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iz th vl dazn fom - cation =, pesmifonatocativjdjarenes and largs mona- or his-phosphon om ations, as
wiell as lanthanide menl ons, afford sefassemhled material incorporating all four components. The
culimrenss and phephonimm aitions ane organimed min bi-layers, with the i dazn fum cations and
padol irim mi m) spacies mcarporaied hetweenthe b-layers. The imid erolium cations are con fined within
exmeritially ‘moleonlar capmles” bassd on two calwarenes from adjacent hidawers, with these mtions
taking on different orentations, dependng on the namre of the phosphonum ation, and whether the

mefal alen hinds to sulfomate mo bt

Tt roduction

Calwarenes are often meed in engmeerng nano-maierak, with
ther cavities able to indude small molaculs, and are generally
referrad to cavitands. For example, the selfassemblad sobd staie
material hased an porer s yicaloddjarene has heen nsad n gas
sorphion stodis, heing able to trap gas ma laenkes, melndimg Mo,
Oz, OO, (0, CF;Br, CF; and (H, despie the porasity of the
strocture.' In general emms, olnfejarenes with varahle internal
aavitiex, depending on the wine of &, ;an bhe wad for confining
malecnlesin the solid siate and in soloton, depandingon the sme
and shape of the mimarens This can mwalve hinding large
arganic maolkeoles throngh to alkalne earth joms, by smphy
varying the valme of ® which cormesponds i the rmmber of
phenolic rmgs Enked ingether m forming the maoooycks®
Calwarenes can e selectively functionakzed at the upper or the
Jovwrer rim, fuor the r addin g to ther mikty, forexample, n ading as
recepinTs in malao lar recogration, of recognition of Ma* and K+
wms at the air—water imerface

Calizgrene functiomlzed at the upper im with sulfonaie
gronpe, penlonatoolisgejarenes o= 4, 5 & and £], @n act as
versatile water solhle amphi philic macrocycic recepior mo e
cules. They can bind argamc molecoles through weak non-
o valent imieractions, in bul ding complex structures in the solid
siae, which is well docmnenied * Moreover, suonated cmlxar-
enes provide anchormg pommts for the oomplexation of orgame
and inorganic modeties, with lanthanide metl soms, ploving an
mportant role o the stability and owmall cohesion of the
stroctures throngh charge halance, hydrogen honding, bridging,
and templating effacis *
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pSufomatocalifdjarens, 1, wmally assembles imn hidaver
structures with an ‘op-down’ aniiparalle] srrangement of the
comiss in the arystallne material * The hid ayersare able to com fine
adiverss ran g of Fuest moleonles and ionsinchding amino acds
and relaied maolswnlks® croen ethers and related mamocoydes”
vialgems," quinolines” aquaied metal oms, and o rganic ations
including momo- and hisphosphonum cators.' The natne of
the incloded species which mn mvalve coordnation, eledro-
siatic, and hydrogen honding mieractions, m turn contrals the
distance hetween the hi-layers. The formatiom of ‘molecolar
ks & ofien ercomienad, with more complex strootures
poesibibe, hased on large spheraidal arrays'® nmnotobo b, ®
“Russian dolk’ and *ferrs wheels™. ™

We have mvestigated the complexation of different midazo-
lm cations, which remde i the awity of the cfmarene,
providing a level of predicnhifty on how the ations nests
within the hidawrs. The Oy chain o l-mootyl-tmethyl
mmidaznliom ction Tesuls in the alkyl chain penetrating an
adjacent hidaver, the polar head gronp resding in the cavity of
1 mfwarens, with gadolnimm foms heteeen the bi-lavers ™
In expanding our sidiss on confining midaralnm ations
hetween bhi-layvers buht of penbonatomlnfdjarene, we have
explared the omtonme of the selfassembly process for shorer
alkyl chains, replacing the actyl group by ethyl and botyl, and the
resnlis are reporied herein This research was deemad & an
mmportant strategy in defining the Emits in utiizng the uhiqu-
s mmdamnlom cations @ constrocting o Meonmponent
hi-layers. It & notesarthy that snch mmidaralmm cations feators
extensively in jomic Bquids, with their physical and chemical
ropertiss varyingaccording to the kength of the alkyl chain, and
the mature of the anims™ In additson, bsdmdeolum miions
hawe heen showmto have each frve-mam bered mmgm the cavty of
a pesufomatocalnfdlarene from the same hidayer or from
different - layers.'*

Realts amd discusshon

The meactiom of 2 1 : 1 : 1 mato of 1 o l-athyl-3-methyl
imidaznliom (2 or 3)or 1-boyl3methylmidazolmm @ or 5
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alhotyl3emeth ylmid asn um ({Cy-mim ) cation forms mo ficomponent hidavers with
penHamatocanfdjarens and phes phoniom ions, mnd aqoated lanthanide sons, with the mmidasn om
head group residing i the calioarene cuvity and the termimos of the O chain penetrating the adjacent
hydrophobic bi-layer which i 5com prised of calinaren e and phosp hom fum ors, as partofa poro s-lke
extendad strocmre. Hirshfeld s orface anahyses reveal the natore of the mieractions hetaesn the

M omeTis.

It rduction
A large vanety of dmic Bqwds have heen developed with
different mfiors and amons, with o view of explofting their
niqne properies soch as solobi bxng power, thermal stabiliy,
electrochemical window, erc' The vhiquinms imidmolum-
hased domgc Bouids are availahle with a diverse range of oom hi-
mation of different alky] chain lengths on the imidasn lm ring,
and different commber joms, with the somc hqmds havingimneahle
prapertis

Increasing the alkyl sde chain length in l-alkyl-2amethyl
imidazn m cations from methyl to otvl gets min the reabms of
somiic B mids, dependimg on the natore of the anion . For the seres
from butyl to ootyl, there & an maease m the hydrophobicty of
the fomic ligmd, along with an moesse I vicosity, and
2 decreass i dersity and surface Enmon vahes doe to the
formation of Coulombic lavers where the sonic head-gronps
imteract with the comnier ioms, and van der Waalk layers ane huil:
from the stcking of the allky] chains. ** Impartantly, as the alkyl
mide chain of the cation hacomes sofficianthy bon g, for somic Bqmd
waier miviures, micell ke stroctores are prevalent, nlEmaiehy
leading in phase separation *7

{iven the abowe effeot o f mcreasingg the alky] side chain length,
we have mvestigaied the sel assembly of l-octyl-lmethyl
phosphonium catons and psulfonaioalndareme, 1. Phos-
phonmm mtions and 1, along with the hrger ring se sufonated
caligdh and Ejarenes, have recently heen edablished m ther oem
might to form discrete arystaline comploes, at least in the pres-
ene of aquaed hnthanide iom ™ " Also noteworthy & that in
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the previous waork, a phenyl ring of the phosphonium cation &
hound within the cavity of @ cal narene.

Herein we demorsirae the versatiliy of water-sohhble
sulfonated mbigdjarene iIn mteractng with an #modasnfum
ation which featuns in some donc bguads. Ths imvahes
estahlishing host—goest cheamisiry of the ten components i the
sohid siate and how thes relates to the mieplay of other goest
mial ecnles with the same calivarene as reported in other works'™ ™
Remarkably Cysmim 2, forms fowr component complexes with
the caliarene macrocwcle 1, phosphoniom mitions 3 or 4, and
aquated lantharode metl jons s an onoomventiona] hidayer
amangament™ The selectivity of the charged head group o
resid e in the cuvity of the calimarene asa hosi-goest component &
significant, as & the organic fail of the host-goest complex
penstrating the adpcent bi-layer. Hirshfeld surface® anal yas
has aleo bheen undertaken for understanding the mature of
imterplay of the molcuks m sich comple sl asseambled
SRS,

Reslts amd discussion

Conmplexes 5 and & were obfained from waterfetrah ydrofuman
{THF} by show evaparation of an aqumalar mivtore of 1 and X
and a threefold excessof aquenos gadal noom (T j ch loride, with
phosphoninm mtions, 3 or 4, as bromids and sdide sahs
respactively, Schame 1. Both complees 8 and & aystallise in the
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Multi-component bi-layers featuring |1-octyl-2, 3-dimethylimidazoliom ~
p-sulfonatocalix|4|arene] supermoleculest
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M ult-oomponent solid site stroctures oontaining ooy, 3-d et ylmed arolinm cations, aniomic
peanifanat ooa S 4jarens: andor lirge miomn b cepbion om  casiones, as well 0s lamhanide metal Gons

are readily aocessibles, which hawve ihe cfvarens organssed mio bidayers with gadokn mom{m)
oonndinaied hetween tham. The mmedaznium ning i confined in the clvarens cavity, essengially
forming “ molsclar capsuls™ haed on two calimrenes, or with the naoctyl chain penemating the
adjaceni bid aver, waih the nadure of the calre me-dime th vimidaznlnm mierplay mapped oo
wsing Hirshfeld surfice analysis. The sopermo leoul s [1-o0iy <2, 3dimeth yimidasn fum
peulfomatoca ijdjarens] are persivent in agueou s sahutions {H MMEBL

Tt rluctiom
T dazn . catikones feature in moom-emperature i b ds
as “green solvems™, with neghigible vapour pressore a1 moom
immperaiore, lirge Bqmdoes range and a highly sohatimg
capadty in nonconrdinting medivm, in which a number of
OTgATiC, mu?u‘lc a5 well as organ ometalic compounds can
he dissolwd ™ fomic Bquids have tunable physicochemical
properties depending on the choice of the miton and/or the
amson, which typically corsisiof o bulky, ursymme nic orgaric
catiom and smalkr arganic or norganc anors. ™ Among the
physm] properties of womic Bquids, viscosty, demsity and
surface i=msmon are partcularly mporiam m the choce of
sonic Bgud for variows applications. Varying the alkyl chain
length from ethyl to octyl for & senes of 1-alkyl-3methyl-
mmidaznliim cations, noeses the hydrophobicity and the
visco sty of somc bgmds contuming suwch cisons, while there
is a descending trend in density and surfice tension

In aquenws solusions, wonc bquids have surface active
propertes similar to surfactans, which leads to ssiforganisason
imio micelles or aggregaie, dependmg on ihe alkyl chain
length ® Imidazalium cafions with a short chain system can
he modeled as polvdispersed sphenical aggregates, wheres a
long cham sysiem can be modelsd a5 a sysiem of regolrhy
szed nearspherical charged micelle” Addifion of a cerigin
amount of waer to ionic bquids with long chains reslis in
spomimens sefor @nsation o Bquid -orystalline innogels,
where segregation of ithe hydrophiic and hydrophaobs:

= Chemisvy Deparimend, Facxlly of Sciece, meu_rg"ll‘dr_p
Fwiid Kaala Lampor, Makoesa, Emal
el :;ﬂx e T
Tel: +@3ITET A5

* Centoe of Siratoghc N Feica tion, Sohod of Blome o,
Blomadecsdar o Clemi o Sclences, Univorsily af Wesiern dwdraks,
35 Siirkug Highuesy, Cromk y, WA G075, Awstrks.
Email el axs bz e sovdre bl e
Fa: + 68 SRS NS, Tel +060 Bid5E 1572

DDA e frencr sombers T2 aed 74000 For orp sl anla:

it b CTF oo oy el Fosial die THOT: [010E 39006 12

segments tkes place, forming regiors of confined water,
uhtimately with the onset of gelation 5

W have imeatigited the oo ke ion of differan imsdasniom
cations with calivarenes in the solid siie The actyl cham
l-n-noiyld-meth yimidazn fum cation pensirates an adjacemnt
ti-layer comprised of calimarenss and phosphoniom mtions,
with the palar head group residing in the covity o2 cafoarene *
We haw alo explored the onicome of the s assembly of
imidaznlium cations with shorter alkyl chains, with ethy and
iyl gromps rembing in the formason of bi-davers, with
“minleclar capsmles™ comprised of two clizgrenses aon finin g
an imidazalivm ction spanming the hidayers "

In general “molecular capsubes™ are of imerest heouse
of thar potemial applicatons in seamdion  dechnol ogy
and serears. ! Amonic posubonsocalin]4 Slarenss in 2 howl-
shaped configuration heanng sufonme grongs in the npper
TEm, cam amange in the solid staie, ewmentially forming “malecolar
caembes™ with vanoms goest moleonbs oon fined in the capsmle
core'? The confined guest moleoulss have mherently weak
mieractions mvaling hydrogen bonding mnd estckng,
which presumahly comiribtares i the fom ation and stahilizasion
of the capsules within the exiended strociures.'* Such cufivarenss
are aba effedine m accommodsimg a wade range of goesd
malscules in their cavities, inchuding crown sthers, aming
acids,"” mucldc acd hases and derivatives,” phenanihrafine'”
and viakgers."* Here fhe cafxarenss are wsmlly arrm gad ima a
bidayer armngment with varying degress of complexity. '

We now report that the neactyl dimet hylm idazn fum cation
which feaiuress n soric ]'I]'ﬂ'ﬂi,m hinds o the waier salnhle
smifonated caliv]4)arene., fomming complex arrays in the sobid
state i the presence of large orgamic phosphonim ations,
and lanthanide cations. The we ofa king alkyl chain relaies io
ar previous findings for the mmidasnfom cason devoid of
the Comathyl gromp, where two differemt assembliss were
idemitfied, and when complad with the resmhis herein, now
alkows an emerging level of predictabi ky m bulding complex
structures hased om these components. The natore of imteplay
of the maoleonlss m the compler sz assembled systams
is further analysed and examined wsing Fhrshield surface®

4M | Mew ! Chem, 3000, 34, 414-4%
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Selective Binding ol Imidazolium Cations in Building Multi-Component

Layers

Irene Ling”' Yatimah Alias, "' Alexandre N, Sobolew™ Lindsay T. Byroe,™ and

Abstract: Addition of 1-alkyl-3-methy]-
imidazalinm (Cemim) cations 3-5 to a
mixture of bi-phosphonium cation 2
and sodium  psulineiocalix]djarens
{1} in the presence of lanthanide ions
results in the selsctive hinding of am
imidaraliom cation min the avity of
the @lixarene. The result & 2 mubiday-
ered solid maierial with an inhe rently

Colin L. Raston®*™

resulis i significant perturhation of
the structure, the most striking effect s
the titing of the plme of the howd-
shaped calivarene relative in the plane
of the mulidayer, with tilt angles of
721 B9 and 655, respectively. The
lanthamide joms facilitate cvmgl exation,

but are not monrporatsd into the stroc-
turex and, in all cases, the calixarens
takes on & 5= charge, with one of the
lower.-rim phenolic groups deprotonat-
sd. ROESY NME experiments amd
ather "H NMR spctroscopy studies es-
tahlih the formation of 1:1 supermale-
cules of Comim and calivarene, regard-
le== of the matio of the two components,

flexihle mierplay of the components

Incorpomating  ethyl-, abutyl o a-
hexyl-mim cations into the mul §dayems

Tt o dhu et osn

Supamalsmlar tedomns hesed on orgamic awvitands hawve
heen extemively studied, especizlly those imvolving calizar-
enes and related molscules. These studies have provided a
large platiorm of strudural divemsty for the formation of
multi-component ovmplexss. These include organic male-
aules of various sirex and shapes, hoamd through multipls in-
herently weak interactions”! The smaller ring-siz calix{4]-
amd calix] 5|arenes wnally adopt the cone-shaped oo fioma -
tion and cam hind a wide range of guest molecules in the

fa] T. Lasy, T ¥. Alas
Chesmuy Dopusscs. Rcdly of Skeas
Uasdeeaay o Mk, 5060 Kol Lospar | Maliyai)
Fax:{+60F) M6741H
E-omil ot b ien cds my

B D A M Sobeies, De L T. Byme, Prol O L Rago
Ceamme bor Samie g Mame Rl o
Senl of B deal, Baomokb sk and Chemisd Somo s
Uafvenaty of Wed o s
Crrwlep, Wi G0 | Acsural)
Fax:{+6 14545 105
E-mmil ools msweifuwanleas

E. Sepeyiiag dalormaios b S arkde b oavalible e WHW
s R L FUEHE TR e e i

dTham. For © 300, i 0-0

Keywonds his-phasphonium = @t
i - mliarenes
systems - imidaral nm cations

3 X0 Welep-VTH Virlag G H &k (b Kif A, Wenbem

and mdimte that the supermolscnles
undergo rapid exchange on the NMR
pectEmpy timesale.

»  host-guest

@vity, from small salvent molscules like dichloramethane,
through to large globular molscules like @rboranss and ful-
lerenes® The self-zmembly of thess supsmmalecules can
generate infinie networks besed on interactions hetween
the organic components =nd through metal coordination ™
In contrast, the larger, resdily amemible ring-size calix]6]-
amd calix]f|arenes can tzke on 2 plethoa of different con-
fomations (for example, the doublscone conformation)
amd can a ko form host- guest and indusion u'mqin:ns.“
The water-soluble, smallring p-sulfonated o lx)d|arens
(1) forme inclixion complexes with the calixarenes arrangsd
in *up-doen™ antiparzllel bilsyers when configured in its
almost umiversal come shepe™ More mmplicated supra-
meeoular architedures are also mown, which mdude heli-
@l amays and imsshedral and cubodshedral sphenoidal
ammays comprised of twelve calivarenes. The synthetic strat-
egy for fomming such bilayers mvolves the uses of small male-
aules forinclusion into the @livarens cavity and the exiend-
ad strudure, as well a5 the e of metal joms, in particular
aquated lanthanide jons. Each hilayver has 2 divergent ydro-
philic swie with the @vities of the @lxarenes dirscted
away fram the hilayer plane® Alignment of the @vities
from one hilayer with the cawities of an adjacent hilayer of-
fedively oeates 2 molecular capsule comprised of teo calix-
arenes. The @psule can aontein one omman organic male-
oule, such 25 2 aown e'ﬂv:r,m o multipls =mall malsmles,

r-‘mrklmr

These are not the final pagl: numbers! A4
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ABSTRACT: Bis-imidazolum cations, 1,1°[1 4-phenylencha{methylene) b 3-F-1 H-imidazoliume-1-y1), (R = methylar
n-hutyl), form discreds mulicomponent complexes in water with varias phosphonnm cations, ansomc p-sul vnatocal xf4] anene,
amd aquated gadolmnumd T sons . The termmad ally] groups, B, resadem the cavities of the calivanenes, with oo calivanenes exther
adjacent to sach other, wheme they Bce the same direction and ame in the same balayer armang t made of cah amel
phosphonium cations, or whene they face opposte dimections. Here the calinammes are smalarly part of & balayer amangement, or
they ame port of an extemded structune which can be regarded 2 hang bult from the sssembly of supermoleculs or “malecular

L les™, [{bas amack snbum b pesullomatocahs] djarene o], which are a-stacked through the cal nomenes m 2 head -to-tadl Bshion.
mmwrd'ﬂmjm-dmdqmd:mﬂrlmgﬂtd'ﬂmtmmﬂi]]:}igrmp.md.ﬂ::}urrud']imqm“nm

Introduction

Self-assembly mvolves molecular recogmtion events with
some complemen tarity of mherently weak memacions, and =
a paradigm m bukling new makenal Watersoluble sulfo-
nated calixarenss have been exteng vely mvestzgated & supra-
malecular tectons (or bulklmg blocks) m crystal engmeermg,
amd supramolecular chemetry m gemerzl. p-Sullonatoc -
[#]arene & the smallest oligomer for theemacracycles and &
usually m the cone confommation, wherne it oflen assembles m
the solid state m the up—down antiparalie] bilayer amange-
ment, samulanecusly creatmg hydrophobic and hydrophibc
emvirgnments.! The bilayer arrangement serves a5 a platfonm
m the cmstruction of maderal that mamac the structure and
progertes of natually occurrmg clays.

piulfonatocal 4 jarene cana ko amemble mtomaone oom-
plexamma v, mcluding cosshedmaland cuboctahecdral am
menti, with the caviises dimected away from thear surfaces, A
amd “Ramsman doll” and “lem whe" 1.3,']'|n|.-Iu:|'.|1|:|':gu'n|.-r|.1.l.4
These armangemenis,anl the bala vera mangement, can molude
metal jom, and organic molecules, with the calicrene beng
versatile m hindmg a range of molecules of dilferent soos and
lihlq'uﬂ.4 The sullonate groups m p-sulfonatocs b enes m
general provide anchomng pomts for the omplsation of
arganicand morganic guest molecules, 35 well as mets] s *
A systernatsc study on the mierplay of PhPt with p-sulfo-
natocaky] flarene wang a combmatorsal approach generated
am extensve bhrary of compouncds, depending on the ratio of
the dons, pH, and the iome strength of the solution *7 Two
major findmgs have been desersbed: (1) the abality to form
prewlopoly mor phic phosphonium complexes with one of the
phenyl growups of the cton resding m the cavity of the
calinarene, amnd {1 the amengement of phenyl embraced
phosphomium cations aroand the calicerene

Imadacobum cations leature extensvely in fonc Byuids,
which ame mpadly gaimng prominence through thear diversty

T whom cespondes: sheald be adlsssad. Fi: H60-064191
E-meaill yoriomi 0 eem el ey

S3007 Amarcan Chemicl Skty

afapphcations msyn thess:, meten aks scence, and mame Tt
nateworthy that the amphiphaic natune of on hyuds based
o imidasol um cations results m thedr aggregation which =
mmalarts the lehavior of adionie surfactants, and kng-chaan
mmidaznlium cations can sellorgamze to form macelles and
Tyedrarpic Bquidd crystak. " Relsted to his & the organmation
of somic Bquids based on imadasolium cations wheneby the
anions and cafions are arranged alemately!' Soladstate
structures of mmadacobum sonc Bquads themsel ves show an
mienestmgimerplay of the ons, Brmang both hy drophibic and
hydrmophobec channels amocisted with the arrangement of the
alkyl groups 1942

Becently, the synthess of 1onic Diquads based on bas-mmad -
wolium cations was neporbed. " We have preprned such cations
amd show heman that they ame fexible m buddmng mult-
component kumcsalds, m conjunction with pesulionatocs
[4jarene, and selected phosphonum cations, alwng with
aquaded gadolmium( I} soms. Specifically, we have prepaned
and structurally authenticated complerss commimng the
designer cations: 1,1%[1 d-phenylenebs{methyl enejbas(3-
methyl TH-malasobume- 11y (2 and 1,1°-[1,4-phen vlenebas-
(methy lne ) oas 3-butyl 1H-midezobum=1-¥1) (3} and the
phosphomum cations, 4=6, Scheme 1. We show that the
termmal groags of the ba-mmsds xolium cations, 2 and 3, bmd.
m the cavities of two calinamenes which an: esther faang each
avther and from adjacent bilayers, orface thesame direction in
the same hils ver; these type of armangements are comparable
to the mclugon of methyl and kel viologens m the
prsulfomatocal idd arene sys fem.

Rzl ts mmd [ senr ion

The comhinafions of companent:, which afforded crymtak
el complenes [TV, ares izecm Tatle 1. The complexes
were grown wang an equmolsr amount of each component
with excess of aquated gadolmm(IIT) wons (bypically 3 mol
equivalents). Inals tructunes, the termanal parts of the dications
reside in the cavities of two calrens and am selectvely
drzen mio the spuoe between the phenyl embraced layerns of
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Multicomponent Layered Arrays
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ABSTRACT: pSullonatocahisfd arene and monophosphonium sons, m the presence of M-butyl ¥-methyipyrmohidimum wons
amid squmted kanthamide sons, assembleints bala vers comprzed of cal anenes with the phosphonium cations embed ded betoesn
them; pymrolidinium fons resde m the calivarene candtes which are normal 1o the bilayer plane. Replaang the phosphonmum
cations with b&-phosphonium jom nesuls m the same mierplay of the caloamene and pymolidinum cations, bt with the
Tommation ofa different bayered structune, which & nowdevoud of Enthandeions, inbke the other bala vems, with all the sul fonate
groups of the calixanenes residing in & plane with adjscent calanenes m aternating dinsctions. In squeows solutions, = 1:1
supermodecule of the calixarene and pyrrolidinum on is evident in aqueous solution uang 'HNME SpeCtTOSCaTY .

Iniraduction

Host=gusit chemsstry mvohang self-amembled mal ecular
contamens has potential m van ousa pphcations, lor example, m
sepmration scence, neceptons, and sensor technology.! Cone-
shaped calixanene, ns orcmarnene, and pyrogallolarene an act
a5 meepior molecuks with the host=guest supermolecules
readily amembling imo comples amays® This ncheles the
formmution of large hydrogen-bonded nanocapsules based on
six C-meth ylresarcin] Sjarenes and C-alkylpyrogsl kd[fJarenes
In the case of calixammes, thelowest aligomer mthe seres can
smanbleintocosshedal and cuboctshecdral armys compnised
of 12 such molecules, and contmuous structunes, deqendmg on
the conditions, and the presence of ather component:

A vanety of differemt cabixarenes analogues have been
developed, whach ame effective m malecular and 1on encamu-
lafion, and modecular recognition in general® Water-soluble
amphiphibc sulfonated calix] fjarene, 1, can actasahatfora
wide range of guest malecules wihoch then hle mis

B a common cmponent of somc liquds. The is with
prsulfonatocal 4 jarene, variows phosphonum cations, and
lamthanide metal jon, Scheme 1. Tts nodew orthy that thehigh
mirmac smme condustnaty of ionie Bquads conmmg pyrrae
Tichi r ey castsionms is o interest msmall eectroenergetic (hattery
component) apphications.” We find that in all complees the
pymaldmnm cation has the [ve-membered heterocyclic
resiching m the calbarene cavaty rather than a phenyl mng of
2 phosphonium cation. "
Results and Discuwsion

Colorless aystal of wmplexes of 1, 1L and 1T {(Scheme 1)
were ohtamed by slow enapomtion from watertetraty droe
furan {THF pod an eqummalsrmaixtureof | and I with deffenent
phosphomum cafions, m the preence of a 3-lold excess of
ajuecrus gad olmmumd I jchlorxde. All compleses crystalloe in
the tricknic space group FT, with each com prised of calivanens
» pyrrobdimum cations, and phosphonum catsons, a5

a diverse armay of structures® Sobid-state structunes made
up of “molkeoular capsules™ hused on two pesulnatocs
[4.5jareres are capable of encapsulsting a vanety of guest
malecules such as aown ethers, tetrapredtonated cydam,
Ene” In frming “moleculsr capsuls™ or otherwise, cakin
[# =nd Sjurenes tend toadopt & cone confrmat on.

mmicznlium cations bewrmg diflerent terminal alkyl groups
with pesulfonatocalidd Jarene, whens the charged aromatic
nng 15 selectively drawn mio the cawty of the calbarens.
The sobid-state structunes can be comudered as bang based on
baleyers built of “meodecular capsules” sprmning the hilayers
ami when the mmdds ;bum cation has long strasght chamalkyl
groups, the alkyl cham penetrates the adjacent Wilaver.” Here
m we imvestigate the selasembly mvohmg N-butyl
Mmethylpyrrallmium, I, which Bke imadaead um cations,
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well 2 bnthansde wm (complex I excepled) m the mtio
111 30p, and mchuded water mokeouks. In all cass, the
pymaldmnm catiomns reside m the calizanene candtes with
theN-butyl chain dmected away Irom thecavity. The Nebutyl
cham = bent m complex Il whach presumably nelstes to the
dilferencein the maxle of coordination of the gadobnmumd I}
cations, which 5 manifeied in difTerent thacknesses between
the calxsrene halavers.

Complex 1. Complex I has one each of the cablixfdjareme,
pyrrallinum, benayltnphenyl phosphonum wons, and a
coardmated bnthansle son, and mcluded water molecules
m the ssymmetnc unit. The conformationally restracted
cone-shaped calif4lamnes, ke on a 5= charge {removal
of one H-atom on the lower rim) and ame amanged back-
to-tuckin hilayer:. Each heteraleptic gadolinmm(IIl ) metal
cemter & attached toa sulfonate group (Gd =0at2 371 A)
amd 15 coondmated by seven water molecules ({Gd=0 at
Z355(1p=24471) A). The wate molecules in general am
myvalved m an extemsive hydrogen bonding with O- .. 0
ditances m the range 2. 0&Z=29582) A Some o
the coordinated water molecules ame in close prommaty o
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Water solublisation of single-walled carbon nanotubes using

p-sulfonatocalix 4]arene
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Single-walled carhon nanotubes (W (NTs) are decomated with nanoparticles of
pesulonaincalivjd]arene which render the mamotuhes soluble in water. The lanocomposite was
prepared by a solveniless grinding method, followed by the additional of water then sonim tion.
The nan-onvalently madified carbon nanotubes have heen characterized using Raman, FTIR
spectroecopy, flunresence spactrosonpy, transmission eledatron miomcopy and thermogravimetric

analbysis.

1. Imtroduction

Singlewalled carbon nanotubhes (SWOCNTs) are rolled-up
graphene  sheets, which possess remarkahle eledromic,
thermal, aptical and mechanical properfies.! =¥ They have heen
inensdy studied for various applictions, especially for energy
starage, and in nanoekecromnics and nanodevice . However,
the strong van der Waals attmaction hetwesn individual
hydraphobic manotwhes remls m the formation of large
bundles, which are msoluble in water. This has limited the
applimtions of SWCNTs, and neceminies the ise of i niricate
mrocemsing '™ SWONTs are abo poorly soluble in organic
salvents, but this @mn he overcome wing various methads of
surface modification. Such methods @n ako render the
W {NTs soluble in water, which & important in Mosemors
and  drug-delivery !.'_!\.v.'l.n:'rrli.s Amnnther method to form
soluhilised SWCNTS in agueous media & the introdudion of
amphiphilic molculs as dsperant, suchas swfachms™ 7
and palymem A1 Other methods of enhancing the
soluhlisation and mspension of SWCNTs in aqueous media
mdude chemim] modification at the side walls, defectsies and
apen ends, as well as cutting the long entangled CNTs to
shart kengths. ™

Attaching organic hydrooy™™ ar amide™™ functional
groups in SWONTs & effctive in dispersing them in waier
through  externsive  hydrogen-hond  formagon™  The
inmrporation of thee fimdional groups imvohes 2 varisty
aof approaches, which mchdes covalent side-wall coupling
reactions, end- group reactions and non.covalent ineractions”
Ciovalent attachment of the organic groups on SWCNTs &
mawt offecive mwing owladditon and radical addison
reactions.'® ™ A ggnificant dimdvantage of covalent
fimctionalisation, however, & the pertwhation of the
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dectronic properiies of the SW{NTs, and this side-uall
functiomalisation techniques are kess fawowrahle compared
o  nmoncovalmt  functinafration'® = Non-mvalent
stachment of fimctonal groups i SWONTs imohes
adsarption of polynuclar aromatic compounds (anthracens, ™
mrene” and porphyrim™ derivatives), synthefic palvmers
{polystyrene  sulfonate and pohninyl pymabdane)!'! and
adarpiion of hiamoleuls (DMA ™ and pepfides™ ™). In
the non-covalent interaciion, aramatic moleoules are anchored
an the walls of the SWCNT where the hydrophohic part &
arienied towards the coplamar surface of the nanotubes vig
dfedtive m® stacking whilk the polar moiety inteaas
with the solvent regime *'**77 The size of the aromatic
modety 25 wal as the curvehre of the nanotuhe surface
determine the strength of the =& interactions and for
moleoules contining heterminms, the heermtom-x
dectron mizractions coniribue to the mierply of the twao
components. ™

Pl ymers hearing sulfonated organic maolecules a re affective
in encapsulyting and sohblsing @mrbon manotuhes in
water AR Inged of using a sulfonated palymer we
chise 2 patysufonaded mamooyde, nofbly panlominaingd)-
arene, to sohhilise SWONT in water. p-Snonatocaly [farens
i a cyclic tetramer with hydrmy groups at the lower im and
sulfonate groups at the upper rim. Hergn we show that
it & affective i soliblising SWCNTs in watker, which are
srprisimgly decoraied with manoparticles of the o lborens
om the surfuce of the manotubes, rather than the o lboarens
aoting as a surfactnt with the molecules amembled over the
entire surface

The non-covalent functiomalimation of SWONT imvolves
pafomatomlifdarene  This cup-shaped amphiphilic
magacyde & a cydic tetramer comprised of fouwr phenobic
madeties jamed by methylene bridges with hydroxy groups at
the lower rim and sulfonate groups at the upper fim. Cur
fmndings arein direct contrast toa recent report that SWCNTs
are imsaluble in the presence of p-sul foma inm ff4] arene, and
aka pphenal sulfonic acd, hat not so for the comesponding
kg or §jarene analogues ® Interestingly p-mHonstombnd aré]-
areres modified by alkyl substituents on the phenolic
mygen centre abo watmsoluhiize SWONT:" as do

This jpumal I3 i The Royal Socety of Chemisry andl S Cente Natorsl de b Reche rche Sclenfique 209 Mew ) Chem,, 2009, 33, 15831557 | 1582

269



