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Abstract

The technol sayiectlaé¢ ladatmbary evamg wersabdstrecrhn atto ve ways
materials with reduced cost and enhanooed ippraapnetritail
applicati onsasarfanrcdfi omme g avattiematadshabgiart heiinm pr c
response to a ecegthteanimcabt i mphlyws, c aétlhusr emedH d mige an
applicatnohst epnwitdime|j et penpé& functional materi al s,
mat erni. ®lgeil¢sui d crystahd, genecal Ingautiedrsipalasmo | Tehceu | pac

fi-negmghe properties of dif fteorgeentshemat eratal sabtyi ¢e mt

l ead to newvwel evemphyibtri ds, whicéextdesgpginag nk& paog
applications.
This Ph. D.sotnh & shies sfymdthees i s of innosapiraenofl ecatl aon

gebs carbon nanotubes (CNTs) combi ne ¢ a ndhtabputlrearn ,a2l
descst hbesynthesis on new MOCs having pendant pept
for this purpose wePkPABMNOEXa-akehHB @Kaar+fpAptaij d&al |,
der ievda taita @ rhrai Mupsa mvintoh baeenzoyl daitni ttheen m@ nami. d&t & f o
wer e a@lelle otno.t hfehe pevnt-adeemiweee wiellhi di ffertemmt al
obtain MOGfeTbhbealgil t hODsfasvt udi ed and it was rat.i
theoretic®YyndMMotksmadulexmperi ment al point of view (UV
Chaptiemv &8st hgaatsesdefmb |l vy of MOeCrsdpaenpth § diesi gased on a
interaction.tplemptti ldies fuoa soéna ithhees b i ns . The galsati or
i nduced by the formation dur cuwmirtdianmad i ovteegbro’drde theelt
Hg). This gelation in the presence of heavy met al
the environment.

Chaptdeesciri bes the first example of functionali sat
di fferent CNT types was studied through thermogr a:

was able to transfer betweenanapgoaroeschadger g@aheéec Mt



the CNTs enabled their phase transfer as well, up«
sorting by phase extraction depending on their di
I n concl usi on, this work identified new ways to
of fering new desi-ggnse mol diterriapemtiichdd )y alodehydes,
as wel |l as providinbgindengiostoegBmpl o off r MOLT er

Further developments in these areas could enabl e



Ri assunto dell a tesi

Léenorme sviluppo hetcnbhoguicdadegl a wilt¢témcaaver so
di materi al.i a basso costo e con propriet?5 sempr
applicazioni sono comunemente denemi hnabtsarasneehali al
grado di cambiare |l e |l oro propriet”™ in risposta
|l etteratura  riportata una gtremidal ivaa a relscoofide a ¢j,u e
esempio gel, cristalli l'iquidi, ©iquidi ionici),

in modo fine |l e | oro propriet”™, grazie alla combi
approcci ® @uphuport amateriali compositi o ibridi, =c
dell e diverse possibili applicazioni

I n questo progetto di dottorato si sono sinteti:
supramol ecol ar i 0O nanotubi di carbonio (CNTs), C «
Capit,olion 2particol are, viene descritta |l a sintesi

I pepti di scel ti per queBABARBkEXBEPHBEBHROXaai pepl adi

Leu,ddrlieatitzzant nadle N-aoami no lpemp@ioet@ remiannaildeat iT uat t

sono in grado di assemblare in acetonitrile a diwv
al dei di e ioni metallici ha portato alla formazio
déle gabbie  stata studiata e razionalizzatta si a

sperimentale (SpettroscCmipat@Wo R&man i Rz a o msain tl en) .

assemblaggi o di gabbie simild:@ a -agsuseel nhbel adgegli op rsei ¢ ebc
tipo di interazione. I pepti di ut il laa "Hieatl ii com theon ¢
La capacit”™ delle gabbie di gelare  indotta dall
i oni neAgafZlni‘gg aggiunti in soluzione. La capacit?’
pu, essere estremamente promettente per |l a rimozi
Nel Capitolo 4 viene riportato il primo esempio d
studiata | é6affinit”™ delle MOC verso diverse tipol



utilizzata nello studio ha inoltre | a capacit”™ di
di contro ione. Questa abilit”™ =~ stata wutilizzat a
estrazionerdi sfvada.ppUl tienrigamuest 6area potrebbero po

separazione, del |l a sensoristica e della catali si
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1. l ntroducti on

1. 1. Gel s

Mat eri alkey prlaalye ain everyday | ife, so much thlat t he
Nowadays, soft mat erials are emerging as innovat.i

medicine to soft r obldteil ss aared i elt e dtgrud migc & ypeev iod e s

fa -hbaoid coll oi dal network or polymer networ?k tha
I n 1974, FIl ory proposed a comprehensive definit.i
propé€rtimest have a continuous structure, able to

that stay constant for the duration of the experi

behave | f&el sabagpaod impled i n various ways, for insta
synt hetic), the medFumgur)and .nl hteeirrmsc oonfs tti hteu tli aotnt e(r
types of gels, the macromol ecul ar ,-mdlheevkligrht gel At
( LMWG) , which are foamsedmbdlhyanks simabtilhse(nuesledadsu)l,e s:
nucl eobases deri vat es, amino acid derivatives, f a
t heyleasts as promising materials in different fiel

or fibres are hel d -ctoovgaeltehnetr itnhtreoruagcht iwenask., Cno nt h e
matrix could be bothlphyercanheameéi ogemihealc,astehd c

covalenltilyked.oss



Gels

Source Medium
Natural Semi- Synthetic Organo Hydro lono Aero
Synthetic

Cross-linking

Physical Chemical

Fi gulr.ébel <cl assification based on their source, me

1.1.1. Chemical gel s

Chemi cali ngterlisguairneg materials thanks to their grea
from the strong-50@ekwiJ¢anlol Dondhe( 250st generati on
bel ongs to this category. sOp®@ygf{e@xphet molsme tf manoruysl|
hydr ogvéali cdr os e fromratdheal freepol ymerizati en of
di hydroxypropyl methacryl ate (DHPM), using et-hyl en
azobisisobutyronitri‘pidENPAsBeN)hyadsr ageedlosx h anvi & i fad vorrd
applications fr om’tcoo nbd eosoledd e @ o diip & § iMoér leecomasetr e r it dnleg/. h
used as bulk space filP'lbeits iits maé¢ oin aatpmpl d¢ tciax & ou rsd
for conttadii Ilpargsds.ul ar, contact | enses made by p
ocular drrtgli*gerievdryY. reports an expmplyenesfi zaadntoac
of HEMA and 8% oif., ®oEBOr MAMAITans WUPk. presented a
drug loading thanks to the addition of | {t%pehaidic
vitamins gave rise to hydrophobic aggregates wit

enhanced the drug |l oading thanks to t*he interacti



a) b)

(el

(‘ Vitamin A

OH
pHEMA

Vitamin E

S0, so;
H,N o. NH,
90¢
o
(%
c)

[¢]
Alexa Fluor 488

Drug molecules

Drug-loaded
hydrogel network

H
N e} N\K N\C[Nj
X
N._N -
¢ %
+ +
00 OH O
HOUOH HONOH No drug Drug Drug surrogate
— 0 OH surrogate surrogate +
Brimonidine tartrate (Aleéxa Fluor 488) alone vitamin E

Timolol maleate

vitamin E or vitamin A.

Furthermories, apgHEMA el | ent exampl e t

gel s, consi stmamgo noefr

concerns for bi omedi cal

could vyield *ddvetrhsies ecfof netcetxst.,

radiation is an attractive option.
by irradiation with gamhkfaT8e
homol ytic -Blcbssdonlaf a@dition, the

di fferent | evel sFiogurkceh elmi3c al

Beam

irradiation . .
HoO — > HO + H +Hp + HyO, + HY,; + H30"

FigurBrddgdcts of water 6s

Figur€ont @ct | enses basaellhemi HEIMAS tcroipmtl iyrmes
Schemes depicting the hydrogel
(botptammel s) i mages of contact |l enses, from

hpyodl r yonpehriil ziact i o n

For i

N

<7 Aggregated vitamins

Drug-vitamin
co-loaded
hydrogel network

Drug surrogate

+

vitamin A

.of pHEMAb)vi t ami
mat r cWhi-lbiegitema (wé b h) daud
l eft

to

descri

in the

u see sp roefs etnhcies offi rrsets iadpuparlo ac

t he -l gmsks inlgi -ébnye yay yt hoi

etereatdrani besa mgemer &t
radi ol ysi s

reactivity (

radiol ysi s.

right:
R p rcoodouycr e dg hvii tER2 Oplebr, miSspsrii onng efrr

be

presen

nstance,



HAand AHDact with the macromol ecul ar chain generat.
pol ymer networks throughdintadr rancdo nmbn tnraa nmoolne ¢ uMaanry
pol ymepes!l ¥ (ethylene glycol), poeétic (wearey lpirce paaied)

met hodol ogy, which can also be plydioolmedgi cian npiH

temperature under inert atmosphere. General 2y, th
which could be reinforced either by annealing ant
network or by wusing a blend of natur al pol ymer s.

performance, whilsatdiwmopdual tpol wohet hproperties. Th
the absence of chemical contamination rendering t
bi omedi cd%ndeve mese wW&ter pollutants.

Anot her approach involves the wuse of pol ymers wi
tunability of the gel propert i2ési,f fiemcelnutditnygp eksi noeft
employed to this end, spanning from the classica
hydrazi de, to Michael additions, Passerini and Ug
natve chemi €Eabubegdtndopnar(ti cul ar , click chemistry

possibility of wusing physiological conditions wit



o o 07 "Ry .. .
2R0H ——  rofx [ oR L+ L 4 oNRg — Rl o Passerini condensation
HO” Ry =~ Ry Ry Ri™ Y
H N Ry
OH ?H
2RSH -~ rePxPer
H
(o] o] /
I NR NR 1. NHyR; + . CN-Rg ——= iy : Ugi condensation
2RNH, ——— I HO™ "R, Ry~ Ry R N” 7 Rs
H™ X" H R, O
H H
R N N__R o [e]

e N N | |
LR + Hs— _}

Lo, — o M ¢ HoN peptide 1 5 g peptide 2 COOH
(RN R™ X7 R NH

” transthioesterification

Addition reaction to aldehydes
(e}

~ (e}
N I
HoN peptide 1 7 ST i
+ SHR * R-S Ewe -: [ peptide 2 COOH

EWG \ NH
Thiol-Michael addition \ o Ny ot

Ry N
N. + cu' Nl
Ry N ¢+ R —— ‘ N OH l SH

N N I
Ry HyN peptide 1 TONT Y peptide 2 COOH
" oon

Huigsen 1,3-dipolar cycloaddition
Native Chemical Ligation (NCL)

Figuré&efnerdal chemical -lrienakc tpioolny nuesresd ftoor cgreols sf or mat i

Di fferent approaches can also be -womkbems,d itrog20 hz,
an examplpeotofr emacanen, wher e aa af hycadak yarzdi ideek®l cadpi
combined with a raygdiecal mpael pymatrt it ad ietadmiPd4E Ge rhdy,d rtohgee
silicon wafer that acted as solid support for th
pl asma pol ymer i zaah toani,n eadn di ctlhiecrk atbh e 0saumé dcal kvars
functi BEG! i $kkd formation of Cu(l), required to ca
the photogenerati on o f( -Aryaddriocxaylest hloeRxyyd mtdgoeyw pryd ) X@5 @
t hat was used as -phghoionnirtrigfat @atthheu nd@&@me UVIi me, t he

abstractedhydmoden PtE@G generate radicals that indu:

1.1. 2. Physical gel s

Physical gel s have been gaining a growing popul ar
changes i n tahkeh eemilcoaclalc opnhdyistiicon s, such as pH, tem
irradiation, and also presence of ot her mol ecul e
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individually

reforMmadde( 1. 1

wedblbhdifogcasad

myidmlop hblbi c

i nteract.i

I nteraction I nteraction $trength
i einon > 190
i othi pol e 4a20
di paoil gol e 540
15280 (strong)
hydrogen bonding 515 (moderate)
< 5 (weak)
N _ 1a5 (face to face
-l nteractions
120 (edge to face.
van der Waals forec < 5
hydrophobic effect var i-dedd 5
Tabl ewela.kl:iinteractions amd their strength in Kk
One of the environmentally responsi v-eesyitiewms h¥pnd
One of the main advantages i sinthsaiftout hepstancéeef ak
injectiemviammiauenaowrmy. Ther moresponsive hydrogel s ¢
i nduces gelation that can be considered | ower cri
tempatur €T(heCST)r.st ones are generally based on po
groups, with the mosits cprnmnoynl aled migthiCBe) b@m I RIEAB) .U
shrinking at temperature values that are above t&
| ower temperature values. I n contrast, UCST gel s
poly(accwlcirylaanidde), and gel at temperPr@hur6l1lvVal Ch
andwopbpkers developed a thermally responsive actueé
P( AldMdam) as LCST gelator, and Ri)gurptCBlp.oshay Heagehg,
PNI PABMsed gel sweddAAmandydtbgeP(#é&dArunk generating
to the | att erc.i rTchuilsata gpue ceunsa bsleeldf t he hydr ogel to
grasp, trreensepacsret ,cRairggdorsg?.’in. Sabi r (
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Yamaguchi and Harada developed a fas-guratingtbyd:
bet webdaoy alnodeéxDprich gol yacryl amide functiofalgus ed
1.3 he photoisomerization ofl i nkéngzademsi ¢tyy aaldt ¢
chainsd I ength, genshraitnlk gbd thav ir auirgrusfiebitl eveSsviyedalto ga
irradiat ometrwi 3(@MH) UVt he hydrogel bent in the oppo
irradiation. Subsequena= i43My diraetsitoorr ewvdi tthh ev ihsyidbrloeg
These rsgspnunsi veoekxpaosion propertliesfimimiilcked t h
In 2021, Stoukeprandeported an example of phy-sical
print?Mgeyn&kynt hetised a cation and ani ohickedrisn
presence. @f@)amirorcdY( omss F€@tuireellpBeand salt conce
key role in ink viscosity. I n particul ar, enhanci
viscous inks | ed to greater alignment of the fil

possFibgger)é® 1. 5f
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Contact

After 10 min

i

aCD-Azo gelim, )

b
e)
anionic amphiphile cationic amphiphile
IBREBBYS 2 R A, B
WV\ANVYrLIK/ﬁJhA:LK 5 VWWW\EI( ARy
solidify with cationic crosslinkers solidify with anionic crosslinkers
b A
3D supramolecular hydrogel huqnl t layer

% - 7

FigurExdampltes of sical ga&Wsr lkinwvg smeg e fda rfrioes snwoarw di i owes t duastreusa t

phy
consists of a bilayer coghpmsedybPFo®dll §AMpped witBR(AADbIi |l ayere
aicWorking mechanisms of an opt ifcuanlcltyi orneaslpiostksdD gipebyl dycnbegrast oarn dt
deformation by wultraviolet irradiation andefEestosabingpirtiaoti th
crystalline supramof & Bpurlianrt ipnog ynmelrt ihlyadyreorg elysdr ogel construct:
pol ymeaXd Repisoduced wi t2f Leompmirsgihdn Ef 2@ 0 The AudfhPeamr.odwuddd s

with permi 8% i@apyrmriognhtReE 2021, John Wi ley and S

1.1. 3. Low mol ecul ar weight gelators (LMWG) based

Gels based on LMWG are emerging as an at tarsascetnbvey ¢
of smal l mol ecul es into fibres, whi ch casassesemahgl
process of thesefgemati enbatsethobactuthar aggregates
direction forming fibrils. Thus, LMWG are commonl
as hydrogeéesnt dbolkdsi mrone directiomse.(ganl def oWamahg)

ot her .
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Among smal l mol ecul es, peptides are gaining wides
nanostructures. Small peptides have a | ow cost anct

range f raonmd |-pibghusiddesy st t o bi ocatalysis and biotecl

accessible not only to synthetic chemists, but al.
of peptides is the wide rangea ofn ftirectaimo mal agr aup
choice is not restricted only to D&n@mmdt @eimeo ge niaa

nomanoni c-ahtorahoamino aci ds.

One of the key int-asaembhlopsitbheckh@gptbiedeavesal ar oma
sidechai nt eorrmiantust hoef Nt he pepti ®Pdhheseéeguanameée.ni Tad i &it |
motif towards the fofPiatwieorer pfFheh amoPthiefo palcorfée bies st
stable gels, unless it -pisperyadiimedi dme .t hfen cctolr @ re sap
consists of adding -tasmr mirrouna,t iscumo i @son apéiihwel e, g
Thef lQuorenyl met hoxycarbonyl moi ety (Fmoc) i s one
commer ci al availability on amino acids, since it
way to promphe gallta¢ mat iilssa nmbaf mi hnyod raocpi hdosb,i ct o by i el d
conformation in sequehltest hbs swayt ashéhhgdropl
hydrophilic backbone groups wil/|l be displayed on
Peptide LMWG have been used for a wide range of a
to mimic the active sitanofhedebgute seel, seos pi en€ i pahioirt yo caa
1.¥&Further more, hydrogels made of short peptides
nanoparticles (AuNPs) through a green redoXx Ppr oce
i mportant to yield a IgiedesmaAuwNPs tthhaat earfe cd mndd dye
aggr ergiaguer p{°Thh.esbe hydrogel s were also applied in t

stereoi soeRse oWe rRernot it tha nder t he -Asgbebd@e s Adi

peptide fibrillati on t hbesnkasc ktso, PBPwaho cthh aatr ea ctthse akse ya
fi biFiilgsr g2’Aln.o@cher emerging applicationgamematiisont
antimicrobial peptides (AMPs). In this context, d

using tteopepetviedhessi mply a f W(citgiuvoal bseay almi oo di
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(di ketopft’pleesei sep)amol ecul ar

hydr ogaslse mbi yemwi alhs

Mar c hes awo raknedr scor eported a hyolk ewgPhlePlhas ¢-dhsasd eamimhed t
with anti bi ot i cs*!ustucahli sads| @mtpia tod rl yo xdarci qas, such as
(Figur)o. @anti neoplfasutoircosUdscuiclh (ass 5
a) Catalysis \
Aldolase-mimic
AL
- /" i % CHO e o OH
e;ﬁ :’l‘g A i f1 . :,r,‘ A °2"© %
Pro-Val aleyl greup Acetone p-nitrobenzaldehyde
M::mm&gmﬁmgfpuawul
Hydrolase-mimic
e ON OFF
e cl.)‘ /*:1? = \ . ‘0“ o Ester Hycrolysis H" f:,-o”‘ 3
v’ N T SH ’», heat cogl E on 9 ONF <o
N U} -E M BNPA PP Acetic acid
i ;gn sﬁo - RS
- -
\ o 4 © o mon oJ
DPP-(XOMe), DPP-{XOH), R~
b) Template nanostructure formation
[e]
HoN N\:)LN OH stock solution . 40°C
o) = H o) of AuCly 1h II Ii
L-Phe-L-Phe-L-Cys
c) Biomedical applications
Alzheimer’s disease inhibitor
.
&y
L-Pro-p-Phe-L-Phe-OH
Antimicrobial
)
Hoﬁ‘l‘ !
@
Drug release N live cell dead E.coli
o O
)\ H\j\ COOH “>COOH | OH
N OH
@ naproxen ket A
= etoprofen
o-Leu-L-Phe-L-Phe-OH ciprofloxacin
FigurAppl bcations of alpMWG& npoechattaddadydpsihg e mplyasi e AulN®y f or ma

Bi omedi cal applications
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1. 2. Carbon nanomaterials (CNMs) *

*Partly reproduced and Apmlp2toe®i.61) o mM24@®r. i nni , S.

The family of car bofi gwarheoofla.tidri aes MENMs i {ferent
share the common feature of being cohpxagdnaf d¢ar
although exX&ddapt-diovmen €eixsheelet( 2D) graphene (G) can b
building block, which, depending on*®lhDo ws iwmatty’'dies f o
mu lwail®t ar bon nanotub@s ap-Calded, mat et?2@aher ( GBNpPsSt
compr i soeni maso’{n@GNM®@sh)o,r n3n g CHN&HHenes, °@EMNan cmdainaondd rsccss . (
di ffer for they c &cnatrabionn®®ottoamsg.ecpaottiypncafbep dot

atteyffRdrotnher more, CNMs can be asShedna®ddcltimdet.her i

fullerene 2

carbon ; -

nano-onion nanotubes
(CNO) carbon (CNTs)
nanchorn
(CNH)
carbon
nanodot o
(CND) nanodiamond (ND) grap

FigurEatmi 7y of carbon nanomaterials (CNM$}.cE€pPrightreRlOdEC:E

Each of these components has its own unique propert
They generally feature very interesting electroni
as the abilityalt d unrcddrognaldlrzemii on to further tune
application. It is thus not surprising thatn man)
bi omed8’crich,e above all, on t®sedaoah paost einnn cav a tuisvee icno n

t her famgdt icanc%trh arhkes atpoy,t heir abidinvyr ot mel&teglet tth
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possibility to use them no%buwtnl gl sass fveerhiamd v o toi

bi os e®maikregs, t hem i deal candi d*8t €% f or innovative t

1.2.1. Carbon nanotubes (CNTs)

CNTs can be considered as sheets of gr aahdreda ICNITIs
( SWCNTs) -waarl | mmudl tCiNTs ( MWCNTs), depending on the nu
Similar to the ot her nmareds tarsu @trwrme s,i ntghenatlreav e |l lse
field. However, their morphological similarity to
despite the fact that functi onarldwia@®wmod2 0cla9n, adN Tesv
been added to the ChemSec SIN (Substitute It Now)
to biodéfhmhadatpirompted a strong response from the
that feared further obstacles to innovation, in w
CNT, and this c¢class of tnhaen obmactceormpaaltsi biisl ivteyr yp rdoifviel
factors, which include funct¥%nalization and rout
Il ndeed, CNTs have shown a unique ab’i‘ddmoynstta alh 0 ms
unmi ssable opportunitgnd onercvEoerastemshe, ctahai mcth
resilience and | ow mass densityYCNBoptredi simfgad®s
stimulated osteogenic differentiation of mesenchy
visible focal adhesBeoni dad taicgd SN Tse mhgeiswse dailileeay ,.e e n

attain anti machediwed sawmrdf amas fThrei me dbii oaxlong pmlait ¢ @

variety of innovative applications that spamdf,rom
in general, to prepare®iTheovabiovodehgirancadi oal i sl po
experiment al conditions, rout e®3of degradati on, an

17



1.2. 2. Functionalisation of CNTs

The functionalisation of CNTs is an excellent way
theamget her, in favour of interactions between CNT

di fferent ways tbBi dume ttilhoatal d zre IKCNTs | s si fii.eed ma

exohedral, when the functionalisation occurs on t
wal®flsn. this chapter the focus wil!/ be on the for
subdivided inccwalaé¢eintf amadt nemal i sati on.

The covalent functionalisation can be performed b

One of the most common reactions was the fluorin
fluorine at a temperAdt urTeh eb estuwceceers s1 0 arhde GG Ct |
infrared (I R) spectroschpyal drmaea kg i-li2dadtfiden odaiheegind,
advantage was the possibility to replace the fluo
reagtéAmtost.her wusef ul reaction is the hydrogenati on,
of:HC and stabl8Alwm,t c ycd o akl@.i ti ons were ver*yi ncomma
parti cul-chirpoltahre cly,c3l oaddi ti on of az o memolrikrea sy lliede
SWCNTs and MWCNTs highly soluble in water as wel
met h&%odleover, the pyrrolidine rings can be subst
to synthesise materials with a wide range of appl
wi dely used to functesocnrailbesde tCiNeTsdi rJec tM.t rTeoautr medn t
tetrafluoroborgteesatienaofl the di d%ZzéMottimewi €l mmi
approach to achieve covalent functi onaldGCCH iaonnd i s
OH groups on the surface. After that , these gro

esterificati omr eCagremexyallilcy carcay pvsahh teai misnm g gt ke t hen

chl oride, or the most common coupling agents, suc
al so in water.
Al ternati-eeVvglenhefoooti onalisation offers the gr

functionalities onto the C8lyssemfacbe Witbbupraet
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surfactant functionalisation, which allowed to di
i oni c -aommi monhave been used, and their action mec
oriented towar ds etahse tChNeT spdo Isaurr fraccieg t MCheéemre ealaley e dt
covalent functional’iiqateirarcto onsr,r ed etch-rionstg dartai cct iion
Therefore, compounds with aromatic moieties were
there are many extensive reviews on this topic wit

from bi%ftsiesnssuen gelddgiuge efrdiloi ghert yer o g eA-eattuds emeetr &lyy sit o r

| | Functionalization Approaches for CNTs | ‘

[
! !

| Exohedral Approaches |

l Idetal Encapsulation

Covalent Non-Covalent Encapsulation

Fullerene
Encapsulation

Through acidydroxy i3 —
groups * Surfactants

* Wrapping by
Polymers

Endohedral Approaches ‘

Direct ‘

* Metal Deposition
* Polymer

\, Orgenometalic Encapsulation
S Reusctions. - . Polymef
Adsorption

fonic Functionalization

Amide/Ester via Covalent

Metallic Nanoparticles

YRCVAICI

FigurBufdcBionalisation approaches for84CNDpyrRgmrno EROLd , wiRtoly
Chemistry.

Cl ear | ycotvhael ennotn f uncti onalisation is the easiest &
stability, in the sense that, depending on the col
Anot her approaprdwa tdleus vhdvesle CNTs tveint moudt afd erot
hi gher stability of the final product . This new
i nspiration from mechanicat’/Mheset erelwo cnkeecdh amaolcead U

derivatives of <carbon nanotub4¢4skéMbENEE) esanhkeced:
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—

hr grRidgur)8’'The 9 main challenge relative to their s

supramol ecul ar interactions, which generally driv

(0]

xploiting dispersion -woorrkceersst erdenpto2® 14y ntPeesizs amfd
Aclipping reactioxbosihmg meavdiThesdi sasglOdP dU mol ec
contairnengended tetrathiafulvene (exTTF) derivati
CNTs, antderantikneanteed al kyl chains, for the RCM. A si
cevor ker s, in this caseethHeormang onl wmdurde swdd i Was éd
at the termini®Mfkit he hmwgr kladsde|GoRa &l iegu enzo radker sc o
reported a completely different strategy, where i
was the fitting of the SWCNTs-ing'dladd mgdroggal éd

inter'd¢camome used for this purpose.

Covalent: stability but structural change
Supramolecular: structural integrity but labile

MINTSs: stability and structural integrity

Figureéene®al structure of MINTs.°’RepyodgbedE®R0OREB, pRomassson

1.2.3. Composite CNTs and their applications

Functionalised CNTs have been widely wused additiwv
increase the processibility of CNTs i svotrhkeeirrs irnecpoor
an example of CNTaonso s tnififditemnrseg.uanaangeteni vati ve as¢
forming an entangled fibrous structure that l ed |
gel ator concentrations | ower than the minimumumodge
nanot&pNeTss. were also employed toworkaerforstetudied d .t

three oxidized nanocarbonsagsEdmbl ygohpaehmngdreades at
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D-PhePhé¢Pi gur €°Bup@amol ecul ar hydrogels were obtair
with MWCNTs di splayed the best properties. TEM im
by the peptide, which acted as (Fdiguper sltont0ebf ohe CNY
was formed, TEM micrographs showed an excellent i
simil ar naf@Fanmgorrpeddl.ldyt er ms of rheol ogical propert

stiffer, and i-heal isomgphebawitedr a asfeFéd guamw®@h@lOiee d

selhdal ing property was particularly interesting,
similar morphology of CNTs and peptide fibers, or
sur face, t hlhs lewvabl iofg isntlkiraacti on bet ween CNTs a
aspects, the following steps of this wdrelPhBCcusse

Phe tripeptide and either CNTIsi osgd CWiHtsh tthlneg swveeme

t heir Isnurtfhaicse . way, CNHs coul d better intehaat atwi e&f
nanocomposites, d e Anoenasl tirnagt i prgo ptehratty twhaes sdeulef t o t |
CNT?®

b)
HZN\;)LN/;\[(H OH g + peptide e~
Yo

L-Leu-D-Phe-D-Phe

c)

0.14 SELF-HEALING i
001 CAPACITY m

600 1200 1800 2400 3000 3600

t(s)

Fi gur eNaln.olcOo:mp o s i t-MWODNTsse da nodn goexiL-B &-mP h-B-Prhi epeIWC N € s L-la eandP h-p-

Phe st rbUPcetputriedse; act s aCsNTdi s me rbsassn tcc YaBk eicopuasgMweE doiTf s | daveindP h-e

p-Phe in basic aqueous buffer, scaMWEGHTs 2@ammMmii-b-Rdh)e TaEM ni enuatgreasl
scal ebar 500 nm. Reprod@% «€bpyizOlydpgdrmmir s saon ChemincBéf Soc
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CNTs were also extensively us¥®dntpareiotibace paly

incorporation of CNTs in natur al rubber has becc¢
addressing some challenges on these hybrid systerm
i mprove mi kéing in tW&orukbkaeampmetr Meesah and Gao d
met hod that stabilised thermal!®tonductivity and i

1.3 Metal organic cages ( MOCs)

The exampdsesse il isred fsystems sHoatme i qendrealplrevh auesd
coval ent i meyarr abopteidd-insga 6 der Waal s, el ectrostatic
i nteractions concerns the inability to completely
of mor e c-o(npd)e xa Midwmtemisé ® n a | archi tfechtiughelsy (ddiD)ect
predictadblgeanmetcaolor di nati on sphere represents the
desired di mensi onse acnodn tgréool getrMe tdasd nwlist Hdi fsipd iaye .i nt e
1%50 kcal/ mol), relative to -12@ kdalohmo!l orgmadi che
(0168 kcal/ mol ) . -alshseeymbH gl pprtoltee sselbfy i ntroducing r
property provides taceeyétorl| eadi syste a product t

stable than the startilh®g materials or the inter me

1.3.1. General design of MOCs

Recently, we have witnessed an expontngiaald goowdh
to achieve cofpdexeidihesleogitesante@gi es have produced
and 3D molecul ar architectures. From a mechani st
t hermodynami c control, since t he desired pbroduct

approach concerns both kit°%etic and thermodynamic
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Figur eilf.flerrent appr S
American Chemical Society.

The directionalFigondi dd. dappgreonaecrhal ( st ¥°4taéidly Sitmatnrgo c
in the early 1990s that provides high yields. Th
specific geometries, serve as acceptor subunits.

constitute the nilgiacsBemding) . fTlhieh ef ifrist requiremert

subunits, which must be rigid and-dneulitniedde nbtiattee ,a ne
acceptors must have at | east twd oxkaesr duirrea tail sm dii tv
types: | inearfoahdtsyfhmet wy thhatwodi spl ay reactive
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each other, and angular wunits (A) that contain re
eithdroltdwaor hi gher symmetry axes. The second requ
the different hsulderiitrse dt g eaoateiteawe t

The second method consists Bfguhe ,$yinietny hiast drea
by Raymond and coll aborators. The cageso6 design w
the ligand and the met al taking symmetry into con
descthbebnteractiFoinguwiet hl .t1lele Il a tgiamg (i gands are il
pl ane, which is an orthogonal mplaex. tDOhitdh eap@an @ac h
because the angle between chelate planes can eff
approach is also advantageous, since it-spmmetsy a
cl usttet?ts

The ©panel |l iFnigguamp,rlo.plclocn € er ed -woyr kFeujsi,t ai sanbdasea o
polyhedral to mbfd&dd!l &@ax amprheen e mtest.uliarn gp celsy, g osngsu a(t
up Pl atonic solids when they are arranged i AlSspac:
Similarly shaped MOCs can thus be built wusihg. par
triangles, squares, edipsrptescso-pdhaguibbeopor dasaembhy
many 3D geometries, dependingFignrkedbetlbprcaneé aoir
t he geometplyanoafr smeutaarles hi ghl i-ghstsotthed oDGArivand oa
obtained by the hybridizati ofd®° of exclusively orga

The Wweak apprétaghr@wWlhAlbtheered by Mirkin is chara

available for further reactions!'Wnthhiuts appsiomght
bi dentate Iigands coordinate t He gtarnadn sbiotnidosn inse twael
other. The I igands are generally phosphinoal kyl e
funmal oti es, such astifVeooopltarnrad ytredagx oups. Th
further source of tailorability, adding an addit:i
of stability to ahar @aen,d twlhhe eshapdeofoviemal MOC cavi
mol ecules. Finally, the choice of the ancillary I

the MOC inner cavity.
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The | ast approach i s baskFeidguan ,dli.afdeldeail t i wadue xde mg

Cotton. It requires the use of paddléWwheekeyrcHhainc
synthesis for | arge arrays with di met al units i s t
to give convenient solubility properties. For equ
i onspalnyfdami nes or dinitriles, respectivel y. Depen

possible to join the uni-t#aice disi hgr ani @wadp & ,hirfoalkge

an equatori al |l amkemn, obr bevéntygpeembifnl i nkers can
1.3. 2. Bi omol ecul ar cages
Since its discovery, supr amdli od wlgarc ad hesmisgs termys had

mi micry of their!dinr patrvrnesu!l ar , fdhet wemdsisook &mndec
for enzymatic c&%iny aing i drodicefs BMrtiriodhucedubbériad e
binding. These studies opened the way to the res
mol ecul es, enabling mol ecul ar s enasdiinngg atoam| tlrleaet odyan $
guest chemistry concept which marked the advent o
From this point of Vi ew, t he combination of bi ome
next | ogical step to enable a finer mimicry of na

field regards dlhec slyant hrean ac ade g i dopp 1 @ avé hagd saes ndblabl tyd

of biomol ecul es, such as proteins or DNA. The nar
high solubility in water, and hiighiltyy .efTThes e nkey e
them excellent carriers for biomedical applicatio
DNA i s an attractive template to generate supr amga
possibility to create 1D, 2D and 3D DNA structure
I n this context nainmtteltdnloddtgyy dbarss beMAme an intri
DNA t-chirmensi onal cages are an attractive class of
and responsiveness. Since the di ®c¢covderry ermnl9@dppo

been de'veHopfeidrst one i s-sbaasaed andacgeti of DBEEAnQuUE
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with aromatic rigFdgumdit?’foh2awhegrthest apaposrokéecrhs S
constructed a series of trianguRiagryr e'dRimlreh e hrean t vai
hi gher complexity, such as tetrahedra, dodecahedr
hi erarchi dcdlgua @p.rloTdhdhs (Il atter approach relies on
DNA t-phoisretar -poi fti vetar til es. Ot her 3D was based
several approaches. A general onhe coesthapéemaddostr ol
with enough rigidity ffoheéavreec®BiDoni clcayedes sd awlictt alr |
di stincit,elladneyesmb or a square | attice. The first
per uni t mas s . The second one enabled construct.i
obj éfthe. second approach was based on the wrapping
tetrahedral cages with inside closed b%Afdoabl ave
helical DNA was bent to follow the woandadet?dntdad
A third strategy, wonlpesed &dlyl Kywedst anadbtcai n a DN
this case, the str amdnneast eads soamhglaenmd ismgtuca reei gshhte et s

(Figure!*fhi2e approach was based on using concentr

workers in 2015 developed a method to create wire
structure into a triangul at ecde 3tDh emecsohn taonudr uosfi ntgh €
all owed to produce exoFigua@adlcdommpl ex 3D structur
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Figur el hIrceletnensi onal stalibeutestf pameDNAhows a DNA @ubne cons

junctions. The middle panel shows an octahedron conséeftucted
shows a tetrahedron constdrsyi tfeae dtrroerd fappr dalcAh sticaCghywm Isd rparni
el ectron microscopy i mages of podfhedtanoasmembbésedopyomf DANADDN

stacked concentric ceiDPNA eosrdilgpmedin croingamiWWede $§ ng mp aDNAber, i gami
scale bars are 50nm. RepibédOamyr iwijhth Be20nl 3,si Mac rhirlolmaiRel |

The synthesis of coordination structures -waorokme rbs o
in 2018 reported t hbebafrirreslt teexraampalrey osft rsuycrdtstsesteibdt ynr
|l eading to f olbdisreg dTfihgtcamedc. pape ptdiede FVFVXPGP was
pyridybi mekeitrag si t es, so absttrankhe aamll e -alswsocfobit! dyr o t
di fferent zipZoedr | HnBralhtes a(sdmici ati on created a p

Zplomacr ochHicguerse. (1. 13
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FigureXlr.ylsdt:al ®&bawceéelurmacoé fr omilbthmibdtdihrea cracddymwlni o edhmr esent at
Zhl2uni t in a dipftfreurcetnutr ec olfourh;e components used: octapeptide
arrowkV)F and the | oop for mGRYy a&abk{duEmpleed(Soddueer es)terwi nogf, FRIj i t a s

bstrands highlighted in greeh3? GepyodgbedEwROh8peAmesscan

The challenges in the synthesis of biomolecular <c
the core framework of the cage was maintained, a
all owed to improve Bieowvompgattihkei Imatiy, pwloiplestt i prse o

pioneering woithkapshbeél wivt Pdpepti de*A shmolugh amrd:i

used to functionalise the outdi*det®%f a cage with

1.3.3. Porous materials based on gels and cagesf*

*Partly reproducedQfromddathmait egld, (Z¥p, 2Y23.

Soft materials have found use in many areas such
are the result of the proper-ahds Haotkwegdlesatsutreensmi nHo
tuning of thesenspatopefrtnew ampl iamati ons can-be er

organic cages (MOhehnhsidinadr stte vth fue eesd coaV iat iné 1.9
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wi t h

i ons
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e
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e

S

e

e

make good | inkers within gels because the
stood. These rules can be infeioadveromcebe
the | engths aneigqeaio megt) rtiieso pdfc,t e gmwlitci gliygar
t'é'deh e epoesst chemistry of these cages can th
ompact, isotropic guests that fit well withi
containi ngdecdagesd pcoasvsiesise swesltlemmi ng from t he
of the gel, which contain entrained sol vent
endow gel s wiitdh dfeat lue esagdarabtteris coul d e
rties that have not been observed in soft mat
the resulting materials. ®&feskea&ifcihndg npdrhdwrs ap
as materials that show promise as systems fo
able precise control and design of the struc
a-upoappmoach.

gels containing MOCs have found broad appli
sulation. A polymeric hydrogel was reported
g guestl“bhindi gl sfterati ersed tawobhdi smmesDpEPDr est i
gel and the idwbhichashbiwvesebtctheecggest upt
se profiles.

oFw ng uirre, 1g ule4sAt release experiments were cond
ules, benzene and anisole. Due to the size d

y both the cage cavitiesondnyd ignelt hpeo rgeesl, pwohriel:

oo | arge for the cage cavity, it was releas
us phase. I nterestingly, f ur ani ncdowd edd stehlrev er ea
ne from the gel into the aqueous phase.

HMa€ed gels also $Heawedhgr pmamplabl e sselAf phot os
on and cowolr&kealrisn ge xlha tba vtieadu rsoeglélo r 8 h shpeeat!iifnegt &
rticgel amd dt met due to fi‘fThestbfvEerercbahgewke

d a new avenue for using a single mheeaeltinanl, i

29



al bei t not both at once.-wbnkem®tbendeamempége ga Ha &

pol yatetrached metal organic caeéegwirteh‘BandBes cloatced t

of 45 mM, the gel could heal itself within 10 min
on MOCs is an attractive area of research in mate
their envioonmhe identity of a guestboc&Qe gaséeant

bl ue fluorescence uwdeel ehgthr ddi aghonwbenl ool &
pyrene contBigung) .Y aTlithle8 nge lflubaged andPgill ar[ 5] ar
Huang and coworkers was found to be able to uptak
selectively encapsulate the drug molecule emodin
of the gels, respectivelojyandponohmeavbiokhgphadeshakd
released from the delguirrel .d.SlWes agquemntulsy ,p htarsea t( me n t
with excess acid |l ed to the destruction of the MO

di fferent cargoes in a controlled manmwemr ymay find

30



A. SELECTIVE GUEST ENCAPSULATION

.
S
A @

B. SELF-HEALING

é BROKEN GEL

C. LUMINESCENCE

D. SELECTIVE CARGO DELIVERY

TRIGGER TRIGGER
RELEASE RELEASE
CARGO 1 CARGO 2

Fi gur eExla.mpd :e sg elf aOEC( AMual ttigapssetl ect i ve capture (red ball, ben.

tetrahedr(d9uprf amadrgafutl aawrod ypveapeh ¢ a Bdtn@ii ms ekscence alriinskienrg fr
substituti-oonbagi ailfg DRenlaelcotgi;ve cargo delivery.

Besi des guest -heenaclaipnsgu,| atiiqouni,d scerlyfst al s, | udmasescen

gel s were also used in watrleysi synRée'shlay saHoilenkes

pol yM@Qel and successf ul l-oyataapl pyl zieeddi dibtk gtiyoe | totaed d¢ @ p g
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Aiclicko*‘PelaxM@®In.was fabarmaPeEG tam poliymBDCfunct
(BDC = benzene diBeDaO bdoexryil vaattei aes dachc d i mamidn '(bCAacz)o p h e
and -d{dymet hyl ami no) bFRingzwrad) el .(THEMABRI)t h(or s d¢gailnd t
could be reversi ] yas dis@mhed hdatrwagh @EhotPiregduet i
1. )5B Upon irradiattgeh Wi shs&8¥mblgdtintbea green t
and the photoexcited!'tol®@druirnt hmai dtry ardd daudech Cuwe d
from the fAO8mamopamt iod| ea. |l ntcgekestongdy bet hegeaolky
t he'lo€Cl<Cal uti on upon exposure to ambient airc To d
gel, thewadthbats ss8he fAclickd reacti o-Bymbyeltanweyrme tbteyn
met hane proceeded smoothly i n t hecgperle suepnocne WM iar rc

and the desired triazol eFipgwrdalclt. WsmG i sol ated in

A
oH OH oH oH
5
o NN © o o
o
Z HO
[O \/1\0 o f{'\/ O] 18 o
h h
15 >< HO” o
0o
o (o) 12 BZ, 72 EDMAB, 24 Cu(OAc),
& " DMF, 60 °C
]
HO X OH HO oH
o o o o

(i)
— S
04><o
i i NN 73 N/\I‘/\
0O, z——-/o 0\—: oGel I\% N:/N>_\O T 0/_(;;;11 I~
—_— + — X
o~ NN P o New

Figur e Ay hbheslrscrodfsisClued pedlydMOGED@m nneti onaltiaze g@BE Gerrds
coumarin fuBOOCCLWnNnaDMEeddimmet hyl f o-A-madimineteh y E® MAB)Malmectgrddt «;
(synthesizedaZimdenm2 neba da PEIGk awmel) teftraki anneal ing (i), after
the copper caaztiadley zceydc | aolakdydniet i on react iCOml M@PE| c anadt afyzedrelo

azide cycloaddition fAclicko reaction.
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1.4 Conclusion and outl ook

*Partly reproducedQfromddahorni 203 .(,7e9F3Car,1.23Mat t er

Given the above discussion, furt her -eixnivsetsitnigg aatpipoal ni
of MODELsed gels aregmwaatr amoteent iThlerfeod sbuil di ng upc
for devising new ones that could not previously b
of gels with tuneabl e mechanicalemsr cpearstiisa s .ngAsofa
which could change their architectural framewor ks
fi-nening of properties of both the cage micropore
at tirvaectapplications such as catalytic cascades or
bring further devel opment bfaseldagattser whatihomi inét

and fabrication of these materi al s.

1.5 Outline and general aims of the thesis

As described in the sections above, there is a gr
gels to attain soft matter with addressabl e dual

for applicatiensntEeuachéomobet welen MOCs and CNTs

could lead to potentially sintlkemstimg geewr avlays:t
nanotechnology with supramol ecul ar amlhé micatl may, casen
are fertile areas for innovation and will be expl
I n parCthiagpudesrs c2r i bes the combinat-aosannembl yi wii tmal MGC S
t he hierarchical assembly of gelling MOCs with pe
bl ocks, macroscopic yet nanaons tbreucatturaegdnegdel s wi t h

ChaptfeacuBsses on a si mi laasrs eanpbd ri magc hp,e pwh edreesb yd esceolr fe
|l igands, but gelation is triggered by the additic

groups. This type of taopemdaalp dewlvds bne tiadtse r avaiti icr
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Chaptiervedsti gates the combination of MOCs with CNT
CNTs is studied, as wel |l their ability to transpo
this strategy +&pteosit eCd\rlfso rb atsheed pma gserei r di fferin
Fi n&lhlay,tweirl I5 summari se the key findings of the tt

forward the research in this exciting area.
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CHAPTER 2

Gelation of MOCs

with pendant peptides
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2.1. Introduction

The design of novel materials having dual porosity is an intriguing research field, as discGes#idinl.3.3

thanks to the novel properties and the different possible applications of these Syistehis.context, the
combination of two different orthogonal supramolecular systems is a very exciting area. The first study in this
direction was published by the groups of Prof. Marchesan and Prof. Nifsah&elf-assembling tripeptide
PABA-FaFNH,, able to gel acetonitrile (G&N), was combined with two distinct (MOCs), each one
displaying the selective binding of different guests in,CM (Figure 2.1). The immobilization of the cages
enabled the formation of different gel layers, each one with a different MOC. In this manner, when a mixture
of guests diffused through the gel, they were selectively captured in the corresponding host layer, thus the

gussts were separated. Furthermore, the gels increasedQi@ 6 st a b i | -imadiptedadhygdmlysis.st a c

Figure 2.1: Physical gel based on a sel§sembling tripeptide that embeds two MOCs soluble in the same solvent (acetonitrile) and
allows for their physical separation in different layers (i.e., top and bottom of the geljl{EAoadamantane).Reproduced with
permission from Réf.Copyright © 2021 Elsevier Inc.

2.2. Self-assembling peptide-based iron cage

The following step of the previous work is the bioconjugation of peptides onto coordination cages in order to

study their selassembly. The Ph.D. thesis of Dr. Marion Kieffer reported the first example of a cage having
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a low-molecular weight peptide as peripherical ligand able to geOBH The iron tetrahedral cage obtained

by the condensation of picolinaldehyde and the previously reported peptide -P&E¥H-, (Figure 2.2A

was able to gel at 5 mM in GBN after 1 hour as confirmed by the tube inversion fgiu¢e 2.2B).2 The

'H-NMR spectrum showed the presence of two sets of signals, assigned to the two possible diastereomers
(Figure 2.2Q. This difference in intensity of these signals was attributed to chiral induction exerted on the
cage by chiral peptide as confirmed by circular dichroBigure 2.2D).2

Furthermore, the possible reversibility of the-gel transition was studied using an external trigger as a
photoacid generatorPAG), the (E)}3-(2-(2-Hydroxystyryl)3,3-dimethyt3H-indol-1-ium-1-yl)propanel-
sulfonate MEH . In the thesis work, it has been studied, for the first time, the conversion from merocyanine
form (MEH) to spiropyran oneSP) in CHsCN, through NMR and UWis spectroscopies analysis. This study
showed the conversion of MEH to SP after irradiation for 5 min with a blue BERI{0 nn) and a drop of
pHcrsenmzo0f 3.2 units, which was sufficient to impact the gelatiBigre 2.2E).

The gel of the iron cage, assembled in presence of PAG, was destroyed after irradiation with blue light for 10
min and it was recovered after being placed in the dark foFighre 2.2F). Four total cycles were performed,

giving the same outcome each time and confirming the reversibility of thasselinbly process in the
presence of an external trigger. Interestingly, the cage was not disassembled during the cycles, thus giving the

opportunity to selectively open the pores of the gel whilst preserhiosgt of the MOC3.
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Figure 2.2: A) Synthesis of the iron cage [f&a)s](NTf2)s; B) Tube inversion test of the gel; &-NMR of cage [F&1a8)s](NTf2)s;

D) Circular dichroism of cage [F£1a)4)(NTf2)s; E) two forms of the PAG, the open ring form in darkn®#sH ) and the closed

ring form one exposed to visible ligl8R); F) Gelsolgel transition of a solution of (5 mM) and the PAG (0.056 mM) irGNHin

the absence of light , after irradiation with blue light for 3 min and after being placed in the dark again for 1 h. Regpmwiuc
permission from Ré&f

2.3. Aim of the work

The aim of this project is the synthesis and theasdembly studies of new cages based on different peptides,
aldehydes and metal ions, to study the generality of the approach described above. The rational design of the
peptideso6 | i barecenywork publishadsbp Marckedan angivookers in which a series of
PheD-XaaL-Phe tripeptides, where-Xaa is an aliphatio-amino acid, have shown their ability to self
assembly to form hydrogelEigure 2.3).# In this case the peptide scaffold was preserved, but all the peptides
have been derivatised to amides at thei@inus to avoid the coordination with the metal centre, ampd to

amino benzoyl amides at thetBrminus to form the imine bonecessary for the cage synthesis.
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Figure2.3:Pept i desd | i brary.

The aldehydes chosen are all previously reported by the Nitschke ¢iigupe(2.4). Aldehydea is the one

used for the synthesis of tparentcage, and it guarantees a good rigidity in comparistinatbere the ether

bond increases the flexibility of the resulting cage. The bisaldetpdethe other side keeps the tetrahedral
geometry changing the position of the ligands on the edges of the tetrahedra instead of the faces. Triazatruxene
based aldehydel can be oriented either clockwise (C) or anticlodeavi(A), these two possible
diastereoisomeric configurations are added to the two possible optical isomers deriving from the octahedral
coordination geometryg ands 4.°> The use of this aldehyde contributes to increase the complexity of the
structures and to study more in detail the effects of the use of enantiopure peripherical ligand. Finally, aldehyde
eguarantees the possibility to study a new geometry, forming a cubic cage. The two divalent metal salts chosen

for this study are Fe(Nidk and Zn(Ntf),.
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Figure24:Al dehydeso6 | i brary.

2.4. Result and discussion

2.4.1. Synthesis and molecular characterisation of 4-amino benzoic acid (PABA)-derivatised

peptide

The peptides were synthesised by Frbased SolidPhase Peptide Synthesis (SPPS) ushatpl@rotrityl

chloride resin as solid support. The resin consisted of polystyrene beads crosslinked with 1% divinylbenzene
(DVB) that guarantees the solvation and theealing in aprotic solvents as dimethylformamide (DMF) and
dichloromethane (DCM). The 1% of crdasking with DVB allows a resin swelling of 4 to 6 times its original
volume in DCM. The mesh size of 200 mesh size (75 to 150 microns) offers a goodnelaf reaction

kinetics versus reliability. The peptide synthesis occurs by coupling the carboxyl group of the incoming amino
acid to the Nterminus of the growing peptide chain. This synthetic pathway reduces the racemization related
to the formation ob(4H)-oxazolone. The first step of the SPPS is the swelling of the resin to increase the
volume of resin which corresponds to a good accessibility to the coupling sites and its activation with SOCI
The second step is the loading of theée@ninus amino @d, followed by the coupling reaction and Fmoc

deprotection, alternatingly. The final step is the peptide cleavage from the support with a mixture of
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trifluoroacetic acid (TFADCM with triisopropylsilane (TIPS) and water as scavenger. This approach was

successfully used to achieve the desired compounds as descrifigdran 2.5 The crude product was then

purified by reversghase HPLC.

(J
O—C|= cl

~Fmoc
S0 HN
i. DIPEA conc., DCM,DMF 3 h, r.t. H O
ii. MeOH, DCM 10min, r.t. N
O O OH ~ CI—O > Fmoc” W)J\O—O
0 0/\[]/ ii. Piperidine 20% in DMF 10min, r.t. Rink
o

i. Fmoc-aa, (4 eq), Oxyma Pure B (4 eq)

i. Fmoc-aa; (4 eq), Oxyma Pure B (4 eq)
DIC (4 eq), DMF,
1.30h, r.t. _

DIC (4 eq), DMF,
1.30h, r.t.
> 2N/k”/
ii. Piperidine 20% in DMF 10min, r.t.

ii. Piperidine 20% in DMF 10min, r.t. Rink

i. Fmoc-aas (4 eq), Oxyma Pure B (4 eq) R™

O R 4 O DIC (4 eq), DMF, \)L
HZNj)LN N\‘)LO_O 1.30h, r.t. - ZN/kﬂ/ )\ﬂ/ W)J\O_O
i Rink

ii. Piperidine 20% in DMF 10min, r.t.

i. Fmoc-PABA (4 eq), Oxyma Pure B (4 eq)
DIC (4 eq), DMF,

1.30h, r.t.
2,\,)\[( \)LN)\W T)L Q .
R" ii. Piperidine 20% in DMF 10min, r.t.
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47.5% TFA
0O R" 47.5% DCM o R" 0 R
N\)J\ 2.0% H,0 N/'\H/N\_)LN
H _O 3.0% TIPS H o H

R" o Rink > H-N 0
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Figure 2.5: Generical SPPS scheme.

All the peptides were fully characterised by MS and NMR spectroscopy. Here it was reported the

characterisation df, as example, all the other spectra are reportésperimental part 2.6.1
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The 'H NMR (Figure 2.6) spectrum confirmed the purity of the compound and showed typical signals of
peptides in DMS@ls, at chemical shifts higher than 8 ppm the amide protond}{itetons in the range
between 4.0 and 4.8 ppm, and the aliphatic protons in the range between 0 andi3-iH#@OSY NMR
(Figure 2.7) showed the correlation between the doublet, integrating for six protons, at 0.49 ppm relative to
valine methyl protons (5} and the valine methine proton signah)ldt 1.721.76 ppm. The correlian peak
between this last signal and the doublet of doublet at 4.09 ppm allowed to assignltpodten of the valine

(H). The valine amide signal was finally assigned to the doublet at 7.97 ppnTligH-'1H-COSY NMR
(Figure 2.7) showed also the croggaks among the amidg,andb-protons signals of the two phenylalanine
and the correlation peak of the protons of trpinobenzoic unit. The correct assignment of these signals has
been made using heteronuclear-BDIR analysis,'H,’*C-HSQC Figure 2.9 and H,*C-HMBC NMR
(Figure 2.10.

The cross peak iftH,**C-HMBC NMR (Figure 2.10 between the signal at 7.55 ppm and the carbonyl
guaternary carbon at 166.3 ppm indicated that the doublet was relative to then®@&# protons kKl The
doublet at 6.58 was consequently assigned to protanthd peak at 166.3 ppm f@&lso displayed a cross
peak with the amide signal at 8.14 ppm assignedtd s allowed to fully assign all the remaining signals.
The signal at 173.1 ppm was relative to the carboxylic carbontefriinus phenylalanine as confirmed by
the crosspeak with the proton signal of thet€minus amide at 7.39 (H At the end, the two crogseaks
between the amide signal at, Bind the carbon signal at 170.6 ppm and the gueak between the amide

signal H and the carbon one at 171.9 ppm, allowed to assign thegatudG, respectively.
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Figure 2.6:'H-NMR spectrum (DMS@s, T = 298 K) of peptide.
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Figure 2.7:'H,*"H-COSY spectrum (DMS@;, T = 298 K) of peptid.
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Figure 2.8: C-NMR spectrum (DMS@s, T = 298 K) of peptide.
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Figure 2.10:*H,'3C-HMBC spectrum (DMS@s, T = 298 K) of peptide.

2.4.2. Self-assembly behaviour of PABA-based peptides

The supramolecular behaviour of these peptides was studied following the same protocol, previously reported
in literature for parent peptide? This procedure consisted in dissolving the peptide in acetonitrile by heating
at 50 °C, followed by cooling down the solution to room temperature. It was, also, observed that sonication
induced a faster gelation, thanks to the cleaving of locked weakrniatecular interactions and forming 3D
networks based on intermolecular interactidfghe gelation process, typically, start with nucleation of the
molecule, followed by selissembhg into one dimensional structure and by anisotropic growing that lead to
fiber formation. Their entanglement gives rise to a 3D network able to entrap the solvent.

All the peptides in this work rapidly formed supramolecular organogels and their minimum gelling
concentration (mgc) is reported Trable 2.1 The mgcdepends not only on the peptide hydrophobicity (as
measured by logP and HPLC retention times reportdchiile 2.), but also by the stereoconfiguration and

the branching of the alkyl sidechain. This is particularly evident for the pe@tated4, having similar logP

values and retention tim&dble 2.3, while they differ for the constitutional isomer of the aliphatic sidechain,
theiso-butyl and thesecbutyl group for the leucine and the isoleucine, respectively. The mgc for the first one

54



is way higher (40 mM) than the mgc for the second one (10 mM), suggesting a positive éfbramthing

in inducing the gelation.

Compound tr logP mgc

p-aminobenzoytL -Phe-D-Ala-L-PheNH:2 16.0 1.52 30 mM
ar

p-aminobenzoytL -Phe-D-Val-L-PheNH:? 17.8 2.40 30 mM
@)

p-aminobenzoytL -Phe-D-Leu-L-Phe-NH:2 18.6 2.75 40 mM
®)

p-aminobenzoytL -Phe-D-lle-L-Phe-NH2 18.7 2.82 15 mM

(4)

Table 2.1:HPLC t, logPand minimum gelling concentration (m.g.c.) of peptides.
a) selfassembly studies yet reported in literatére.

The gelation was assessed using a qualitative method called tube inversion test, that is based on the capacity
of a gel to resist to gravityr{gure 2.17). This test, although not accurate, gives the opportunity to rapidly

screen the possible gelation conditions of a peptide.
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Figure 2.11: Tube inversion tests of peptides gels studied at different concentrations.

The organogel nature of all the peptides have been confirmed by oscillatory rheology. Oscillatory rheology is
a technique to study the flow and the deformation of matter. The world rheology, in fact, derives from the
combination of two Greek wordsy ¥(rthé®) fAf | oav@®o @ d( |l ogi a) fAstudy of o
divided into three main categories related to the value of the Deborah numbee, B defined as the ratio

bet ween the relaxation time (U) and the observat
deformation to occur under an applied stress. Materials with values of De >> 1 are definedli&e Sidjdid-

like matrials are the ones with De << 1 and finally materials with a value ~ 1 are defined as viscoelastic, and
the gels belong to latter category. The properties of viscoelastic materials can be studied through oscillations
tests. These analyses are based oorahetion with intensity that changes sinusoidally during the time. The
oscillatory deformation applied, and the material response can be described using two different ¢guations

and(2.2), respectively:
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Equation 2.1describes the applied stimuli, the deformatibwhile equation 2.2the strainfi. The difference
between the two curves, the phase andjei¢ the parameter measured. It is a value that is characteristic of

the type of materiadtudied Figure 2.12.

Purely elastic response Purely viscous response
(Hookean solid) (Newtonian liquid)

5=0"

Viscoelastic response 8 = Phase angle
.

Classic extremes

= deformation

\/\/ = response

Figure 2.12:Material responsesy= 0° elastic responsey= 90° viscous response; 0° & < 90° viscoelastic response.

The complex shear modulus measured for the viscoelastic material can be described as combination of a

material withd = 0°, elastic component, and a material with 90°, viscous componeriEquation 2.3).

, -"'00FB1o -"@®éli o 8

The G6 is the component in phase and it is call e
component , called | oss or viscous modul us. A mat e
G6 > 10 G606 the gel is defined strong.

The classic rheological analyses are oscillation tests where the intensity and the phase angle of the response tc
certain stimuli are measured. The two main stimuli that can be applied to characterise the material are the stress
or the strain and the fregocy. In the stress sweep test, stimuli with increasing intensity are applied to the

material to determine the linear viscoelastic regime, wherein performed the other analyses, and the strength of
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the gel. In the frequency sweep test, a frequency, varying over the time, is applied and information about the

viscoelasticity of the material and the stability of the material are obtained.

Regarding the mechanical properties, pepBd#howed a good stability in all the concentrations range, as

conf i

2.13 Table 2.2. On contrary, peptid8, at the same concentrations, displayed lower stability in comparison

with 2 (Figure 2.14). This mechanical behaviour can be explained in terms of morphology of the samples.
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Peptide2 formed entangled thin nanoscopic fibriEdure 2.1618), while 3 bigger fibers Figure 2.19, that

prevent the formation of a stable 3@twork able to keep the solvent inside the gel mesh.

Finally, peptided, formed gel at lower concentrations than the previous two peptides. This is related to the

&

higher hydrophobicity of the sequence and the different branching of the sidechain. In this case, as for peptide

2, it was observed the positive effectfebranching on the resistance against an applied sfapad 2.15

Table 2.3.

Figure 2.13:Frequency and stress sweep test aff different concentrations. a), c), e) frequency sweep tests at 30, 40 and 50 mM,
respectively. b), d), f) stress sweep tests at 30, 40 and 50 mM, respectively.
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Figure 2.14:Frequency and stress sweep test3 aff different concentrations. a), c), frequency sweep test at 40 and 50 mM,
respectively. b), d) frequency sweep test at 40 and 50 mM, respectively.
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Figure 2.15:Frequency and stress sweep test4 aff different concentrations. a), c), frequency sweep test at 15 and 20 mM,
respectively. b), d) frequency sweep test at 15 and 20 mM, respectively.
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Peptide Concentration El astic mo Viscous modulus Breaking point (kPa)

(mM) (kPa) (Good) (k
2 30 18.6+x2.5 1.8+x1.7 0.22
2 40 63.8+8.1 8.3+4.3 0.68
2 50 106.4+ 7.4 14.1+3.0 1.00
3 40 19.5+84 6.4x1.0 0.10
3 50 73.9+ 30.3 22.8+4.5 0.15
4 15 9.1+ 0.6 1.3x04 0.22
4 20 274+ 0.6 34+x20 0.22
Table2.2El asti ¢ modulus (Gd&6), viscous modul us ( GOo &patagmevibuslyr ea ki n

reported in literaturé’

In terms of nanomorphology, TEM images revealed that all peptides assembled into fibrils, with different
behaviour in terms of rigidity, and level of bundling or branching. In particopéptide2 and4 formed thin

fibrils of an average diameter ©f16 nm Figure 2.1618) and ~ 20 nmKigure 2.21-22), respectively, for all

the concentrations tested. On the contrary, pegtidemed rigid, bundled fibrils with a diameter of 115.0 +
38.9 nm Figure 2.19, suggesting the influence of the branching of the shain on the nano morphological
behaviour. We inferred that the presence of-stin branching closer to peptide backbone, a2 fpeptide

containing thep-Val) and4 (peptide containing the-lle), promoted branching as opposed to bundling.

30/ 15.4+4.5nm

P

.

Diameter (nm)

Figure 2.16:Size distribution (hm) and TEM image of gel of peptide 2 at 30 mM.
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Figure 2.17:Size distribution (hm) and TEM image of gel of pep2ide40 mM.
\

Figure 2.18:Size distribution (hm) and TEM image of gel of pep2idé 50 mM.
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Figure 2.19:Size distribution (nm) and TEM image of gel of pepsidé 50 mM.
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Figure 2.20:Size distribution (hm) and TEM image of gel of pepdide40 mM.
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Figure 2.21:Size distribution (hm) and TEM image of gel of pepfidé 15 mM.

20.2+5.5nm

Figure 2.22:Size distribution (nm) and TEM image of gel of pepfidé 20 mM.

2.4.3. Synthesis of aldehydes

The 5,5',5"(benzenel,3,5triyNtripicolinaldehyde was synthesized in a tst@p reaction, according to the

literature® The first steps involved the synthesis of the boronic ester -85, 4, 5, Stetramethyll,3,2

dioxaborolar2-yl) benzene 135TrBB) through a Miyaurdborylation reaction. The main advantage of these
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reaction is related to the possibility to easily synthesised a coupling partner for a-Biyauda cross
coupling in good yield for different aryl halide. The base chosen for this reaction is KOAc, a weak base that
does not accelerate the reaction, hudargntees good yields and it is selective. Among the different palladium
catalyst, the Pd(dppf)€was chosen in this case, thanks to its air stability and its ease to handling. The
bis(diphenylphosphino)ferrocene (dppf) ligand enhanced the stabilite @oiinplex, thanks to the chelating
effect, facilitating the reductive elimination step overfiHgydrogen elimination. The reaction was performed

at 90 °C in a polar solvent that was anhydrous DMEUre 2.23. The purity of the compound was confirmed

by 'H-NMR spectroscopyHigure 2.6J).

Br w O\B/O
O\B/O Pd(dppf)Cl,/KOAc
+ | >
B
SN 5 mL of anhydrous DMF /@\
O Ne! O- .0
Br Br 90°C, 24h B B
o) o)

Figure 2.23:Synthesis of 1,3;8is(4, 4, 5, 5tetramethyl1,3,2dioxaborolan2-yl) benzene (135TrBB).

The second step concerned the synthesis of 5(bebizenel ,3,5triy)tripicolinaldehyde, aldehyda, through
a SuzukiMiyauracrosscoupling between 135TrBB previously synthesised and the commercially available 5
bromopicolinaldehydeHigure 2.24). The chosen catalyst in this case is the classical Pg¢R&dether with
the weak base CO; as reported in the literature procedBifthe successful reaction was confirmedtHy

NMR spectroscopyHigure 2.62.

0.0 -0
Pd(PPh3)4/K,CO3
N
+ | N
Pz 100 mL of anhydrous DMF 90°C, 24h
[ON -0
B B
o o Br

40%

Figure 2.24:Synthesis of 5,5',5benzenel,3,5triyl)tripicolinaldehyde, aldehyda.
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The porphyrin aldehyde has been synthesised using a procepartd in the literature by the group of Prof.
Nitschke® In this case, the first step involved the synthesis of the +s@sstituted porphyrin, tetrakis(4
bromomethylphenyl)porphyrin (T4BrP), using a synthetical approach developed in 1980s by Lindesy and co
workers Figure 2.25. This approach entailed aetdtalysed condensation of an aldehyde and pyrrole to form

a porphyrinogen, that will undergo to #&* oxidative dehydrogenation mediated by an oxidant, as 2,3
dichloro-5,6-dicyanobenzoquinone (DDQ). The two main advantages of this procedure are the ctiibah rea
conditions, the reaction was performed in anhydrous DCM at room temperature for 5 hours, and the good yield

(>30%).

Br

1. TFA, DCM, 5 h. O Q
CHO

2.DDQ

) @ .. 3. NEt3 :
N
o o =0

Br

Br

Br

Figure 2.25: Synthesis of tetrakis{dgromomethylphenyl)porphyrin (T4BrP).

The second step concerned the metalation of the porphyrin, for simple stirring of Zn{OREGM at r.t.

(Figure 2.26.° The mechanism of Zhinvolves a weakly bindingof Zhi ons f or mi ng a def o
atopd (SAT) complex. SAT complex is t hedigure2R2d.ac hed
Kinetic studies suggest the formation of bimetallic intermediate in which the r.d.s. is the incorporation of the

zinc inside the porphyrif.
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Br

Qo O Q)

Br

Zn(OAc), 2H,0

DCM, CH;0H
) () [
() [ .
Br

Br
Figure 2.26:Synthesis of Z14BrP.

Y j
N  HN 72+ N/ N
Chy =
NH N N N

U

Zn?*

Zn%*

N, N N N
Zn%+ } - — K

:N N N
Z\\n/2+

Figure 2.27:Reaction mechanism of zincation of porphyrin

The final step regards the synthesis of the porphyrin aldehyde, zinc(ll) tetr@k@s{drmylpyridin-3-

yl)oxy)methyl)}phenyl)porphyrine, through a Williamson ether reaction usingCO:; as base and the

commercially availableRigure 2.28.
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Br o) \
N
Br OH 0]
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CHO
K,CO3, DMF
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Br N 0
\ / A
OHC _
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Figure 2.28:Synthesis of zinc(ll) tetrakis{4(6-formylpyridin-3-yl)oxy)methyBphenyl)porphyrin, aldehyde

The intermediates and the final product have been characterisedNiMR spectroscopyHigure 2.6365)
and the analytical data are in agreement with those previously publfshed.

Finally, aldehydes$, c andd have been synthesised by Dr. Andrew Heard at the University of Cambridge.

2.4.4. Cages synthesis and characterisation

The cages have been synthesised through a subcomponessesttbly approach. This approach, originally
investigated by Buséhand further developed by Hanrtdmand Nitschk&, relies on the formation of both
covalent bonds and metatganic dative bonds through a metplation process. One of the main
advantages of this approach is to avoid the synthesis of synthetically polydentate ligands, because of the
organic subcompants react separately around the template metal centre. This guarantees two benefits both
for ligands thanks to stabilisation of the covalent bond led to the coordination, and for the metal, preventing
its reduction or oxidation once coordinated. The sé@mvantage is the use of dynamic covalent bond, as the
imine bond. This bond is, generally, reversible through hydrolysis, however, once coordinated toveametal

nitrogen donor atoms, the complex formed renders the imine bond stable, even in water in selecfed cases.

66



The peptides containing the aniline uii4) were investigated to use them as subcomponents iassgmbly

with aldehydes d-€) and the metal salt$zigure 2.29 showed the general reaction for the synthesis of a

tetrahedral cage with aldehyde

4 eq Fe(NTfy),

N
R QN
o H
N
L
HN o

Figure 2.29:General reaction scheme for cage synthesis using aldehyde

CH3CN
50°C
under Ar
18 h

12 eq Q noQ +4eq
/©)\N N\HJ\N NH,
it H
o 0 R )

The reaction of the peptide (12 eq) with 4 eq of piconiltrisaldehyde and MgNFfeq) in CHCN at 50 °C
for 18 h led to the formation of M. assembly. The formation of all assemblies was confirmed by NMR and
ESIFMS spectroscopyHigure 2.30:33). The characterisation of the other cages(id)4](NTf2)s (X = 1-4)

was reported ifExperimental part 2.6.3(Figure 2.66103).

Ha, Hy, Alppe,
H, NH, NH, oH B Hual
Phe
0 Hppe
a Hyy Y Hya
r—L l A | T
. \
L JQJ_JM_JULL J

7243 =

=4 1198
48.20
12.08 =

w
~
o
®

6
3 (ppm)

Figure 2.30:'H-NMRspectrum (CBCN, 500 MHz, T = 298 Kof cage [Fe(2a)4](NTf2)s.
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Diffusion ordered spectroscopy (DOSY) NMR is a key analytic tool for the general characterisation of the
cages. DOSY NMR, in this context, gives useful information about the number of species in solution and can
be used to glean information on the effeetishape of the cade.ln the DOSY NMR spectrum of
[Fes(2a)4](NTf2)s is possible observed that signals assigned to the cage have the same diffusion coefficient and
therefore, most likely belong to the same spedtegute 2.31.%°

The other information that can be obtained regards the translational diffusion coefijiethegcribing the
movement of molecules due to either concentration gradient or Brownian motion, in absence of any chemical
gradient. The correlation betwedh and the hydrodynamic radiuRR)(is described by the Einstein
Smoluchwski equatiorEguation 2.4):1°

O QY 8
=

This equation connects the diffusion coefficient and theadled hydrodynamic friction factof)(for infinitely
diluted solutions. Farequal to6~ Rit was obtained the Stok&Snstein equationHquation 2.5) from which

Ris calculated®

Equation 2.5has been used to calculate the hydrodynamic radius of all the cages.
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Figure 2.31:*H-DOSY NMR spectrum (GDN, 400 MHz, T = 298 Kof cage [Fa(2a)4](NTf2)s. The diffusion coefficient for
[Fea(3a)4](NTf2)s in CD:CN was measured to be 3.840° n2s! and the solvodynamic radius was calculated to be 16.9 A.

The synthesis of the desired tetrahedral cages has been confirmed by mass spedtigsmmpy32displayed
a series of ion peaks at different for the different charged states of theédagearticular, all the synthesised
cages, are obtained as hgsest complexes with TFA counterion that derives from SPBSle 2.3showed

the m/z values for the cage [£20)s](NTf2)s chosen as examples.
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Figure 2.32:ESFMS of cage [F&2a)s](NTf2)s.

69



Species Calculated m/z Experimental m/z

[Fex(CraH11N16012)a(CFaCO2)] 1149.9094 1149.8977
[Fes(CraaH11N16012)a(N(SOCF3)2)] 7 1173.7855 1173.9239
[Fes(C114H114N18012)4(N(SQCF)2) (CF3CO2) ¢+ 1388.2525 1388.2010
[Fes(C114H114N18012)4(N(SQCF)2)2(CF3CO2)]5* 1721.9327 1721.8253
[Fex(Ci1aH11N16012)a(N(SO:CFs)2)3]5* 1755.3593 1755.4611
[Fex(CraaH11N16012)a(N(SO:CF3)2)3(CFaCO2)]+* 2222.4532 2222.5129

Table 2.3:m/z values for [F€2a)4](NTf2)s.

The isotope pattern of a particular ion peak gives the information about the ratio of metal to ligand and of
conseqguence about the geometry. The charge value was calculated from the reciprocal of theigeals
signals in the peak series. From charge and the m/z it is possible to know exactly what the ratio of ligands to
metal is, and after that take a guess at the georfetry.

In particular, from isotopic pattern distribution of the different ion peaks afZBg](NTf2)s (Figure 2.32) it

is possible to have the definitive confirmation of the tetrahedral geometry.

[Fe4(C114H114N18012)4 [Fe4(C114H114N18012)4

(N(SO,CF3),),(CF5CO,)I°* (N(SO,CF5),);]%

[Fe4(Ci14H114N1501) 4 [Fe4(Ci14H11aN15012)s [Fe4(C114H114N18(7)+12)4
(N(SO,CF,),)(CF5CO,)1¢* (CF5CO,)™ (N(SO,CF;),)]

Figure 2.33:Isotopic pattern distribution of [F€2a)4](NTf2)s.

Circular dichroism (CD) is an elite technique for the study of chiral molecules. The electromagnetic wave is

composed of an orthogonal magnetic and electric field oscillating in a plane over the time. When these two
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vibrations are confined to a single plane, light is defined as linearly polarized. Conversely, if the vibration
plane rotates the light propagation, then the light is circularly polarized, and it consists of two components,
left- and righthanded circulayl polarized. The chiral molecules, interacting with light, absorb these two
components differently) i Gk, and the difference is measured in form of ellipticity.

Among its different possible applications, CD can be used to distinguish enantiomers. For this purpose, CD
has been used to identify the major diastereomer of two possible for this type cagesnithéhey, through
comparison with reported literature. The positive Cotton effect at ~ 356 nm, followed by the negative one at
300 nm,-"dueéerwvasition | ocalised on the iswmtheinoajopyr i d
diastereoisomer for all the cagé&sgure 2.34.%7

The CD spectra of iron cages display also a first negative Cotton effect around Gbdawed by a second

one at ~ 540 nm and a third one, less intense, just below 490 nm. The first one could be associated to a 3d
transition mixed with charggansfer ones. While the second and third ones are probably due te two d

MLCT transitions Figure 2.34.%7
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Figure 2.34:CD spectrum of [F&2a)4](NTf2)s, with zoom in region between 4300 nm.

The other tetrahedral cages with the other aldehyddswere synthesised using the same protocol reported

in Figure 2.29 No cage formation was observed for any aldehydes. In particular, using aldblydest

was observed the formation of a mixture of different supramolecular architectures as demonstrated by the
integration of the aromatic signals in the NMR spectrum. In order to move the equilibrium toward the most
thermodynamically stable species, anealimg reactioncondsting in heating the reaction mixtuie 70°C

for 1 day was performed for the cage with aldehyrjébecause of its similarity ta and generally higher
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stability of cages with ligands on the faces. This attempt brought to the break of the cage, demonstrate by the

appearance of the aldehyde proton signal itthBIMR spectrum Figure 2.35.

* -
y
|
h‘a Aldehyde |

—_—
o

1 o

Figure 2.35:a) H-NMR spectrum (CECN, 500 MHz, T = 298 Kof cage [Fe(1b)s](NTf2)s; b) ) 'H-NMR spectrum (CECN, 500
MHz, T = 298 K of cage [Fe(1b)4](NTf2)s after annealing.

Regarding aldehyd@, no cage formation was observed as confirmed by the value of the hydrodynamic radius
similar to the one of a small molecule, 181(Figure 2.109.

The cubic cage, using aldehydewas synthetised using a literature procedure reported by group of Prof.
Nitschke Figure 2.36.1° Two attempts with different solvents were performed. The first one using a mixture

of DMF and CHCN and second one only in @EN, where the aldehyde was patrtially insoluble and the cage,
soluble in acetonitrile, formation should guide the reaction. Both attempts failed to yield the cage, despite the
reactions were monitored for 15 daysgure 2.37). Two reasons could explain these unsuccessful attempts,

the first one is the high steric hindrance on the vertex of the cages and the second one is tlyedietidenc
central zinc to coordinate peptides. The latter hypothesis derives by the fact that a similar cage, the difference
is the type of amine used as peripherical ligand, was used to selectively encapsulate a protein through the zinc

coordination'®
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Figure 2.36:Reaction scheme for synthesis of cage(F@s](OTf)1s.
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Figure 2.37:a) 'H-NMR spectrum (DM#ez, 500 MHz, T = 298 Kof cage [Fe(16)s](OTf)1s over time; b) }H-NMR spectrum
(CDsCN, 500 MHz, T = 298 Kof cage [Fe(1€)s](OTf)1s Over time.

2.4.5. Self-assembly of peptide-based cages

The selfassembly behaviour of the cages has been tested using the methodology previously reported in the
Ph.D. thesis of Dr. Marion KiefféfThe cages at concentration 5 mM were dissolved igGBHheating at 50

°C and then sonicated for 1 Among all the cages [MXa)s](NTf2)s (M = Fe#*, Zr?*, and X =1-4), it was
observed that only [R€38)](NTf2)s and [Zn(1a)](NTf,)s are able to assemble in 18 hours and 3 weeks,

respectively Figure 2.38.
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[Fe4(2a)[(NTT,)s [Zn,(1a)[(NTT,)s

Figure 2.38:Gels in CHCN of [Fel(2a)](NTf2)s and [Zr(18)](NTf2)s at concentration 5 mM.

All-atom Molecular dynamics (MD) analysis in explicit solvent of the gel of cagél@g(NTf2)s was carried
out by Prof. A. V. Vargiu of the University of Cagliari and it showed that cages interacted with each other

forming a 3D networkKigure 2.39 that encapsulated the solvent.

gelation

Blue = peripherical peptides
Violet = central aldehyde
Black = counter ions

Figure 2.39:All-atom molecular dynamics (MD) revealing the formation of stacks of cages forming fibrils that created the 3D
lattice, responsible for the gel formation. Blue residues correspond to peripheral peptides; violet residues correspdrad to ce
aldehyde; blak residues correspond to counter ions.

A more detailed look of the MD study revealed the main interactions driving thasselfnbly of the cage.

The thickness of the bonds is correlated to the strength of the interaictiotise thicker they are, the stronger
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is the interaction. In particular, the stronger intermolecular interaction was the aromatic interaction between
the Gterminus Phe of a pendant peptide with the aromatic scaffold of the core aldehyde of a néagwage (
2.40. This is very interesting because it is a new type of interaction that is distinctive of this gel and obviously

cannot be present in the gels formed solely by the peptides.

Figure 2.40: Detailed of fultatom molecular dynamics (MD) revealing the strength of the interaction involved in tassatibly.
The thicker bonds are proportional to stronger interactions. The detailed look revealed the stronger aromatic interastien Get
terminus Phe of a pendant peptide with the aromatic scaffold of the aldehyde of a near cage.

It is generally difficult find experimental evidence of aromatic interactions with common spectroscopic
techniques. Ultraviolet Resonance Raman (UVRR) spectroscopy is a very valuable tool for collecting
chemically specific information about a large varietysystems? This technique was very useful especially

for aromatic organic molecules exhibiting strong absorption in the UV range. It guarantees a selective strong
enhancement in the UVRR spectra of solutions of the Ramansgossn of vibrations assigned to sffieci
chromophores, making it an elite technique to study aromatic interattibiviRR spectra were acquired

using synchrotron irradiation at Elettra synchrotron, IUVS beamline, with the assistance of Dr. Fatima
Mahroudi.

In the first instance, the behaviour in solution ofJ{Ea)4](NTf2)s and the two subcomponents aldehgdand

peptidel were studied in solutiorl he spectrum of the cage in solution displayed two main features, a shoulder
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at 1576 crrt, associated to ring vibrations afand a band at 1608 cmt, derived from vibrational modes of

1 (Figure 2.41). The higher signal/noise ratio did not allow to identify some minor components showed in the
spectrum.

The UVRR analysis of the peptide gel revealed that its spectrum was identical to the one of the peptide in

solution Figure 2.41, cyan and blue traces, respectiyelhe two main bands, at 1576 €608 cmt, were

not influenced by the gelation.

—— [Fe4(1a)4](NTfy)g_323.15 K-sol

: AN

=1 323.15 K_sol
1_298.15 K_gel

Raman Intensity (A.U.)

T T
1000 1500

Wavenumber (cm™)

Figure 2.41:UV Raman spectrum, in region 162000 cnt, of solution state of cage [H&.a)4](NTf2)s compared with spectra of
cage subcomponents peptitjealdehydea. Comparison between UV Raman spectrum of peptiddution (T = 323.15 K) and gel
(T =298.15 K) at 30 mM.

Despite the noise, it was possible to observe that the gelation decreased the intensity of the main features, at
1576 cm' and 1608 cm, of the cage spectrurkiure 2.42. This effect was consistent with the formation of
aromatic interactions between the MOCs in the gel state, as confirmed by examples in literature regarding
aromatic interactions in DNA native structdfélhe similarity of the spectra of peptidén solution and in

gel state fFigure 2.41), suggested that these interactions were peculiar of the cage.
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Figure 2.42:UV Raman spectrum, in region 162000 cm, of solution state (T = 323.15 K) and gel (T = 298.15 K) of cage
[Fea(1a)4](NTH2)s.

2.5. Conclusion and Future work

In this chapter, the gelation ability of different cages was investigated yCBHas a green solvent. Firstly,

four different peptides were synthesized, purified, and thoroughly characterised both from a molecular and
supramolecular point of view. All the peptides were capable teaseémble in acetonitrile at different
concentrabns into gels with different mechanical properties and nanomorphology. In particular, it was
observed the positive effect of thebranching on the entanglement of naimed, thin fbrils, disfavouring

their bundling into microscopic fibers, which leads to undesirable material properties, including opacity.

The four peptides were combined with the different aldehgieke©Only aldehyde yieldedthe desired cages

and their seHassembly behaviour were tested. Onlys(E@)](NTf2)s and [Zn(18)](NTf2)s were able to form

gels. This is probably related both to steric reasons related to the branching of the aliphatic sidechain of the
amincacids and to the higher dimension of zinc ions that could disfavour the aromatic interactions between
the phenylalania residues and the aromatic scaffold of the piconiltrisaldehydeateuti molecular dynamics
revealed that MOCs interact with each other forming gel matrix. The main interaction that ruled the
assembly was an aromatic interaction between ther@inal Phe of one cage and the aromatic core of the

aldehyde of another cage. This interaction was confirmed by UV Resonance Raman analysis. Tlgeintensit
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the main two signals relative to the cage decreased during the gel formation. This behaviour was generally
related to the formation of aromatic interactions.

This project lays the foundation for the development of new soft materials with dual porosity for different
applications from selective guest release to catalysis. One advantage of using very simple and minimalistic
building blocks (such as tripeptides)tie lowcost and easy preparation on a large scale too. Minimalism is

an elegant approach that includes only the essential, functional elements to attain the desired outcome.
However, this approach is very challenging because the design has to be wextedoenable the hierarchical
assembly into gelling cages, and each fine detail of the supramolecular design has to be taken into account.
More attempts will be also made to generalise this approach, testing new aldehydes and new metal salts. Given
theimportance of the aromatic interaction between pendant peptides and the aromatic core of the cage panel,

aldehydes with flat aromatic panels will be preferred in the future.
2.6. Experimental part

2.6.1. Peptides characterisation

Peptide p-aminobenzoyl-L-Phe-D-Ala-L-Phe-NH: (1)

H
N NH,
HN N
o) o)

Chemical Formula: CogH31N504
Molecular Weight: 501,59

HoN

78



Absorbance at 254 nm (A.U.)

0 5 10 15 20
Time (min)

Figure 2.43:LC-MS chromatogram at 254 nm of peptide
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Figure 2.44:ESIMS of peptidd.. a) positive spectrum, b) negative spectrum.

Peptide p-aminobenzoyl-L-Phe-D-Val-L-Phe-NH; (2)

o) R°,
N NH,
N N
0 o)
H,N

Chemical Formula: C3gH35N50,4
Molecular Weight: 529,64
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IH NMR (500 MHz, DMSOde) & 8.26 (d, J = 8.7 Hz, 1H), 8.14 (
7.55 (d, J = 8.7 Hz, 2H), 7.39 (s, 1H), 7i32.30 (m, 2H), 7.26 7.10 (m, 9H), 6.58 (d, J = 8.6 Hz, 2H), 4.76

i 4.68 (m, 1H), 4.44 (ddd, J = 10.8, 8.8, 4.1 Hz, 1H), 4d@9 J = 8.6, 6.0 Hz, 2H), 3.112.92 (m, 3H), 2.74

(dd, J = 13.7, 10.8 Hz, 1H), 1.79..76 (m, 1H), 0.49 (d, J = 6.8 Hz, 6H).

BCNMR (126 MHz,DMSGds) G 173.12 (s), 171.95 (s), 170.58 (=
i 128.83 (m), 127.98 (d, J = 9.0 Hz), 126.13 (d, J = 8.0 Hz), 113.36 (s), 57.54 (s), 55.03 (s), 54.11 (s), 37.46
(s), 30.09 (s), 18.96 (s), 17.41 (s).

ESEMS: m/z calculated for M = 529.64, observed positive mode [M™=Hy30.2 and negative mode {MI]

=528.0

Absorbance at 254 nm (A.U.)
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Figure 2.45:LC-MS chromatogram at 254 nm of peptiie
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Figure 2.46:ESIMS of peptid®. a) positive spectrum, b) negative spectrum.

Peptide p-aminobenzoyl-L-Phe-D-Leu-L-Phe-NH; (3)

H 0]
N NH,
HN H
0] 0]
o
HoN
Chemical Formula: C34H37N504
Molecular Weight: 543,67
'H NMR (500 MHz,DMSGds) U4 8. 21 (dd, J = 13. 9, 8.1 Hz, 2H) ,

2H), 7.34 (s, 1H), 7.31 7.22 (m, 4H), 7.20 7.11 (m, 7H), 6.58 (d, J = 8.6 Hz, 2H), 48, J = 15.1, 7.5

Hz, 1H), 4.36 (ddd, J = 10.9, 8.9, 4.0 Hz, 1H), 4.11 (ddd, J = 9.5, 8.3, 5.4 Hz, 1H), 3.09 (dd, J = 13.6, 3.9 Hz,
1H), 3.01 (t, J = 7.0 Hz, 2H), 2.77 (dd, J = 13.6, 10.9 Hz, 1H),i11250 (m, 2H), 1.04 0.94 (m, 1H), 0.67

(dd, J = 224, 6.5 Hz, 6H).

13C NMR (126 MHz, DMSGdg) a 173.12, 171.65, 166 . 4128.87,15/0@7, 3 3,
126.12, 121.46, 113.35, 55.46, 54.24, 50.98, 40.36, 37.27, 23.62, 22.95, 21.53.

ESEMS: m/z calculated for M = 543.67, observed positive mode [M™=H44.2 and negative mode {MI]

=542.0
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Figure 2.47:LC-MS chromatogram at 254 nm of peptRie
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Figure 2.49:*H-NMRspectrum (DMS@&is, T = 298 K) of peptidé.

Figure 2.50:H,!H-COSY spectrum (DMS@, T = 298 K) of peptidé.
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