinking and extensive intra-chain cyclizatibayebeen ascribed as the primary origofsstructural defect®
Thus, one of the most challenging synthetic tasks for the producticleaiffhomogeneous MVM-derived network
materials is to maximize the inter-chain crosslinking efficiency and eliminate the i@tira-ciclization, by

manipulating the reaction conditions (Figure 2).

Research in the area are stymied by the lack of techntque®cisely characterize and quantify such intra-chain
connections? the products of intra-chain cyclization reactiofas shown iti& KDUDFWHUL]J]DWLRQ.RI FKDLQ
Nevertheless, indirect evaluation of the extent of intra-chain cyclization has generallyonedny analyzing a) the
structure information of precursor polymefer exampleMW and/or intrinsic viscosity, initial pendent vinyl
conversion, b) gel points, ¢) network structural homogeneity, anetaprk bulk propertiegor example swellabilit

and elongation and shear modulus, as well as through computational simii&ti&ased on these techniques,
reaction conditions and monomer structures that favor inter-chain crosslmkéngntra-chain ractions have been
reported. In the very early paper, Staudinger and Huséffaumd trat soluble polymers with low specific viscosity
can be produceby polymerization of divinylbenzene in dilute conditiofi$is dilution effect was later explainég

the relatively high and long lasting concentration of local pendent vinylpgféuvhich results in enhanced
intramolecular cyclizatiofiG]. Similarly, solvent quality affects the crosslinking pathways: inter-chain ceatidon

is promoted in good solvents because of the excluded volume éffedifle intra-chain cyclization is favoured in
poor solvent as a result of collapsed chain conformatidngerestingly, Matsumoto and coworkers used this solvent
quality effect to control the intermolecular crosslinking reactlmnasing divinyl monomers (DVMs) with opposite
polarities to the primary chainintermolecular crosslinking reactions are promoted under conditions where

crosslinkers could be assembled, but suppressed if the primary chains afglext¥efuning the MVM structure



(for example, the length of inter-vinyl spaser functionality of MVMs), and concentration can also regulate the
probabilities for intra-chain cyclization and inter-chain crosslinking reactionsngtance, using MVMs with larger
inter-vinyl distancé3or higher functionalit$* 2 2 the number of vinyl groups per monomérgyenerally increases
the extent of inter-molecular crosslinking, leading to a more homogenebwsrk. Meanwhile, increasing the initial
amount of DVM fednto an FRP system will tend to increase the crosslinking density to a dedribe, tiosslinking
density will stop at a plateau value or decrease with further increase of DVM tratioan This could be attributed

to enhanced structural inhomogeneftié$

These experimental approaches have paved the way for the development ofaflirinciomogenous networks from
MVM polymerization. Howeverconditions that provide only intermolecular crosslinking and entirely avoid-intr
cyclization, thus producing structurally well-defined polymer netwdnkd,not been reportedntil the recent work
by Kitagawa and coworker§,(Box 2c). DVMs were first embedding into the walls of metal-organic framestbris
separating the two vinyl moieties in two different channels, subsequent polymerigadiction in the channels
consumes thBVMs only by inter-chain crosslinkg without any possibility for intra-chain cyclization. This elegant
work enabled the production, for the first time, an ideal crosslinked nefreonkradical polymerization with well-
positioned crosslinker and well-defined crosslink density and other unpregeddstructural features such as: a) the
linear primary chains were permanently aligned in parallel by tethering adjacent chéislibear primary chains
were kept in register at a predefined distance; c) pseudo-crystallinity was achievedr@sémee of atactic polymer
chains, which is unlikely to occur spontaneously for such polymetsedyosslinking was completely integrated into
the pseudo-crystalline state; and e) the newly formed polymeric materials inhegitadlétular and morphological
hierarchical order of the host MOFs. However, the synthetic complexity and limited scaladdihindered wide
application of such systems and more general methods towards such well-defimexk are of great industrial and

academic interest.

[H2] Branched polymers

In branched polymers, oligomer subchains are interconnected to pradjmeular macromolecule with finite
MW 35 During radical polymerization of MVMs, the intermeigroducts prior to gelation are inherently branched
making this reaction a facile and cost-effective synthetic route towards brarmlewrs. Regulation (especially

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

[H3] TKH 36 WUDW K F (ReGatl frbiR thé\FtbipStockmayer theory (Box) 1that the critical condition for the
onset of gelation is when the weight-average number of crosslinked unisinpary chain approaches unity. It
logically follows that if the average number of crosslinks per kinetic chamnisotled to being sdl enough (i.e. <

1), soluble branched polyngmay be readily obtained even at the full conversion (Figure 2b). The firstieqntal
approach achieving this known as KH 36 WU D W K FantiGuvds BrigjalyHoroposed by Sherrington and
coworkers®® External chain transfer agents (CTAs) (Figure 3 A~H) were added to the convelRR&haf monovinyl

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



primary chain (Figure 3)n a typical reaction setup, the molar feed ratio of monovinyl monotm@&@¥Ms to CTAs
was sefat 100:10:10, and soluble branched polymers were obtained at near-cor(®&8 ) conversiory’*8 This
technique holds great industrial promise as adapitagmatic and cost-effective way to produce branched vinyl
polymers using conventional FRP, especially so given later success demonstratemirs @mulsioff solvent-free

suspensioff and continuous-flow reactof$.

In addition to the traditional thiol based CT,Astalytic chain transfer agentswere later used in a similar m&nner.

Given the reversible chain transfer feature of catalytic CTAs, the addition of deppinof bis[(difluoroboryl)
dimethylglyoximato]cobalt(ll) (CoBF) (Figure 3 Iyas sufficient to massively suppress the intermolecular
crosslinking and gelation, producing soluble branched polymers with nesrmamversion over 90941t then became

critical to optimize the concentratiari catalytic CTAs employed as chain transfer rate constants were found to vary
significantly between different catalytic CTA/monomer combinatioBmeets later described an empirically

determined rulef-thumb was that to prevent macroscopic gelation, the chain transfer frgqaefioed ask x

[CTA] in s?) should be 85 times the DVMs fraction (in mol % relative to monovinyl anmrs) 43 which is an

important empirical parameter for t \QWKHVLY RI EUDQFKHG SRO\PHUV IURP VXFK 36WU|

processes

In a conceptually similar manner &/ KH 26 W U D W KtReCad@ition DRoxXyyeM or theuse of large amounts of
initiator*> have also been used to to terminate the propagation chain in conventional FRBn@finyl

monomer/DVM systems leading gel-free branched polymers.

In RDRP systems (unlike conventional FRP), the average number ofird®gser primary chain can be readily
controlledby tuning the molar feed ratio 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¢ 6 W U D W K F OtbRBERB.RXMpHefequisite conditions are 1) the chain propagation must
remain well-controlled in such crosslinking RDRP systems, as vehfiémth simulated and experimental d#t8’

and 2) the observed values of DVM:primary chain should correlate well vétliettd ratid® Soluble branched
polymers were obtained at near complete monomer conversion, prtvédéie feed ratio of DVM:initiatowaskept
around or less than®®* In some cases, higher (up to 5) DVMs per primary chain can be toleratedivwigusing

the macroscopic gelation at near full vinyl conversion, an observation whidieazasily attributed to increasing the
intramolecular cyclizatiof:>® Nevertheless, these approaches represent the design of a RDRP of monvinyl
monomers/DVMs system with a gel point at or beyond the point of ledenmonomer conversion (Figure 2b), such
that less than one divinyl branching monomer is incorporateceach primary chain at the end of the reaction, and

thus leading to the formation of branched polymers in facile one-pritoes

[H3] Deactivation-enhanced RDRP homopolymerization of MVMs ,Q FRQWUDVW WR WKH p6WUDWKF
manipulates the number of MVMs per primary chain, the deactivation enhanced AERI)s controls the

instantaneous kinetic chain lend@] in order to suppress uncontrolled crossikigkand thus delay the onset of



gelation. More importantly, this approach offers the possibility to lpmiymerize MVMs at moderate or high
concentration to synthesize soluble products in good yields without the neoéssitporate monomer desighln

the original work, Wang and co-workers found that the additiora tdrge amount of deactivator in ATRP
homopolymerization of common commercially available MVMs such as divinylbenzenestagktne glycol
dimethylacrylag, resulted in the significant increase in critical gel point (up to 60% monoaoresersionf’ This
represents a marked improvement on the conventional ATRP systesbafudd higher than the predicted values by
Flory sStockmayer theory. Almost complete conversion (up to 96¥gs later achieved by feeding the deactivator
and a small amount of reducing agent (e.g., ascorbic acid) to gemeraall amount of activatam situ.>®

As described in Box 3, the kéy this approach is to control the polymerization kinetfidsactivation-enhanced (DE)
strategy features a much slower monomer addition Ratg compaedwith the deactivation ratdRfeac), leading to

a small instantaneous kinetic chain length. The intuitive correlation of kinetic lemgjtih with growth boundary
make it easier to understand the DE effect. The small growth bounddiryesothain growth sthat the few closest
vinyls have a much higher chance to be added to the active centerearmactivation/deactivation cycle, and hence
keeps the polymer chains growing in a limited space (Figure 2d).avhids the rapid formation obhg polymer
chains and the subsequent combinations of high MW claithe early stages of the polymerization. With a small
growth boundary, controlling the chances of chain overlaps (by, &onghe, manipulating the chain dimension and
chain volume concentration) can potentially regulate the occurrence of intermoteostdinking and intramolecular
cyclization, and thereby control the polymer architecture. This cachieved by controlig the initial molar feed
ratio of DVMs to initiator (Nx). A smallNk value (e.g. 2) is needed to achieve a hyperbranched topSlagyyVMs

are predominately converted to short oligomers under this condition 3BoXhe subsequent intermolecular

combination produces hyperbranched polymers with adiginee of branchings] and vinyl functional groups.

[H3] Selective polymerization of asymmetric MVMs Delay of the gel point can be obtained by chemoselective
polymerization of asymmetric MVMs which posess with two or more vinyl groups wffireht reactivity. The
highly reactive vinyls are polymerized firsti@ the monomer addition pathway) leaving the less reactive to be
consumed in a delayed manner or as pendent functional groups. As abrasudhed or even linear polymers (as
opposed to crosslinked networks) are expected from such reactioridedrthe reactivity ratio for each pair of vinyl
moieties (1/r2, calculated based on Alfrefrice theor§) is significantly different (Figure 4). Attempts to
chemoselectively polymerize two commercially available asymmetrical DVMygl methacrylate (Figure 4 A) and
allyl methacrylate (Figure 4 B) in which the reactivity ratios of the two vimyikties are ~1700 and 28, respectively,
using FRP or RDRP, shada poor selectivity?®* Asymmetric MVMs with much higher reactivity ratio such as 4-
-Buten- »0xy)-2,3,5,6-tetrafluorostyrene (Figure 4 EJ and (4-(cyclohex-» enylmethoxy)-2,3,5,6-
tetrafluorostyrene (Figure 4 €)with reactivity ratio of 8800 and 100,000, respectively, were later designed by
Wooley and coworkers, and good chemoselectivity was achieved in such radjoa¢nqmation reactionsyielding

linear polymers bearing pendent vin§is§5

As an alternative to the pursuit of absolute selectivity in the polymerization redbBarccasional and asynchronous

participation of the pendent vinyls during chain propagation can be exploggdthesize soluble branched polymers



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

methacrylate and ~67 - 83% residual norborpsnggesting a branch ratio of ~17 - 33% was achiéVed.

[H2] Star polymers

Star polymers are another type of aretiitrally complex polymer, featuring multiple linear/dendritic arm chains
radiating from a central core. These polymers have received significant attentecent decades because their
structures lead to nanosized objects with controllable topology and desirable functiodddgiesiuctural features
and synthetic strategies for the production of star polymers are very, lammédo readers are guidedatoecent
review/® Here, rather than summarizing again the approach&sar polymer formation, we focus on the controlling
the addition timing of MVMs whiclis an exemplary strategy for controlling MVM polymerization that yields soluble
products in high yield without macrogelation. The primary role of MVMs in {imthgsis of star polymeiis to
connect multiple linear chain ends together, and can be achieved either by Mdditsgto crosslink preformed
linear/dendritic chains (arm-first), or polymerizing MVMs first to a gatesa crosslinked core, followed by the
growth of linear chains (core-first), as shown in Figure 2c. This stintbtrategy can be generalized to the control of
MVM addition timing, which governs the spatial distribution of crosslinking units. From this poinvief,
conventional monovinyl monomer/MVMs copolymerization for synthesizing insoluateaacopic gels isonepot
reaction with simultaneous addition of monovinyl monomers and M{NTke recent success in synthesizing soluble,
branched polymers via semi-batch addition of MVM during RDRP (MVMsadded slowly during the reaction) of
monovinyl monomerg*further highlight this effect of MVM addition timing.

[H3] The arm-first route. In the arm-first route, pre-synthesized linear polymers (arms) lgeann- R U-cl8ain-

end reactive moiety (e.gninitiator fragment* or vinyl groug®) or dendritic polymers with a single functionality at

the focal point®#8 are subjected to localized crosslinking with the added MVMs. When the maximmbenaf arms

is reached, the buildup of steric hindrance around the core, acts tertd®star-star coupling and macrogelation,

leading to soluble star-shaped final proddet§he successful implementation 8D JIRRUVW ™~ SROY&HWLI L]DWLRQ
on the optimization of a large number of variables, including i) amoubMM added; ii) the manner dVM

addition; iii) the chemical nature 8/VM; iv) the degree of polymerization and chemical nature of the linear arms; v)

the nature of the solvent and monomer concentr&i®hA large ratio MVMs per linear macroinitiators (5 ~ 20 in

ATRP’#84 or even higher in other reactifscan be tolerated in such system. Recall, then, that from the #lory
Stockmayer theory, in the one-pot addition methods, the molar feedfrtddidMs per primary chain needs to be less

than unity to avoid macrogelation, highlighting the benefits of localizedltrks$n avoiding macrogelation

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

Matyjaszewskihomopolymerized ethylene glycol diacrylate under dilute conditions to providdublesand



nanosized crosslinked gel containing multiple initiating moiéfiédter most of the DVMs and pendent vinyl groups

were consumed, a large anmbof monovinyl monomers was added to perform theafting-from” polymerization

[G] and produce star-like polymers. The key to this method is totkegpoportion of pendent vinyl groups per core
at an extremely low level in order to prevent stAf WDU FRXSOLQJ DQG HOLPLQDWH AWKH IRUPD
advantage of suchaF RUIHUVW ™~ Dh@&BSWRERMURPW  PHWKRG LV WKDW W KidIl@@RddPDQW LQ

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

To achieve an efficient intra-chain cyclization in multivinyl polymerization, tbeemer design or conditions must
be manipulated in order that it is kinetically favoured, i.e. cyclization rate is fasteithe intermolecular reaction
rate. This can be achieved by either shortening the intervinyl distance witiiVa (i.e. proximity effects) or
shortening the growth boundary to ensure that the majority of pendgtg ane located inside the growth boundary
of the chain-end radicals from the same primary chain. Other general appr@achem§ intra-chain cyclization

such as decreasing monomer concentration, lowering solvent quali&ysobe combined with those strategies.
[H2] Cyclopolymers

Cyclopolymers are soluble linear polymers with repeated in-chain cyclic, unitgined from multivinyl
polymerization with alternating monomer addition and intra-chain cyclization in likenee of intermolecular
crosslinking (Figure 5). The first example of cyclopolymerization was desdnpé@litler and coworker&;28 who

found several unexpected water soluble products were produced in the BRIytfimethylammonium salts. The
historical development, the scope, the mechanism and the practical significanceopblgyetrization have been
summarized recentR?.Here, we focus on the recently described monomer design strategiegitiiate intra-chain
cyclization during radical cyclopolymerization.

[H3] Five- and six-membered cyclesThe general principlef the monomer design for cyclopolymerization is to
have the two vinyl groups spatially close for efficient intramolecular cyclizatiopeAthe S A rule[G] ', smaller
DVMswith ashort intervinyl distance, such as unconjugated 1,5- and 1,6 dienes, are inltasindlgle. Following
%XWOHUNV LQLWLDO VWXG\ RQ )53 SRfvaibs @ B a0da |5Rlidnyssuche (MEIQdckiiz VD O W\
anhydride®* divinyl acetals? o-divinylbenzen& and diallylsilane¥ weresubjected to FRP and the structures
obtained were demonstrated to have five- andreembered rings (Figure pdistributed along the & chains. The
rapid expansion of RDRP techniques in the last two decades have greatly facil#atgdtttesis of cyclopolymers
with well-defined MW, low dispersitgand high chain end functionalities. For instance, Acar and coworkers reported
the cyclopolymerization ofert-butyl .-(hydroxymethyl) acrylatdy both ATRP® and RAFT polymerizatioff In

both systems, the soluble polymers with six-membered tetrahydropyraat repits were synthesized at high

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



[H3] Macrocycles The likelihood of intramolecular cyclization reactions occuring decreases signififantings
larger than six atom¥,and extra effort must be expendedonstrain the two or ate polymerizable vinyl moieties
in close proximity for cylopolymerization.

The use of chiral or bulky moieties as template molecules that regulate the vinyl omeatatienhance cyclization,
was one of the earliest strategies appliedprodu@ cyclopolymers with macrocyclé82°? For example the
conformationally locked structure ofyainositol orthoformate, which orients two hydroxyl groups in axial posstion
of a six-membered ring, was used as the template molecule to generatbig4yiayl)- benzyl)myacinositol
orthoformate (Figurés, 7) resulting in an intervinyl distance of about4A.1°31%4Radical cyclopolymerization of
these monomers under high dilution (0.1 M) produced solubBiupts with a high yield (80-90%). In a recent study,
the Thorpetngold or gem-dimethyl effect has been applied by Li and co-workepamote the cyclization of
dimethacrylate and bisstyrenic groups (FigbrelO and 14) with RAFT cyclopolymerization producing a quasi-
double-helical cyclopolymer with switchable chiralify.

Hydrogen bonding can also be exploited to tether and orient vinyl greitipsrby using a template molecule such
asacatechol (Figur®, 17)1°to tether two vinyl monomers, or connecting two vinyl monomers withptemmentary
hydrogen bonding moieties (Figuse16).1%” While these pseuddVMs can assist in controlling the tacticity of the
final products, the ability to control the polymer topology is limited. The |&fésit in this regard describes the use
of intramolecular hydrogen bonding to shorten the intervinyl distanb&/bfs, facilitating the cyclopolymerization,
as achieved in theligo(ethylene glycol) bisacrylamide (OEBAAm, n = 3-6, Figure5, 15).1%8

The formation of pseudo-crown ether structures by complexation of ethgerts in ethylene glycol based divinyl
monomergo acation has been used to shorten theterehd distance and enhance cyclopolymerizali®m a recent
study (Box d), such cation templated oligo(ethylene glycol) dimethacrylate (@A, n =4, 5, 6, 8) with pseudo-
cyclic conformation was successfully cyclopolymerigdruthenium mediated RDRP under high dilution (0.025
0.1 M), yielding soluble polymers with well-defined MW, large pendent poly(ethgiyeel) (PEG) rings (19- to 30-
membered rings) and low dispersity at high conversion (~98%he average intervinyl distance ifEGsDMA was
efficiently reduced to 4.7 A with the addition of K@Rvhich is in line with the3 ¢ U XThel metaltigand
coordination chemistry was also used to generate oriented pBa(Ms for cyclopolymerization, producing main-
chain chiral polymetd? or sequence-regulated polyméts.

[H3] Polymerization in coordination nanochannels.Using functional molecular-scale spaces, such as crystals,
mesoporous silicas/aluminas, and metal-organic frameworks, to controllyn@gepaation process and regulate the
resulting polymer structurés a new avenue of research in polymer sciéft&emura and Kitagawa successfully
applied this technigue to MVM polymerization, achieving a selective linear polymeriZaticsr
cyclopolymerizatiok'® of DVMsin 1D nanochannels. An essential requirement for such polymerization is to select
an channel of appropriate size for the guest monomers: no polymerizatioredagben the nanoscale channels were
too small, and insoluble crosslinked structures are resulted when channels were t96 A@rglown in Figure 5c,
the authors demonstrated that controlled radical cyclopolymerization of 1,6tggneonomers could be achieved
in such1D nanochannels of [G(L)z(dabco)} (L = dicarboxylates, dabco = 1,4-diazabicyclo[2.2.2]octatrdjor the



polymerization of acrylic anhydride, six-membered anhydride rings werdndatty 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 cyclizatiahaim propagation synthesis
process and feature a highly looped single chain topology. The gerettasig process of a single-chain cyclized
polymer fromDE-ATRP of MVMs is illustrated in Box 3. At the initial stage, in a fashion similar to lifRlARP
reactions, monomer addition is expected to occur by reaction between arradidal with one vinyl group in a free
monomer and leads to the formation of primary linear chains. Thisigsstent withwith the experimental results that
show a linear increase of MW with increasing monomer conversion, and dispersity with a unimodal gel
permeation chromatography pea¥. this stage, the lower polymer volume concentration and the smaller growth
boundary achieved HYE strategy, act collectively to reduce the likelihood of the polymer chains from geadtin
the pendent vinyl groups of other growing polymer chains. Constguenly the monomeric and same-chain
pendent vinyl groups are able to be polymerized by the propagatinegr. The addition of monomeric vinyl groups
results in linear chain propagation and the generation of pendent vinyl giouggneously. The reactions between
the chain end radicals (propagating centers) with the pendent vinyl grougesilooathat same primary chain result
in the formation of lasso-like covalent loops in a closed ring manner.atli@al formed at the end of the lasso can
further participate in the polymerization eith®r monomer addition oby further intramolecular cyclization. It has
been difficult to experimentally detect the emerging moment of intramolecular cycliZativever, according fii-
NMR spectroscopic studies, 28.3% of the pendent vinyl groups werencedsiter only 8.3% monomer conversion
during this linear chain growth pha%€.Given that the pendent vinyl conversiahzero monomer conversion
indicates the extent of intramolecular cyclizattéhalarge amount of pendent vinyls have been cyclized, resulting in
multiple cyclic units within the newly born primary chalbshould be noted here however, that in comparison to
cyclopolymers, the single-chain cyclized polymers feature incomplete cyclizatiothe.existence of the unreacted
pendent vinyl groups. Tlseunreacted pendent vinyl groups, located in the newly formed loogartiaer participate

in the chain growth, leading to loop-loop connection and a covalenskmicture asfound in proteingi® Therefore,
the products isolated at this stage are termed as single-chain cyclized polymsheyvaadjlobular morphology from
Atomic Force Microscopy (AFM) with low dispersity andlark + + R X ZL QN H [ $& Q@fH Q.3Ysupporting the
spherical molecular conformatidtf.

The presence of intra-chain crosslinkages was further confirmed by cograimolecular weight of the degraded
products with th@on-degraded one. By placing a cleavable spacer between the two ving$'gtdt? one can collect
and analyze the primary chains after subjecting the polymer to conditions tha¢gvdde the cleavable monomer
Such uncoupling of single-chain cyclized polymers results in a minimum ehahdw, as the cleavable linkers are
located at either pendent chains or intra-chain loops. The cleavage of dreolimk removes the dangling parts and
breaks the loops, leaving the nondegradable primary chain unchanged.d&gehdation process can be viewed as
an untying process of the cyclized and knotted ¥A#¥:11°In contrast, however, using similar cleavable divinyl

monomers to from branched polymers comprising of short pyictaains, where the degradable linkage lies between
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chains (inter-chain linkers3how a different uncoupling profile. In this situation, the subsequerdadigipn generates
smaller fragments of polymer chains with a significant decrease iPMW.

>+ @ &KDUDFWHUL]DWLRQ RI FKDLQ FRQQHFWLRQV

7KH DGYDQFHPHQW RI DUFKLWHFEWXUDVYROW H® P BB OSHROI\HPG UE \V W KK HO/D
FKDUDFWHUL]DWLRQ WHFKQLTXHV OHDYLQJ SRGLRHLR QD BKSRG\PW X UHYD\U
LV SDUWLFXODUO\ WUXH ZKHQ DWWHPSWLQJ WRFRDVY LQUXNDEHDY Q @ KLX¥E
FKHPLFDOO\ DQG VSHFWURVFRSLFDOO\ VLPLODU $WMXR WK ERQBBYWHRQ
FKDUDFWHUL]DWLRQ PHWKRGV VXFK DV WKH GHWKHRDE DV HEQ WRR VIFRB U |
UHSRUWHG E\ $UPHYV ®R) & DARE R &R B WSRAN HQIWVWBIBW) 5 BORP H WAOSF LA IO KV H
GLVXOILGH EDVHG GLPHWKDFU\ODWH WKH\IREVW K Y BIF5H KLKNOHIID RIVHT & MQ F \
LF\FOLF OLQNDJHV WKDQ OLQSI®R/FKDEOPOLQNDXWIY D 7KH GLIIHUHQFH
HQYLURQPHQW EHWZHHQ WKH F\FOLF DQG QRQF\FOLFLQUQNRPHWKADV DW
GLKHGUDO DQJOH RI GLVXOI!LZDMRBDROQY &X | IE X WHW WL W RS UHNVRIOYFHWKH VLJQD
WKH DSSOLFDELOLW\ Rl WKLV PHWKRG

$QRXWVWDQGLQJ VWUDWHJI\ IRU TXDQWLI\LQ I LR WNIFOWRRKSILIEQ OFDREGH@HOA VY LI R
VSHEFWURPHWU\ 6,/'D6 ZDV UHFHQWO\ G HYH®RSWIEQ B V- RWKHV RLQ \D\Y G5 ERH
PRGHO IUHH ORRS TXDQWLVKAFDWHRRQUARK@ADNKHRULILQDOO\ SURSRVHG IR
SRO\PHU QHWZRUNV DQG ZDV PRUH UHFHQW®\PHPWKE GCHOVWRGVUEBEKD LR
VIQWKHVLV RI SRO\PHU QHWZRUNV XVLQJ RO HDY® B\KH DAORGS R O RWIRFDHO OLH
H[DPSOH WKH QXPEHU RI LQWUD FKDLQ BQRMVQIQINW K A DEL I H UHAR QUAS/ I\
IUDJPHQWYV XVLQJ OLTXLG FKURPDWRJUDBER®t PQ )V JRIMKVE UFOPHWRII VG BI6 |
FURVVOLQNHG SRO\PHUV D NQRZQ UDWLR RUG AKHUM X P WOHD P H[HEH B QOEQ Bl
‘KHQ WKH SRO\PHU QHWZRUN LV ODWHU GHJUDGRG LE&WBEOHBKIDLM WRR L G\
FRQQHFWLRQV FDQ EH GHWHUPLQHG E\ TXDQW KIDDQ® JO WKHIO®BI\GV DELE WXIQ
GHJUDGDWLRQ SURGXFWV 7R EHVW RI RXUWMQRZWHGEKB L TVKKH WARL UFHKDW L
FURVVOLQNDJHV LQ 090 GHULYHG SRO\PH U VOIGIVWXRHWP RHWWW ESHHRP IWVHS RQV
FKDUDBWHULG TXDQWLI\LQJ WKH LQWHU FKDLQ DQXQGOWHQWEKO LIQQ WRIQ®
HOXFLGDWLQJ VWUXFWXWH®SHRSHQWLDIHFRWERQMROMS LQ WKH GHYHORS
PDWHULDOV IURP VXFK DUFKLWHFWXUDOO\ LQWULFDWH PDFURPROHFXOH)\

YRU SRO\PHUV ZLWK FRPSOH[ DUFKLWHFWXUHV WEXLF BDPS X9 DE G DR G D/S
WKH VWUXF WO QHDW XARODHFXOH FKDUDFWHUL]DWLRQ VWUDWHJLHV DUH
KRPRJHQHLW\ RU WKH XQLTX+F HQWURBNPQFONVFYQ VLQJOH PROHFXOH LF
WHFKQLTXHV2 W\SLFDOO\ GHVLJQHG RULJLQDOO\ DRUSWRM HL@D/ODQE QK
DFLGV 2 KDYH DOVR RSHQHG QHZ DY H QWIHWX DROL MDKVH. R R DIUDG \W B Q L BDXWO IDRAQL R
FRPSOH[ SRO\PHUV $WRPLF IRUFH PLFURVFRSW R)YLWOD/O E HH Q Q\GLFALKEK\DI
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PROHFXOHV VXFK DV WKH LQGLYLGXDO VWDU ®LONGH FSRRUOR FFRROL U B IRIEVX B BW
FKDLQ IHDWRZHHYWHU WKLV WHFKQLTXH LV OLPLWHG WR DO\ B S8GE AMDELG H
PRVW VIQWKHWLF SRO\PHUV DQG LW UHP DDIB VWKW UHKFEH PK IFIKD 6 R § Q HIFQ\WIL

$VLGH IURP LPDJLQJ $)0 DOVR POQDEIOHW\ VRK H RIY IPGHUD SK\RQ FIDIO SURSHU W
FRUUHODWHG WR WKHLU VXEFKDLQ PRI AR WG R BMFDURNHE EDVY VD KW HHUO B M W
GHYHORSPHQW $)0 EDVHG VLQJOH PROHFXOH |RUEBWHGE FWWRURKN FDS\D GO )6 |
WKH FRQIRUPDWLRQDO FKDQJHV RFFXULQJ LQJDI $RG\PHLG KRDLMRW R FX R H
ERQG UXSWXHMHKHUHQW VWUXFW XU DJD BQ GHHARHN OHFURNW D H 8 Q LIQIW ZRX O
PHFKDQLFDOO\ EUHDNLQJ WKH ILUVW ZRXO ® IOH VG FVRR) G KZ.10D HOHDGE) DWRL R
7KLV FRQFHSW KDV EHHQ YHULILHG VXFFHVWHIXQW\WUDQFED R HLLY XX LREHG E
FOHDEMMGKH DGGLWLRAWKWKIRIDGH QXPCGHRSKWOHWFKLQJ 6XFK UXSWXUF
EVFKDLQ HORQJDWLRQV WKDW FRUUHVSRQG WRRQIGH JRIXGHG B KWH BHQMQ J
UHSRUW PHFKDQLFDO XQIROGLQJ RI V\QW KH®U R JHRO ERHIBL @ 1 VZID \P XCHW E
OHLMHU DQG FRERUFRRHWR XU OHQJWK DQG WKH QXPERE RIKWKAR QX B WXW H’
IRUFH SHDNV ZHUH XVHG WR FRUUHODWH W KGH 7IKR R X[\l PEEIOHGQ® R WIKIHG
LOOXVWUDWH WKH IHDVLELOLW\ DQG UHOHYDQFHKDRIDPWHURLQRWDRR Q\ R{QV
FRQQHFWLRQV

[H1] Emerging biomedical applications

'LWK WKH DELOLW\ WR WDLORU FIRPFRSGDHHH XSORO\ FOHHYY B O F KW MH KBS W AP OR QR O
SURYLGHV D JRRG SODWIRUP WR GHYHORS DG¥ROEBE[|%QPWLHRUD OFE 3 ROV
ELRFRPSDWLEOH ELRGHJUDGDEOH DQG IXQFWLRQDQILYD EWR PNRO HR X OW K
GHYHORSPHQW RI FXWWLQJ HGJH ELRPDWHULDWKH LWK FOALGHD ¥ X SRIXQ R/W
YXUWKHUPRUH LQVSLUDWLRQ IRU FRPSOH[CDB R K LVH¥FWOQU A DIF E HHYGIED W |
GHOLFDWH ELRIXQFWLRQV RI QDWXUDOO\ H[LVWLQJ ELRPQFKREBROHF
JO\FRJHQV SRO\WDFFKDULGHV RU QXFOHLF DFW®¥ @H VWH{DI® 6 KSUMD BX O W L S
FRSRO\PHU V\QWKHVL]HG E\ IUHH UDGLF D ODR)6E OFRCFGRHSIRFO DR BUDMBRZ Q R |
DV WKH ILUVW FOLQLFDOO\ WHVWHG SRO\PHULF D QW DRBEQ FIHUN DIV MV
LPPXQRVFRPSHWHS QW [HPGOWU\ DSSOLFDWLRQ RWDOA G RBO\PHYUHE SRQMP BUYY
YHFWRUV ZKHUH SRO\PHU DUFKLWHFWXUHV SOD)\ DR EUKFR S\ WFDKD 1SQ B
RI WKH SRO\SOH[HV DQG XOWLPDWHO\ WKHEFEUD GA Q\HPOI R WVQEDRMMWHF WLk
DUFKLWHFWXUDO FKDUDFWHULVWLFV H J FRDPSOFMY AR QGRUDRDMILIHR DD G
LQ JHQH GHOLYHU\ VXFK DV UHGXFHG F\WRW®[YEXYW\GH O R QYWRIDR\DH E G RAL
3RO\ GLPHWK\ODPLQRHWK\O P HWKXDG B\ROWHW K30 PQGHD QG FR ZRUNHU)
H[SORUHG SRO\SOH[ IRUPDWLRQ EHWZHHQ VLQJOHW HWXBDQLRFWKBD® IRH
FKDLQ F\FOL]HG VWUXFWXUH HQGRZV WKH SRO$PHY\D Z2RRV M KR FIRSIPHL
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OHDGLQJ LQ WXUQ WR PRUH HIILFLHQWWRYHW W K HWARRRP BDWQFL 050 FAHDDI K
JLIXUH 6WDU DQG EUDQFKHG SRO\PHUV DOVR GLVSOD\ XVPLD®@ WHMRISRC
WUDQVIHFWRBRG[DPSOH VWDU VKDSHG 3'0$(0$%$ KDV DRUPXROQWHXSI! IFHRIQBIOE
HIKLELWHG D ORRXHBERWERKRYRSIHULRU JHQH WUDQVIHFWLR® SBWNVMIRUPDQ|
7TKH LOWURGXFWLRQ RI GHIJUGRDE GKHIJEUPRGHKERO BR ZHWIKW 3'0$(0$ KD\
RYHUFRPH WKH ORQJ VWDQGLQJ DQG SUREOHPDMWMLPQGERMRHGDWLRQ EHW

6LPLODU WRSRORJLFDO HIIHFWV KDYH DOVR EHHQSRBVHMHRWYW G FMWH BRMWKH U
FROQWDPLQDWLRQ RQ PHGLFDO GHYLFH VXUBLRRH®H \F KD PQ MFREIOV. DH I WS RLOAY
XVHG WR IDEULFDWH F RIBWK 8 JNR Z RIDBAKRRIQOFRIUHKMY QDQRSDUWLFXODWH VL
VWUXFWHKGMWHKB OWKHIUDFH PRUSKRORJ\ DQG K\GURSRREBEHEXWWRRQVKE ERB\
DWWDFKPHQW ELRILOP IRUPDWLRQ RI XS WR SUHQIFFRHPGDURYRG3ZRW&IWO\U
%R\HU DQG FRZRUNHUV IRXQG RZQLQJ FRHBEUDRGKHGQ SR E\HHIUR\E KDY HD |
EHWWHU KHPRFRPSDWLELOLW\ FRPSDULQJ WR WKH OLQHDU RQHYV

+\SHUEUDQFKHG SRO\PHUV KDYH DOVR EHHQ@ W)@ WXIHVL D6 BWHIRNNILGRR P B
E\SRRU PROHFXODU PRELOLW\ DVVRFLDWLRW  HWRIQ \MHRN L QHDHV MK IV S - PS
RI K\SHUEUDQFKHG VWUXFWXUHYV HQDEOH®RQVKHQKVP B & HFK @REKRREHMS RO\
D KLJ)KO5, VHQVLWLYLW\ ZLWK WKH SRVVLELOLW\ RI DFOQLY LY HMDJIHYV Z
HOQFRXUDJLQJ UHVXOWY KLIJKOLJKW WKDW PDQRGSRE GWLR® FRH USRDWHHRWD ORL
SURYLGHV D QHZ zD\ WR HQKDQFH WKHLU GLYHUVH ELRPHGLFDO SHUIRUP

$QRWKHU VWUXFWXUDO IHDWXUH RI 090 GHULQYWHGJIRGSPWH UAK L FKWAKDHD) PEXHC
PRGLILHG RU FURVVOLQNHG WKURXJK GLYHUVH BKHPLANW B KHYP IROMHEK DV
H[DPSOH WKH PXOWLSOH DXKNRHMWEUD ¥ ERMNBG JRXNPHWRQURP KRPRSRO\PHUL]
PRGLILHGKAGWR[\VXFFLQLPLGWMRUH®G JU RY¥BYVOLQNDEOH K\SHUEUDQFKHG
RYHU 1+6 JURXSV S6MFRKOSHMUPWDQFKHG 3(* GLDFU\ODWH SRO\PHUV FR»
IRUPLQJ D FURVVOLQNHG K\GURJHO ZNMEWQR P UGN & X DO XYQ. AR R KISE/DR/
RI VWUXFWXUDO PDQLSXODWLRQ K\GUHRILWOG IRRPPDXALS X O\DIVE BDBHD KX IE
WKXV XQGHU H[WHQVLYH LQYHWKWRJDQGERAR IRRUNHOY WKARQSWUDWHG WK
F\FOL]HG SRO\PHUV IRU IDEULFDWLQJ LQMHFW® R ZKHG WRKBWY DR UG 'FEHR
SURPRWHG ORQJ WHUP FHOO VXUYLYDO DQG SUROLIHUDWLRQ

%HVLGHV WKBDIHQWRSRDRAIWKUDO HIIHFWV 090V DUH DOVRXBIFGH®RQPOWVH G
JURXSV LQ SRVLWLRQ DQG RU PDLQW D DQPW K HFF RIXNLYYIXRFWR Q@ P B0 SKR ORI
UROH LQ WKHLU DSSOLFDWLRQV DV ELRPDWU®HDDY & XEKFIWHGQGLW H P H®I
DGKHVLRQ DQG KDUYHVWLQJ PROHFXODU EDBFRBQLYORQDH MLUYWREEELURQ
DFLG GHJUDGDEOH JO\FHURO GLPHWKDFU\OBWRWHDL\Q XYHGRW R SFXROWHWOE Q ]
FDQ HIIHFWLYHO\ SURWHFW FDUJRV IURP HQ]\PDWLFL BHIWHGE PW QR® WD Q G
PHWK\OHQHELVDFU\ODPLGH %,6 ZDV XVHG WR FWRV/\MD DN QUL RIS DD VLG
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YDVFXODU HQGRWKHOLDO JY@RIWKKI UDHFMMRUUILYF)DSSOLFDWLRQ RI 090V DV
FROQVWUXFWLRQ RI K\GURJHOV XVHG ||RUDH\WSBDNWD B G PR RAURERIOR SAR G[OXP DF
DQG %,6 DUH LQIXVHG LQWR IL[HG DQG SHMWPHDE |G W& VRLGPWVEHNKNMEW IS HHDY
WUHDWPBQWRWMHDKH WKH WLVVXH+*SRO\PHU FRPSRVLWH ZDWR®WIWRSB\JHG I
VZHOODELOLW\ RI WKH K\GURJHOV D | R O X VO LGAH/DALR H WSICRIY IDRAMQ VRK HNV R
DQDWRP\ ZDV DFKLHYHG ZKLFK HQDEOHG VXSHUHMRPHRONX WL RQRIYVHFRBH J) R.
7KH ([0 WHFKQRORJ\ IXUWKHU GHPRQVWUDWHG LSHFDBIHQVYFYEVRDWL DAV |
51$ DQG SURWHLQV

W LV ZRUWK QRWLQJ WKDW 090 GHULYHG SERWWONEUKMR BQBSHDBE A GFWRJ
KDYH VRPH VXSHULRULWLHY IRU ELRORJLFDO EHB FCH@UFRDCE DS ISWY FIDWLHR @
VIOQOWKHVLYV KLJK VWUXFWXUDO IOH[LELOLW\ DQDBUMNRREW RRGLE RIPDHE VXIFW \L
WKH UHODWLYHO\ ORZ PRQRPHU FRQYHUVLW®&HREW RVXE FROQWRKKYDW RHEVUKQA
RI EUDQFKHG SRO\PHUV DQG WKH UHVLFEDXP OHDQ@Q\WR URXBW LR QS B R URKU W\

6 Conclusions

Although the studiesf FRP of MVMs have been conducted since the beginnings of polymer cheméstent
advances in polymer science have led to exciting developments in the area. Unlikelittonal FRP of monovinyl
monomers, the unique reaction kinetics and multiple potential propagation pathvi#®B of MVMs provide great
flexibility in manipulating the chain topology and functionality. This results ftbengeneration of polymerizable
pendent vinyl moieties on the growing chains, enabling concurrent inter-clmalination and intra-chain cyclization.
This increased tunability enables unprecedented control over the competingropaiggtion events. This is assisted
by the elaborate design of special MVMs, the control of gel points and the manipafatierspecial distribution of
crosslinking chain growth kinetics. These strategies have highlighted multivinyl radicalepidgtion as a highly
efficient synthetic approach for the preparation of polymers with a variety aébmatecular architectures, including
(hyper)branched, cyclopolymer, single-chain cyclized, star polymersedwdnks. The well-controlled structures and
the inherent properties have stimulated many applications, especially in the biomedjcahaieg from therapeutic
and diagnostic applications to tissue engineering. It can be envisaged that theata®ielopment of synthetic
approaches and an improved understanding of the struptoperty relationships will facilitate further progress in
the field.

However, despite the great progress achieved so far, multivinyl radical polymerizatioriques still need to
overcome several key challenges. A comprehensive understanding of the ptiorekinetics with concurrent
chain growth, cyclization and crosslinking reactions has not yet been act@eveglete control over the occurrence
of competing propagation pathways remains challenging. Precise distinction and dzatexiesf the inter-chain
crosslinking units and intra-chain cyclization units in cyclic/branched/crosslirdtgahers are outstanding issues that
may be resolved with techniques such@$lWZRUN GL VDYV YV HHAEGAIrmatoH &f\spatRImHomMmageneity

with fluctuations of concentration and crosslink density in the networksrrohivinyl radical polymerization is not
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yet fully understood and a theoretical framework that coeelatich spatial inhomogeneity with mechanical

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

techniques make them a potentially efficient tool for achieving intricate structures, ssetpasce-controlledr

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

materials) will surely stimulate further development of this technique. Based on teestdngne of work already

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

innovative polymeric materials.
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Interchain combination dominated

Intrachain cyclization dominated

Flory-Stockmayer theory

The first theoretical framework for
network formation from multivinyl/
vinyl copolymerization

Star polymers

* Multiple arm chains radiating
from a central core

* Multivinyls are used to connect
arm chain ends to the core

Linear polymers

* Linear polymers with pendant vinyl
groups

* Achieved by eliminating the
consumption of pendant vinyls via
use of asymmetric divinyls or
metal-organic frameworks

v v 7

7

Sequence-controlled pol

* Linear polymers with specific
sequence: ABAB or ABAABA

* Achieved by cyclopolymerization of
multivinyls with subsequent degradation

* Dendritic polymers with every
repeat unit as a potential
branching unit

* Achieved by kinetically
controlled homopolymerization
of multivinyls

| * Achieved by delaying the

Network/gels

* The notion of a 3D network
molecule was proposed by
Staudinger and Husemann

» Achieved by radical copolymeri-
zation of divinylbenzene with

styrene
[ Cyclopolymers * Achieved by

* Linear polymers with alternating monomer
repeated in-chain addition and
loops by Butler et al. intracyclization

Branched polymers

* Dendritic polymers with linear K
chains branched out by multivinyl %

units /_P

macroscopic gelation via the /_j\ x
‘Strathclyde route’ etc.

Intrachain-linkage (loop) counting

* The first direct, precise and model-free intrachain
-loop-quantification technique in a side-chain-
crosslinked network

* Achieved by network-disassembly spectrometry

Single-chain-cyclized polymers

* Single-chain polymers with
multiple cyclic units and
self-knotted structures

* Achieved via homopolymerizati
of multivinyls, with
intracyclization being favoured
over intercrosslinking

* Well-defined network

* Pseudo-crystallized network with
well-aligned/well-positioned
linear chains and crosslinkers

* Achieved by host-guest
copolymerization of divinyls/
monovinyls in porous coordina-

tion polymers

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 polymeiteatcines are described and further
categorized as intra-chain cyclization dominated and inter-chain combination donclaates. Part of this figure V
DGDSWHG ZLWK SHUPLVVLRQ IURP 5()
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Keys for ing crosslinked networks
* Enhancing the interchain crosslinking
* Eliminating the intrachain cyclization

Regulation of free-radical polymerization of multivinyl monomers

Keys for synthesizing soluble products
(avoiding macrogelation)

* Diminishing the amount of interchain crosslinks
* Enhancing the intrachain cyclization

* Localizing crosslinks (spatial control)

* Homogenizing the crosslink distribution

e. Polymerization in metal-organic
frameworks

* Using nanochannels to regulate the
interchain and intrachain reactions

a. Monomer design b. Crosslinks per primary chain (gel point) control c. Crosslinkage spatial d. Crosslinking kinetics control
* Asymmetrical MVMs * Controlling the number of crosslinks per primary distribution control * Minimizing the instantaneous
Highly reactive vinyls chain to be less than 1 (i.e. the F-S gelation limit) * Regulating the kinetic chain length to confine
react first, generating to delay gel points over full conversion (line B) crosslinking units’ only adjacent vinyls can be
pendant vinyls with Achieved by adding chain-transfer agents in distribution by added to radicals (growth
low reactivity to conventional FRP or controlling the feed ratio of controlling the MVMs boundary), delaying the
suppress both MVMs to initiators/RAFT agents in RDRP feeding timing interchain combinations to
5 / o ) hai tatbi
Ihaeain s e SR Timing of adding MVMs | | . tracyclization favoured with a
Most reactive ] high [MVM]/[initiator] feed ratio
vinyl __Insoluble Q
z @ F-S gels (Core first) — S
£e [ gogelationtimity | S
— © * w
25 ] . o \ o e — i
gz 7: ® / : E
z S§ [AT &8 . 0% S, f
s °E : Soluble (Onepot) |2 j
. g 5 v 1 1 — branched P S Growth boundary
* Oriented MVMs £ ! b polymers & * At low [MVM]/[initiator] feed
Vinyls are pla’ced 2 = & : 3 C . ~:<’ ‘( ratio, interchain combination is
close proximity, ! = ontinuous Hes o
ik - ) feadin 3| delayed
promoting intrachain : ) &) 9 2 /‘j\ Growth
cyclization 0 Gel point 100 Gel 3 . ’S\E boundary
S Vinyl conversion (%) point g 5 ’; 2 2,
A: Traditional gelation systems g R\ S S
U B: The ‘Strathclyde route’ (Arm first) @ 3/ 3, (’ <
1: Pushing the gel point over full conversion 100% Y

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 cr&sslifo synthesize soluble products,
it is key to avoid macrogelatidoy diminishing the inter-chain combinations, enhancing intra-chain cyclization and
localizing the crosslinks. Contemporary experimental strategies include a) masesitgr, b) control of crosslinks
per primary chain (gel point control), ¢) control of the spatial distributid crosslinks, d) kinetic control of
crosslinking reactions, and e) use of nanochannels. a) The interastdhiimtra-chain crosslinking can be readily
regulated by designing asymmetric MVMs or orienting the vinyl moieties in a closinitsoX) The gel point can
be delayed until full conversion by controlling the crosslinks per prirolagyn. c) The crosslinks spatial distribution
can be regulated by tailoring the monomer feeding polices. d) The contia ofstantaneous kinetic chain length
provides an approach to regulate the chain growth boundary to delggltipint. e)The use of metal-organic
frameworks can achieve exclusively @mholecular reaction or intramolecular cyclization, yielding well-defined
network or cyclopolymers.
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transfer agent (CTA)A~I3839175.17% terminates the propagating chain through chain transfer reaction, keeping th
primary chain length short and the average number of crosslinkersimparypchain less than 1 thus to avoid the

macrogelation
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Most reactive

vinyl )
) z
Chemoselective Branching
polymerization polymerization
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Figure 4.Chemoselective polymerization and branched polymerization of asymmetric monomerghe
reactivity difference of vinyls in an asymmetrical MVM (AS[66.69.177.1%8can be used to regulate the reaction
kinetics, as high reactive vinyls are reacted fiwi (nonomer addition reaction) leaving the less reactive one
reserved as pendent functional groups (producing linear polymer) or cethéuia delayed manner (generating
branched polymers). Thus it is critical to have the reactivity ratio for esclofovinyl moieties K(1/r», calculated
based on Alfrey-Price thed¥ be significantly different.
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A Conventional small divinyl monomers for cyclopolymerization
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B Engineering large divinyl monomers for cyclopolymerization
Ba Using bulky or chiral groups as template
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Figure 5. Contemporary experimental strategies to engineer MVMs for cyclopolymerization.
Cyclopolymerization can be achieved by either using small DVM&-¢AJ3.95.9.17%r by orienting the vinyl moieties
close to one another through the use of a bulky template 8&);18%482 a metal template (BEY$2% by exploiting
hydrogen bonding (BB)°£1? or by constraining the reacting monomers in nanochannéef$.(C)
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Figure 7.Gene transfection with a cyclized polymer as the delivery vectomhecyclized polymer condenses the
plasmid to form nano-sized and positively charged polyplexes. These are pakenells through endocytosis and
thus mediate functional protein expression inside cells.

Figure 8.Expansion Microscopy. Biomolecules of interest in prefixd cells or tissues are first functionalized using a
fluorescent tag carring a vinyl moietypecimens are then infused with initiators, comonomers and divinyl

crosslinkersN,N émethylenebisacrylamide, which are further crosslinked through free radigaigrization. After

proteolysis, the tissue-polymer composite are swelled in water, resulted oidliéar expansion, enabling high
resolution imaging. Reproduced with permission from REF.
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[b1] Flory-Stockmayer (F-S) theory

In the 1940s Flor? and Stockmayét outlined the first theoretad framework for the definition and calculation of gel
point based on the mean-field statistical theory. For the radical (co)polymerizatiodviMg, they put forward a
mathematical expression of the gel point, based on an ideal polymer gel system vagstwptions: i) all vinyl
groups have equal and independent reactivity, and ii) intramolecular cyclizsictions are neglected. This resulted
in the following equation:

TS T ¢ )

where @s the weight-average number of crosslinks for each primary chain (edual the critical gelation state),
is the extent of reaction of vinyl groups. The subsaristadded to represent the critical gelation stéfs,the initial
mole fraction of vinyls in divinylmonomers (within a mixture of divingnmomers and vinyl monomers) , ar@is
the weight-average polymerization degree of primary chains.

These assumptions greasimplify the mathematical analysis of the model but also limit its practical application to a
large extent. Discrepancies are frequently found between the iBtogkmayer calculations and experimentally
observed gel points and areattributed either to intramolecular cyclization, or viasiecbactivity, or both.

[b2] Radical polymerization of multivinyl monomers

The radical polymerization of MVMs is a special field of free radical polymerization (RRIPunique mechanistic
processes and special reaction kinetics, such as cross-linking, cyclization, autoaateleatition diffusion-
controlled termination. All of these features originate from the generation of paainlerpendent vinyl moieties on
the growing chain (reactiahin the figure a), and these pendent vinyls can continue to react with progagditals
through either intra-chain cyclization or inter-chain crosslinking. Intra-ahailization occurs when a pendent vinyl
reacts with a radical in the same chain- leaving behind a loop in the propadingring-closing reaction, reaction
2 of the figure a). Intra-chain cyclization is a special type of chain growithvefiongates the length of kinetic chains
without increasing their molecular weight. Intermolecular crosslinking is a typenafldgular reactions where
pendent vinyl groups react with radicals from other propagating chains rednltthg combination of different
primary chains and ultimately causing the change of the system from sollsttie issoluble gels (reactiahof the
figure a).The seemingly trivial ability of one repeat unit to undergo multiple times of cmapagations enables the
formation of a range of novel macromolecular materials, ranging fraommanon network to the more complex
architectures.

It is critical to evaluate (and ultimately attempt to control) the rates of these two coexistiognapeting reactions
in order to synthesize architecturally well-defined polymers. The experimental reguiati@se two reactions has
been under extensive investigation, with the ultimate goal of efficient synthesither intra-chain cyclization
dominated, or inter-molecular crosslinking dominated polymer topolBgyure b and c illustrate two elegant
strategies towards that end. To achieve exclusively intramolecular cyclization with non-spelfsliMedSawamoto
and coworkers used a cation template to direct the monomemspstudocyclic conformation. This brings the two
intramolecular vinyl groups into proximity so that they are suitably positidar intramolecular cyclization instead
of intermolecular crosslinking, yielding linear cyclopolymers with large airtHPEG rings!® Kitagawa and
coworkers further achieved conditions for inter-molecular only crossliniéagtions by embedding the divinyl
monomers (DVMSs) into the structure of metafyanic frameworks. Subsequent radical polymerization of vinyl
monomers inside the nanochannels consumed DVMs solely by inter-chaiimkiog because the two vinyl moieties
are physically separated with no intra-chain cyclization reactions being pd&$fale:.of this figure is adapted with
permission from RERS
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[b3] Box 3. The growth boundary model for controlled homopolymerization of multivinyl monomes
To enable the kinetic and spatial manipulation of chain growth related reaatidogjig monomer addition, intra-
chain cyclization and intermolecular crosslinking (BoxFigure a), it is important to consider the instantaneous
kinetic chain length of ATRP, which is defined as the number of double boned dddng one activation cydfé
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The instantaneous kinetic chain lengéh¢f ATRP generally represents the length that a growing chain can reach in
a single activation/deactivation cycle, and may be intuitively termed the growth bpghti&*°

To produce architecturally complex polymetssicritical to keep this kinetic chain length short and thus avoid the
early stage gelation , as demonstrated in deactivation enhanced (DE)-ATRP of Nfgdee (below). Under
conventional FRP or normal ATRP conditions, the kinetic chain length, and thgsothih boundary is large and
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allows a large number of vinyl groups to be added to an active cergach active cycle (Figure 2d). All of the vinyl
groups within the growth boundary have the chance to be react, irglpdident vinyl groups other polymer
chains.This results in the rapid generation of high molecular weight polymer chiiesoverlap with the growth
boundary of other active polymers results in significant inter-chain catidum quickly yielding an insoluble gel, in
accordance with Florystockmayer theory. However, the DE approach retains a larger amount of deastieates
(Cu'/ligandasshown here), and thus the instantaneous kinetic chain length is kepfl$nsaginall growth boundary
confines the addition of the active center to athly very few closest vinyl groups before deactivation occurs, and
hence keeps the polymer chains growing in a limited space (Figurén2thlis way, unlike a typical FRP, the
deactivation strategy avoids the rapid formation of large polymer chains comisnattimultiple chaing the early
stages of the polymerization reaction.

With a small growth boundary, the manipulation of the chain dimensionclaaich volume concentration can
potentially regulate the occurrence of intermolecular crosslinking and intra-@diration. The chain dimension
and chain volume concentration are closely correlated with the initial molar feed Msf to initiator (Nx).

In systems with smal\x values (e.g. 23° alarge amount of initiatorsiadded and as a result of the small growth
boundary, the addition of a large number of monomers to &egimgnary chaing avoided. Instead, the monomers
are predominately conved to short oligomers in a controlled fashion. Subsequent intermolecular combinatio
produces hyperbranched polymers with a high branching ratio andwmyional groups.

In systems with largélk values (e.g. 100): a small number of short primary chains are generated in the tite ear
stages of reaction. Thus, for a specific active center in its active cycle, thetnéaykegroups are most likely to be
monomeric vinyl groups or pendent vinyl groups in the same chain, reghgcReaction with these proximal vinyl
groups corresponds to the chain propagation and intra-chain cyclizatibis. situation the intramolecular cyclization
is kinetically favored over the intermolecular crosslinking. The benefits of a grighortion of intramolecular
consumption of pendent vinyl groups are twofold: i) monomer caioerbefore gelation can be significantly
increased; and ii) single-chain cyclized polymers can be generated if theepialgtion is terminated in a timely
fashion, beforeintermolecular crosslinking occurs.
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During free radical polymerization, the regulation of intermolecular crosslinkidgn&amolecular cyclization
enables the construction of complex polymer architectures. This Review summarizes medlcbas/othis control
and techniques to analyse the sub chain connections. Finally, it discusses exemmpledychiapplications of the
complex polymer products.

List of glossary term

Intramolecular cyclization: According to IUPAS crosslink is defined as a small region that connects two or more
different polymer chains. Intramolecular reaction here is also ascribed as a spssiailking reaction,
because it produces a similar linking unit that bridges two different monomeessatrtie primary chain
together, forming a loop structure.

Degree of branching (DB)n radical polymerization of MVMs, degree of branching is defined as the nwhber
branch points (i.e. fully reacted MVMSs) per repeat unit, as quantified by nucéepretic resonangtor
through degradatidh

3 ¢c UXOHK UXOH” WKDW LW LV QHFHVVDU\ WR NHHS WKHGWYWDQYKH EHWZFE
enhancement of intramolecular cyclizatiéh.

Instantaneous kinetic chain length: The number of double bonds adidiegl dne activation-deactivation cycle in
ATRP' 4 (Equation 2 of Box 3)

Grafting-from” polymerization. A type of polymerization process in which initiating moieties are cdlyalen
bonded to the main polymer backbone and monomers are polymerized elsaits.

Mark Houwink exponent (): A constant from MarkHouwink equation, which correlates the intrinsic viscosity
([ §) of polymer with its molecular weighM): [ B3=kM".*87 . values depend on the configuration of polymer

chainsin the solvent environment.
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