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ABSTRACT: Covalent polymersconnected by non-covaleninteractionsconstitutea
fascinating sebf materialsknown assupramoleculgvolymernetworks(SPNs). A key
feature of SPNs is that the underlying covalent polymers endow the resulting self-assefn
materialswith features such asstructuraland mechanicahtegrity,good processability, ‘
recyclability, stimuli-responsivenesseglf-healing,and shape memory, that are not
recapitulated in the case ofassic covalent polymer systeffe unique nature o8PNs [
derives from the controlled marriage of traditional covalent polymers and macrocygle-b
host—guest interactionss a consequensgipramolecular polymeric networks have play
importantroles in a number ofdiverse fieldsncluding polymer scienceupramolecular
chemistrymaterials scienckiomedicamaterialsand information storage technology.
this Reviewwe summarize advances made in the area of fun@®Nalwith a focus on
original literature reportsappearing in the pastfive years.The treatmentis organized
according to the key macrocycle-based host—gimdstactions used to produce various
SPNsThe role of the underlying polymer backbones is also discussed.
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1. INTRODUCTION

Supramoleculapolymeric networks (SPNs) are covalent
polymers cross-linked by non-covalietéractions* Com-

pared to covalent bond cross-linked polymer netw8SiRAls

have appealin terms of easeof recycling,experimental
adaptability,and their ability to undergo self-healing after
damagé:°®Due to the reversibility and stimuli-responsiveness
endowed by their constituent non-covalent interactids

have attracted attention as smart materials in a number of fields,
including in the construction of inter alia self-healing materials,
drug delivery systems, memory retention materials, systems with
high adhesiommnd polymer-based electrolytes>

It is important to appreciate that SPNs do not rely solely on
non-covalent interactiorf3atherthey are based on covalent
polymersThis feature of SPNs means they are predicated on
materials that have long been subject to industrialized
production and which havegood mechanicabnd thermal
integrity, as well as an established history of use across a number
of fields’®?” Moreover, changingthe monomersused to
produce the polymer backbomesates systems with different
propertiesthat can be used to addressifferentneeds For
example thiophene- poly(p-phenylenevinylenept acene-
based conjugated polymers can be applied to the preparation of
organic photovoltaic devices,such as organic field-effect
transistorsprganiclight-emitting diodes,and organicsolar
cells® Poly(N-isopropylacrylamide) (PNIPAMyith lower
critical solution temperatures (LCSTs), has found application in
thermal-responsive materials and proved uisetaintrolling
surfacewettability, effectinggene delivery,and producing
nanoreactors. >'Polymers containing gas-sensitive molecules,
such as diethylamine(CO,-sensitive),0-phenylenediamine
(NO-sensitive), or o-azidomethylbenzoatéH ,S-sensitive)
groups,have allowed forthe construction ofgas-responsive
materials thafin turn, have been used to fabricate microgels,
control self-assemblgnd produce sensot$ Photo-sensitive
moietiessuch as azobenzene (A=pirobenzopyraanthra-
cene,and 2-nitroresorcinalerivativesgan provide polymers
with photo-responsive propertiélsat are playing important
roles in the fields of photo-healinglight-regulated supra-
molecularengineeringand photo-chemotherapy.*° Sepa-
rately, polymers containing biologically important molecules are
attracting attention in various medically relevant fields, including
theranostics and nanomediéiné®These platforms have also
led to the generation of enzyme-responsive hydrog&lst
surprisinglyan effort has been made to import the beneficial
features of these functionalized covalent polymers into the realm
of SPNs.

Key to creating SPNs is control over non-covalent
interactions such as hydrogen bonding?*’~>* host-guest
recognitiorn”~®*metal coordinatiot, °” -1 donor-accept-
or effect§®~’° cation—Tr interactioris electrostatic bindirg,
salt bridgeS’and halogen bondifig’“Taken in concert, these
recognition effectprovide SPNs with good processability,
recyclability,stimuli-responsivenessglf-healingand shape
memory.Among variougypesof non-covaleninteractions,

https://dx.doi.org/10.1021/acs.chemrev.9b00839
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macrocycle-based host—-guesicognition hasreceived the nium salts (PCTAS) (Figure 1),'®" bis(m-phenylene)-32-
greateshttention,perhaps due to the unique properties and crown-10 (BMP32C10)/methylviologen (MV?2*),>%:1227125
tunability the underlyingbinding imparts to the resulting and bis(p-phenylene)-34-crown-10BPP34C10)/M\2*.'%°
complexedacrocycle-based host—guest interactions typicallAmong these host—guest recognition systé384C7/DAAS

rely ona number of effects, including charge transfer and DB24C8/DBAS were applied early on to create SPNs. For
interactionselectrostatic interactioremd hydrophobic inter-  examplejn 2009, Huang, Liu, and co-workersreported a
actions>"® Also attractive is the fadhat the hostor guest supramoleculgrolymergel based on a DB24C8-terminated
moleculesnvolved in macrocycle-based host—guigdgérac- four-arm star poly(caprolactone) and a DBAS-terminated two-

tions can often be decorated with functiongtoups.In the arm poly(caprolactone}?” Due to the inherent thermal-
context of SPNs, this can allow regulation of the properties céhsitive nature othe supramoleculainteractionsand the
resulting self-assembled systém§’ Independenbf direct pH-responsiveness tbfe deprotonation/protonation process

functionalizationmacrocycle-based host—gudsteractions  for DBAS,DB24C8/DBAS recognition is endowed with dual
can impart various stimuli-responsivdunctions, allowing thermal- and pH-responsivengssyiding the corresponding

triggering by lightredox effectgH, and temperaturas well gel with analogousstimuli-responsiveroperties.ln 2012,
as exposure to anions and catfbis Therefore, macrocycle- Huang and co-workersreported an interesting self-healing
based host—-guesiinteractionshave been widely used to supramolecular polymer gel that was obtained by cross-linking

constructfunctional SPNs’?"-#4~86To date, much of the poly(methyl methacrylate)(PMMA) via DB24C8/DBAS

focus has involved five classic seriesyadcrocyclesiamely host—guestinteraction$?® In 2012, Wang and co-workers
crown ethers, cyclodextrins (CDs), calix[n]arenes, cucurbit[nieported a multi-responsive SPN based on the host-guest
urils (CB[n]s), and pillar[n]arene&”®"~°In recent years, interactions between a DAAS-functionalized polystyrene and a
howeverseverabther macrocycleincluding a tetracationic ~ complementaryhomoditopic B21C7 cross-linket?” More
imidazolium macrocycle, cyclobis(paraquat-p-phenylene)  recently, SPNs based on host—guest recognition motifs
(CBPQT*), and calix[4]pyrroles (C4Pshave begunto be  consistingof either B21C7/DAAS, DB24C8/DBAS, and
explored in the context of preparing supramolecular polymerigB24C8/PCTAS pairs have been reported (Figure 1).

materiald®°~"%¢ Collectively these contributionshave served to underscore
The marriage ofcovalentpolymersand macrocycle-based the potentiabenefits associated with using crown ether-based

host-guestinteractionsprovidesSPNs with a number of host-guest interactions to create SPNs.

desirableproperties,including good mechanicalstrength, 2.1. Benzo-21-Crown-7/Dialkylammonium Salt

structural stability, diverse functionality provided by the Recognition Motifs

covalent polymeras wellas dynamic and responsive features

made possible by the underlying host—guest interadtmas. . - .
result,gPNs are groviding a r):evg frontiegr for materials-related°t@xanesare atractive building blocks for the preparation of

research. They are also driving advances in both polymer scigRE@molecular architecturébese now-canonicslructures
and supramolecular chemistrythis Reviewwe summarize ~ 2'€ C aracterized by degrees of freedom that are restrained in at
recent advancesn functional SPNs,specieswve define as least one dlmensn_)n; however,they still permit gﬁectlve
covalentpolymerscross-linked by varioumacrocycle-based ranslation or rotation dependingon the system in ques-
host-guest interactions. For the sake of organization, SPngﬁ ' The incorporation of mechanicallynterlocked

I . ; ;
be discussed according to the type of hosts involved ructuresinto bulk materials thus offers the potential of
' transforming specific molecular motions into macroscopic scale

2. SUPRAMOLECULAR POLYMERIC NETWORKS changes. This property, in turn, can lead to materials with special

Mechanically interlocked structuresych as catenaneand

CONSTRUCTED BY COMBINING COVALENT dynamic properties or unique mechanical featdré€Xing
POLYMERS WITH CROWN ETHER-BASED and co-workersreported a SPN that takes advantageof
HOST-GUEST INTERACTIONS interactions between a catenane-based B21C7 cross-linker

) ) ) and a DAAS-grafted polymé&t'As shown in Figure 2, the two
Crown ethersthe first generation ofnacrocyclic hostdave  B21C7 hostunits were linked by the [2]catenane moiety to
been widely Hg??oto fabricate various supramolecular — generate cross-linker 1. Then, polymer 2 was cross-linked by 1 in
architecture®'*""°fndeed, countless host-guest recognitionCHC, to form SPN 3.Compared with a traditionabvalent
systems based on crown ethers have been repofddssic  pong-connected homoditopiB21C7 cross-linked polymer,

pairingsinclude, for examplebenzo-18-crown-6 (B18C6)/  gpN 3 displayed much better viscoelastic properties. In addition,
primary alkylammonium saft8benzo-21-crown-7 (B21C7)/

dialkylammonium salts (DAAS) (Figuré'%); "°dibenzo-24-

crown-8 (DB24C8)/dibenzylammonium salts (DBAS) (Figure s O e o m
1),116~12°DB24CB/pyridinium-modified cyclic tertiary ammo- VR mgae Y ¢

1 O 0l
i = NETNSS %ﬁow or‘“io Host—guest complexation 6 éé
e o OFD| FE =
< < Sl b : DBAS | s T3
R IP T 1% 5P % W B
o DAAS Q_p Mo |
| B21CT7 DB24C8 PCTAS |

Figure 2. Formation of SPN 3 from the catenane-based B21C7 cross-
linker 1 and the DAAS-functionalized polymeR2&produced with

Figure 1. Chemicalstructuresof B21C7 and DB24C8 and their permission from ref137. Copyright2018 The Royal Society of
complementary guests, DAAS, DBAS, and PCTAS. Chemistry.

C https://dx.doi.org/10.1021/acs.chemrev.9b00839
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SPN 3 was found to form a supramolecular polymer gel at higith pendent B21C7 units, while polymer 5 is a PS polymer with

monomer concentrationghe critical gelation concentration

pendent DAAS moietid3riven by B21C7/DAAS host—guest

(CGC) at 298 K was determined to be 45 mM in 1 and 10 midteractions, the two components of the blend interact with one

in 2. The gel itself displayed thermo-pH-, and chemo-
responsivesol—gel transition behavior; presumably these
desirable featureseflectthe multi-responsive nature dhe
B21C7/DAAS host-guest interaction.

Polymer blends;onsisting ofwo or more polymershave
been widely applied in variousfields, including aselectro-
chemical transistomjhesivesnd biomimetic materialkhis

another, resulting in the formation of a miscible polymer blend
6. In this systemg mixture of 4 and 5 displays only one glass-
transition temperaturegTnamely 52 °C; this value is between
the Tyvalues for 4 (14 °C) and 5 (92 °C). This finding was taken
as evidence o$uccessfuydolymer blendingln addition, this
system wasfound to recover its original form after being
damaged by variousnvironmentafactors,highlighting its

applicability reflects the enhancements in the overall physicgl@ential utility.

chemicalfeaturesrelative to the original individual compo-

Many supramolecular polymer gels are predicated on a single

nents' >4~ '*10Of particular appeare polymer blends that are type of non-covaleninteraction such as metatoordination,

cross-linked through non-covaleninteractionssince such

hydrogen bondingyr host—guesttomplexationespectively,

systems often display adaﬁ?ﬂﬂ% Inresponse to changes ingnat serves to abet cross-linking®~"*®Howeverthe use of

their externalenvironmen Xue and co-workers
reported a poly(methyl acrylate)/polystyrene(PMA/PS)
blend!*® As shown in Figure polymer 4 is a PMA polymer

4 e s,
? { O Q=
~T =46 dg oY
o 0 7 = ek B Nl @) 5 W o
b o 4 g Ty=020C
Qs Ty=14°C ~ ~— =t
External stimuli \, —
S S R i — |~
\;\4//_’6\\\ 7 5 C—— j \r;
IFE NP /”?g\ Recovered

interactions

o (R @ = 1
SRV host-guest ~ \% P

A miscible supramolecular
An immiscible polymer blend polymer blend
T,=52°C

Figure 3. Schematic showing the formation thie miscible supra-
molecular polymer blend 6 from polymers 4 and 5, angvtiiaisT
Also shown in cartoon form is the adaptability dfis materialto
changes in the external environment.

supramolecular cross-linkers that support more than one kind of
supramoleculainteraction is attractive.In principle, this
approach can be used to retain the integrity the polymer
network while allowing for useful responses to a broader range of
stimuli’“® Specifically such gels can exhibit macroscopic
expansion—contraction behavior when exposed to appropriate
external stimuli without undergoing a gel-sol transition. This is
because one cross-linker can be used to maintain 8iatgel
while the other can be used to change the cross-linking density of
the geﬁ3,150—153

An exampleof a double supramolecularcross-linked
polymeric gel exhibiting macroscopic expansion and contraction
behavior and multi-stimuksponse features (9) was reported
by Huang, Zimmerman, and co-workésss shown in Figure
4,this system was built up from polymevhich consists of a
PS backbone bearing penda®f7-diamido-1,8-naphthyridine
(DAN) and DAAS groups. A second polymer 8, consisting of a
poly(butylmethacrylate) (PBMA) backbone that bears deaza-
guanosine (DeUG) and B21C7 subunitgas also prepared.
When these two polymeric precursors were mixedoubly
cross-linked supramolecular polymer gel 9 was produced that is
presumably stabilized via a combination of B21C7/DAAS-based

volume : 100% volume: 156% or 152%

// cr »

fg ( / —
+ NN on 10
B“J)OL Iw N §©/ 1eDAN ’ eDAN
oL
— 0 eDAN = G

A0

& r\“,Qﬂz
8

Figure 4.Cartoon representationspaflymers 7 and 8 and illustrationtb® stimuli-responsivenesshef double supramolecular cross-linked
polymer ge® that forms when they are mixatbo shown are the expanded single supramolecular cross-linked networks 10 and 11 that can be

generated from 9 by exposure to appropriate stimuli. Reproduced with permission from ref 154. Copyright 2015 The Royal Society of Chemis

D https://dx.doi.org/10.1021/acs.chemrev.9b00839
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host—-guest complexation and DAN/DeUG quadruple hydro- %) i

gen-bonding interaction® 9, orthogonalmolecularecog- — () &L : € )

nition modalities were used to maintain the gel state and alte. T —e ¥y ol e

the cross-linking density dfe gel. These latter alternations e e © ® ' C% ?

were induced by means ekternabktimuli,including treating + x = = =§

with K, CI', and the competitive guest eDAN. Upon addition " Ao U<

K" or CI', an expanded single SPN, 10, formed with the volur ; (m) D '

of the gel increasing from 100% to 156% or52%.Upon O O W FEACH

addition of eDAN, a differentexpanded single SPN,1, is g S= o

formed with the volume ofhe gelincreasing from 100% to 5 " e 12 b

185%. However, the addition of bo\BIKand eDAN led to a " CHCl; | Selfassembly 347" Sy

gel-soltransition presumably because both molecular recog- (‘ DI ¢ D)

nition motifs were effectively precluddt net result is a gel Lo R

system (i) that displaysexpansion—contraction behavior \//—

without undergoinga gel-sol transition and (i) whose

fundamentafeatures could be modulated by exposure to an \ "

appropriate external stimulus. , @ &
FluoresceniSPNs are an important classof smart soft /‘A\«\

materials that have been proved useful in optoelectronics an C;)@ g ‘D\

fluorescence sensamong other application aré&€ne of ( “\"\‘ 0ol O

the inherent properties of conventional organic fluorogen-ba: ( T @ ‘“(Q\,)

fluorescent supramolecular polymers is that the high effectiv /ﬁ\‘/<—‘

localconcentration othe appended fluorophores can lead to

aggregation-based quenchifighe incorporation of aggrega- 13

tion-induced emission (AIE) fluorogens into supramolecular _.

. e . e 5. Schematic representation thfe PS polymer5 bearing
I‘?r(::i)':;rt]i% ':1(;1@?}56%_"?:;% Z\i%ncisv?ovrvkaeyrst?’ggg:t%%maeﬂtggrsees(I:r(]arr]-gtle ent DAAS moieties, B21C7-based tetramer 12, and the fluorescent

: . upramolecular cross-linked polymer gel 13.
supramoleculasross-linked polymegel that exploits crown P poy 9

ether-based host—guest interactions while incorporating AIE- Q
active tetraphenylethylene (TPE) moi&tidsere, the DAAS- A Fluorescence "strong”
containing PS polymer 5 and a TPE-modified B21C7 tetram« ¢ 4

12 were mixed in CHCI; to create the fluorescentsupra- L, 3 p
molecular cross-linked polymer gel 13. The stability of this S p @ ﬁ 2
was ascribed to a combination of host—guesteffectsand - —

aggregation of the TPE moieties (cf. Figure 5). Reversible ge { s b

sol transitionscould be induced in this system,a finding (=4 )= J

attributed to the reversible recognition and stimuli-response S 4"

features provided by the B21C7/DAAS host-guest combina- Q""" + w
tion. These transformations could be followed by monitoring < ”

changes in the fluorescence emission intensity. [f ?] % ll

2.2. Dibenzo-24-Crown-8/Dibenzylammonium Salt LS | O e

e . H,
Recognition Motifs @ Self-assembly 2o \©\IB
In recent years,fluorescentsensorsbased on SPNshave

attracted considerable attention due to their high selectivity ¢ P

sensitivity. This has proved especiallytrue for polymeric =

backbone-based fluorescernjugated polymers’'¢" As V cr

prepared, conjugated polymers typical exhibit a strong Adding base

fluorescence emissioifter being cross-linked by mears Heating ‘/-_
non-covalentinteractions,they generallydisplay weak or 16

quenched fluorescenamaking them attractive apotential
“turn on” fluorescensensor&? '®*Huang and co-workers Fluorescence "weak" Fluorescence "strong"
reported a SPN cross-linked by means of host—guest

: ; : ~ Figure 6. Cartoon representation of the DB24C8-containing polymer
interactions between the pendent DB24C8 units poly(p 14 and the homoditopic DBAS dimer 18lso shown in schematic

phenylene-ethynylene)(PPE)-based polymer 14 and a fashion is the formation of the su . .
o . - . pramolecular conjugated polymeric
homoditopic DBAS dimer 15 (Figuré G)The SPN obtained etwork 16 and its disassembly promoted by different chemital

in this way (16) exhibited weak fluorescence compared to thgnysical stimuli. Reproduced with permission from ref 164. Copyright
conjugated polymer 14 result ascribed to the aggregation of 2013 American Chemical Society.

the polymer main chains. This weak fluorescence intensity coutd

be enhanced by the stimulus-induced destruction of the crosgsponse-inducing inpufis, was suggested thatetwork 16

linked network structur&timulithat proved effective for this could serve as a multi-substrate fluorescent sensor that would
purpose were found to include potassium cationshloride prove effective both in CH@H ;CN (1:1, v/v) solution and
anions,ncreases in pHand heatingGiven this diversity of  in thin films.

E https://dx.doi.org/10.1021/acs.chemrev.9b00839
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The use of mechanically interlocked structures to prepare < il
SPNs has attracted considerable interest within the community «<_ d "
due to the excellent stability and dynamicfeaturesof the Moo (07

resulting SPNs'*%1%°~1%8 Rotaxanecross-linked polymers @J
(RCPs) exhibitunique propertieghat include an ability to
stabilize mechanicallytough bulk elastomersand hydro-
gels'®*""3Takata and co-workers reported a seridR@Ps
based on the DB24C8/DBAS recognition motifs. For example,

as shown in Figure 7, radical polymerization of n-butyl acrylate

o
T o
11}

Stress

/\Y\ T — ol L o —

A
@ [
Y

Figure 8. Chemical structure of RC 17 and schematic illustration of the
rotaxane cross-linked elastomer microspheres 19 and associated films

Rotaxane cross-linker (RC)

||| Rotaxane-cross-linked polymer (RCP)

p g{"ﬁﬁ“ 'l emsmammmEEs I obtained following polymerization and evaporation of solvent.
‘:‘NYQ I Reproduced with permission from ref78. Copyright2017 John
e @““"T"“%’ Wiley and Sons.
X o 17 U
= — " linking by RC 17 (e.g., 0.05 mol%) exhibited increased strength
YO and fracture strain.
© EHa . An ability to undergo self-healing isa salient feature of
""""""""" biologicalmaterials and is a key to wound recovery and the
18 naturalrepair ofcracks in skin and bone$hese remarkable

Figure 7. Chemical structure of RC 17 and schematic illustration offfdoutes have inspired efforts to develop hydrogels endowed
RCPs 18 produced via the polymerization of wioylomers in the ~ With self-healingcapabilities!®'®° An added incentive to

presence of 1Reproduced with permission from ref Copyright prepare such systems comes from an appreciation that classic,
2017 The Royal Society of Chemistry. polymeric materials, based on covalent bonds, typically lack this
self-healing capacify It is now recognized that dynamic non-
covalentinteractionscan be used to produce polymeric

(BA) or 2-ethylhexyl acrylate (EHA) in the presence of 0.5 m@laterialshat respond to externastimuli while maintaining

% of the rotaxanecross-linke(RC) 17 gives rise to the stability and functionality;the%/ are thus ideally suited for
[2]rotaxane cross-linked SPN 18 characterized by a high levéalgicating self-healing materfals.'*Chen and co-workers
toughnes$’* RC 17 was prepared from a DB24C8/DBAS  reported a self-healing supramolecular polymer gel stabilized by
rotaxane by treatment with 2-isocyanatoethyl methacrylate. Tilgt-guest interactions between a DB24C8-based cross-linker
mechanical properties of network 18 are enhanced relative t8nHe copolymer containing the DBAS mdiétys shown in

related covalently cross-linked polymers. Figure 9, the DBAS-containing poly(ethydcrylate) (PEA)-

To study how variations in the chemical structure of the RC
can affectthe propertiesof RCPs,Takataand co-workers o
prepared a series BCs with different axle lengths and used @ o A~
them to produce variousSPNs.”® It wasrevealed thathe i S ¥ CcHoWCHCON \\

=21 N \

‘/(63&

swelling ratios of the RCPs were directly proportionaltothe: ¢ e ¢ ¢ + —
lengths of the RCs. On this basis it was inferred that the inte n ) 5 @\
motions inherent in the RCPs could serve to equalize the lac i 6
uniformity that is typically found in cross-linked polymers. ~ ¥ 5

Polymeric materials can be downsized to the colloidal scal C? i e
This significantly simplifies the manufacturing of bulk materie %, 2~y SN« b > 22
and makes them amenable for use in unconventional é & JJ@)L‘) Pl
application$’®'""To obtain films based on polymer micro- L
spheres with outstanding mechanical propedspolymer-  Figure 9. Schematic illustration of the DBAS-containing copolymer 20,
ization processing of the microspheres is typically required. THe9DB24C8 dimer 21nd the resulting self-healing supramolecular
post-polymerization processing adds steps to the overall progagseric gel 22.
and can serve as an impedimetot practicalapplication$’®
Suzuki and co-workers reported elastomer microspheres crdsssed copolymer 20 could be cross-linked by mixing with the
linked with rotaxanes and showed thhe resulting systems  homoditopic DB24C8 dimer 21 to give the SPN 22. This latter
afforded mechanically strong and flexible films upon evaporatwrstruct displayed pH and thermal responsive behavior, as well
of water from the initial microsphere dispersions thus obviatiag excellent self-healing.
the need for any additional post-polymerization red¢tims. Non-covaleninteractionshave been exploited to prepare
shown in Figure 8, the mini-emulsion polymerization of RC 1Homoditopic supramolecular dimers that can be used as cross-
and vinyl monomers BA and MMA gave rise to rotaxane-crofiekers to fabricate SPNE&he resulting SPNs typically benefit
linked elastomemicrospheresf generalized structuré9. from simplified syntheses while displaying an ability to respond
Microsphere dispersions consisting of a copolymer of to a variety of stimuli. For instance, Yin and co-workers reported
approximately 40 mol% BA and 60 mol% MMA showed the a fluorescen8PN (26) based on a DB24C8 supramolecular
best resultdn additionmicrospheres with low levels of cross- dimer and a DBAS-grafted polyméf* The preparation is

F https://dx.doi.org/10.1021/acs.chemrev.9b00839
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shown in schematic form in Figure 100ne componentis
polymer23, which comprisesa PS backbone bearing both
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25 l23 Figure 11.(a) Cartoon representations of host @3polymer 29-1,

and the supramolecular polymer gel 30 whose formation they permit.
Reproduced with permission from ref 186. Copyright 2013 Elsevier. (b)

¢ 2.0 oo p e - S Cartoon representatiorsf host 28, copolymer29-2, and supra-

PN - O < D 2 . N molecular polymer gel Reproduced with permission from ref 187.

P N R O L AR P Copyright 2013 The Royal Society of Chemistry.

e e alits O 5

el ::"" '.:, Y 5 P s s s different levels of host 28PN 31 was also found to undergo

Sy b e P A A <O reversible acid/base- and thermo-induced gekransitions;

SanoSpreede . P . N this process allowed it to be employed for the encapsulation and
. 55 \\ s e At \\ controlled release of squaraine dyes.

One of the more efficientapproacheo preparing SPNs

Figure 10. Cartoon representation of 23, 24, the supramolecular difiéplves the use of polymers, wherein host and guest recognition
25 formed from 24 and Zn(OTf) ,, and the resultingSPN 26. units are present as pendent grotip&°The resulting SPNs
Reproduced with permission from ref 184. Copyright 2018 The Rogéiien display good mechanical properties and control over the
Society of Chemistry. cross-linking density’ Ikeda and co-workers reported a SPN
generated from two polymers functionalized with DB24C8 and
DBAS units as side grougspectivel{’° As shown in Figure

12, polymers32 and 33, decorated in thisway, could be
prepared from glycidyl azide polymersyvia azide—alkyne
Huisgen cycloadditionUpon mixing, SPN 34 is formed,

which was found to exist as an organogel above a concentration
of 3 wt% in CHGlor 1,1,2,2-tetrachloroethane, presumably as
the result of the host—guest cross-linking between the DB24C8

pendant coumarin and DBAS groupsiother component is
compound 24;it containsDB24C8, terpyridine,and TPE
groupsIn concertthese precursors were used to prepare the
supramolecular dimer 25 via Zhcation complexatiorlhe
presenceof two fluorophore subunits,namely TPE and
coumarin,endowed the resulting SPN26, with ratiometric
fluorescentensing capability fo€l~, EN, and cyclen.n
addition, SPN 26 was found to form a supramolecular polymeric

0
b

gelat high concentrationlf.also displayed stimuli-responsive (_N] ) ( °ﬁ7 (° °U’>

gel-sol transitions and good self-healing properties. VP /x
The use of macrocyclic hosts as “molecular glue” to conne

polymer chains containing guest units via host—-guest C‘% é’?
interactions provides a convenient means of preparing e SN w33
SPNs'?*'8% Chen and co-workersreported two kinds of (o 3, é
DB24CB-based dimer hostg,and 28that could be used as “’5” i
molecularglue to cross-link DBAS-containing®MA-based i CHCl; or
copolymer29-1 and PEA-based copolyme?9-2 so as to \g/ " CaH;Clq
produce the cross-linked SPN 30 in BGI37CN (1:1, viv) s ’

and 31 in CHGJ respectively (Figure 135."®SPN 30 forms & 3 FFs N,
a colorless and transparent supramolecular polymer gelath _ ™% é
concentrations. This gel displayed reversible responsiveness to a

variety of stimuli, as well as intrinsic self-healing capability. $Fre 12. Schematic views of the DB24C8-containing polymer 32, the
31 was found to form a supramolecular polymer gel when fulhgAs-containing polymer 381d the SPN 34 they can be used to
cross-linkedyet retain a well-defined porousstructure.lts createReproduced with permission from ré$0. Copyright2013
mechanicapropertiescould be modulated by treating with American Chemical Society.

G https://dx.doi.org/10.1021/acs.chemrev.9b00839
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and DBAS subunit$he estimated number of effective cross- SPN 38. The authors thus proposed th&PN 37 could be
links led the authors to suggest that not all of the binding sitgerotected from externastimuli by mechanically locking its
function as cross-linksNeverthelesgyel 34 displayed high structure through rotaxane formation.

e|aStICItya f|nd|ng ascribed to the constituent hlgh-m0|eCU|ar-24 Comparisons between Supramolecu|ar Po|ymer|c

weight flexible glycidyl polymers 32 and 33 with many bindingetworks Constructed by Crown Ether-Based Host-Guest
sites and the dynamic nature of the supramolecular cross-linkscognition Motifs

Gel 3{1 was also fouqd to respond to a variety of chemical St%“&ate,PS and polyacrylate (PA) have been the most widely
and display self-healing featureBurthermore fluorescence o4 covalent polymeric backbones for SPN prepafatisn.
correlation spectroscopic analyses showed that withihe34, has permitted a number of molecular designs to be tested with

diffusiqn coefficienbf_ a Iow-mole_cuIar-weigrftuorescence the resulting functions deriving not just from the host-guest
tracer is near to that in an ostensibly analogous covalently c{358: ions but also from the underlying polymer backbones. It

Iinked. gel. o a . has also allowed differences resulting from the specific backbone
2.3. Dibenzo-24-Crown-8/Pyridinium-Modified Cyclic choice to be inferred. Some of the key features of crown ether-
Tertiary Ammonium Salt Recognition Motifs based SPNs, which in aggregate permit this kind of analysis, are

The majority of SPNs based on covalent polymers and host-summarized in Table 1.

guest interactions reported to date have been prepared by cross-
linking polymers bearing host or guest units as appended side SUPRAMOLECULAR POLYMERIC NETWORKS

groups. The use of polymers with host or guest units within the CONSTRUCTED VIA THE COMBINATION OF
main chain providesa different strategy to fabricate SPNs. COVALENT POLYMERS AND

Tiburcio and co-workersreported that the complementary CYCLODEXTRIN-BASED HOST-GUEST
ditopic PCTAS guest 35 could be used in conjunction with the INTERACTIONS

ini 191
DBZ4C§-cqnta|n|ng polyméiﬁ_ to pro_duce SPN 37.7 As CDs, cyclic oligosaccharides, are arguably the most widely used
shown in Figure 13, predicativestudiesrevealed thatthe water-soluble hosf&~'°°CDs containing between 6 ana 8

glucose units are readily availabBleese CDs are toroidah

(a) N shape and possedsoth hydrophilic exteriorsand relatively
g s @ DB24C8 hydrophobic cavities. They have been demonstrated as binding
Cas’ o (D = guestscontaining a variety of functional%roups,including
I B P S A . © Azo]977200 polyethylene glycolPEG)?°": 02polg/élpropylene
O+ lK 0 10 egcoI(PPGg,20 reduced methyfiologen (MV)2°* adaman-
g T - tane gAd)z,O 2%%errocene (F&?"?%%holesterdl”®2'¢holic

']Mf — Ofe——=}0© acid’'"dansyf,'>’phenolphthaleif’>NIPAM?'*and tetraani-

©° T —~ line’"® functionalities (Figure 14)The resulting host-guest
! systems provide excellent platforms for constructing a range of

~ supramolecglaalg/merhmateriailtsaqueous
e 36 medig’’92:188.194.198.216~Bfftarences in the stimuli-respon-
i sive properties of the underlying host-guest recognition motifs

endow the resulting supramolecular polymeric materials with
SR versatility in terms of their external stimuli-responsiveness; this
/ L featurejn turn, has made these systemsinferestacross a
" ) numberof fields'®*97:206.225-2Rapresentative SPNbat
contain covalent polymeric backbones and which exploit CD-
+H ¥ based host—-guest interactions are highlighted in this section.

Some ofthe rationales underlying thepreparation are also

\ \ \ discussed.
37 38 3.1. a-Cyclodextrin/Azobenzene Host-Guest Recognition

Figure 13.(a) Chemicaktructures of guest 35 and its deprotonated Motifs
form.Also shown are schematic views of the transformation betweditne sliding motion of myosin and actin filaments has inspired
the [3]pseudorotaxan@nd [3]rotaxane speciesproduced from the developmenbf artificial molecularmuscle$®® Linked
DB24C8 and 35. (b) Chemical structure of polymer 36 and schemafishstructswith built in host-guestsubunitsthat can self-
representations of SPNs 37 and 38. Reproduced with permission E¥emble to form so-called [c2]daisy chains have emerged as
ref 191Copyright 2016 The Royal Society of Chemistry. useful building blocks for the fabrication of artificial molecular
muscles because they often display sliding actuation that can be
DB24C8 hostcan accommodate PCTAS gued$ with an controlled by different stimuit* 2> Harada and co-workers
association constantJi6f 9.5 x 13 M2 in nitromethane to  reported photo-responsivewet- and dry-type molecular
form a [3]pseudorotaxaneAfter deprotonation,this [3]- actuators hydrogelsand xerogels,respectivelycomprising
pseudorotaxane transformed into a mechanically interlockedc2]daisy chains based on the a-CD/Azo recognition
[3]rotaxane. This basic host-guest interaction, allowed SPN ®tif2>¢ As shown in Figure 15actuators 39 and 40 (one
to be produced by mixing the DB24C8-containing polymer 3@ompound; two limiting forms) were prepared based on an a-
with the PCTAS dimer 35 in nitromethan8PN 37 showed  CD/Azo [c2]daisy chain strategylight-induced actuation,
good solvent and temperature responsiveness when studiedéading to sliding motion within the [c2]daisy chaatlowed
solution or as gels and film&eprotonation of35 served to transformation between the limiting form39 and 40. The
convertSPN 37 into the corresponding mechanically locked hydrogel/xerogel 41 was then obtained in aqueous solution by

.

H https://dx.doi.org/10.1021/acs.chemrev.9b00839
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Table 1. SPNs Based on Crown Ether-Based Host—Guest Recognition Motifs Classified by the Underlying Covalent Polymers

molecular recognition figure number cross-linking motif SPN ref
Polystyrene (PS)

B21C7/DAAS Figure 2 B21C7-based [2]catenane 1 with DAAS-decorated PS polymer 2 3 137

Figure 3 B21C7-grafted PMA 4 with DAAS-containing PS 5 6 145

Figure 4 DAN- and DAAS-containing PS polymer 7 and DeUG- and B21C7-decorating PBMA pol\@réri8 154

Figure 5 DAAS-containing PS 5 with TPE-based B21C7 tetramer 12 13 159

Figure 10 DBAS- and coumarin-containing PS polymer 23 with DB24C8 dimer 25 26 184

Polyacrylate (PA)

B21C7/DAAS Figure 3 B21C7-grafted PMA 4 with DAAS-containing PS 5 6 145
Figure 4 DAN- and DAAS-containing PS polymer 7 and DeUG- and B21C7-decorating PBMA pol\@né8 154
DB24C8/DBAS Figure 7 RC 17 with BA or EHA after polymerization 18 174
Figure 8 RC 17 with BA and MMA after polymerization 19 178
Figure 9 DBAS-containing PEA-based copolymer 20 with homoditopic DB24C8 dimer 21 22 183
Figure 11a DB24CB-based dimer hosts 27 with DBAS-containing PMA copolymer 29-1 30 186
Figure 11b DB24CB-based dimer hosts 28 with DBAS-containing PEA copolymer 29-2 31 187
(@) Expanded state Contracted state
¢ OO0 ek S AR T 110}
Komaffe 4CP hzo PEG I (A= 430 nm)
Peo En,\wox(mnf
@ ""'”H » . { OH H
2 5 @R
= ©OL b o b e
Fc cholesterol o3 A
) 1 -
+ fa : . ™
o ) o MV{Q,}WVNw\ﬁé‘ 2,
N HO oi" y 03
cholic acid dansyl group  phenolphthalein . L. )
BB P i c:pm <€ ~ e S e R )
el OO Ny 8 5
HgC/N\CHg :\NFO-\-G . {O
PRG MV NIPAM b 41 ’
ﬁfﬁ?ﬁ I GO Wt @ /\gfig;gvg\ca Figure 15. (a) Chemical structures and photoisomerization scheme for
wat Ig PEG Ad fluoroalkane actuators39 and 40 (one compound;two limiting forms). (b)
g Chemicaktructure othydrogel/xerogel1 thatis based on a four-
K)\r ﬁ” OO P armed polyethylene gly¢BEG) coreReproduced with permission
Nj\\‘/*uz//z‘/ y-CD tetraaniline from ref 238. Copyright 2016 Springer Nature.

Figure 14. Chemical structures of CDs and various guests. succinimidyl-modified PEG and Iutidine to 44 was found to
produce the self-standing poly([2]rotaxane) hydetigela a

the polycondensation reaction between 39 and succinimidyl polycondensation reactidn.this latter constructhe lysine-

ester group-modified TetraPB8nilarlyUV light irradiation modified a-CD units connected to the PEG chains serve not
was found to induce molecular motion and cause the hydrogetly to thread the rings but also asend-capping moieties.
xeroge#1 to bend toward the light sourdée xerogeform, Hydrogel 45 exhibited excellent extension capability as revealed
which was obtained under dry conditions, was found to convieyttensile experiments. Presumably, this extension ability reflects
very quickly (bending 7°/sec); this motion was ca. 10 800 tintke stress distribution provided by sliding motions within the
faster than what was seen for the hydrégreh (7° over the rotaxane-containing cross-links. Hydrogel 45 could be reversibly
course of3 h). These researchers also noted that the xerogelkonverted into a deformed state (denoted as 46) in aqueous
form could be used asa crane arm to lift an objectunder media by alternatively irradiating with UV and visible light.
conditions of UV light irradiation, thus demonstrating an abilitpterestingly, the dried material (xerogel form) showed a faster

to carry out mechanical work. response than the hydrogel. The xerogel could be stretched and
Harada and co-workers also exploited the a-CD/Azo the resulting material was found to bend toward a light source

recognition motifto create a photo-responsive topologically upon irradiation with UV light. Thus, as true for 41, the xerogel

cross-linked polymeritiydrogelactuatorbased on a [2]- derived from 45 could be used to convert formally light energy

rotaxané>® As shown in Figure 1fhe lysine-modified a-CD  into mechanical work.
42 and the Azo-containing guest 43 form the [2]pseudorotaxarféhoto-responsivéarydrogelshave seen application in a
44 with a Kvalue of (8.7 £ 1.7) x ¥0~" in water. Addinga  number of areas, such as drug delivery, shape retaining memory

| https://dx.doi.org/10.1021/acs.chemrev.9b00839
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Figure 16. Chemical structures of the host 42, guest 43, 50 on5q 51
pseudorotaxane 44nd the rotaxane-containing cross-linked SPN g P g P—
45. (b) Schematic illustration of the photo-induced transition from ¢ PowerlightL; ~—— Power light Ly

to a deformed state 4@Reproduced with permission from 8.

Copyright 2018 American Chemical Society. Figure 17.(a) Chemicabtructures and schematic representations of

monomers 47, 48, and 49, as well as hydrogels 50 and 51. Also shown is

. . a diagram highlighting the guest exchange that can be induced within
materialsdevelopmentand analyte detection,due to the hydrogel 50 under conditions of 365 or 420 nm photo-irradiation. (b)

p?rtiCUI% gﬂ}’g?tages afforded assc_)?iated With using Iight aS5@hematic illustrating the incorporatiohyafrogels 50 and 51 in a
stimulus.™ However, the specific use of light to mediatqqgic gate circuit and reversible switching on and off of red or green
the conductivity ofhydrogels by modulating ionic migration  |ights upon photo-illumination with 365 or 420 nm fggiectively.
remains a challengkhis is particularly true in the absence of Reproduced with permission from ref 243. Copyright 2019 John Wiley
additional additives. In an effort to address this challenge, Haadgons.

and co-workers developed an ion-conducting supramolecular
hydrogebith reversible photoconductive propertieis was
done by incorporatingAzo-containingsubstituents a-CD
moieties,and an ionic liquid-like imidazolium saltvithin a

polymer. Choi and co-workers demonstrated the utility of their
a-CD/PEG polyrotaxane cogﬂructs by preparing silicon

543 P, . microparticle(SiMP) anodes.™ As shown in Figure 18,
hydrogemmatrix:**As shown in Figure 17tjs hydrogef50 o0 - c i i (PAA) was modified with a-CD to form the

2?&2:(;;?:2% ?ﬁlequgt[()ari/?\lzbomacnj—lig?:r?ig:(z)gwusr)nCrgglrc]jo?:ers 4g:CD-containing PA 52. In conjunction with the PEG derivative
49. The mobile ions of tﬁe ion,ic liquid-like species in 49 form 3, PA 52 was found to impart extraordinary stretchability and

weaker host-guest complex with a-CD than does the trans fe?‘i’astlmty to the resulting polyrotaxane-cross-linked SPN 54.

of the Azo derivative. As a consequence, photo-induced trar}%Tat approach was found to overcome the volume expansion-

. o X . ed problems that would otherwise be expected to be seen
cis isomerization of the Azo subunit serves to switch the hOSFSr SiMP anodes when subject to repeated charge—discharge
guest interactions.This isomerization procesaffectsthe

concentration of mobile (free) anions and the effective cycles. As a result, even pulverized Si particles remain coalesced
conductivity of the hydrogel. The net result is a Iight-mediategnd do not disintegrate during repeated charge-discharge cycles

) X o X e to the sliding of the a-CD within the polyrotaxaneln
reversible f(ransfo_r mation between 50 anthete defm_e the contrasta simple linear PAA binder without the polyrotaxanes
low- and high-resistance statestbg hydrogelrespectively.

: derived from 52 and 53 was found to produce patchy solid
Hydrogel 50 was used to construct a logic gate that can be L{ﬁggtrolyte interphase (SEI) layers during use. This linear binder

to SV.VitC.h remotglyland reversib!y an electric circuit either on Whs considered suboptimal because it did not perform as well as
off via light irradiatiomAs shown in Figure 17tere are two the polyrotaxane binder

limiting pathways within this construct. When the hydrogel is inyg pqteq previouslgelf-healing is an important feature of
its low-resistance form, 50, a high voltage serves to switch op, ?, biological and artificial matefaké®>*here are four

green lightthrough the green-lighibgic circuit.In contrast, ; 3
when the hydrogel is in its high-resistance form, 51, applicat?ggroa(:hes thdt%¥’e242e(e1r; US;?];oe(?;salggualgtc(jeg_rﬁqgiroemseerlf

— . ling materials:
of a low voIFage serves to |I.Ium_|naye the red light through theapproactﬁ“g’%o (2) exploiting irreversiblebonds?®’ (3
corresponding red-light logic circuit.

: making use of reversible dynamic covalent bond forrfidtion;
3.2. a-Cyclodextrin/Polyethylene Glycol Host-Guest and (4) taking advantage of supramolecular interaGtions.
Recognition Motifs Supramolecularapproachesand dynamic covalent bond
PEG chains can typically thread CD rings to form polyrotaxafeemation have been exploited by Harada and co-workers to
When the CD rings are covalently bonded to polymer chainsgreate hydrogels capable of self-healing in both the wet and semi-
this threading may be used to create polymericnetworks dry states’®* Specificallythese researchersported a self-
wherein free movement along the PEG chains retaifisid. healing SPN constructed from a a-CD/PEG polyrotaxane and a
featurejn turn, results in the presence wiultiple pulley-like  poly(AAM-co-4-vinylphenylboroniacid) polymeric chain
motifs that serve to lower externaltension exerted on the cross-linked with boronate linkagé#\s shown in Figure 19,

J https://dx.doi.org/10.1021/acs.chemrev.9b00839
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Figure 19.Schematic representation of polyrotaxaredss-linked
Disintegrated SiMP Thick SEI formation polyrotaxane 56 incorporating dynamic covalent boruds-linked
polyrotaxane 57 containing covalembnds,covalentpolymer58,
dynamic covalent cross-linked polymeari®covalent polymer 60.
Reproduced with permission from ref@égyright 2016 Elsevier.

(C) PAA layer

t
. Lithiation
e
Pulverization

SiMP ¥

was the dynamic interactions between the phenylboronic units
Figure 18.Proposed stress dissipation mechanism for SiMP anode¥ithin 56 and the hydroxyl groups on 55.
bearing polyrotaxane 54. (a) lllustration of the pulley principle used td he high swelling and stress-relaxing features of RCPs have
facilitate the lifting of an object. (b) Graphical representation of hown2dle them attractive for use as inter alia SiMP node binders and
serves to dissipate stress during repeated volume chaBdBof  self-healing coating$:>CD-based rotaxanes, which have the
Also shown are the chemisdituctures oPAA and the constituent  gdvantageof being easily prepared in water,?>°2°¢ are
threadllng .and ring species, 52 and 53. (¢) Schemgtlc |Ilus_trat|on og:%gvenient building blocks to construct RCBkata and co-
F”'Ver'za\f\'/?ﬁROf the dPA/?j_ S'!:/LP electrode Sfee” %2”8 Cyc'!”ﬁta”d rkers reported two SPNs constructed from a-CD dimer- and
ayer gro eproduced with permission from .Copyrig . S
2017 The American Association for the Advancement of Science. gilrr:::_g’lasaer% rt?itgéarn;ig;/egrzqgrégg‘eglg;rr?]ezt?]tgce:rgl_zgt:g type
PEG-based macromonoméB to form the vinylic supra-
molecular cross-linkers 64 and 65, respectively, in 0.1 M NaOH.
aﬁ] Ps 66 and 67 were then obtained via the photo-induced
radicalpolymerization of N,N-dimethylacrylamide (DMAAM)
d@h cross-linkers 64 and 65, respectively, in 0.1 M NaOH. The
swelling ratios of RCPs 66 and 67 in water and organic solvents
4 was affected by the size dhe vinylic supramolecular cross-
linkers At low concentrations of 64 and &all cross-linkers
o were formedThis resulted in a lower cross-link density and a
polyrotaxaneSs and a _ poly(AAM-co-acrylatepopolymer higher swelling ratio. In contrast, at higher concentrations of 64

cross-linked bycovalentbonds, gel 59 consisting of the 4 65. hiah link densiti d| i i
polysaccharide 58 cross-linked by dynamic boronate Iinkage@B » Nigher cross-link densilies and lower swelling ratios were

the polyrotaxane 55 could be prepared wherein a 2-
hydroxypropyl-modified a-CD provides the wheels, PEG ch
act as the axles,and the Ad groups serve asthe stoppers.
Dynamic covalent bonds between the boronic acid and the
componentghen led to formation of gel 56. To allow for
effective comparisossyeral control polymers were prepare
These included three gels, gel 57, which consisted of

and gel 59a covalently cross-linked version oAS8nferred observed. . N

from mechanicaproperty tests the relaxation time of the 3.3. B-Cyclodextrin/Adamantane Host-Guest Recognition
polymer networks within ge#6 is longerthan those ofthe Motifs

comparison sampleSel 56 was found to exhibit 100% self- Harada and co-workerseported a hydrogematerialcross-
healing in the gelstate.Moreover films made from gel56 linked by B-CD/Ad host-guest interactions, and demonstrated
showed efficient self-healing in the semi-dry tatentrast, its potentialfor regulating in dynamic fashion cell-substrate

the control samples, including the covalently bonded gels 57iraedaction$®® As shown in Figure 21, the side chainsof

60, proved incapable of self-healing when studied as gels. Gatiyfamide (AAM) monomers were modified with B-CD host
showed insufficient self-healing as films and 60 showed no saifd an Ad guest to form monomers 68 and @8spectively.
healing as films. In the case of the dynamic covalently linkedrghomers 68 and 69 were mixed in water at 90 °C for 3—4 h.
59 only ~20% healing was observed in the gel state and After cooling, the host—guest complex 70 formed. By optimizing
insufficient healing was seen in the film sTdte.self-healing  the ratio between the monomengmely pure AAM (matrix)
property of 56 was ascribed to two factors. One was the molility 68 and 69, it proved possible to create a cross-linked

of the a-CD wheels along the axle in polyrotaxane 55; the othgdrogel, 71, after UV irradiation-induced polymerization using

K https://dx.doi.org/10.1021/acs.chemrev.9b00839
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While both adhesive and self-healing featurbave been
(( m realized in gels by exploiting non-covalent host-guest

JE=a) interaction§; metal-coordinatiofr’"**and hydrogen bonding
boon g0 o on "° onle effects®" without additives or external stimitlis difficult to
3 7 61 e 3 62 e o e recapitulate these effects in the case of hard materials in which
) o the molecular mobility is restrictétbweverpy exploiting -
e en ﬁ“’*lo 1M NaOH e lo 1M NaOH CD and Ad host-guestnteractionsHarada and co-workers
o 63 were able to effect adhesion between semi-hard polymer
63 " material$®” To do this, the AAM-based xerogels 72 and 73,
.\/‘«é\-_'{\ ./ a2 modified with 3-CD and Ad,respectivelywere prepared as
— - shown in Figure 2Xerogel 74a dry form containing both -

UV irradiation

UV irradiation

- []] 5 (a) -[CHZ-CH-]— CH,~CH {CHZ-CH-]— ‘[CHZ-CHT ‘[ z-CHT {CHz-CHi-
W Io.1 M NaOH s 101 M NaOH = Ao,
I

& ;Q ] {-CH-CH,-]- *{'CH-CH‘}
(;::—CH—]; :[CH,-CHjx -[-CHZ-CH-}- :::—CH 3 —{-c}:a:‘-cr-«(j—
a@c iF

Figure 20. Chemical structure of f-CD dimer 61, trimer 62, and MA
type PEG-based macromonomer 63. Also shown in schematic forn
the supramoleculacross-linker§4 and 65 derived from these (b)
components, as well as the RCPs 66 and 67 they provide, respecti
through copolymerization with a vinylonomerReproduced with
permission from ref257. Copyright2016 The Royal Society of
Chemistry.

o= o
90°C, 3-4h
ﬂ * £Q —water 777 A Figure 22.(a) Chemicalstructures ofels 72,73,74,and 75.(b)
) 69 o Schematic illustration ttie adhesion between gels 72 and 73 that

stabilizes gel 76. Reproduced with permission from ref 262. Copyright
2015 American Chemical Society.

= APS (NHA)QSZOB
NHz TEMED n’\/"

CD and Ad subunits was also prepared, as was a control system,
75, that was considered incapable sfipporting host—-guest
interactions. These materials were stained with different dyes to
allow the adhesion behavior (if any) to be observed readily. On

Cross-linking point this basis, adhesion between xerogels 72 and 73, ascribed to the
/’/—d/ & Conjugated CD

Inmator CHZCHT'(CH CHTI(CH CH
NH /x H2/100-2x

£ + B : Conj formation of cross-linked network 76yasinferred.Tensile
L# ) é ¢ . ' experiments revealed that the interaction between xerogels 72
@ -8 j_\t &) FreeCD and 73 could be modulated via the addition of small molecule

] B - competitorssuch as B-CD or1-adamantane carboxylic acid

High elasticity Low elasticity sodium salt (AdCANa)The controlsystem 75 was found to
Figure 21. (a) Chemical structures of monomer8%and 70 and  adhere only weakly to xerogels 73, or itself. In addition,
cross-linked hydrogel 71. (b) Schematic representation of the switaigiragel 74 showed good stress-related healing and high adhesive
off of the B-CD/Ad host-guest interactions present in 71 producedstieength These results are consistent with the suggestion that
the addition of free 3-CD molecules. Reproduced with permission figgt—guest interactions between B-CD and Ad play a
ref 258 under a Creative Commons CC BY lic8psiager Nature,  determinative role in mediating the adhesive properties
copyright 2017. these materials.
Aggregate-basesklf-assembled polymers driven by supra-
ammonium peroxodisulfate (APS) and N,N,N’,N’-tetramethy-molecular interactions have attracted considerable intarest
lethylenediamine (TEMED) as the initiatbtgdrogel 71 was  recent decadd&®2°3-26polyphosphazeneshich possess a
found to have an elastic modulus suited for culturing myoblastseleton of alternating phosphorus and nitrogen atoms with two
In aqueous solution, the elasticity of 71 could be modulated &de groups linked to each phosphoraig a umque class of
match the micromechanical environments of cells by addingdhganic—inorganic hybrid polymers of interest in this €8htext.
free host (3-CD) into solutions containing the hydrogel. Thesgllcock and co-workerseported the self-assembly gfoly-
effects were ascribed to competition between the free host afmtganophosphazene) structutesed on host—guesrhter-
those present in 71 for the Ad guests appended to the polymaations between B-CD and AY.As shown in Figure 2&d
backbone. groups were attached to the main-chain terminus of

L https://dx.doi.org/10.1021/acs.chemrev.9b00839
Chem. Rev. XXXX, XX¥X~XXX
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Figure 23.Chemicaktructures of polymers 7778, 80, and 81.Also shown in schematic form are the amphiphilic palm tree-like pseudo-block
copolymer 79, the self-assembled micelles it supports, and the supramolecular gel 82 produced from 80 and 81. Reproduced with permission
267.Copyright 2014 American Chemical Society.

polyphosphazene to give the hydrophobic polymerAfier
mixing with the hydrophilic branched star polymer 78 bearing
CD end groupsthe amphiphilic palm-tree-like pseudo-block %(@&
copolymer79 was formed. Amphiphilic copolymef79 was \[Ao/\/ ¢ ~— 0
found to self-assemble into micelles in water. 3-CD and Ad .
were also linked to the side chains of the polyphosphazenes ) » . e —
create polymers 80 and 8despectivelylhe supramolecular / \\,
cross-linked gel 82 was then obtained as the result of host—( ./ 83
interactions Both this gel and the self-assembled micelles
formed from 79 were found to dissociate when treated with f© & ;
B-CD. TR R
Many biomaterials are complex composites assembled fra ke

weakly associated componetitdften these materials display Q:‘:f
unique mechanicagroperties This continues to i |nsp|re the (T e
design and preparation of synthetic functioraterial§®® In

fact,intrigued by animal musclesiich are both mechanically

robust and stretchablematerialswith self-healingcapacity,

Zhang and co-workers prepared a tough self-healing elastor = Ao

based on B-CD/Ad host-gueshteraction$’® As shown in
Figure 24, (£)-epichlorohydrin cross-linked poly(B-CD) 83
and hydroxyethyl methacrylate (HEMA)-modified Ad 84 coul
be mixed to form the host—guest complex 85. Polymerizatior
the presence df-hydroxyethydcrylate (HEA) then gave the
double network elastomer 8 first network within 86 is a
classic elastomer matmigmely poly(HEMA-co-HEAQross-
linked by strong hydrogen bonding.he second network is
based on the host—guest interactions between Ad and 83 wiu
the copolymer.The resulting double network elastom&6 Figure 24. Structures of poly(B-CD) 83 and HEMA-modified Ad 84.
displayed high strength and elastikitaddition,when cut or Also shown in schematic form is the host—guest complex 85 formed
broken,elastomeB6 was found to self-healunderambient from 83 and 84as welbs the double network 86 produced through
conditions. these interactions in conjunction with hydrogen bonding. Reproduced
Injectable hydrogels are promising materials for biomedicaVith permission from re270.Copyright2019 American Chemical
applicationssuch astissueengineering and drug delivery. Society.
Interestin such systemsreflectstheir multiple advantages,
including biocompatibilitycontrollable degradatiortunable

= Hydrogen bonding

> 10

P(HEMA-CO-HEA)

M https://dx.doi.org/10.1021/acs.chemrev.9b00839
Chem. Rev. XXXX, XX¥X~XXX
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mechanicalproperties,environmentalresponsivenessjgh & Lo

water content,and minimal Pro ensity to migrate into or ~0~Ourno~ O o [

“invade” surrounding tiss@i€'s>’ Hydrogels that can be made 89 oo

less viscous as the result of so-called shear-thinning but the + — l'_owowowowo?v
heal upon removal of the shear stress are particularly attract=y, o= o6

for biomedical applications. This is because they may be inj¢ ° W e O Iy

easily butthen regain a more robustorm?” Park and co- H 90 .°‘o

workersreported an injectable shear-thinning hydrogeth
improved mechanicstirength based on 3-CD/Ad host—guest

recognition and thermo-gelling at 37"“@s shown in Figure /\{/ . \\] ;/ Wight \SEARY® D>
N

m b

25, the tetronic-Ad conjugate 87 was found to self-assemble . . -
Gelatin methacryloyl s 92
(a) 2 I )
% ﬁ;% f&"g @ ) N Figure 26.Structures ofhe Ad-modified acryloylated tetra-ethylene
S0 Sl ‘éﬂ{f ok glycol 89B-CD-functionalized 2-isocyanatoethyl acrylaie®the
& I S Al ) host—guest complex 91 formed upon their mixikigo shown is a
\ + schematic illustration of the cross-linked hydrogel network 92 formed

Host—guest

interactions =i from 91 upon polymerizing in the presence of a gelatin methacryloyl
83 AD precursomReproduced with permission from ref Qapyright 2019

87 . .
88 -CD The Royal Society of Chemistry.

m

fCHEZéHCHCHo;iN@ methylpropiophenongl2959) as the initiator, a double-
[T networked hydrogel(92) was obtained. Hydrogel 92 is
stabilized in part through non-covalent 3-CD/Ad host—guest
interactionsthat allow for self-healingas well as through

(b) [ v T covalentbonds,which serve to maintain the shape ofthe
Simply mixing 1
- ‘ \ - B ‘

j{ e
N fo-cHCHa - oHCH,C I
@_H ( :  N-CHiCHa-N [ H
/ \
(o-ch,cH - oHeH.c T \rCHZCHoHCHZCHzo,YN,@
A » 7
HyC CHy fl

N,
o

hydrogel. In fact, hydrogel 92 proved robust and displayed good
elasticity, fatigue resistanceand reproducible self-healing
featuresThe compression modulusf 92 was found to be

o .
Figure 25. (a) Schematidllustration showingthe formation of 525% Iarge;r than thaf pure gelatin methacrylohydrogel,
hydrogel88 produced from the combination ofthe tetronic-Ad thus reaching the level of most human soft tissues. Hydrogel 92

conjugate 87 and poly(B-CD) 83. (b) Vial tilting test involving 87 at@@Hld also be used to prinBD scaffolds with homogeneous

wt% (left), 83 at 20 wi% (middle), and hydrogel 88 (right). porousstructuresthat displayed good biocompatibility and
Reproduced with permission from re274. Copyright2019 The histocompatibility.
Royal Society of Chemistry. The non-covalentinteractions that underlie dynamic

polymers, assembliesand networks’®2”° tend to create
materialswith heterogeneity thaican supportformation of
adaptive and evolved structuf&$In the case ofhydrogels,
g\%erogeneity may influence their efficiency in the context of, for
éﬁmple, their drug release profiles and interactions 3With cells.

Howevergel 88 displayed both useful shear-thinning behaviof 1erefore, efforts are being devoted to bridging the knowledge
and rapid recovery propetty.addition,it was injectable into gap betweeq polymeric self—assembly and the resultmg_ supra-
Dulbecco’s phosphate-buffered saline (DPBS) at 37 °C usin lecular mlcrostrgcturém important step along these lines
26G needlelt also allowed for the pH-responsive release of as ta_ken by Burdick af‘d _co-workers,who reported the
doxorubicin hydrochloride (DOX)n addition, the hydrogel evolution of heterogeneity in supramolecular hydrogels formed

system showed biocompatibility and DOX released from theté‘é?UQh B-CD/Ad host-guest interacticfisin this study p-
exhibited an anticancer effect. and Ad groups were linked to the side chains of hyaluronic

Other attributes of hydrogels,including their excellent acid to f_or_m piﬁlymers 9|3 Eng gé(;;pecgtg/ ely (ch?gre 517)'
biocompatibility,degradability cellular responseability to i ponhmlxmgr,]' eacross—t;ln ed ny rtog évas Oh' ar']?e n
interactwith biologicalscaffoldsand low immune rejection Ime, hierarchicaassembly occurs 1o produce nighly porous

ratesmake them attractive as biomaterials for tissue engineépicrostructured\/licromechanicaﬂmalysessevealed thathe

ing2’>2"Howeverdisadvantages of classic hydrcgeih, as pores contained only low concentrations of dissociat_ed '
low mechanical strengtbw stabilityjack of self-healingnd polymers, presumably as the result of stochastic erosion without

poor 3D-§)rintabilityhave hindered their development in this formation qu solid hlydrogel. The porosity was seen t_o evolve in
context”’ To advance the potential application of hydrogels i mgoralfashtlonggocsgzlez T;tena(ljswﬁh b(;).th grteatetrh:;zld

tissue engineering,Shi and co-workersdeveloped a 3D- fractions (up to 93.3 + 2.4%) an pore diameters re
printable, self-healingand mechanically reinforced hydrogel increased by up to 3 orders of magnitude. This tunability led to

that contains both non-covalent and covalent networibs suggestionthat these s_caffoldm|ght b_e of.|ntere_st|n the L
shown in Figure 26, the Ad-modified acryloylated tetraethyleﬁ%meXt of cellular studies and potential biomedical applications.
glycol 89 and the B-CD-functionalized 2-isocyanatoethyl 3.4 B-Cyclodextrin/Azobenzene Host-Guest Recognition
acrylate 90 could be mixed to form a three-armed host-guest!°tifs

complex91. After UV light-induced polymerization with The network propertiesof supramoleculahydrogelsand
methacryloygelatin using 2-hydroxy-4'-(2-hydroxyethoxy)-2- biomaterialscan be manipulated by a numbeof strategies

micellesat 37 °C. These micellegould be cross-linked by
treating with poly(B-CD) 83 to form the injectable shear-
thinning hydrogel 88. A vial tilting test revealed that both 87
83 were flowable liquids, whereas hydrogel 88 was a stable

N https://dx.doi.org/10.1021/acs.chemrev.9b00839
Chem. Rev. XXXX, XX¥X~XXX
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Figure 27. Polymer structure and self-assembly. (a) Chemical structures of the component polymers 93 and 94. (b) Schematic illustration of h
guest hydrogél5 and temporagvolution leading to hierarchicagjanization at the moleculpglymericand micro scaleReproduced with
permission from ref 2&opyright 2016 The Royal Society of Chemistry.

1001

Figure 28.Chemicaktructures opolymers 94 and 96 and schema

420 nm
Stiff state

365 nm
Soft state

>

N

ééz?g & &
| N

98

tic illustratiortef light-controlled supramolecular hydr@Jeand its

corresponding soft state R8produced with permission from ref 287. Copyright 2018 American Chemical Society.

that exploit the dynamic nature of the underlying non-covaletdbeled protein under conditions compatible with celure

interaction§®® Among the stimuli used to modulate the
properties of hydrogelight has a particular appeal because
its inherentcleannessase ofenergetic tuningthe general
rapidity ofthe response it engendeas\d the high degree of
spatiotemporakontrol it permits’®*~?%¢ Rosalesand co-

studies.

of Zhao and co-workers reported a light-switchable self-healing
hydrogelobtained by cross-linking AAM with a 3-CD/Azo
host—guest macro-cross-liffkéAs shown in Figure 29, AAM-
modified Azo 99 in conjunction with the poly(3-CD) 83

workers illustrated some of these advantages by using light {sroduced the host-guest macro-cross-linker100. After

effect reversible control over the network properties of hyd
based on 3-CD/Azo host-guest interactiS%sHere,the B-
CD-containing hyaluroni@cid 94 and the Azo-containing
hyaluronic acid 96 were mixed to form the supramolecular
hydrogel97 as shown in Figure 28. This supramolecular
assembly occurs undphysiologicatonditions,even in the
presence ofells.Upon irradiation with light at365 nm and

rogélgmerization ofl00 and AAM in water containing APS at
60 °C for 6 h, the cross-linked hydrogel 101 was obtained. Due
to the light-responsive nature dhe -CD/Azo host—-guest
interactionshe rheological property of hydrogel 101 could be
tuned by means of a light stimulss the resulthis hydrogel
demonstrated self-healing features that could be switched off
upon irradiation with UV light, and switched back on by means

400-500 nm, the B-CD/Azo binding interactions disassociates visiple light irradiation.

and reforms respectivelypresumablythese changeseflect

isomerization of the Azo moiety between its trans and cis st
This, in turn, results in a change in the network connectivity.

B-Cyclodextrin/Ferrocene Host—-Guest Recognition
otifs

Specificallytoggling between a stiff state 97 and a soft state Stimuli-responsivehydrogels have attracted considerable
(denoted as 98) could be achieved. This hydrogel proved usefigntion of late because ateir wide applications in many
in effecting the light-induced controlled release of a fluorescamtas?®-2**?*Responsiveness to mild stimislian inherent

(0]

https://dx.doi.org/10.1021/acs.chemrev.9b00839
Chem. Rev. XXXX, XX¥X~XXX



Chemical Reviews

pubs.acs.org/CR

Review

<

Figure 29. Chemical structures of AAM-modified Azo 99 and host 8

Also shown in schematic form isthe light-switchable self-healing
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expected for hydrogtd1 and the light-responsiveness of the host- Figure 30. Chemical structures of -CD-containing copolymer 102, Fc-

guest macro-cross-linker 1B@produced with permission from ref
288.Copyright 2017 John Wiley and Sons.

containing copolymet 03, and the supramoleculdrydrogel104

formed by mixing these components. Also shown in schematic form is
the electrochemicahd redox responsiveness expected for hydrogel
104.Reproduced with permission from ref @&pyright 2015 The

Royal Society of Chemistry.

feature of many of these systems and makes them of interestin

the context of several biomedf@ls Electrochemical-based
redox changesepresent mild stimulus that can often be
applied without changing the chemicatomposition ofthe
systemsYuan and co-workerseported an electrochemical

the B-CD/Fc host-guest recognition mdtif. Specificallyas

}OHE .
O{_@
. . 105 o 2
redox-responsive supramolecular self-healing hydrogel base S
+

shown in Figure 30, the random copolymers, poly(DMAAM-r

glycidol MA-B-CD) 102 and poly(DMAAM-r-HEMA-Fc) 103,
were preparedn these two polymer§)MAAM was used to

improve the solubility, whereas 3-CD and Fc units were useu

modify the glycidoIMA and HEMA polymers,respectively.
After mixing these componerds;ross-linked supramolecular

Host-guest @
complexation
S e—— rg
— \\
Electrically-induced “\ =L
decomplexation 2 2
106 T L X
co-o)’\u—écw;u’”\om 107

w

Figure 31.Schematic views dfie Fc-containing polymer 10the
difunctionalB-CD 106, and the electrically driven reversibly cross-

hydrogel 104 was formed that is presumably stabilized by hdisiked polymeric network, 107 produced via their paired self-assembly.
guest interactions between the B-CD and Fc subunits. The latter

moietiesrespond to changesn the redox potential. As a

consequence, applying alternatively either a positive or negativiecorporation of metallosupramoleculastructuresinto
potential to hydrogel 104 was found to engender reversible gadtymer matriceshas allowed accesdo hybrid materials
sol transitions. Chemical oxidants and reductants could alsodrelowed notonly with the tunable viscoelasti@roperties
usedIn addition cytotoxicity experiments provide support for characteristic adrganic polymergut also ones with unique

the notion that hydrogel04 would display good biocompat-
ibility.

Electrically responsive self-healing polymeme attractive
stimulus-modulated material$ieir appeabktems in part the

features that originate from the metanters.*?93~3°Chan
and co-workers reported a series of metallo-SPNs constructed
from B-CD-containing copolymers and triangular metallocycles
functionalized with Ad and Fc guest moietiéé\s shown in

fact that electrical fields may be easily and quickly applied oveégure 32,the Ad- or Fc-modified triangulaterpyridine of

large surface areds’ Liu and co-workersreported thata
multifunctional Fc-modified poly(glycidyMA) 105 and a
difunctional B-CD derivative 106 formed a self-healing

generalized structure 108 was found to coordinate Fe(ll) and
Zn(l1) ions to form triangular metallocycles (shown schemati-
cally as 109). Host-guestinteractionsbetween 108 and

polymeric network 107 that was expected to be redox activePNIPAM- or poly(acrylamide) (PAAM)-based B-CD-contain-

(Figure 31)?°? In fact, SPN 107 displayed electrically driven

ing copolymers1 10 gave rise to a serieof supramolecular

self-healing behavior that could be promoted by increasing tipelymeric gels, 111, which proved responsive to various external

electricalconductivity by wetting the sampl&PN 107 was

stimuli. Adhesion tests led to the suggestion that the B-CD/Fc or

deemed attractive in the context of commercial painting sinc@4€D/Ad complexescould be viewed asstimuli-responsive
was found to undergo highly efficient self-healing when subjexiints ofmolecular attachment that could be used to adhere

to deep cuts or widespread scraping.

cross-linked gel blocks containing B-CD subunits.

https://dx.doi.org/10.1021/acs.chemrev.9b00839
Chem. Rev. XXXX, XX¥X~XXX
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Figure 33. Preparation and self-healing features of the supramolecular
cross-linked hydrogel 14 obtained by mixing the B-CD-grafted

polymer 112 and the cholestetmaring polymer 11Reproduced

with permission from re806. Copyright2015 American Chemical
Society.

R=H,m=4 Host-guest recognition

biomedicabpplication$?®**’"Howeverto be effectivethese
systems must respond to stimuli that are sufficiently mild so as to
produce no off-targebor otherwise undesirable side effects.
Carbon dioxide (CQ) is a key endogenous metabolite with
good biocompatibility. It is thus attractive as stimulus for use in
_ _ . conjunction with SPN&’Zhu and co-workers reported g CO
Figure 3_2.Chem!ca8tructures of 108,09,and 110Also shown in switchableself-healing;ross-linked hydrogeased on host-
schematic form is the SPN dédl1 constructed through hierarchical c?r stinteractions between cholic acid and B_é@_ In this

d

self-assembly driven by metal-ligand complexation and 3-CD/Ad - L

CD/Fc host-guest interactions. Reproduced with permission from dy,copolymer 115a B-CD-containing PDMAAM copoly-

304.Copyright 2018 John Wiley and Sons. mer,and a cholic acid dimer 116thered with a PEG spacer,
were used to prepare the self-healing cross-linked hydrogel 117

(cf. Figure 34). Hydrogel 117 exhibited,€3ponsiveness in

3.6. B-CD/Cholesterol Host-Guest Recognition Motifs the pres;ance. ob (%)T%%itwe g_téclese—(ﬂ H&:enz.imidamlyll()j'

Accessto biocompatible self-healinghydrogelscontainin propan-1-amine (Bzl-AReversible gel-sdiansitions cou

biodegradable poFI’ymeis viewed as%gng g key to man;? b? mdgced by treat_mg aIterna’uver. with G@nd N,. Th|.s

practicalpplicationsPoly(-glutamic acid) (PLGA) is note- triggering was ascribed to protonation and deprotonation of the

worthy for its absence of appreciable toxgutyd biodegrad- Bzl-A substrates.. -

ability, high hydrophilicityand low antigenicity and immuno- 3.8. B-Cyclodextrin/Dansyl Group Host-Guest Recognition
genicity’”® These properties make it an excellent biomedical Motifs

polymer from which to construct self-healing hydrogels. Yin &wpramoleculamacroscopia@ssembliesre of interest as
co-workersreported a degradableand biocompatibleself-  functionalmaterial§'®>""An example ofsuch an assembly
healing polypeptide hydrogstabilized by meansf 3-CD/ was reported by Harada and co-worketkis studyPAAM-
cholesterol host-guest interactidfisAs shown in Figure 33, based gels carrying dansyl group and B-CD residues, dansyl-gel
B-CD could be linked to PLGA to form the 3-CD grafted 119 and 3-CD-gel20, respectivelwere used to pregare the
polymer 112Cholesterol was also linked to triblock PLGA-b- pH-responsive self-assembled network 121 (Figurd“3h).
PEG-b-PLGA to form the cholesterol-grafted polym&t3. aqueous solution, gel 119 interacted only with the 3-CD-gel 120
Mixing these two polymers led to formation of the cross-linkdaut not with the corresponding a-CD-or y-CD-gelsThis
hydrogel114, with the underlying self-assembly presumably selectivity was ascribed to the cavity of f-CD being appropriately
being driven by p-CD/cholesterol host—guest interactions. Thezed for the dansyl moiety. Gels 119 and 120 were found to self-
concentration of the polymetise PLGA molecular weight in  assemble at pH = 4.(yut then dissemble at pH < 3.0OChis

113 and the molarratio between B-CD/cholesteralffected change was ascribed to the dansyl residues being protonated at
some properties of the hydrogel, including viscoelastic lower pH and a commensurate reduction in the pair-wise
characteristienechanicgberformanceand degradation rate.  interactions that would otherwise stabilize the network material
Macroscopic damage-based tests and rheological measuren(ientd21).

confirmed the ab|||ty of this hydrogelto Self—heal, while 3.9. B_Cyc|0dextrin/Phen0|phtha|ein Host—-Guest

cytotoxicity experiments provided support for it having good Recognition Motifs

cytocompatibilityExcellent flexibility and a propensity to take The ability to visualize changes in the structurgalymeric

up colorants quickly was also seen. B materialsunder different conditionscan provide important

3.7. B-Cyclodextrin/Cholic Acid Host-Guest Recognition insightsinto both the underlying chemistryand the bulk

Motifs properties. Harada and co-workers reported a stimuli-responsive
Stimuli-responsive SPNs based on naturally occurring biocoowlored polymeric materiddased on $-CD/phenolphthalein

patible compoundgould find use in a variety of potential host-guest recognitioh® As shown in Figure 3f@henolph-

Q https://dx.doi.org/10.1021/acs.chemrev.9b00839
Chem. Rev. XXXX, XX¥X~XXX
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Lk B 3.10. B-Cyclodextrin/Reduced Methyl Viologen
(a) o ¢WS Host-Guest Recognition Motifs
= /Eg—%‘/ o f = Stimuli-responsive hydrogels have been extensively studied from
I both the fundamentaénd applied perspectives:289:314-319
[ - Hydrogels constructed from identicainstituents butvhich
‘ e respond to the same stimulus in a different way are of particular
on 116 interest within the context of this generatadigm since they

B may expand the lexicon of potential applicaByraxploiting
) host—guest interactions between -CD andTd¥hesue and

— |£\' B co-workers were able to prepare hydrogels with single or double
p— 20 . :
Self-healing network gel structures?® As shown Figure 37 the single-
network gel 126 was obtained by subjecting N,N’-methylenebis-

17 _ _ (acrylamide)(MBAAM), AAM, B-CD monomer 124, and
Dynamic host-guest complexation MV?* monomer 125 to radical polymerization. The first B-CD-
(c) @ containing gehetwork 127-1 was prepared via the polymer-

116 iy N ization of AAM, MBAAM, and 124. Network 127-1 was
4,/\/ $ o ? o (Lo immersed into an aqueous solution of AAM, MBAAM and 125
AT for 3 days. The double network gel 128 was then obtained by in
situ polymerization of these mixed monomers in a solution of
BzI*-A 127-1. Gel 128 consisted of two polymer networks, namely the

B-CD-containingpolymer network 127-1 and the MV?*-
Figure 34.(a) Chemicabtructures ofhe B-CD-containing polymer ~ containing polymer network 127Characterized by different
115 and the cholic acid dimer 11{B) Schematic illustration of the  structuresgels 126 and 128 were found to exhibit opposing
cross-linked hydrogk17 based on 115 and 116 and its self-healing responses when the ¥f\éubunits were subject to reduction.
behavior. (c) Reversible association—dissociation of hydrogel 117 Besth gels 126 and 128 could be stretched to approximately 3
in the presence of the competitive guest BzI-A. This latter substratgrias their origindengthsAfter reduction of the constituent
complex with 115 to form complex Ti@ating with C@Qwas then MV2* groups within ge126 to corresponding MV formihe
L‘;g?gngigg%ép% dbf(t;fﬁﬁfﬁ?ﬁﬁ;ﬂrﬁ?gﬁf&hf éi?)l;lrti;t:t tensile strength 0f126 was found to increase presumably
2017 American Chemical Society. bec_a_use the newly pro_duced MV groups thread |r)to the B-CD
cavities to form reversible supramolecular cross-linked struc-
tures;this threading creates non-covaléohds thatcan be
"y - - e - o] broken to relax tensile stress across the network. In contrast, the
(R W G " A 2¢:o)AJ Tteof U dso), | ;:)J tensile strength of 128 decreased after reduction of tHé MV
i g oy groupsPresumablythis weakening reflects the fact that after
MV?2* reduction,polymer networks 127-1 and 127-2 form a
cross-linked hydrogel network that cannot delocalize the tensile
stress. Spectroscopic measurements and rheological studies both

118

dansyl-gel B-CD-gel

)

= \

¢ o) 0=s=0
—-CH—CH—~

119 ry provided support for these suggestions.
£ 3.11. B-Cyclodextrin/Polypropylene Glycol Host-Guest
_— S ;, Recognition Motifs
S S
pH~:‘Z4 N SPNs constructed from biomacromolecules are expected to have

e g attractive biomedicdeature$®”->?"Alginate,a plant-derived

polysaccharidbas been studied as a scaffold in a number of
dansyl-gel/B-CD-gel 121 B-CD-gel biomedical contexts, including drug delivery and tissue
engineering?®>?* Oldinskiand co-workers reported a self-
Figure 35.Chemicastructures of dansyél119 and B-CD gel20. healingand thermally responsivedual-cross-linked alginate

Also shown are cartoon viewsf the pH-responsive assembly and hydrogelbased on 3-CD/PPG host-guestinteractions?®
disassembly diie supramolecular cross-linkedi@dl Reproduced ~ Toward this end, the B-CD-containingalginate 129 was

with permission from ref 3 Capyright 2013 John Wiley and Sons. prepared (cf. Figure 38). A difunctional block copolymer,
PEG-b-PPG-b-PEG (Pluronic F108), was then added as a guest
to create the dual-cross-linked and moderately stiff hydrogel
130. Hydrogel 130 displayed self-healingand thermo-

thalein and B-CD were linked as side chainsto an AAM . ”»
backbonethis structure gave polymer 122 that was usad, g;;ponswe featurds.addition,the shear storage modulus of

turn, to prepare hydrogel 123. Due to the pH dependence of drogel 130 was found to bedfakPa at body temperature,

absérbaﬁmcgeaturgsof 9 henol' hthaleinthisph drzf clwas Wch is a biologically relevant value. Hydrogel 130 proved to be
P pntr ydroge minimally cytotoxic and could be used to encapsulate and

expected to be purple under basic aqueous conditions. How%/%r A :

; > ; . lease bovine serum albumin.

it proved colorless finding ascribed to complexationtbé i )

phenolphthalein moietyby the B-CD subunits. Heating, ~ 3:12. B-Cyclodextrin/N-Isopropylacrylamide Host-Guest

exposure to an electric current; treating with a competing ~ Recognition Motifs

substrate (AdCANa) in a KIPIOy/NaOH buffer solution (pH Electrically conductive self-healing polymeric hydrogéts,

8) led to formation of a colored material. Gel 123 was also foexeellent flexibility, porosity, desirable mechanical property, and

to possess an ability to self-heal under dry conditions. good conductivity, have shown promisein a number of

R https://dx.doi.org/10.1021/acs.chemrev.9b00839
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Figure 36.Schematic illustration of polymer 122 and the hydt2det supportsAlso shown are some of its stimuli-responsive color features.
Reproduced with permission from ref 313. Copyright 2017 American Chemical Society.

@ ' b £, 0
a H H P -— NNy A AN ; -
’{:XN‘/NB/\‘} 07°NH, / \a:, \ PEe 0 " ;\G)ND_Q?'JI_
MBAAM AAM &:0) Dy MBAAM AAM 125
Om
1st network monomers 124 2nd network monomers
) ) Single network gel 126
(~ )~ ) —~ )t
b et o ¢ e Yl
(b) TS ey
07 NH
[ on [
— - tv u;,\ 3 o& 0. NH ‘& Single Network
_ND—@NQ B On ndoronre. Single Network
Single network gel 126 Reduction Tough
I~~~ [~~~ Oxidation
[ 7a \ 7\ e 1\ ;ra Vsl Yx
0N 0P NH 0"ty 1. o™ 1st Network 15“_Netw°'k
cp LA ) g )
Fi. B f MV ;
L” ( c} ‘o‘g O‘YNH r®/= -\ _J 0:\/NH ﬁ 2nd Network
: 2nd Network
1st gel network 2nd gel network
a=94.86, b=3.60, c=1.54 a=99.84, b=0.06, c=0.10 Tough Weak
12741 127-2 Double network gel 128

Figure 37. (a) Chemical structures of the monomers: MBAAM, AAM, B-CD monomer 124nandrivr 125. (b) Schematic representation
of single-network gel 126, the B-CD-containing polymer network 127-#-ttantdiing polymer network 127-2, and the double network gel

128. Also shown in schematic form is the disparate response displayed by 126 and 128 toward the same redox reaction. Reproduced with pe

from ref 320Copyright 2018 American Chemical Society.

application areafmcluding as self-healable electridavices, hybrid hydrogels 133 and 134 exhibited lower swelling ratios
drug delivery systems, and wound dre&sii§5>*Guo and  and enhanced compressivstressand storage moduli. In
co-workers reported a self-healing conductive hydrogel basegtidition, relative to hydrogelsi 32 and 133, hydrogel134,
B-CD, NIPAM, multi-walled carbon nanotubes (CNTgsyyd  containing both CNT and polypyrrole componentowed
nanostructured po|ypyrraréAS shown in Figure 39, acry|oy|_ excellent NIR |Ight SenSitiVity and gOOd CondUCtiVity. As aresult,
modified B-CD 131 and NIPAM were used to prepare hydrodBg superior featuresof 134, including good mechanical
132 after copolymerizationn addition, hydrogel133 was propertlt_as_excellent self-heal_lng gblllty and desirable electrical
obtained via the copolymerization of 18fPAM, and CNT. conductlwty;t has bgen studleq in the context &frge-scale _
Hydrogel 134 was obtained via the in situ polymerization of J{‘%"ngn motion monitoring devices and self-healable electronic
and pyrrole. circuits.

In hydrogel 134, B-CD/NIPAM host-guest interactions ~ 3.13. y-Cyclodextrin/Polyethylene Glycol Host-Guest
provide for cross-linking. CNTs act as a separate physical crdgsognition Motifs
linker and, in conjunction with polypyrrole, provide for Polymeric hydrogel microspheres (microgels) are a special type
conductivity Hydrogels132, 133, and 134 exhibited rapid,  of responsivecolloidal materiaf>" Microgelsdisplay rapid
stable thermo-responsive featg@s] mechanical properties, swelling/deswelling transitions and can be tuned to respond to
and an ability to self-heaCompared with hydrogél32, the other stimuli.This has made them of interest in a number of

S https://dx.doi.org/10.1021/acs.chemrev.9b00839
Chem. Rev. XXXX, XX¥X~XXX
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Figure 38. Schematic representation of the alginate-graf t-B-CD 129, Pluronic F108, and the hydrogel network 130 prepared from these two s|
Also shown in schematic form is the effed®@lafonic F108 on the thermo-responsive features of the hywrtwgatk 130Reproduced with
permission from ref 3ZBopyright 2015 American Chemical Society.
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Figure 39.(a) Schematic illustration atryloyl-3-CD 13 NIPAM o
and the synthesis of self-healing hydrogel 132. (b) Scheme showi(€) SCinjectionl, =~
preparation of hydrogel 133 and conductive self-healing hydrogel l Inkixtor njscdon
generated byfurther polymerization in the presenceof pyrrole. WehoietEinaok l ., . Cooling
ReproQuced V\_/ith permission from ref Copyright 2018 American i1 min 1h ™
Chemical SOCIety- 60 °C Temperature gradient: 1°C /6 min | 70 °C

Figure 40. Schematic illustrations of (a) RC microggb}36CD,
areas’****Takata and co-workers reported y-CD/PEG-basehe PEG-containingpulky macromonome63, and the CD-type

rotaxane-cross-linked microgehd)ich exhibited decoupled  pseudo-rotaxaneross-linker135, and (c) modified precipitation
thermo- and pH-responsive behaviéts shown in Figure 40, polymerization proceduresed to obtain the RC microgel 136.

y-CD can be threaded by one or two moleculeshef PEG- Reproduced with permission from ref 230. Copyright 2017 John Wiley
bearing bulky macromonomer 63 to form the pseudorotaxanand Sons.

cross-linker 135. Modified precipitation polymerization (Figure
40c) of a mixture ofN-isopropylmethacrylamide (NIPMAM) . .
monomer and 135 in which the total concentration was fixed'3¢ temperatureAs a consequence_rucrogeH(?B displays
150 mM then gave the rotaxane cross-linked microgel 136. é;oupled thermgl and pH responsive behavior.
aggregation or disaggregation of y-CD subunits in 136 is drivef?- Y-Cyclodextrin/Adamantane or Fluoroalkane

by hydrogen bondinghis in turn is affected by the pH of the Host-Guest Recognition Motifs

solution. Therefore,as a result of the differencesn the Many of the SPNs cross-linked byCD-based host—-guest
underlying supramoleculamteractions,microgel 136 was interactions rely on recognition chemistry thaeffective in
found to display pH-responsive swelling/deswelling behavioraqueous medta?>>*ut inappropriate for use in hydrophobic
However, these pH effects were found to have little direct effectironments (including the interior confines of many hydro-
on the PNIPMAM part of 1360n the other handthe latter phobic polymers)n an effort to address this latter deficiency,
portion of the construct was found to be sensitive to changed@kashima and co-workers reported sewsstithealing alkyl

T https://dx.doi.org/10.1021/acs.chemrev.9b00839
Chem. Rev. XXXX, XX¥X~XXX
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Figure 41.(a) Chemicalstructures ofhe hostmonomers permethylated y-CD 13éracetylated y-Cland peracetylated 3-CD 13@uest

monomers 2-ethyladamantyl acrylate 139 and fluorooctyl acrylate 140, main-chain monomers EA and BA, and chemical cross-linking reagent
diacrylate (BDA)(b) Chemicalstructures opolymers bearing host/guasbieties The host—guestlastomers 141 and 142 are based on
permethylated y-CD 137 and peracetylated CD 138, respectively. Also shown is the structure of the covalently cross-linked polymer 143 and
the non-cross-linked homopolymers PEA andRéBdduced with permission from ref 336. Copyright 2019 American Chemical Society.

acrylate-based supramoleculatastomerscross-linked by the supramolecular elastomers by a reafrged host-guest
permethylated operacetylated CD-based host-guéeser- interactions during the deformation procesiastomers 141
actions’>® These researchers took advantage of permethylatesd 142 also displayed self-healing behagieribed to the

y-CD 137 and peracetylated y-CD and peracetylated 3-CD 1@%gersible cross-linking provided by the host-guest interactions.
which proved soluble in a variety of hydrophobic liquid acryl 8 5. y-Cyclodextrin/Tetraaniline and Polyethylene Glycol
monomersThe monomers 2-ethyladamantyl acrylate 139 anqost-Guest Recognition Motifs

fluorooctyl acrylate 140 (see Figure 41) were then prepared as o . )

guests for 137 and 138The host-guestlastomer 141 was Polyanilineis an electrlcallycpnd_uctlngpolymerthat ha;
constructed via the polymerization of the main chain monom@§acted considerable attention in recent years due to its ease of
with host-guest inclusion complexes based on 137 and 139synthesis, environmental stability, and the control over structure
polymerizingthe main chain monomers with host-guest ~ Polyaniline and hydrogels allows for the preparation of
inclusion complexes based on 139 or 140 in conjunction wittglectrically conducting hydrogéi¥**°Ma and co-workers

138. The covalent cross-linked polymers 143 and the non-crégigerted an injectable electroactive hydrogel stabilized via host-
linked polymers PEA and poly(n-buiérylate) (PBA) were  guest interactions between y-@fraanilineand PEG® As

also prepared as controls. From tensile tests, elastomers 14$haen in Figure 4Z,ombining the tetraaniline-grafte G-

142 that benefit from host—guest cross-linking showed highegontaining hydrophilic copolymer 144 with the y-CD dimer 145
toughness and flexibility than the conventional covalently cragiges rise to hydrogel 146, a system cross-linked by host—-guest
linked elastomer 143 and the non-cross-linked polymers PEAteractions involving the various constituent subldgiiso-

and PBA. The fracture energies of 141 and 142 were found gebé46 proved to be a materialthat wasnot only readily

12 times greaterthan those of 143. Thesefindings were injectable and degradable, but also one with good electroactivity.
rationalized in terms of the applied stress being dispersed intn addition, sol—gel transitions involving 146 could be induced

U https://dx.doi.org/10.1021/acs.chemrev.9b00839
Chem. Rev. XXXX, XX¥X~XXX
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Figure 42. Chemical structures of the tetraaniline-containing copolymer 144 and the y-CD dimer 145. Also shown in schematic form is the pre
of an injectable electroactive hydrogel, 146, stabilized via host-guest interactions involving the y-CD units and the PEG and tetraaniline subu
well as the reversible sol-g&hnsitions induced via the sequengédtition of 1-adamantanamine hydrochloride and REproduced with

permission from ref 21@opyright 2014 American Chemical Society.

by adding in sequence 1-adamantanamine hydrochloride andesirable stimuli-responsive properinesiding changes due

the host dimer 145. to variations in pH,temperaturesolventpolarity,and redox
3.16. Comparisons between Supramolecular Polymeric environmentThis feature has led to their use in a number of
Networks Constructed by Cyclodextrin-Based Host-Guest applications-related areasncluding self-healing,polymer
Recognition Motifs blending, sensing,controlled releaseand photo-electricity

As underscored by the summaries provided above, to date ajemgeation, to name a f8&>°°">°Recent progress involving
number of covalent polymers have been subject to cross-linigpgys produced from covalentpolymersand stabilized by

by means of various CD-based host-guest interactions. Thi$. B8 1arenes-based host-quésteractions(Fiqure 43) is
allowed the preparation &PNs with diverse structures and ﬁlﬂm;rize d in this section g s(Fig )

properties. A comparative listing of these systems and the mots
upon which they are based is provided in Table 2. This listing.is Calix[4]arene/Methyl Viologen Host-Guest
organized according to the underlying covalent polymer. ecognition Motifs
Polymeric hydrogels are an important class of water-containing
4. SUPRAMOLECULAR POLYMERIC NETWORKS soft materials. They have seen use in a variety of biomedical and
CONSTRUCTED FROM COVALENT POLYMERS industrialapplicationsdue to their easily varied mechanical
THAT EXPLOIT CALIX[NJARENE-BASED properties and generally good biocompatibifity>®* Supra-

HOST_GUEST INTERACTIONS _ molecular hydrogels or non-covalently cross-linked hydrophilic
Calix[n]arenes, a class of phenol-formaldehyde cyclic polymer networks based on specific non-covalent and dynamic
oligomers, arose from studies that led to the B_akellte3‘b1_roce35inding motifs are a subset pblymeric hydrogels that have
Calix[n]arenes can be modified readily on their upper rim, IO\gﬁFacted considerable attention in recgetrd6:240:35 j

rim, or even on the bridging linkageshey have thus been .
described asbeing macrocycleswith (almost) unlimited and co-workers reported a supramolecular cross-linked hydrogel

possibilities:*?** Many host-guest recognition systems with a three-dimensional network structure (149) based on an
based on calix[n]areneshave been investigatedincluding ~ amphiphilic sulfonatocalix[4]arene, 147, and aduiMaining

those based on calix[5]arenes with primary ammonium saltspoly(vinyl alcohol) 148°As shown in Figure 44, hydrogel 149

or G *******as well as sulfonatocalix[n]arenes wifi MY can be considered as being produced as the result of (i) initial
alkyl pyridinium sgltstrgrllgggylammoniu_m saltspidazolium  gelf-assemblypf 147 followed by (i) host-guestdriven

salts, or crystal violet Due to their facile modification, secondary assembly of the resulting micelles with 148. Hydrogel

unique structuregnd tunable host—guest recognition proper- . N
ties, calix[n]arenes have been widely used in the field of polylfidrProved responsive to a range of external siiroluiding

sciencejncluding as catalystsfor polymerizationpolymer changes in temperature, redox environment, and ionic strength.
backbones or cores, and as polymer-based grafting Depending on the choice otonditionsboth reversible and

units®®25272%Calix[n]arene-based SPNs pee often show irreversible gelation behavior could be induced.

\% https://dx.doi.org/10.1021/acs.chemrev.9b00839
Chem. Rev. XXXX, XX¥X~XXX
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Table 2. SPNs Based on CD-Based Host—Guest Recognition Motifs Classified by the Underlying Covalent Polymers

molecular recognition

a-CD/Azo

a-CD/PEG

B-CD/Ad
B-CD/cholesterol

B-CD/cholic acid
B-CD/PPG
y-CD/PEG

y-CD/ tetraaniline and PPG

a-CD/PEG
B-CD/Ad

B-CD/Fc
y-CD/PEG

y-CD/Ad or y-CD/
fluoroalkane

a-CD/PEG

B-CD/Ad

B-CD/Azo
B-CD/Fc
B-CD/Fc or B-CD/Ad

B-CD/cholic acid
B-CD/dansyl group
-CD/phenolphthalein
B-CD/MV

B-CD/NIPAM

B-CD/Ad
B-CD/Azo
B-CD/Ad

B-CD/Azo
B-CD/PPG

figure
number

Figure 15
Figure 16
Figure 18
Figure 19

Figure 20

Figure 25
Figure 33

Figure 34
Figure 38
Figure 40
Figure 42

Figure 18
Figure 24
Figure 26

Figure 31
Figure 40
Figure 41

Figure 19

Figure 20

Figure 21

Figure 22
Figure 29
Figure 30
Figure 32

Figure 34
Figure 35
Figure 36
Figure 37

Figure 39

Figure 24
Figure 25
Figure 29

Figure 27
Figure 28
Figure 38

cross-linking motif
Polyethylene Glycol (PEG)
[c2]daisy chain 39 with PEG after polycondensation reaction
pseudorotaxane 44 with PEG after polycondensation reaction
a-CD-containing PA 52 and PEG derivative 53

polyrotaxane 55 with poly(AAM-co-4-vinylphenylboronic acid) cross-linked by d
bonds

polyrotaxane 55 with poly(AAM-co-acrylate) cross-linked by covalent bonds
vinylic supramolecular cross-linkers 64 after polymerization with DMAAM
vinylic supramolecular cross-linkers 65 after polymerization with DMAAM
tetronic-Ad conjugate 87 with poly(B-CD) 83

B-CD-containing PLGA polymer 112 with cholesterol-bearing triblock PLGA-b-PEG-b-PLGAT#%

polymer 113

B-CD-containing PDMAAM copolymer 115 with cholic acid dimer-containing PEG polymer 116
3-CD-containing alginate 129 with PEG-b-PPG-b-PEG copolymer (Pluronic F108)
y-CD with PEG-containing terminal bulky macromonomer 63 after polymerization with NIPW88&M
tetraaniline-grafed and PEG-containing hydrophilic copolymer 144 with y-CD dimer 145

Polyacrylate (PA)
a-CD-containing PA 52 with PEG derivative 53
poly(B-CD) 83 with HEMA-modified Ad unit 84 after polymerization with HEA

Ad-modified acryloylated tetra-ethylene glycol 89 with B-CD-functionalized 2-isocyanatoett®2 acrykité

molecule 90 after polymerization with gelatin methacryloyl
Fc-modified poly(glycidyl MA) 105 with a difunctional -CD derivative 106

y-CD with PEG-containing terminal bulky macromonomer 63 after polymerization with NIP8&M
permethylated y-CD AAM monomer 137, 2-ethyladamantyl acrylate 139 with EA or BA aftd#1

polymerization

peracetylated y-CD or peracetylated B-CD AAM monome2seft3dadamantyl acrylate 139, or142

fluorooctyl acrylate 140 with EA after polymerization

Poly(acrylamide) (PAAM)

polyrotaxane 55 with poly(AAM-co-4-vinylphenylboronic acid) cross-linked by dynamic covaient

bonds
polyrotaxane 55 with poly(AAM-co-acrylate) cross-linked by covalent bonds
vinylic supramolecular cross-linkers 64 after polymerization with DMAAM
vinylic supramolecular cross-linkers 65 after polymerization with DMAAM

B-CD-modified AAM monomer 68 with Ad-modified AAM monomers 69 after polymerizatiofitwith 258
AAM

3-CD-containing PAAM 72 with Ad-containing PAAM 73
AAM-modified Azo 99 with poly(B-CD) 83 after polymerization with AAM
poly(DMAAM-r-glycidolIMA-B-CD) 102 with poly(DMAAM-r-HEMA-Fc) 103

SPN  ref
41 238
45 239
54 244
ynamic covafient 254
57
66 257
67
88 274
306
309
130 325
230
146 215
54 244
86 270
107 292
230
336
254
57
66 257
67
76 262
101 288
104 290

Ad- or Fc-based triangular metallocycles 109 with PNIPAM- or PAAM-based B-CD-containilg 304
copolymers 110
B-CD-grafted PDMAAM copolymer 115 with cholic acid dimer 116 117 309
PAAM-based dansyl-gel 119 with 3-CD gel 120 121 312
3-CD- and phenolphthalein-modified polymer 122 123 313
MBAAM,AAM,CD monomer 124 with Mmonomer 125 after polymerization 126 320
B-CD-containing PAAM polymer network 127-1 witF-ehtaining PAAM polymer 128
network 127-2
acryloyl-modified 3-CD 131 after polymerization with NIPAM 132 214
acryloyl-modified 3-CD 131 after polymerization with NIPAM and CNT 133
SPN 133 after polymerization with pyrrole 134
Poly(B-cyclodextrin) (Poly(B-CD)
poly(B-CD) 83 with HEMA-modified Ad unit 84 after polymerization with HEA 86 270
poly(B-CD) 83 with tetronic-Ad conjugate 87 88 274
poly(B-CD) 83 with AAM-modified Azo 99 after polymerization with AAM 101 288
Polysaccharide
B-CD-grafted hyaluronic acid 93 with Ad-grafted hyaluronic acid 94 95 282
B-CD-containing hyaluronic acid 94 with Azo-containing hyaluronic acid 96 97 287
-CD-containing alginate 129 with PEG-b-PPG-b-PEG copolymer (Pluronic F108) 130 325
w https://dx.doi.org/10.1021/acs.chemrev.9b00839

Chem. Rev. XXXX, XX¥X-XXX



Chemical Reviews pubs.acs.org/CR

o e ﬁm
0.s° ©s0,3%0. SOy
@@@,@ DO

OR clm OrR rd MV/2+

Sulfonatocalix[4]arene

® ®
HaN- A~ NHs
8

o = 1,10-decanediyl
Calix[5]arene -diammonium salt
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147 Micelle 149 produced via their host-guest-driven self-assembly.

Figure 44. Chemical structures of amphiphilic sulfonatocalix[4]arene

147 and MV?*-containing poly(vinyalcohol) polymer148. Also

shown in schematic form is the supramolecular cross-linked hydroel SUPRAMOLECULAR POLYMERIC NETWORKS

149 prepared through 148 with secondary assembled micelles from CONSTRUCTED THROUGH THE COMBINATION OF

147.Reproduced with permission from ref @@pyright 2015 The COVALENT POLYMERS AND
Royal Society of Chemistry. CUCURBIT[NJURIL-BASED HOST-GUEST
INTERACTIONS

Cucurbit[n]urils (CB[n]s) are a family of barrel-shaped
macrocycliccompoundscontaining n-glycolurilinits. They
4.2. Calix[5]arene/1,10-Decanediyldiammonium Salt possess hydrophilic exterior and hydrophobic ¥4vifiasd
Host-Guest Recognition Motifs can form inclusion complexes with various guests particularly in

Conjugated polymer materials generated through applicatiorf@f!eous medid” Compared with other supramolecular host

supramolecular strategies have been explored in the contexﬂﬁﬂemssl'|Ch asCDs and _cal_ix[n]ar_er_u_asCB[n_]s_typically_
. i3 Thi - flects i t the fact display enhanced guest binding affinities. This is especially true
optoelectronic devices. This activity reflects in part the fac for appropriately selected cationic speciglsere binding is

that non-covaleninteractionscan be used to control the driven by a combination of ion—-dipole interactidnarogen
assembly of individual polymer chains, which in turn allows thendingand hydrophobic effecfs>"*

optoelectronic properties of conductive polymer-based devices'he number ofrepeating glycolurilnits defines the portal

to be readily tunéd’-**Pappalardo and co-workers reported #ize and cavity volume of CBfiiReflecting the differences in
SPN constructed from a conjugated polymtrat exploited size, it has been discovered empirically that CBJ[5] is best suited
calix[5]arene-based host-guest interacfibirsthis work,a for the encapsulation OfQQ%B[G] can bind alkylamines or

: o alkylammonium salté5~3"® CB[7] can accommodate small
calix[5]arene-modified PPE polymer 150 and a 1,10-  ,ryanic compounds, such agMyvimethylsilyl groups, Ad, or

decanediyldiammonium guest,151, were prepared and Fc derivative$,° ***whereas CB[8] can complex two guest
combined to obtain the SPN 152 (Figure 4AFM analysis  moleculesto form 1:2 homodimer complexesor 1:1:1
revealed a homogeneoasd continuousnetwork of nearly heteroternamplexes in the caseof aromatic

uniform thickness that could be used to cover a surface wheBUggts’ *>*° ™% .
molar ratio of 150 and 151 was 2tiwas also found thatby ~_ The host-guestpropertiesof CBInis have made them

. . attractive in the area of polymer science, including catalyzing the
changing the host/guest rattwe fluorescent properties of the formation of polymer§93%9‘¥and constructingcrosg-linkeg 9

system could be modulatefdinally,disassembly/assembly of supramolecuIanolgmericmaterialsparticuIarly in aqueous
152 could be induced via the successive addition of base anghedia®®388-3°°73%|n this section, we summarizerecent

acid. progressinvolving SPNs prepared viathe combination of

X https://dx.doi.org/10.1021/acs.chemrev.9b00839
Chem. Rev. XXXX, XX¥X~XXX
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CB[n]-based host—-guest interactions (Figure 46) and covalethe rate of gelation could be varied from seconds to @ours.

polymers.

1:1 complexation  1:2 complexation 1:1:1 complexation
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Figure 46. Chemicaktructures ofCB[7] and CB[8] and comple-
mentary guests that have been used to prepare SPNs.

5.1. Cucurbit[7]uril/Adamantane Host—-Guest Recognition
Motifs

The kinetics of hydrogel formation touch on many applicatior
areasincluding interalia the developmendf injectable and
printable hydrogef&’®°CIn fact, an ability to control the

the other hand, once formed the strong interactions between the
CB[7] and Ad moieties endowed hydrogefl 55 with high
elasticitygood stabilityand shape persisten€le regulation

of gelation kineticof the hydrogelcould thusbe used for
injection and printing operations.

5.2. Cucurbit[8]uril/Phenylalanine Host-Guest

Recognition Motifs

Liu, Schermamand co-workers reported a responsive double
network hydrogebased on DNA hybridization and CB[8]/
phenylalanine host-guest recognifiénAs shown in Figure
48, phenylalanine-functionalized carboxymetijllose 156

}Q/:i _; Double network hydrogel o\e"‘c"e \t;(j\ﬁ 1
157 “46 .
156 , 727 DNA residues
+ 160
KA .
St
O+ Y
Y -!’il
} &y 17 Al
158 CBI8] 161 CB[8] residues
g BT
YOy =
5’@’5 T RSN

82% 10%

8%

gelation kinetics of hydrogels without affecting the structure @9dire 48 Chemicastructures of 15@57,and 158Also shown in

properties ofthe resulting materials represents a recognized
challengeAppreciating thisTan and co-workers reported an

schematic form is their use in preparing the double network hydrogel
159 and the single network hydrogels 160 and 161, both of which are

approach to controlling the gelation kinetics of a cross-linkedproduced through controlled enzymatic degradation. Reproduced with

supramoleculahydrogel based on CB[7]/Ad host-guest
recognition that relied on the use obmpeting guests! As

permission from ref 4@opyright 2015 John Wiley and Sons.

shown in Figure 47, two DMAAM-based polymers with CB[7L,4 CB[8] interact with each otherwith a 1:2 host-guest
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Figure 47 Chemicaktructures of the CB[7]-functionalized polymer
153 and the Ad-bearing polymer 154. Also shown in schematic fo
how competing guests may be used to control the gelation kinetic
the cross-linked hydrogel155 generated from 153 and 154.

Reproduced with permission from ref 401 under a Creative Comm

Bud° Cucurbit[8]uril/1-Benzyl-3-vinylimidazolium Bromide

stoichiometry to form a cross-linked hydrogeétwork 160

(termed CB[8]). Alternativelythe DNA linker 157 and the

DNA Y-scaffold 158 interachs the resultof their comple-
mentary DNA sequencesghis forms a second cross-linked
hydrogelnetwork 161, a so-called “DNA network”.Upon

mixing these fourindividualcomponents a double network,
hydrogel 159, is formed. In 159, the CB[8] and DNA networks
160 and 161 were found to interpenetrate, which was thought to
contribute to the outstandingproperties,such as thermal

stability, mechanical strength, stretching ability and ductility, as
well as excellent shear-thinning and thixotropic propetties.

was expected that hydrogel 159 would possess a good
biodegradabilityprofile becausesach constituentnetwork

could be selectively digested by specific enzymes (e.g., cellulases
and nucleases). In fact, because different enzymes are involved,
selective degradation of one network could be achieved while
retaining the structure and mechanical properties of the other.

Host-Guest Recognition Motifs
Syhthetic constructthat imitate biologicalsystemsn their

Attribution 4.0 International License, copyright 2016 Springer Natuggility to self-repaimand adaptto environmentabtimuli, are

and Ad pendants, namely 153 and 154, were used to create
supramoleculacross-linked hydrogel55. The interaction
between the CB[7] and Ad subunits on the polymer backbon
could be reduced by pre-occupying the CB[7tavity with
competing guesrlnolecules%v varying the guesinolecules,
within the setdefined by MV, 1,6-diaminohexane dihydro-
chloride,and (ferrocenylmethyl)trimethylammonium iodide,

Y

particularly appealing in terms of creating hierarchical structures
dhd new materials with good durability and functionaf itility.
Inspired by the structure and function of titin, Scherman and co-
workers constructed an aqueousdual network that takes
advantage of dynamic CB[8]/1-benzyl-3-vinylimidazolium bro-
mide host—guest interactions and their force-induced dissoci-
ation?°* As shown in Figure 49the imidazolium guestan
complex with CB[8] in a 2:1 manneg;#4.21 x 1M, K,,

https://dx.doi.org/10.1021/acs.chemrev.9b00839
Chem. Rev. XXXX, XX¥X~XXX



Chemical Reviews pubs.acs.org/CR

(c) éé y "
| xtension N AT AN
Lol o K & &

7 \ ‘@/ \@« Retraction w\z’~\?v \4?,‘\;// ' \(~\;//
\ \ ;

X Force-induced dissociation of
Reformation of host—guest host-guest complexes
complexes via relaxation

Figure 49. (a) Schematic illustration of a modular dual network 162 that relies on the judicious use of host—guest interactions (blue circles) an
chemical cross-links (pink circles) and the host-guest complexation between CB[8] and the imidazolium guest. (b) Modular section of titin shc
its basic structure. (c) Schematic illustration of the fundamental mechanism for energy dissipation within 162. Reproduced with permission fro
404.Copyright 2017 John Wiley and Sons.

=425 x 1@M‘1). In addition, it can also act as a non-covaler"

supramoleculatross-linkethat may be polymerized in the ) ‘
presence of the chemical cross-linker MBAAM and a hydrop (- CNE
monomerAAM; this polymerization wagound to give an Iﬁ il
aqueous duatetwork 162.In 162, dynamic “loops” formed
based on the CB[8] host—guest complexes (Figure F8e). s P
“loops” that were along the polymer chains exist between tw! : \}
covalent cross-linkers. Covalent chemical cross-linking was . ®% -
to maintain the shape of the dual network and impart elasticicgpesive 163 Adhesive
Concurrently CB[8]-based dynamic host—gueisiteractions e
were used to improve the mechanicafeatures,including . 4«1,}” A = NS = o Mvon
imparting fracture and fatigue resistanceelf-recoveryand 07 NH, =g U e *HCHQ
energy dissipation. EN

Supramoleculainteractionsplay a critical role in many
; e ; _ Figure 50.Schematic illustration dfe SPN 163 and its use as an
naturaladhesion phenomerfynthetic supramolecular adhe adhesive to attach two substrates. Reproduced with permission from ref

sives could provide interfacial materials with intriguing prope : :
ties, including an ability to dissipate energy or éélf—‘ﬁé%‘?? 408 Copyright 2018 John Wiley and Sons.

Scherman and co-workers reported a supramolecular hydrogel o

network 163 thatcan function as a dynamic adhesive far ~ SystemCB[8]-based cross-linking dhe two polymersand

variety of nonporousand porousmaterial§”® As shown in  further UV cross-linking in aqueous media was then used to
Figure 50, hydrogel 163 relies on a 1-benzyl-3-vinylimidazoli@@herate the supercontractile fiber 166 which possessed double
bromide-containing AAM polymer that is cross-linked by addig§work. This latter system possessed the viscoelastic properties
CBI8]. The result is a system that can form a tough and healE@slgired for directly drawing fibers with high aspect ratio from

adhesive interlayer between a range of substrates. th%hlll/d_r(‘;gleL_ . has b dtoi "
5.4. Cucurbit[8]uril/Methyl Viologen and Naphthalene ofoidal reiniorcementhas been USec 10 Ineree s

414
Host-Guest Recognition Motifs

strengthstiffnessand even the toughness of matefisls’
The combination of supramoleculainteractionswith solid

Inspired by spider silk, which possesses high strength, elastiifjulose nanocrystanocomposites has been pursued as a
and recognized “supercontract” features (a term reflecting thetrategy to reinforce hydrogel matélials$Scherman and co-
considerable shrinkage thatcurs when exposed to water), workers reported a supramolecular hydrogel that is bridged by
Scherman and co-workers reported a supercontractile fiber t6Boidal nanofibrillated cellulose (NFC) donfaiss shown

This fiber contracts by up to 50% of its original length at highn Figure 52, the naphthalene-functionalized hydroxyethyl
humidity, in analogy to what is seen in the case of spider silkcellulose 167 and the ffunctionalized PS-based copolymer

As shown in Figure 5folymer 164 could be functionalized 168 were used to prepare the supramolecular hydrogel network
with MV2* and then grafted onto silica nanoparticle¥he 169. This network could be attached to the NFC colloidal
naphthalene- and methacrylic anhydride-functionalized hydrbydrogelto form a reinforced hybrid hydrogdl70; this was

yethyl cellulosepolymer 165 was also prepared in which done by adsorbing 167 onto the surface of the NFC hydrogel.
methacrylic anhydride can bring further cross-linking into theThe hybrid hydrogel 170 exhibited significantlyenhanced

Z https://dx.doi.org/10.1021/acs.chemrev.9b00839
Chem. Rev. XXXX, XX¥X~XXX
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Figure 51.Chemicabtructures of 164 and 165 and schematic illustration of the supercontractile fiber 166 undergoing supercontraction at high
humidity. Also shown is a photograph of the supercontractile fiber. Reproduced with permission from ref 409 under a Creative Commons Attri
License (CC BY), copyright 2018 John Wiley and Sons.

(@) Supramolecular hydrogel (c) Hybrid hydrogel 170 5.5. Cucurbit[8]uril/Tripeptide Phe-Gly-Gly Ester Derivative
Tm(ng;w) . Host-Guest Recognition Motifs
ReHorchcion O E Hydrogels have been used extensivelyfor wound dress-
21 o o N . 419,42 . .
167 . ings!'?**%Supramolecular hydrogeispstructed via dynamic
non-covalent interactiorege capable of dissolution upon the

m:‘: 'e,i'g T N5 application of a stimuluss suchthey are attractive as wound
RSN ©- H_m 7 (d) 167 Adsorption to NFC dressings since they expected to promote healing with reduced
168 Oy cBg v % . . .
~ surface risk of damaging the newly formed tisstiésZhang and co-
(b) Colloidal reinforcing hydrogel ol y worker§ reported a supramolecular hydroggl designe_d to provide
. ]fi x [ T an easily removable wound dresdihg. materiain question
(Y&w%m) s — ’ M;%T%ffﬁ was based on a polymeric network cross-linked by host-guest
Sltces . Crismiie o e s TR | interactionsbetween CB[8] and the Phe-Gly-Gly tripeptide
domain Al NFC flocs o ester176*2" As shown in Figure 5the supramonomer 177,

Fi 52. (a) Chemicalstruct fth hthvl-functionalized formed as the result of host—guest interactions between 176 and
igure 5z. (a) Lhemicalstructuresot the naphthyl-functionalized — cpgrg] was first prepared. Radical copolymerization with AAM
hydroxyethyl cellulose ?6]? and"idbhtaining cationic polymer 168, aszE1 <]:ross-linkertpherrm) produced the depsir)e/d supramolecular

Also shown in schematic form is the supramolecular hydrtg| hydrogel 178. Hydrogel 178 proved transparent, nontoxic, and

stabilized by host—guest interactions between CBj8]and 168. . e . . .
(b) Colloidal reinforcing nanofibrillated cellulose. (c) Interpenetratirtf!f-repairable. It also exhibited desirable mechanical properties

hybrid hydrogel 70 comprised dhe supramolecular hydrodéb that could be readily tuned. In particular, hydrogel 178 could be
and the colloidal-level NFC hydroglAdsorption of 167 onto an  loaded and used to deliver therapeutic agents to wounds. When

NFC surfaceReproduced with permission from #ef7. Copyright exposed to the mild chemical irritant memantine hydrogel 178
2015 John Wiley and Sons. dissolved within 2 min. This conversion was ascribed to the fact
that CB[8] interacts more strongly with memantijre4kK3 x

10'"" M~ than with 176 (K, = 2.0 x 10'" M™2); as a result,
supramonomef 77 is destroyed by the competitiveguest

rheologicayield strain and storage modulus valassyellas . A
improved maximum elasticyield values; presumablythis memantme.‘!’hese f_eaturesare expected to transllateu'_lto
phenomenon reflects a favorable combinatiofasfCB[8]- reduced pa.tlent paln and shortened wound—heal|r.19 times.
based host-guestissociation/association dynamizsd the ~ ©-6. Cucurbit[8]uril/Methy! Viologen and Benzyl Amide or
stabilizing interactions between the supramoledwairogel ~ Azobenzene Host-Guest Recognition Motifs
169 and the NFC nanofibers present in the hybrid system 17@terfacial adhesion promoted by means of host-guest
Scherman and co-workers reported a supramolecular hydinteractions constitutes an attractive meansrefating func-
gel network based on CB[8]/Mxnd naphthalene host-guest tional interfacesyound dressingand tissue adhesi\?% 424
recognition motif§!® As shown in Figure 53, CB[8] host Appreciatingthis, Scherman and co-workersised CB[8]-
moietieswere mechanically locked onto a highly branched threadedhighly branched polyrotaxanes to form dynamically
hydrophilic N-hydroxyethylacrylamidéHEAAM) polymer bonded soft materialsthat could adhere two wet surfaces
backbone through selective binary complexation with viologéhrough CB[8]/MV 2* and benzyl amide/Azo host-guest
derivatives. This locking serves to stabilize the highly branchiateractions (K= 2.0 x 107/4.0 x 10° M™").#?° As shown in
CBI[8]-threaded polyrotaxane-containing systemAl iriear Figure 55,the MV?* groupsin the CB[8]-threaded highly
HEAAM polymer172 containing MV* groups on the side branched polyrotaxanes 171 act as a first set of guests. Azo- and
chains was also preparexh was the naphthyl-functionalized benzyl amide-containing AAM polymers 179 and 180 then acts
hydroxyethyl cellulose 173. When 173 and CBJ[8] were addedda second set of gue¥iben 179 or 180 were molded into
171 and 172, respectively, two kinds of supramolecular hydrogkbn strips, aqueoussolutionscontaining171 could be
networks, namely 174 and 175, were obtained. Relative to 1@Bfused to the interfaces of these samples, allowing macroscopic
the mechanically interlocked and highly branched network 1&dlhesion to be achievedhe adhesion was ascribed to the

displayed an improved viscoelastic modugreaterthermal formation of SPNs 181 and 182 stabilized by host-guest
stabilityand enhanced self-healing. interactions involving the CB[8]/MNand the benzyl amide or
AA https://dx.doi.org/10.1021/acs.chemrev.9b00839
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Figure 53. (a) Synthesis of the highly bran&i{8]-threaded polyrotaxane 171 (i) and chemical structures of (ii) linear polymer 172 and (iii)
naphthyl-functionalized hydroxyethyl cellulose 173. (b) Schematic illustration of the hydrogel networks 174 and 175 created via a two-compor
strategy that involves combining 171 with 173, as well as a three-component strategy that relies on the combined use of CB[8], 172, and 173.
Inverted vial tests for the indicated hydrogel netReptseduced with permission from ref 418. Copyright 2017 John Wiley and Sons.

i 94% 1% /5%
HNT0 lj\l (]

0

m

Memantine

(a) upramonomer (b)
9 cB[s] ;0_/

+ —p-
@—= k=20x10"M2 177

C
9 "L o Radical N @
N’\,rnx)ko/\/"ﬁ §)LN" polymerization -\ st et
Ny 0176 2 ATITAae

o

NHy*
- "
emantine =5
K,=43 X 10" M \
178 A" &

Hydrogel dissolution Supramolecular hydrogel

4

Figure 54.Schematic depiction @f) supramolecular hydrogél8
fabricated from supramonomers 177 based on CB[8] andalsts; 181
shown is its dissolution chemistrytriggered by irrigation with 4205 | 1360 i /
memantine(b) Application of 178 as a potentialvound dressing H
materialReproduced with permission from ref 42dpyright 2017
American Chemical Society.

hv' or A ‘ /\J
Azo subunitstespectivelyThe dynamic nature ahe host- Q
guest complexes present in 181 and 182 was found to supp: m

adhesivecontactsthat, in turn, allowed for recoveryand . _
reversible adhesiobinder non-extreme aqueous conditions, —— — )+

the adhesive could be setand would undergo self-healing IR S

without the need for additional curing materials. Moreover, SE,re 55.Chemicastructures oEB[8]-threaded highly branched

181, a system based on adhesion between 171 and 179, proy@gotaxanes 17Hydrogeft 79,and hydroge! 80.Also shown are
responsiveo photo-irradiation. This featurewas ascribed  schematic depictions of SPNs 181 and 182, and the dynamic interfacial
photo-isomerization ofthe constituentAzo groups under gluing of these two hydrogels using 171 as the adReprcaluced

conditions of photo-irradiation. with permission from ref 425. Copyright 2018 John Wiley and Sons.
5.7. Comparisons between Supramolecular Polymeric

Networks Constructed by Cucurbit[n]uril-Based backbonesNeverthelessa range of systemspredicated on
Host-Guest Recognition Motifs CBI[n]-based host—-guestecognition havebeen produced.

To date, most CB[n]-based host—guest recognition motifs usétese include ones based on 1:1 CB[7]/Ad complexes]
to support SPNshave relied on PAAM and polysaccharide 1:2 interactionsbetween CB[8]/1-benzyl-3-vinylimidazolium

AB https://dx.doi.org/10.1021/acs.chemrev.9b00839
Chem. Rev. XXXX, XX¥X-XXX
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Table 3. SPNs Based on CB[n]-based Host—Guest Recognition Motifs Classified by the Underlying Covalent Polymer

molecular recognition nf:l%gzr cross-linking motif SPN  ref
Poly(acrylamide) (PAAM)

CBJ[7]/Ad Figure 47 CB[7]-containing PDMAAM 153 with Ad-containing PDMAAM 154 155 401

CBI[8]/1-benzyl-3-vinylimidazolium Figure 49 MBAAM,AAM,CBI[8] and 1-benzyl-3-vinylimidazolium bromide after polymerization162 404

bromide Figure 50 AAM, 1-benzyl-3-vinylimidazolium with CB[8] after polymerization 163 408

CB[8/MV ?* and naphthalene Figure 51 MV?*-containing PAAM 164 grafted silica nanopartiafgsthalene- and methacrylic 166 409

anhydride-functionalized hydroxyethyl cellulose polymer 165 with CB[8]

Figure 53 highly branched CB[8]/MY polyrotaxane 171 with naphthyl-functionalized hydroxyety# 418
cellulose 173

MV?*-containing PHEAAM 17&aphthyl-functionalized hydroxyethyl cellulose 173 with75
CB[8]

CBjJ8]/tripeptide Phe-Gly-Gly ester Figure 54 CBI8]/tripeptide Phe-Gly-Gly ester derivative-based supramolecular monomer 177 &f@r 421

derivative polymerization with AAM

CB[8/MV?*and Azo Figure 55 highly branched CB[8)/MV polyrotaxane 171 with Azo-containing PAAM 179 181 425

CB[8)/MV 2* and benzyl amide highly branched CB[8]/M¥ polyrotaxane 171 with benzyl amide-containing PAAM 182
polymer 180

Polysaccharide

CB[8]/phenylalanine Figure 48 phenylalanine-functionalized carboxymethyl cellulose 156 and CB[8] with DNA linkd5957 402
and DNA Y-scaffold 158

CB[8)/MV 2* and naphthalene Figure 51 MV2*-containing PAAM 164 grafted silica nanopantiafgsthalene-functionalized 166 409

hydroxyethyl cellulose polymer 165 with CB[8]

Figure 52 naphthalene-functionalized hydroxyethyl cellulose fé6Fuitionalized PS-based 169 417
copolymer 168 with CBI[8]

SPN 169 with colloidal-level NFC hydrogel 170

Figure 53 highly branched CB[8)/M polyrotaxane 171 with naphthyl-functionalized hydroxyetthy# 418
cellulose 173
MV2*-containing PHEAAM 17aphthyl-functionalized hydroxyethyl cellulose 173 with75
CB[8]

bromide, phenylalanine, or Phe-Gly-Gly ester, as well as CBf8167%® and Ad ammonium salt§® Pillar[9]arenes can form
MV2*in conjunction with naphthalene or benzyl amide and Aireclusion complexes with 2,7-diazapyrenium saff® and
in a 1:1:1 mannef.able 3 provides a summary of the systemaVV?***" Pillar[10]arenes can bind M{*°**°*These host-
discussed in this sectids. abovet is organized according to guest systems respond to various external stimuli, including pH
the underlying covalent backbone employed. changedight, redoxjon, temperature and so drhis endows

the resulting supramolecular architectures with environmental
6. SUPRAMOLECULAR POLYMERIC NETWORKS responsiveness and makes them of interest in the context of a

CONSTRUCTED VIA THE COMBINATION OF wide number ofpotentialapplicationsMany of these host-
COVALENT POLYMERS AND guestrecognition featurehave been exploited to construct
PILLAR[NJARENE-BASED HOST-GUEST supramoleculapolymeric materialswith applicationsin a
INTERACTIONS variety of areassuch asdetection,analyte adsorptiorand

light-harvesting:*°7#64:494=5Q} this sectionwe summarize
recent progress involving SPNS that rely on pillar[n]arene-based
ABRt-guest interactions (Figure 56) and covalent polymers.

Pillar[n]arenes are a relatively new classa€rocyclic hosts
that since their introduction 2008 have already taken their pl
as stalwarts of supramolecular cheﬁﬁ%Tﬂye repeat units in ) )
pillar[n]arenes are connected via methylene bridges in the p&ra- Pillari6larene/Ferrocenium Salt Host-Guest
positions of the constituent pheny! moieties: this results in the€cegnition Motifs

formation of uniquely rigid, pillar-like structure&’’*?®The Functional supramolecular materials based on redox-responsive
syntheses;onformationamobility, functionalizationhost- host—-guestinteractionsare attractive due to theirpotential
guest chemistry, self-assemblyeatures,and a variety of utility in a number of applications-related dféa8The Fc/
applicationshave been actively explored ovethe past 10 Fc" couple isamong the mostwidely used motifsused to

years?97*4° Much of this effort has been reviewed else-  construct redox-responsive supramolecular materials. Fc and its
where’3:427:428.450-4p45\vever, a brief synopsis of some of thalerivatives have considerable appeal due to the well-developed
key host—guestrecognition featuresof pillar[n]arenesis synthetic methods allowing their access, the fact they bind well
appropriate hereTypicaIIy,piIIar[5lareneSNiII form stable to suitable hostsand germit redox contradver many host-
complexeswith alkylamines’>>~*>" organic ammonium  guest interaction8>-°*Wang and co-workers reported a dual-

salts*°874€0 nitriles, 61746 alkanes?®*46° pyridinium responsive SPN (185) based on redox-controllable pillar[6]-
saltsi®®45” imidazole/imidazolium salt§**®*~*’% haloal- ~ arene/F& recognition motifs that proved responsive to redox
kaneg, 472 M2+ 434473474 gglicylaldehyd® 10-methyl-  changes and chemicgtimuli®®” As shown in Figure 5%he
acridiniunt’® alkylsulfonate saﬁg? and azastilbene deriva-  polymeric backbonein question was constructed usinga

tives’”*’8 Pillar[6]arenescan accommodateAzo?®428%479  pillar[6]arene-grafted PMA 183 and a Fc-functionalized PS

MV?* 89 ferrocenium saltFc'),*®"*52 azastilbenaleriva-  copolymer 184 in a mixture of CHHICH ;COCH; (5:1, V/v).

tives;>*54 pyridinium salts**®*®> and nitrile-containin After oxidation,SPN 185 was obtainedSPN 185 exhibited

guest§’®® Pillar[7]arenes are able to complex MV?**® increased viscosity relative to the non-cross-linked mixtures.
AC https://dx.doi.org/10.1021/acs.chemrev.9b00839
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Figure 56.Chemicaktructures oper-alkylated pillar[6]arenesy- 512 Copyright 2016 American Chemical Society.

alkylated pillar[5]arenesd a water-soluble pillar[5]aresewell as
representative guests that have been used to fabricate SPNs.

could be transformed to the corresponding sol form by adding a
competitive hosper-ethyl-substituted pillar[5]arene (EtP5A),

or a competitive guest, butanedinitrile. It was proposed that the
ordered stacking structure of pillararenes plays an important role

was also found to stabilize a gel-like stadte SPN 185, the

supramolecular network cross-linking could be controlled by
variety of externalstimuli, including exposurdo chemical

ia the stabilization of this supramolecular@ehsistent with
this suppositiomeversible gel-sdfansitions were seen as a

reductants and by means of competing host—guest interactidnsction of temperature.

the resulting changes could be monitored readily by monitor
the viscoelastic properties of 185.

6.2. Pillar[5]arene/Pyridinium Salt Host-Guest Recognition
Motifs

Multi-responsivepolymericgels that can reversiblyswitch
between free-flowing liquid and free-standingtgéds are of
both inherentinterestand practicalmportancé®®-482:508=511
Host—guestinteractionscan endow supramoleculaystems
with stimuli-responsive propertidisat allow the conversion
between these limiting states to be effected as a function of
environmental changedn this contextl.iao and co-workers
reported a multi-responsive supramolecutaoss-linked gel
based on pillar[5]arene/pyridinium saltost—guestrecogni-
tion>"?As shown in Figure 58, addition of the bis(pyridinium)
dicationicguest186 to the PMMA-based copolymett 87
bearing pillar[5]arenes as pendagmbups generated a supra-
molecular cross-linked polymeric 488 in CHCL. This gel

indArunachalam and co-workers reported an anion-responsive
SPN based on the pillar[5]arene/pyridinium salbst-guest
recognition motif."* In this casethe pillar{5]arene pendent
polymer 189 was first synthesized from a pillar[5]arene-based
oxanorbornene uniby meansof a ring-opening metathesis
polymerization using Grubbsst generation catalyst (Figure
59). Mixing 189 with the ditopic bis(pyridinium) guest 190 in a
mixture of CHGICH ;COCH; (1:1, v/v) then gave rise to the
SPN 191 presumably as the result of self-assembly driven by
pillar[5]arene/pyridinium salthost-guestinteractions SPN

191 could be readily disassembled viathe addition of
tetrabutylammonium chloride.

6.3. Pillar[5]arene/Cyanoalkane Host—-Guest Recognition

Motifs

Adronov and co-workers reported a supramolecular polymeric
organogebased on non-covalemillar[5]arene/cyanoalkane
interactions!* Here, a strain-promoted azide—alkyne cyclo-

g O 183 Non-cross-linked Cross-linked
n \
- i ) \ VAL 2N
CHCIy/CH,COCH, y) i
=51, v [ox] k\
+ — Y
h
~ 7 e %/
x oz .
" \ \
‘5‘1& 185
o070
\ov«_@
Fe
<= 184

Figure 57. Representation of the redox-controllable supramolecular network 185 based on the functionalized polymers 183 and 184. Reprodu

permission from ref 5@opyright 2015 American Chemical Society.
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A aggregation induced enhanced emission (AIEE) features based
IO« o S W b on the host—guestinteractionsbetween pillar[5]areneand
- BLLET, “w ow X triazole-containing cyanoalkati&i this worka conjugated
p = ‘ T o e “«‘m/t ) poly(tetraphenylethene) polymd®5 bearing pillar[5]arene
.. X189 L f hostswas cross-linked by adding the homoditopic triazole-
L Host—guest » ¥ i containing cyanoalkane 196 in CHCIThis resulted in the
+ _complexation o, N W W formation of the AIEE SPN 197 (Figure 6@Compared with
CHCI,/CH,COCH; 191
PF ~© =11, viv cr 7 7
¥ w190 Qe W g
1} = WA ¢ 1 2 gt! "
& ——— ("Ssm 'Gr/ ‘é TR e B - \"‘t“ ¢ & 3" }.,‘ ;"
r\/-\/\/‘\»\/\ :/\‘:\AAf\ o) 0 4 * - ) ] '/’
< 6}ﬁi§, -4 -/:30"“:2 oh 2y oy 3} ?\T\' J :
& i Zz A co"/ ¢ T
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Figure 59.Schematic views showing the chemstraictures ofhe - e 195 = 2 e/
pillar[5]arene-bearing polymer 189 and its ditopic bispyridinium gu 0 + !
190. Also shown in cartoon representation is the SPN 191 obtaine e = o, (R
the result of host—guest driven self-assembly and its response to ¢ 4 SR, 0L ]
Reproduced with permission from ref 513. Copyright 2019 John W o2 . m M}’}
and Sons. 05 42 o TN N A e
M Q{)cfg
P BF ) 196
addition (SPAAC) wasused to prepare a conjugated poly- é:&‘ 625’
(dibenzocyclooctyne) polyméB2 decorated with pillar[5]- * /
arene subunittlpon mixing 192 with polymer 193 decorated o ¥ coating
with cyanoalkaneguests,the supramolecularcross-linked ‘ﬂx; "
polymeric organogéb4 was formed (Figure 60Qrganogel X ’;; : 'j, o strong fluorescene
194 is presumably stabilized through formationpiflar([5]- N e~ N A ) o
arene/cyanoalkane inclusion compléXeshe other hand VR B~ S % 1':;;;’,:;3:;'"'"9
could be disassociated by treating with trifluoroacetacid RS PP i oW
.\ R . X 8, .S
(TFA). This latter stimulus responsiveness was attributed to Ly
acid-catalyzed hydrolysis of the imine linkages withi94el ‘5'”'; Ry
Dehydration with 3 A molecular siefeiowed by treatment 3 197

with triethylamine (TEA), served to restore the original syste  supramolecular cross-linked network
The gel also proved capable of undergoing self-healing if severed
and reattached. Figure 61. Chemicalstructuresof 195 and 196. Also shown in

TPE,as noted earlier in this Revieng fluorogen with AIE §chematic formis the forme}tion of th_e AIEE fluorgscent SPN 197 an(_j
propertleth and variousderivativeshave been extensively its use in the detection of nltro-_contalnlng explosives. Reproduced with
applied in the areas of bioimaging and molecular §é§1§1ﬁg [();ermlsswn from ref520. Copyright2018 The Royal Society of
TPEs have also been used as fluorogenic components in the hemistry
fabrication of supramoleculapolymeric materials.'”~>'°
Huang and co-workersreported a fluorescentSPN with

fluorescence quenched

0 .
NCISFRSAIAA
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Figure 60. Formation of supramolecular polymeric organogel 194 from pillar[5]arene-containing poly(dibenzocyclooctyne) 192 and cyanoalkai

containing poly(dibenzocyclooctyne) 193 and its response to TFA and the associated recovery process. Reproduced with permission from re
Copyright 2017 American Chemical Society.
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Figure 62. Chemical structures of the conjugated polymeric host 198, the ditopic guests 199-1, 199-2, and 199-3, the control polymers or hos'

201-2, and 201-3, and the control guests 202-1 and 202-2. Also
from ref 522Copyright 2019 John Wiley and Sons.

shown in schematic form in the conjugated SPN 200. Reproduced with permi
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Figure 63. Chemical structures of the pillar[5]arene-grafted copolyrm&E2b3sed cyanoalkane tetramerTRE-based triazole-containing
cyanoalkane tetramer 205, and the 9,10-distyrylanthracene (DSA)-based triazole-containing cyanoalkane dimer 206. Also shown in schemati
how these systems may be used to create SPNs 200742,and 208 and light-harvesting supramolecular nanoparticles from 206 and 208.

Reproduced with permission from ref 524. Copyright 2019 John

Wiley and Sons.

free 195, the incorporation of the cross-linker 196 (to give
was found to lead to an enhancementin the fluorescence
emission intensity Presumablythis enhanced fluorescence
reflects restriction in the motion dhe TPE subunits as the
result of host—guest interactions and activation of the
anticipated AIEE effecSPN 197 was found to respond to
externalstimuli, including temperature and the addition of

AF

1309 mpetitive guestgs readily monitored by changeis the
fluorescencentensity. SPN 197 was also applied to the
detection of nitro-containing explosives.

Artificial light-harvesting systenase considered adeing
critical to mimicking photosynthesiand creating synthetic
constructscapableof capturingefficiently light energy?’
Supramolecular strategies may have a role to play in creating

https://dx.doi.org/10.1021/acs.chemrev.9b00839
Chem. Rev. XXXX, XX¥X~XXX
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artificial light-harvesting systéffi€ao, Tang and co-workers workers reported a method to achieve the supramolecular-based
reported an artificidight-harvesting systems constructed by ashrinking ofhydrogels by using the PAAM-based copolymer
supramolecular cross-linked network based on a pillar[5]are2€9 bearing trimethylammonium subunits in conjunction with
conjugated polymeridost and various conjugated ditopic ~ the water-solublepillar[5]arene 210 and a related small
triazole-containing cyanoalkane giéstss shown in Figure  molecule, 21%°As shown in Figure 64, the shrinking behavior
62, the conjugated polymer 198 bears both pillar[5]arene hosts

and AlEE-active TPE moieties as substituents along the poly emsphctonponc: — « Orf )
backboneThe ditopic triazole-containing cyanoalkane guests " ° §° "5 - :gy_\u ) .O ﬂg:E
199 and its diketopyrrolopyrrole omanthracene derivatives, ) Ao Q L ﬁ L aals (
display yellow (199-1), red (199-2), and blue (199-3) Tk roome 4210 QI on Calcein
fluorescence emission featuresspectivelyThe conjugated w209 QG c,. =e

polymerwithout the pillar[5]arene hostg201-1), the non- ° L oo 211 b
conjugated polymer with pillar[5]arene hosts (204f2) the
non-polymeric pillar[5]arene (201-3) were used asontrol
polymersor host units as appropriateThe non-fluorescent
ditopic guest 202-1 and monotopic guest 202-2 were used a
control guestSPN 200 was then produced from a mixture of
198 and 199, presumably driven by host-guesteractions lony 210 2,\}:’0?11' l 210,211, NaCl |
between the pillar[5]arene subunits and the cyanoalkane gut 5 > St
SPN 200 proved to be a highly efficient photo-antenna, wit aih -
efficiencies of 35.9% and 90.4% being recorded in cyclohex:
and asa solid film, respectivelyit wasalso found thatby
changing the guest molecules or the ratio between 198 and Fffdire 64. Structures of 209, 210, 211, calcein, and rhodamine B and
the emission features of 200 could be tuned. For instance, withgsiration of the dramaticallyshrinking seen forsamplesunder
200 was constructed by mixing 10 uM repeating units of 198gonditions ofcontrolled release aBlcein and rhodamine from the
with 2.5 pM 199-3, and 50 nM 199-2, a white light emission w/§ein- and rhodamine B-loaded hydrogels by different tiggers.
obtained (CIE coordinates = 0.833). shown in schematic form ishe SPN 212 obtained afterelease.
In recent year@\|E-active materials have been applied withReproduced with permission from refGapyright 2018 Elsevier.
success in a number afreasincluding cellimagingphoto-
dynamic therapylight-harvestingyptoelectronic device con-

\ Rhodamine B

-— _— .
Calcein Rhodamine B\ ‘s <

212

of hydrogel 209 could be controlled via the encapsulation and
struction,and so or’2° One way to manipulate the inherent release_of two types of drug models (anionic calcein z_and cationic
drhodamme B) After releasethe supramolecular cross-linked

features ofAlE-active materials is through macrocycle-base hvd D12 d via the host- tint i bet
host-guestinteractions®’ Yang and co-workereeported a ydroge ormed via the nostguest interactions between
) and the trimethylammonium side chains on 209, exhibited

series of highly emissive AlE-active SPNs constructed by cr6dd

linking a pillar[5]arene subunit-bearing polymesing TPE- an _equilibriu'm shrinking percentage of approxima'tely 89.2% by
containing tetratopic guest$?* Specifically,treating the weight Relative to what was achleveq using the simple model
pillar[5]arene-grafted poly(MMA-co-methacrylamide-co-mon§ompound 211 and NaGtontrol experimentsg10 showed
methacrylate pillar[5]arene) copolym&63 with the TPE- good selective release of anionic cafpeiaumably reflecting
based cyanoalkane tetram204 allowed SPNs207 to be an enhanced host—-guest complexation effect in the case of 210.
produced (Figure 63)The quantum yield ofSPN 207 was A number of pillararene-based supramolecular polymer gels
98.22%, 68.68%, and 27.55% as determined in THF (207-1)with interesting propertieshave been reported in recent

the solid state, and in CHQR07-2),respectively. years!448:512.528.558n SPN displaying high elasticity and

An AIEE SPN 208 based on 203 and the TPE-based triazopid self-healing capability was generated by Chen and co-
containing cyanoalkane tetran®f5 could be produced by  workers by exploiting an acrylate monomer tladibwed for
mixing in solution. This construct displayed responsiveness, stabilization of a pillar[5]arene/trimethylammonium salt host—
fluorescence quenching, sensitivity to temperature, and chargestcomplexafter polymerization®® Specificallyand as
in form when exposed to the competitive guest adiponitrile. shown in Figure 6 this contribution the ditopic trimethyl-
Supramoleculananoparticleghat act as artificial light- ammonium salt guest 213 and the acrylate-modified pillar[5]-
harvesting systems could be prepared by combining 205 an@rene 214 were allowed to form the host-guest complex 215 in
the 9,10-distyrylanthracerf®SA)-based triazole-containing DMSO. After photo-induced polymerization in the presence of
cyanoalkane _dimer_206 with the pillar[5]arene _hosft-containinglonomer tetra(ethylene glycol) acrylate (TEGA) and the UV
polymer 203 in a mixture of THF and wafy.adjusting the  jnitiator 12959, the supramoleculapolymer gel 216 was
molar ratio of 205 and 206, the fluorescent colors of the artifigiglinedMechanical studies revealed that SPN 216 possessed
light-harvesting systems could be tuned (Figure 63). high elasticity and strong fatigue-resistance. In addition, this gel
6.4. Pillar[5]arene/Trimethylammonium Salt Host-Guest showed good self-healing, presumably because of the underlying
Recognition Motifs host-guest interactions between the pillar[5]arene host
Supramolecular hydrogels are well known for their self-healifgbunitsand the trimethylammonium guest§sel 216 also
shape retention, adhesive, water uptake, and swelling displayed good temperature and pH dustimuli-responsive
featured?®°2°°?Fhe introduction of host-guest interactions featuresThe temperature-induced response wasught to
can furtherendow hydrogels with shrinking capabilifjhis reflect the inherent temperature-dependence of the host—guest
shrinking ability providesa complementto swelling and is interactions.A pH-induced gel-to-sol transition could be
potentially usefiih the context of hydrogels’ Shen and co-  achieved by treating with NaQH}, a finding ascribed to the

AG https://dx.doi.org/10.1021/acs.chemrev.9b00839
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7. SUPRAMOLECULAR POLYMERIC NETWORKS
CONSTRUCTED THROUGH THE COMBINATION OF
COVALENT POLYMERS AND OTHER
= MACROCYCLE-BASED HOST-GUEST

Supramolecular gel INTERACTIONS

§

{

$ 214 In addition to the five generalclasse®f macrocyclic hosts
t-gmest recoguition -g discussed abovether macrocyclesuch as calix[4]pyrroles

213 Y (C4Ps),102'531\;,5‘:’32336 “Texas-size'tetracationicimidazolium

Q = + =
Y 5B

macrocycle>” and cyclobis(paraquat-p-phenylene)
(CBPQT*),>*"">*are known that display interesting host-

215 + guest recognition features (Figure 66). Some examples of SPNs
\{\ predicated on the use of these macrocycliaeceptorsare

N presented in this sectiofi=>**

216
TEGA
Figure 65. Chemical structures of the ditopic trimethylammonium ¢ f// 9 9 —
guest 213, the acrylate-modified pillar[5]arene 214, and the monor, W \;LN@’ g’g;O’E‘OH 3N
TEGA. Also shown in schematic form is the proposed host-guest ° ° f \\\ © 7\
complex 215 and the supramolecutaiymergel 216 host—guest (TBA),TPA (TBA),HP,0,
interactionsbetween theseprecursorssupport. Reproduced with
permission from ref 530. Copyright 2019 American Chemical Soci @N@NH /E)N\/’Z\INH
C4P C) )
imidazolium bromide imidazolium fluoride
@ /= =\®
reaction of the ammonium guest or the destruction of the es @N@NQ\N\/__?@ (% 1@ %)
groups on the polymer under alkaline conditions. ? 3%
6.5. Comparisons between Supramolecular Polymeric " - CBPQT*
Networks Constructed by Pillar[n]arene-Based Host-Guest O N N° 0”5'6 K®
Recognition Motifs Um@ OO
tetracationic imidazolium potassium PN e
Most covalent polymers used to construct SPNs on the basi macrocycle alkanesulfonate | | paphthalene guest

pillar[njarene-based host-guésteractions contain PAPS, Figure 66.Chemicaktructures ofC4P,a “Texas-size” tetracationic

poly(oxanorbornene imidepoly(dibenzocyclooctynegoly- imidazolium macrocycl@and CBPQT* that have been used to

fabricate SPNs. Also shown are representative guests.
(tetraphenyletheneand PAAM covalenbackbonesAmong

them,PA and PAAM have been reported as being cross-linkgd, Calix[4]pyrrole/Anion Host-Guest Recognition Motifs

by means ofdifferentpillar[n]arene-based host-guester- Many non-covalent interactions have been used to create SPNs
actions to form SPNs. The key features of these PA and PARﬁ.playmg controlled response featulasluded within this

lexicon are hydrogen bond-based systeaswell as those
based SPN are summarized in Table 4. stabilized through charge-transfeinteractions and cation

Table 4. SPNs Based on Pillar[n]arene-Based Host—Guest Recognition Motifs Classified by the Underlying Covalent Polymer
Backbones

molecular recognition nfLIJ?'rhj{)?er cross-linking motif SPN  ref
Polyacrylate (PA)
pillar[6]arene/Ft Figure 57 piIIarC[jG]t:;\rene-grafted PMA 183 with the Fc-functionalized PS copolymer 184 aftd85 507
oxidation
pillar[5]arene/pyridinium salt Figure 58 bis(pyridinium) guest 186 with the pillar[5]arene-grafted PMMA-based copolymet8®7 512
pillar[5]arene/cyanoalkane Figure 63 pillar[5]arene-grafted copolymer 203 with TPE-based cyanoalkane tetramer 204207 524
pillar[5]arene-grafted copolymer 203 with TPE-based triazole-containing cyanoaliGéhe
tetramer 205
pillar[5]arene/trimethylammonium salt Figure 65 host-guest complex 215 with TEGA after polymerization 216 530

Poly(acrylamide) (PAAM)
pillar[5]arene/cyanoalkane Figure 63 pillar[5]arene-grafted copolymer 203 with TPE-based cyanoalkane tetramer 204207 524

pillar[5]arene-grafted copolymer 203 with TPE-based triazole-containing cyanoaliGthe
tetramer 205

pillar[5]arene/trimethylammonium salt Figure 64 trimethylammonium unit grafted PAAM-based copolymer 209 with water-soluble2diflar[5}28
arene 210

AH https://dx.doi.org/10.1021/acs.chemrev.9b00839
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complexation, to name a f&w2°%24"12%f3%pite of this ()« Attt b H
progresanuch of which is reviewed in earlier sections of this @ 3 e J; ’ 2 2
Review anion binding-based SPNs remain relatively Fare. *C : :
Sessler and co-workers reported a supramolecular polymer

stabilized via C4P/bis-anion cross-linking interacti6ig\s b')’

shown in Figure 67, polymer 217, a PMMA scaffold bearing ( '

. o ' - '
R=22 225 +Cu™! R=22 229 +cu™

| Interfacial C4P/F- recognmon s |InterfaC|aI recognmon

Top layer Scan
(Code B) [N ="~ G
. o)

(d) = g
Scan a E A

S = =2 [ info
° <) s
Scan | Interfacial  Top I3 ~2 Sean,”|| A
can ; op layer
.6‘; ! 5

#h Code B ‘. p
O C g recosnten, L~
Bottom laye
Code /\
layer cod Code

— . Figure 68. (a) Chemical structures of the polymers 219 and the related
217 218 fluorescent systems 220, 221, and 222. Cartoon representations of (b)

gels 223-226 and the formation @D color Code A via interfacial

Figure 67. Syntheses gfoly(calix[4]pyrrole ethyinethacrylate-co-  C4P/imidazolium-Finteractions, (c) gels 227-230 and the formation

MMA) 217. Photographs:gel 218 formed after addition of of 3D color Code B via interfacialC4P/imidazolium-Br anion

bis(tetrabutylammonium) terephthalate ((FBRA) and the break-  interactionsand (d) formation of a double-layecode based on

up of the gel seen upon addition of excess tetrabutylammonium fluatigteacial C4P/receptor interactions and site-spéaiicd@nition.

(TBAF). Reproduced with permission from ref 8idpyright 2014  Reproduced with permission from ref 541. Copyright 2018 The Royal

American Chemical Society. Society of Chemistry.

Bottom layer
(Code A)

groups wassynthesized from a MA-derived C4P monomer
through controlled reversibleddition/fragmentation chain-
transfer polymerization (RAFThe polymer obtained in this

way was found to undergo cross-linking upon exposure to a the ton | found t d delaminti
dianionic C4P guest, tetrabutylammonium terephthalate source the top layer was found to undergo deaminane.
gle layer degradation process served to raliediottom

(TBA),TPA. This process led to formation of a supramolecul?l’n ) ;

gel-like material 218. The gelation could be reversed by add Ayer (Code A), WhOSG‘_. mforma_tlon could then be read out. The

TBAF or by applying heat. disparate mforma_tlon inherent in Codes_A and B (_b_ottom and
In addition dianions in aqueous media can be extracted an{P layersrespectively) allowed the on-site recognition of the

separated by copolymer 217 under conditions of liquid/liquid ; I_t ar:ionAP advantage ofItI::is system ti)S thaéit per:uh;ged the
extraction. When (TBAJP,0,was used as a polyanion sourceietection ofan anionic analyte using a barcode readieus

extraction followed by gelation was obseri@deverin this illustrating what at the time appeared to be a new application for
instance the gelation process took 3 days, and a lower extraﬁﬂGr{nate”als

by interfacial C4P/imidazolium-Bnion interactions. Readout
of the top layer (Code B) was not affected by Code A of the
bottom layer. On the other hand, once treated wittaai€h

efficiency was noted than inthe caseof (TBA),TPA. 7.2. Tetracationic Imidazolium Macrocycle/Anion

Presumably, this phenomenon reflects a better charge matchifigh~CGuest Recognition Motifs

in the case of TPAthen HBO*". Barcodedncluding 1D2D, and 3D codesgre widely used to
Sessleand co-workeralso reported a two-layegel that provide convenient readouts of encoded information in modern

permits the on-site detection of the chloride anion by meansldéa Fluorescensupramoleculapolymeric materialscould
hand-held UV-vis lamp and a smart phone app’ through hogtevide a way to handle and transform the encoded information.
guest recognition between C4P and anion’g is case, Sesslerand co-workersreported the preparation of five
polymer219 and its analoguebearing differenfluorescent  hydrogels 231-235ross-linked through tetracationic imida-
groups,namely polymer220, 221, and 222, were used to zolium macrocycle/anion interactiortbat allowed them to
synthesize eigtltuorescenpolymeric gels 223-230 (Figure  achieve readout of encoded informatioks shown in Figure

68). Fluorescent gels 223-226, based on C4P/imidazolium-f69, the gel-specific fluorophores were used as building blocks to
anion recognition motifgjere used to construct a fluorescent construciphysically adhered fluorescentor 3D codes that

pattern (Code A) as a 3D color code (Info A) that could be rezmlld be read out using a smartphone. The encoded information
out by a smart phoneFluorescent gels 227-23€pntaining generated by patterns of these hydrogels could be changed by
C4P/imidazolium-Branion recognition motifsyere used to  either physicaioving gelelements or by exposing the dye-
construct another fluorescent pattern (Code B) that could becontaining gels to a chemical stimulus. Moreover, one or more of
read as Info B. In addition, Code B was adhered to the surfatteeafel components making up the overgkl-based pattern

Code A to generate a stacked double layer code system stabilizkellbe replaced with another gel element via a cut and pasting

Al https://dx.doi.org/10.1021/acs.chemrev.9b00839
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% % g 5 Figure 70.Formation of a supramolecular cross-linked hy@gifyel
stabilized by host—-guest interactions between naphthalene-containing

M

polymer236 and the homoditopic bis-CBPQT cross-linke37.
Reproduced with permission from ref 543. Copyright 2017 The Royal
Society of Chemistry.

8. COMPARISONS BETWEEN SUPRAMOLECULAR
POLYMERIC NETWORKS CONSTRUCTED BY

233: Green-fluorescent hydrogel 234: Red-fluorescent hydrogel MEANS OF DIFFERENT NON-COVALENT
T N ‘rlﬂ g § ' 5 5 INTERACTIONS
i ‘ < ’g Based on the wide range of SPN systems produced to date, it is
U0 & clear that a variety of macrocycle-based host—guest interactions
™ v may be used to stabilize such non-covalently associated systems.

In fact, hydrogen bonding, metal coordination, donor-acceptor
-1 donor—acceptorhydrophobic,and electrostatianter-

actions have all been explored in this context. In this section we
consider SPNs from the perspective of the specific interactions
employed.

235 : Red-fluorescent hydrogel 8.1. Macrocycle-Based Host—-Guest Interactions

Figure 69. Chemical structures and cartoon representations of the(ﬁ%n-crown ether-based SPNare typically endowed with

fluorescent hydrogel 231, the blue-fluorescent hydrogel 232, the g _!Igntdynamic properties,ién%(:ggding favqrableviscosity,
fluorescent hydrogel 233, the non-responsive red-fluorescent hydregiticityand rheology featur€s.™In many instanceshese

234, and the ammonia-responsived-fluorescenhydrogel 235. attributes can be ascribed to the slow-exchange kinetics seen on
Reproduced with permission from ref42. Copyright2018 John the proton NMR spectraltime scale forclassic recognition
Wiley and Sons. motifs,such as B21C7/DAAS and DB24C8/DBAS:>*"In

addition,due to the flexibility of crown ether ringise use of
mechanically interlocked structures generally gives rise to SPNs
with outstanding mechanical properties.

approach thus giving rise to another code. Meanwhile, the abiliy) CDs have been applied extensively in the preparation of
to undergo transformation in response to a chersiicatilus SPNs due to their accessibility on large saatempatibility,

was demonstrated by exposure to ammoHis interaction  and favorable biodegradability characteristits*°CDs are

with ammonia caused a red gel element to become blue; agaiisp attractive because of their ability to bind a range of guest
this interaction created a new pattern that could be read out moleculesA number ofSPNs that rely on CDs-based host-

terms of its inherent information content. guest interactions have been found to be stable in Water.
7.3. Cyclobis(paraquat-p-phenylene)/Naphthalene result, such systems have been explored as potential biomedical
e materials.

Host-Guest Recognition Motifs
9 (c) Calix[n]arene$*? are recognition units paexcellence.

SPNss that are stable in aqueous environments are attractiverfgis has made calix[n]arene-based hosts attractive for creating
use ascoatingsand adhesivess well as in the context of SPNs compatible with organic solvents or aqueous media.
biomedicakngineering applicatioli:**"*2>*"&s shown in (d) CB[n]s, another classic type of water-soluble macrocycle,
Figure 70Hourdet and co-workers reported a SPN that self- hgve been widely used to prepare SPNs in wEibés.ability
assembleg aqueous solution as the result of stabilizing  reflects (1) the fact that the underlying association constants for
CBPQT*/naphthalene host-guest interactidiSpecifically,  guest recognition are relatively high compared to what is seen for
when copolyme@36, a system bearing naphthalene diether other macrocycles and (2) that CB[8], in particular, can serve as
pendant groups, was mixed with the homoditopic bis-CBPQW cross-linker without modification because it can complex two
derivative 237, a supramolecular cross-linked hydrogel 238 wassts to form 1:2 homodimeric complexesroihe case of
producedThis latter system was found to display Maxwelliancertain guests, 1:1:1 heteroternary complexes.

behavior in that a correlation between the plateau modulus ande) SPNs stabilized by pillar[n]arene-based host—-guest cross-
the relaxation time with the effective amount of interchain crdiséing interactions are attractive because they can be prepared
linkers was observed. in both organic solventsand aqueousmedia. Moreover,

AJ https://dx.doi.org/10.1021/acs.chemrev.9b00839
Chem. Rev. XXXX, XX¥X-XXX



Chemical Reviews pubs.acs.org/CR

pillar[n]arenescan be easily linked to different covalent have shown promisein a number of areas,including the
polymers. The rigid and symmetrical structure of most generation of multi-responsivgolymer materials,polymer
pillar[n]arenesand their particular guest recognition features, blending,doubly supramoleculacross-linked polymegels,

has led them to be used in certain specialty application areafiuorescent sensoegastomer microspherasd supramolecu-
including substrate adsorption. lar gelsVarious CD-based host-guest interactions have been

(f) SPNs constructed by means ofther macrocycle-based exploited to produce SPNs that are suitable for use in aqueous
host—guesinteractions are also dhterestsince some have environments. These SPNs are of potential interest as molecular
displayed unique properties that are not recapitulated in the aat@atorsstimuli-responsive hydrogeds|f-healing materials,
of other non-covalenpolymersystemsFor exampleSPNs shear-thinning injectablaydrogels SiIMP anode layers,and
based on C4P/anion and tetracationic imidazolium macrocyaiefaxane-cross-linked microgels, among other application areas.
anion host—-guest recognition have shown promise in the aré8BNs have also been constructed by exploiting calix[n]arenes as
of anion extractiondetection of anionic analytesand the the key recognition subunif&he resulting systeniacluding
construction of gel systems that allow for the facile encodingthose based on calix[4]arene/M¥" and calix[5]arene/dia-
reading out of stored information. SPNs based on the*CBPQfimonium interactions,have seen use as supramolecular
and naphthalene diether motifs are likewise notable for theirhydrogels and as conjugated polymer mate@B§n]-based
special dynamic features. SPNs, mainly exploiting CB[8]-derived host—guest recognition
eventshave likewise been made and studied as injectable and
L . . printable hydrogels double network hydrogelspiomimetic
(@) Hydrogen-bondingnteractionshave been extensively  g4nhesive materiadmd as wound dressirgilar[6]arene/Ft
explpited to construct S_F’Ng To ac_hieve good stability, typicalhy pillar{5]arene/guest(where guest = pyridinium salts,
multiple hydrogen bonding interactions are rgqu.ﬁf’&dfms cyano-containing species frimethylammonium salts) inter-
has allowed for the creation dfydrogen bonding-meditated ¢tions have also been used to build SPNs. Many of the resulting
SPNs that run the gamut from elastomers to thermoplastics g88flstructs have been studied as supramolecular gels, fluorescent
even to duroplasticsand networks Many of these systems o1y mers, light-harvestingsystems,and controlled release
display self-healing and are thus attractive as adaptive coatifgsterials Other macrocycie-based host-guesteractions
and as shape-memory retaining materials. _including calix[4]pyrrole/anion, tetracationicimidazolium

(b) Metal coordination has proved useful for the ConStrUCt'%‘acrocycle/anionand CBPQT*/naphthalenerecognition
of SPNsThis utility reflects the fact that the thermodynamics motifs, have been explored as a complement to more traditional
and kinetics of the underlying structure-defining interactions g Broaches to constructing SPNbiese lattersystems have
be controlled by varying the metal without necessarily having, i, explored in a number of areas, including anion sensing and
modify the polymer backbdfiélost SPNs stabilized through information encoding.
metal-receptor interactions exhibit excellent self-healing The progress made to date reveals thatcrocycle-based
capability while displayinggood shear-thinningbehavior. - ,st-guest interactions bring reversibility and responsiveness to
These attractive featuremre ascribed to the reversibility of o resulting SPNsSpecificallythe dynamic and reversible
metal_c_oordination and the high mobility of the chains nature of macrocycle-based host-guestteractionsgives
containing the metal complexants. _networkswith good processabilityrecyclability self-healing,

(c) Donor-acceptor T-Tr interactions have been exploited 51§ shape memoryln addition, the stimuli-responsiveness
extensively in the fabrication of SPNshis casethe system  yically seen for macrocycle/guest interactions provides a facile
properties may be adjusted by varying the strength and CroSgntry into the area of environmental-responsive maténals.
linking density ofthe motifs giving rise to the -1 donor= e other hanahe fact that most SPNs are based on covalent
acceptor interactioh$Meanwhilethe unique nature of these polymeric backbondgpically provided by use of FPAAM
interactions can be exploited to produce SPNs with attraCtiV‘PEG,polysaccharidesmd PSmeans that they often aispiay
electro_mc and photophy_smal features. o . good chemical stability and mechanical integrity.

(d) Finally, hydrophobic and electrostatic interactios, For the realization of the applications of SPNs described in
combinations thereofave been used to cross-link covalent i Reviewthe syntheses of both the constituent macrocycles

polymers and to prepare SPNs that are stable in aqueous mggiathe requisite covalent polymers are Kéhere are three
among other environments favorable instanceBydrogels  inds of situations:

with tunable features are obtained.

Since supramolecular recognition can be the result of multipid) The macrocycles and the related covalent polymers are
host-guest interactions, it is possible to create SPNs that rely on Poth commercially availablégr examplemacrocycles
more than one type of binding motif. This greatly increases the ~CDs and the polymers PEGPG,PEG-b-PPG-b-PEG

8.2. Other Kinds of Non-covalent Interactions

design possibilitiesin that various types of non-covalent (Pluronic F108), PNIPAM, and some polysaccharides, or

interactions can be combinatileast in principlén a variety macrocycle CB[8] and cellulose.

of orthogonal or cooperative ways. (2) One of the components of the SPNs based on
macrocyclesand covalent polymersis commercially

9. CONCLUSIONS AND FUTURE PERSPECTIVES availablesuch as CDs and CB[rjloweverthe related

This Review was designed to summarize recent progress in the Ccovalent polymers require synthesis.

area of functional SPN chemistry. A variety of SPNs constructé®) Neither the macrocycles nor the covalent polymers are
through the judicious combination ebvalentpolymers and commercially availablécluding,for instancecrown
macrocycle-based host—guésteractionswere highlighted. ethers, calix[n]arenes,and pillar[n]arenes and the

SPNs constructed by means of crown ether-based host-guest ~ corresponding covalent polymers.

interactions have, to date, relied primarily on the B21C7/DAASConsidering these limiting scenarios, it is easy to visualize the
and DB24C8/DBAS recognition motifse resulting systems first one realizing relatively quickly its potentiil terms of
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practical applications. However, for the latter two scenarios, AlisTHOR INFORMATION
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