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ABSTRACT: Interest in materials made from molecular components, driven by the promise of new systems with
precisely tailored properties, is accelerating at a rapid pace. The last decade has witnessed tremendous advances in the
sophistication of molecular materials based on supramolecular building blocks that can be interchanged at will to
generate materials with properties and function that can be finely tuned in a systematic manner. This is exemplified
here by examples that illustrate the role of hydrogen bonding in generating low-density ‘porous’ frameworks capable
of forming lamellar host–guest inclusion compounds with tunable inclusion cavities and solid-state architectures,
topologically related tube-like structures and two-dimensional porous molecular monolayers with structures
mimicking layered motifs in molecular crystals. These systems demonstrate that low-density molecular frameworks
can be systematically engineered to generate rather predictable and robust structures, particularly if they possess an
intrinsic softness that enables the frameworks to self-optimize the non-covalent interactions governing their
supramolecular architectures. Copyright 2000 John Wiley & Sons, Ltd.
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INTRODUCTION

At the time of this writing, the end of the 20th century has
passed and we are tempted to comtemplate the revolu-
tionary leaps in science and technology that will occur in
the next 100 years and the impact they will have on
society. Looking back, it is safe to say that most
advances, including the explosion in new materials, were
unanticipated by 19th century prognositicators. It seems
presumptous, therefore, to forecast new materials for the
21st century, particularly at such an early stage. Never-
theless, one can be quite confident that materials in the
21st century will rely increasingly on molecular compo-
nents assembled in organized structures having desirable
function and properties.

Molecular materials are attractive for one obvious
reason—the versatility of organic synthesis can be
exploited to make designer molecules that will be
integrated into novel materials endowed with finely
tuned properties. This approach requires ‘bottom-up’
design strategies rather than the ‘top-down’ approaches
that have characterized most 20th century technologies.

Materials made in this manner promise more precise
control of function, and also more facile and economical
processing and fabrication. These bottom-up strategies
require molecules, equipped with selected properties, that
are ‘programmed’ to assemble through non-covalent
intermolecular interactions such as hydrogen bonding,
metal–ligand binding and shape-conforming dispersive
interactions. This, in turn, requires manipulation of these
delicate intermolecular forces and elucidation of their
role in molecular assembly.

The interest in bottom-up approaches to molecular
materials has motivated a substantial amount of effort in
‘supramolecular engineering,’ which involves the synth-
esis of extended ‘higher order’ structures based on non-
covalent ensembles of molecules. Our group has been
particularly interested in a subset of this discipline
commonly referred to as ‘crystal engineering,’ which is
probably best described as the skillful contrivance of
crystal architectures using principles of molecular
assembly. The practitioners of crystal engineering aim
to design molecules with specific symmetries and
functional groups that undergo assembly into predictable
motifs and, ultimately, into solids with properties that
ensue from the solid-state structure. Unfortunately, these
efforts are routinely frustrated by an inability to maintain
control over the delicate intermolecular interactions that
direct molecular assembly into the solid state. Even the
most minor alterations to the structure of the molecular
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components,introducedto makeslightadjustmentsto the
solid-stateproperties,oftenproduceunanticipatedcrystal
architecturesthat differ significantly from the intended
structure,preventingsystematicengineeringof solidstate
structureandproperties.

Much of the activity in supramolecularand crystal
engineering is driven by a fundamental quest for
understandingthe rudimentaryprinciples of molecular
assembly,whichaffectschemistryandbiologyaswell as
materialsscience.Therealso exists,however,a strong
interest in the properties,e.g. electrical, magneticand
optical,of suchtailoredmaterialsandtheir applications.
The explosive growth of liquid crystals and their
applicationsis illustrative in this respect.

During thepastdecade,interestin host–guestsystems
based on porous molecular architectures and their
associatedguestshas emerged,driven in part by the
developmentsin the synthesis and applications of
inorganic zeolites,layeredclays and mesoporousinor-
ganicoxides.1,2Theinterestin molecularanalogsof these
materialshaslargelybeendrivenby arecognitionthat,in
principle, pore structure,shapeand characterof porous
host frameworkscanbe adjustedat the molecularlevel
throughsyntheticorganicchemistry.Furthermore,struc-
turally reliableporousarchitecturesallow theseparation
of crystalarchitecture,providedby the hostframework,
from function, introducedby the includedguests.This
feature promisesconsiderableversatility in materials
designbasedon host–guestinclusion materials.Porous
architecturesbasedon surfactantor polymericvesicular
structures,1,2 polymeric worm-like micelles,3 metal–
ligand coordinationnetworks4–7 and hydrogen-bonded
host frameworks8–11 are illustrative of this growing
interest. Applications include drug delivery,12–14 in
which bioactivemoleculesare trappedinside the pores
of materialsdesignedto releasetheir contentsat targeted
sites, highly specific separationsof small molecules
basedon materialshavingporesizesandstructurewith
molecular-scaleuniformity,15 and heavy metal encar-
ceration for toxic remediation.16 Tailor-made porous
architecturesmay alsoserveaschemicalstoragemedia,
and as nanoscalereactioncompartmentsthat guide or
constrain reaction pathways for molecules contained
insidethepores,generatingnovelmaterialsnotattainable
throughconventionalmethods.It is reasonableto suggest
that applicationssuch as thesewill be of substantial
interestin muchof the21stcentury.

In additionto thepracticalaspectsof molecularporous
architectures,therearenumerousissuesof considerable
fundamentalappeal—porestability and its dependence
on length scale,the relationshipbetweenbondstrength
andporestability, themechanismof poreformation,and
syntheticroutesthat allow the controlled formation of
predictableporousarchitectures.Our laboratoryhasbeen
examiningonly a small portion of this growing field,
focusing on low-density crystalline host frameworks,
assembledby hydrogen bonding, that are capableof

encapsulatingguestmolecules.Thetopologyanddimen-
sionsof theseframeworksaregovernedby thesymmetry
and size, respectively,of their molecular components.
Severalkey principleshaveemergedfrom thesestudies:
(i) robust two-dimensional supramolecularbuilding
blocks simplify crystal engineeringby constrainingthe
designto the last remainingthird dimension,(ii) soft,
flexible frameworkscanbemorestructurallyrobustthan
rigid onesbecausethey can compensatefor imprecise
packingof hostandguestmolecules,(iii) guestmolecules
can guide the formation of the host frameworksand
control thearchitecturalisomerism,(iv) compositionally
identical two-dimensional supramolecular building
blocks can exist as sheets or tubes and (v) two-
dimensionalporousnetworkscanemulateporouslayered
motifs existing in three-dimensionalcrystal structures.
We anticipatethat theseprinciplescanprovideguidance
for the design and synthesisof a diverse range of
crystallinemolecularmaterials.

HOST±GUEST INCLUSION COMPOUNDS

Lamellar materials from hydrogen-bonded build-
ing blocks

The void shapesandsizessuppliedby inorganicporous
materials typically are dictated by rather rigid frame-
works(e.g.metaloxides)thatarenotreadilyamenableto
the precisechemical modification that is required for
manyapplications.Consequently,the pastseveralyears
havewitnessedconsiderableefforts directedtoward the
designandsynthesisof organicor metal–organicanalogs
of inorganichost frameworks.Theseefforts haverelied
largely on modular strategies based on molecular
buildingblocksthatassembleinto supramolecularmotifs
by directional non-covalentbonding such as hydrogen
bondingor metal coordination.In principle, librariesof
molecularbuildingblockscanberationallydesignedand
synthesized,usingtheprinciplesof organicsynthesis,to
create host frameworks with void shapes,sizes and
chemical attributes that can be systematically and
preciselyadjustedfor molecularrecognitionbetweena
hostandfunctionalguests.Molecularhostsmay havea
clearadvantageovertheir inorganicrelativesin thatthey
canbereversiblydisassembled,undermild conditionsby
simple dissolutionof the non-covalenthost framework,
so that the guestscan be easily liberated,providing a
route to separationsof fine chemicals (Fig. 1). The
reversible nature of their assembly also favors the
formation of structuresnear or at the thermodynamic
minimum.

Two-dimensionalfilms of porousmolecularnetworks,
which can also be generatedby hydrogenbonding or
metal–ligandcoordination,can be employedas mem-
braneswith poreshapeanddimensionsgovernedby the
symmetryand size of the molecularcomponents.Such
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membraneswould, in principle,havea crucialadvantage
overconventionalones—theuniformity of theporesand
the ability to control poresizeat the molecularlevel—
that could substantiallyimprove selectivity. It is also
possible that such materials, becauseof their non-
covalentandself-assemblingcharacter,will havefewer
defects than their inorganic covalent counterparts.
Furthermore,thesolubility of themolecularcomponents
canmakethesematerialsmoreamenableto processing.

Historically, organicsolid-statehostframeworkshave
beendiscoveredby chance,e.g. the well-known (thio
)urea, tri-o-thymotide, phenolic, perhydrotriphenylene,
choleic acid or cyclotriveratrylene hosts.17,18 These
hosts,however,are considerablylimited becausetheir
molecular components cannot be modified without
destroying the basic crystal architecturerequired for
guestinclusion,therebypreventingsignificantmodifica-
tion of theinclusioncavities.Thechallenge,therefore,is
to design molecular hosts that are structurally robust
towardmodificationof a genericframework.Numerous
attemptshavebeenmadeto introducestructuralrobust-
ness by modules that generate rigid frameworks.
However, inclusion of a specific guest molecule in a
rigid framework would require that the shapeof the
inclusion cavity framework be preciselyengineeredto
matchthatof theguest.In theabsenceof sucha precise

fit, inclusioncaninvolve multiple guestmolecules,each
much smaller than the inclusion cavity, that as an
ensembleconformto the shapeof the rigid cavity. This
arguesthatcrystalengineeringof inclusioncompoundsis
likely to be more successfulwhendesignstrategiesare
basedon soft frameworksthat can adapt to the steric
landscapeof guest molecules while retaining their
generalarchitecturalfeatures,particularly their inherent
dimensionalityandsupramolecularconnectivity.

Recentcrystal engineeringstudiesin our laboratory
havedemonstratedanunusuallypersistentsupramolecu-
lar buildingblockbasedontopologicallycomplementary
guanidinium(G, [C(NH2)3]

�) cationsand the sulfonate
(S) moietiesof organomonosulfonateor organodisulfo-
nateanionsthat assemblevia (G)N—H…O(S) H-bonds
(Fig. 2).19,20Thethreefoldsymmetryof theG ionsandS
moieties, and the equivalentnumbersof guanidinium
hydrogen-bonddonorsandsulfonateoxygenatom,guide
assemblyinto a quasi-hexagonal hydrogen-bondedsheet
or occasionallya closelyrelated‘shifted ribbon’ motif).
Thehydrogenbondingin this supramolecularnetworkis
further fortified by its ionicity. Thesefeaturesmakethe
GS sheet remarkably robust, as evidenced by its
existence in nearly 200 different crystalline phases
preparedin our laboratory.

The GS network actually can be dissectedinto one-

Figure 1. (a) Schematic representation of a crystallization-based separations protocol based on reversible assembly and
disassembly of a host±guest inclusion compound. (b) Schematic representation of a hypothetical host framework with dipolar
guest molecules aligned to generate a polar crystal. (c) Schematic representation of a hypothetical host framework with
magnetic guests. Host frameworks may be held together by non-covalent interactions such as hydrogen bonding, with the
guests included by the hosts during formation of the inclusion compound. (d) Schematic representation of a two-dimensional
porous ®lm on a permeable substrate that is capable of highly selective separations
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dimensionalGS ‘ribbons’ connectedto eachother via
lateral (G)N—H…O(S) H-bondsthat serveas flexible
hinges.Thesehingesallow the GS sheetto pucker,like
anaccordion,without anappreciablechangein thenear-
lineargeometries,which areconsideredto beoptimal,of
the (G)N—H…O(S) H-bonds. The range of repeat
distanceswithin theGS ribbons(denotedasa1) is fairly
narrow,reflectingstiffnessalongtheribbondirection.In
contrast,repeatdistancesnormalto the ribbondirection,
within the plane of the GS sheet (denotedb1), vary
considerablydueto changesin theinter-ribbonpuckering
angle (�IR), observedvaluesranging from as small as
b1 = 7.3Å for highly puckered sheets (�IR = 75°) to
b1 = 13.0Å for perfectlyflat sheets(�IR = 180°).

The persistenceof the GS network and its two-
dimensionalcharactereffectively reducecrystal engi-
neeringto the last remaining(third) dimension.This has
enabledusto synthesizereliablyafamily of lamellarhost
frameworksbasedon organodisulfonates,in which the
organodisulfonate anionsserveas ‘pillars’ that connect
opposingGS sheetsin a mannerreminiscentof pillared

metal organophosphonates,21 therebygeneratingporous
galleriesbetweenthe opposingGS sheets.Importantly,
theclosepackingof atomswithin theGSsheetprecludes
self-interpenetrationof equivalentnetworks,a problem
that plagues the design of many open framework
structures.22 The sizes, heights, shapesand chemical
environmentof theresultingvoids,formedin thegallery
regionsbetweenopposingsheetscanbe manipulatedby
thechoiceof molecularpillar. TheorganodisulfonatesI–
X (Scheme1),with lengthsrangingfrom l = 2.1to 15.6Å
(wherel is theS…Sseparation),arerepresentativeof the
pillars that havebeenusedto generateGS host frame-
works in our laboratory.23,24 The ease with which
disulfonatescanbe synthesizedhasenabledus to create
a substantiallibrary of pillars, affording a diversesetof
inclusioncompoundsin whichporecharacteristicscanbe
systematicallyadjustedand crystal engineeringprinci-
ples testedand developed.In most cases,the inclusion
compoundsarepreparedby treatmentof theacidform of
thepillars with [G][BF4] in acetone,which resultsin the
immediateprecipitationof GSsalts,generallyasacetone

Figure 2. (a) Schematic representation of the quasi-hexagonal two-dimensional hydrogen-bonded guanidinium±sulfonate
network, which can be regarded as a sheet formed by fusion of GS ribbons. One of these ribbons can be assigned as a `major'
ribbon; and the other two as `minor' ribbons. Accordion-like puckering of the GS sheet occurs by bending about ¯exible
hydrogen bonds that connect the major GS ribbons. (b) Wireframe model of a perfectly ¯at quasi-hexagonal GS sheet (�IR),
illustrating the critical metrics. (c) Wireframe model of the `shifted ribbon' GS sheet, which is produced by a shift of a1/2 and has
one less hydrogen bond than the quasi-hexagonal motif

Scheme 1
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clathrates.These materials readily lose solvent upon
standing in air to yield pure apohosts(host material
without guests),which can then be used,in dissolved
form, for the crystallizationof desiredinclusion com-
pounds.Singlecrystalsof the inclusioncompoundswith
other suitableguestscan then be obtainedby standard
crystallizationtechniques.

Illustrativeexamplesof GS inclusioncompoundswith
a discretebilayerarchitecturearedepictedin Fig. 3. The
gallery heights, as defined by the shortest distance
betweenthe mean planesof the nitrogen and oxygen
atomsof theGS sheets,andthecorrespondingavailable
volumefor guestsincreasesystematicallywith increasing
pillar length.Thebilayerhostframeworks,however,are
not entirely rigid. A systematicinvestigationof over 30
bilayer inclusion compounds with the composition
G2VI �nguestrevealedthat the bilayer host framework
canconformto thesizeandshapeof a diversecollection
of guests,essentially‘shrink-wrapping’abouttheguests
to achieveoptimizedhost–guestpacking.The inclusion
cavity volumein this systemvariesby asmuchas34%
for guestmolecules!

In caseswhereguestsare too small to fill adequately
the inclusioncavitiesof the bilayer framework,the host
canadaptby slight puckeringof thequasi-hexagonalGS
sheetandtilting of the pillars, which combineto reduce
the gallery heights. In either the quasi-hexagonalor
shiftedribbonarrangements,thepillars canrotatefreely
about their C—S bonds like turnstiles such that one-
dimensionalchannels,flankedby the pillars, arecreated
within thegalleriesbetweentheGS sheetsof thebilayer
host framework. The pillars in compoundshaving the
quasihexagonalmotif typically are rotated with their
arene planes nominally parallel to the GS ribbons.
Consequently,theguest-filledchannelsrunparallelto the
ribbondirection.Thewidthsof thesechannelsaredefined
by b1/2 (ca 6.5Å for thesenearly flat GS sheets).In

contrast,the pillars in compoundsthat adoptthe shifted
ribbon motif are rotatedwith the areneplanes,and the
guest-occupiedchannels,nearly orthogonal to the GS
ribbons.Thewidthsof thechannelsin thesecompounds
areroughlydefinedby a1 (ca7.3Å, but moreaccurately,
a1cosf, wheref is thetilt angleof thepillarswith respect
to the normal to the GS sheet).For a given host,larger
valuesof f aresynonymouswith shortergalleryheights
and,consequently,smallerporevolumes.Thesebilayer
frameworkscanalsobe constructedwith flexible pillars
suchasIV, IX andX. Torsionaltwistingaboutthecentral
C—C bondof theaxially rigid biphenylpillar in bilayer
G2VI inclusioncompoundsenablesthepillar to conform
to theshapeof theguestswhile behavingassynchronous
moleculargearsthat relay instructionsfor guestordering
from oneporeto another.25

Althoughit is temptingto posit that thegalleryheight
andporevolumewould scalewith themolecularvolume
of the guests,numerousexamplesof thesecompounds
demonstratethat simple sterics, based on molecular
volume,arenot the solestructuredirecting influencein
theseinclusion compounds.Attractive ion–dipoleinter-
actionsbetweentheguanidiniumions,whichareexposed
at the floor and ceiling of the channels,and the C—X
dipolesof polarguestmoleculestendto shrinkthegallery
height.

Interestingly, the GS host exhibits architectural
isomerism(or equivalently, topological isomerism) in
which the structuresof compositionallyidentical frame-
work isomers differ with respect to the up/down
arrangementof the organic residuesprojecting from
eachGSsheetandtheresultingconnectivitybetweenthe
GSsheets(Fig. 4). A simple‘brick’ isomer,in which the
GS sheetsarecontinuouslyconnectedby organodisulfo-
natepillars, can be generatedby stackingGS sheetsin
which the orientation of the pillars on adjacent GS
ribbonsalternatesup/downabouteachsheet(Fig.5).This

Figure 3. Some examples of GS bilayer inclusion compounds: (a) Shifted ribbon G2VI�1,4-dichlorobenzene; (b) shifted ribbon
G2VI�o-xylene; (c) shifted ribbon G2VIII�1,4-divinylbenzene; (d) quasi-hexagonal G2X�2(nitrobenzene)
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producesa frameworkwith roughly twice asmuchvoid
spaceasthebilayerform. Consequently,theformationof
the simplebrick isomeris promotedby guests,or guest
aggregates,that are too large to fit into the inclusion
cavitiesof the bilayer frameworks.26 In this respect,the
guestsserveastemplatesthat direct the assemblyof the
molecularframework,reminiscentto the role playedby
surfactantmicrostructuresor organic‘imprinting’ in the
templation of open framework zeolites27,28 and more
recently in the formation of oligo(3,5-pyridine)nano-
tubes.29 In general,therole playedby guestmoleculesin
templating solid-state frameworks is not completely
understood,but certainly sterics,combinedwith host–
guestinteractions,playsan importantrole.

Wehaveestablishedthebilayer-to-brickisomerismfor
GS inclusion compoundsbasedon numerouspillars,
including thosewith the 4,4'-biphenyldisulfonatepillar
(Fig.6). It is importantto pointoutthattheisomerismcan
alsobeachievedby interchangingthepillars for a given
guest,30 demonstratingthat the isomerismdependsupon
the combinedstericsof the pillars andguestswithin the
galleries.In principle, thereexist an infinite numberof
topological sets for the infinite two-dimensionalGS
sheet,eachsetdescribingtheup/downarrangementof the
pillars projecting from the sulfonatenodes.We have
recentlyobservedthreeadditionalarchitecturalisomers,
promotedby guestsof varioussizesand shapes(K. T.
Holman and M. D. Ward, in preparation),that indicate
the intrinsic adaptabilityof the GS hostsystem.That is,
the inclusioncavitiesin the hostessentiallyadopta size
andshaperequiredby theguests,with furtherfine tuning
provided by the puckering of the GS sheetsand the
rotationalandconformationfreedomof thepillars.

Puckeringcan occur to a much greaterextent in the
brick architecturesbecauseof steric considerations,
providing the brick framework with a substantially
greater range of conformational flexibility than the
bilayer framework.Consequently,the availablevolume
for included guests(i.e. the volume of the crystal not
occupied by the host), in these brick frameworks is

extremelyvariable.In thebrick G2VI �nguestsystem,this
value varies from 346 Å3 per pillar in G2VI �3-
nitrostyreneto 859Å3 perpillar in G2VI �3(anthracene),
arangeof nearly150%!Thevolumeoccupiedby thehost
frameworkwascalculatedby subtractingthe ‘available
volume,’ after removalof the guestmolecules,from the
volume of the unit cell. ‘Available volumes’ were
calculatedwith Molecular SimulationsCerius2(v. 3.5)
softwareusing a probe radius of 0.5Å and ‘fine’ grid
spacing). Highly puckered sheets can afford brick
architectureswith void volumes that are only slightly
greaterthanthecorrespondingbilayer architecture.

Highly puckered brick frameworks by necessity
possesshighly tilted pillars.Theareneplanesof aromatic
pillars arealignedroughly orthogonalto the GS ribbon
direction,enforcinggalleryregionswith one-dimensional
channels,perpendicularto the GS ribbons,of width a1.
The highly puckeredframework is observedfor guest
moleculesthat are just beyondthe uppersteric limit for
inclusionin the bilayer frameworkof a given pillar, but
much smaller than the void volume existing in an
unpuckeredbrick framework. Consequently,the brick
frameworkpuckersseverelyto collapseaboutthe guest.
In compoundswhere the GS sheetsare much less
puckered,however,the distancebetweenthe pillars is
increasedto theextentthat theycannotform continuous
wallsflankingtheone-dimensionalchannels.This results

Figure 4. Schematic representation of the bilayer±brick
isomerism and its dependence upon guest size. The
sulfonate groups in the GS sheets are depicted as gray
rectangles and the guanidinium ions as cross-hatched
rectangles

Figure 5. Top-view representations of the pillar topology for
the bilayer (left) and simple brick (middle) architectures,
depicting the up (®lled circles) and down (open circles)
orientations of the organodisulfonate pillars, projecting from
sulfonate nodes in each individual GS sheet. The `up' pillars
connect to the adjacent GS sheet above the plane of the
page and the `down' pillars connect to the adjacent GS sheet
below the plane of the page. The guanidinium ions sit on
the undecorated nodes of the quasi-hexagonal tiling. The
up/down arrangement of the pillars about each GS
sheet can be described generally by a formalism,
M�n�u�M�n��d�M�n��m�1�u�1�d�1�m�2�u�2�d�2�,where M(n), m(1) and m(2)
denote the major and two minor ribbons, respectively, and
u and d are indices that describe the up/down sequence of
the pillars on the respective ribbons. The major ribbons in the
simple brick architecture can be assigned to the `pleats' if the
sheets are puckered. The notations for the bilayer and brick
isomers are M1

0m�1�10m�2�10and M1
0M0

1m�1�11m�2�11, respec-
tively
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in gallerieswith a two-dimensionalpore structureand
larger void volumescapableof including a significant
amount of guest, typically with a 1:3 host:guest
stoichiometry.The areneplanesof the pillars can also
align parallel to the GS ribbon direction, creating
channelswith a width b1, which can vary (up to 13.0
Å) with thedegreeof puckeringasdefinedby �IR.

The structuraladaptabilityexhibitedby the GS host
frameworks,in eitherthediscretebilayeror simplebrick
form, is achievedthrougha variety of mechanisms(Fig.
7) associatedwith their intrinsicconformationalsoftness,
including (i) formationof the ‘shifted-ribbon’ GS sheet
motif in the bilayer form, wherebyadjacentribbonsare
shiftedfrom thequasihexagonalarrangement,by asmuch
asa1/2, suchthattheribbonsareconnectedby onestrong
(G)N—H…O(S) H-bond(dO…H� 2.0 Å) andonevery
weakone(dO…H� 2.5Å), (ii) slightpuckeringof theGS
sheet(�IR), (iii) turnstilerotationof thepillars aboutthe
C—Sbonds(�), (iv) tilting of thepillarswith respectto a
normalto theGS sheets(f) and(v) twisting andflexing
of thepillar (�), if possible.

Recently,we discoveredthat thesimplebrick form of
G2 (VI ) promotedthe polar alignmentof centric guest

molecules,31 producingnoncentrosymmetricpolar crys-
tals in an orthorhombic spacegroup, Pna21, that is
consideredideal for secondharmonicgeneration.This
was surprising becauseorganic crystals tend to be
centrosymmetric and the brick framework is not

Figure 6. Flexibility of the brick host architecture leads to conformers that differ with respect to the pore structure in the
galleries. (a) Highly puckered GS sheets, with pillars aligned orthogonal to the GS ribbon direction, yield gallery regions with
one-dimensional channels, ¯anked by the pillars, of width a1 (depicted here for G2 VI�1,4-dibromobenzene). (b) Less puckered
sheets in G2 VI�3(1,4-divinylbenzene) yield a two-dimensional continuous guest network in which the guests surround the
pillars. The illustrations at the left depict the gallery regions within their respective inclusion compounds as viewed normal to a
GS sheet. The GS sheets are represented as hexagons, and the ®lled and open circles represent pillars that project above and
below the GS sheet, respectively. The guest-®lled channels are shaded. A third conformer (not shown) has been observed in
which the pillars align parallel to the ribbon direction, producing gallery regions with one-dimensional channels of width b1, e.g.,
G2VI�4(nitrobenzene)

Figure 7. Schematic representation of the various contribu-
tions to conformational softness in the GS bilayer frame-
work. These features are depicted here for the simple brick
architecture
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intrinsically polar (Fig. 8). Such ordering can only be
attributedto specifichost–guestinteractions,which must
be cooperativein natureso that bulk polar ordercanbe
achieved.Inspectionof thesingle-crystalx-raystructures
of thesematerialsrevealedclose contactsbetweenthe
polarC—X substituentsof theguestmolecules(nitro-o-
xylene, 1-nitronaphthalene,1-iodonaphthalene and 1-
cyanonaphthalene) and the guanidiniumions of the GS
sheets,suggestingion-dipole interactions (similar to
thosein theshrunkenbilayer frameworks,seeabove).

The architectureof the simple brick host prevents
direct guest–guestcontact along the polar direction,
which is orthogonalto the GS sheets,while the large
separationbetween the inclusion cavities suppresses
dipolar interactionsbetween the guests.Within each
gallery the guestsexist aspolar arrays,most likely asa
consequenceof shape-directingordering along each
channeland host–guestcooperativepacking involving
the turnstile-likebiphenyldisulfonatepillars. The crystal
structuresof the inclusion compoundssuggestedthat
polar ordering normal to the GS sheetsis driven by
cooperativeion–dipoleinteractionsbetweenthe G ions
andthe guest,during assemblyof the pillared lamellae.
The C—X dipole of each guest is nestled in a host
‘pocket’ created by the puckering of the GS sheet,
bringing the guestdipole into ion–dipole contactwith
two G ions in the pocket.This would suppressthe ion–
dipoleinteractionwith C—X dipolesof guestsin thenext
layer, if they were to align antiparallel.This, in turn,
would promote parallel alignment in the next layer,
therebypromptingtheC—X dipolesof theguestsin the
secondlayerto interactwith ‘uncommitted’G ionsin the
next GS sheet. In other words, shared ion–dipole
interactions between G ions and guestsapproaching
from oppositesidesof a GS sheet,which canonly occur
if theguestsarealignedantiparallelabouttheG ions,are
not as favorable as unsharedones. This postulate is

supportedby theobservationof increasedpolarordering
with increasedguest dipole moment. Although this
mechanismneedsto beexaminedmorethoroughly,these
compoundsillustratetheconceptof usinghostlatticesto
control guest organizationand the gueststo provide
function, in this caseas potential frequency-doubling
chromophores.The ability to changethe size of the
inclusion cavities in the GS frameworksprovides an
opportunity to include chromophoreswith larger mol-
ecularhyperpolarizabilities,possiblygeneratingefficient
secondharmonicmaterials.

Althoughnot yet fully developed,theGS hostsystem
alreadyhas demonstratedthe importanceof flexibility
andconstraineddimensionalityin thedesignof molecu-
lar materials.A remarkablywide rangeof guestmol-
eculescan be included through a variety of structural
mechanisms(architecturalisomerism,puckering,pillar
rotation/conformational twisting) intrinsic to thesesoft
frameworks.This flexibility compensatesfor our inabil-
ity to engineer inclusion cavities with the precision
requiredfor a ‘hand-in-glove’ fit with guestmolecules.
The two-dimensional character of the GS sheets
substantiallysimplifies the design by restricting engi-
neering to the last remaining (third) dimension and
allows the useof a variety of different pillars without
perturbing the lamellar characterof the host architec-
tures.Theengineeringprinciplesresemblethoseusedin
the constructionof modularhousing,for which floor-to-
ceiling heightsandwalls canbe adjustedeasilywithout
dramaticallychangingthegenericformatof thebuilding.

Folding sheets into tubes

TheGSsheetsdescribedin theprecedingsectiondisplay
a remarkabledegreeof flexibility, asevidencedby their
accordian-likepuckering in numerousinclusion com-

Figure 8. The molecular packing in crystals of G2(VI)�(4-nitro-o-xylene) (left, middle) and G2(VI)�(1-nitronaphthalene) (right).
The left panel illustrates the guest organization as viewed down the channels of the brick framework. The middle and right
panels depict the guest organization in these channels, running left to right across the page. The GS ribbons are orthogonal to
the page in this view, which illustrates the puckered pockets that contain the guest molecules
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pounds.The lamellar structureis preserved,however,
becausethetilt of eachribbonis compensatedby a tilt of
anadjacentribbonin theoppositedirection.In principle,
the flexibility of the GS inter-ribbon hydrogenbonds
shouldallow continuousbendingof the GS sheetin the
samedirection,aboutthesamehydrogen-bondedhinges
thatallow puckering,to generatetubeswith acontinuous
hydrogen-bondedsurface(Fig. 9). Suchstructureswould
resemblepeptideandcarbonnanotubes.32–35

ThelamellarGS inclusioncompoundsdescribedin the
precedingsectionwerebasedonlinearorganodisulfonate
pillars, which have antiparallelC—S (sulfonate)bond
vectors on opposite sides of the pillar that naturally
promote the formation of lamellar structures. We
surmisedthat ‘bent’ organodisulfonates,in which the
C—S (sulfonate)bondvectorsform an obtuseangleof
<180°, would frustratethe formation of bilayer frame-
works and introduce ‘curvature’ to make tubular
structuresmorelikely. Indeed,we havediscoveredsuch
a tubular framework in single crystals of (G)2(4,4'-
dibenzofurandisulfonate)�1.5(ethyl acetate)�0.5(metha-
nol) (K. T. Holman and M. D. Ward, unpublished
results).Thestructureof this compoundactuallyreveals
two tubes,oneconsistingof four GS ribbonsfusedinto
the quasihexagonalmotif but forming a continuous
closed surface through severe inter-ribbon bending
(�IR��90°) in the samedirection. The secondtube
hassidewallsconsistingof GS ribbons,but a floor and
ceiling consistingof the organicpillars, which connect
the GS tubes. The two different tubes have much
different character,the former having a more polar
interior. Both tubes are filled with disorderedguest
molecules.

Although a tube clearly has a different overall
topology to a sheet,the topology describedby the up/
downarrangementof thepillars on theGS surfaces(see
Fig. 6) in the (G)2(4,4'-dibenzofurandisulfonate) tube
frameworkis identical with that of the GS sheetsin the

bilayer frameworkswith the quasi-hexagonalmotif (i.e.
all pillars projecting from the sameside of each GS
sheet).Theobservationthat theGS surfacecancurl and
join itself to form tubespromptsseveralspeculations.
Canthediameterof thetubesbecontrolledby varyingthe
effective curvatureintroducedby the organodisulfonate
pillar? Canworm-like micellestructures,similar to those
reportedfor surfactantsandpolymers,begeneratedwith
appropriateorganomonosulfonatesthat introducecurva-
turethroughstericcrowdingon theGSsheet?Canchiral
tubesbe generatedby designingsystemswith an odd
numberof GS ribbonson the surfaceof the tube?Are
multiwalled tubes possible?Are spheroidalstructures
possible?How stable are such supramoleculartubes,
which areheld togetheronly by non-covalenthydrogen
bonds?Finally, can such objectsbe usedas vehicles,
decoratedwith appropriatesulfonateorganicgroups,for
site-selectivedrug delivery? The observationof sheets
and tubes with the same GS quasihexagonalmotif
illustrates how softnessin supramolecularensembles
can impart structuralrobustness,enablingformation of
diversestructuresfrom commonbuilding blocks.

Porous hydrogen-bonded molecular layers

A rudimentaryexaminationof the known structuresof
organic crystals(>200000 availablein the Cambridge
StructuralDatabaseat the time of this writing) reveals
thatmanycrystallineorganicmaterialscanbedescribed
as stacksof two-dimensionallayers,a featurethat has
been long recognized.36 This suggestsa paradigm
whereinlayer motifs in bulk single crystals,which can
be easily characterizedby single-crystal diffraction
techniques,canbeusedasa startingpoint for thedesign
andsynthesisof relatedtwo-dimensional films. We have
recently demonstratedthis concept,althoughin only a
preliminarymanner,for molecularfilms thatassembleon

Figure 9. The crystal structure of (G)2(4,4'-dibenzofurandisulfonate)�1.5(ethyl acetate)�0.5(methanol) reveals polar hydrogen
bonded `tubes,' formed by the lengthwise fusion of four GS ribbons into a continuous surface. These tubes are connected by the
4,4'-dibenzofurandisulfonate pillars, which generates a second type of tube in the structure. The panel on the right is a view of
the internal structure of the polar tube with the GS ribbons depicted with their van der Waals radii to convey space-®lling. The
compound crystallizes in the P1 space group with a = 7.1076 AÊ , b = 11.8099 AÊ , c = 15.6524 AÊ , a = 95.431 °, b = 101.401 ° and

 = 90.108°
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anair–waterinterface.37 Theseinvestigationsbeganwith
the synthesisof single crystals, grown from various
solvents,consistingof trimesic acid andeither dicyclo-
hexylamineor di-tert-butylamineandhavingthecompo-
sitions [NH2(c-C6H11)2

�]3[TMA 3ÿ]�CH3(CO)CH3�0.5
MeOH, [NH2(c-C6H11)2

�]3[TMA 3ÿ]�2.5 (2-propanol)
and [NH2(t-Bu)2

�]3[TMA 3ÿ]�CH3(CO)CH3. Single-
crystal x-ray diffraction of each of these materials
revealed two-dimensional hydrogen-bonded‘honey-
comb’ networks(Fig. 10), which could be regardedas
expandedversionsof the ‘chicken-wire’ motif reported
for trimesicacid alone.38,39 Pairsof ammoniumcations
actsas ‘spacer’moleculesbetweenpairsof carboxylate
substituents on the TMA3ÿ anions, creating large
hexagonalpores. The cyclohexyl substituentsproject
into the hexagonalpores,with six cyclohexyl groups
lying in themidplaneof thepore,threeprojectingabove
the plane,andthe remainingthreeprojectingbelow the
plane.Adjacenthoneycomblayersstackby interlocking
so that the pores, although occupied by the solvent
molecules,are continuousthrough the stackedlayers.
Thestructuresof thethreecompoundsdiffer with respect
to the degreeof chair-like puckeringof the hexagonal
networks,reflectingthe intrinsic flexibility of hydrogen
bondingthatallows this genericarchitectureto adjustto
differentalkyl substituentsandsolventoccupancy.

Theselayermotifs wereusedasmodelsfor Langmuir
monolayersbasedon long-chainalkylamines(insteadof
cyclohexylor tert-butyl) thatprovidedtheamphiphilicity
required for monolayer organizationat the air–water
interface,whichin thiscaseshouldmimic thestructureof
the hydrogen-bondedhoneycombnetworksin the bulk
crystals.Similarstrategieswereusedpreviouslyto create
monolayersthatmimickedlayermotifs in aminoacids.40

Amphiphilessuchasoctadecylaminewerespreadoveran
aqueoussubphaseof H3TMA in a Langmuir trough.
Pressure–areaisothermsexhibitedlift-off at a molecular
area of 59 Å2/amine and extrapolationof the linear
compressionregimeaffordeda molecularareaof 51 Å2/
amine. Similar isothermswere exhibited when methy-
loctadecylamineanddioctadecylaminewereused.Inter-
estingly,the lift-off andextrapolatedvaluesbracketthe
rangeof the molecularareasoccupiedby the hydrogen-
bondedlayers in the three aforementionedcrystalline
materials(51.5–58.6Å2/amine).This suggeststhat the
hydrogen-bondedmonolayerat the air-water interface
has a flexibility that mimicks that of the solid-state
networks,in this casepuckeringunderthe influenceof
surfacepressureexertedby the troughbarrier.

Langmuirmonolayerssuchasthesemay promotethe
nucleation and growth41,42 of metastablecrystalline
phases with porous frameworks through structural

Figure 10. Schematic representation of the porous channel structure in [NH2(c-C6H11)2
�]3[TMA3ÿ]�CH3(CO)CH3�0.5 MeOH.

The hexagons portray one of the hexagonal hydrogen-bonded cyclamers observed in the single-crystal structure. The pore is
continuous through the stacked layers and is ®lled by guest molecules (depicted here as a gray circle) in the single crystals. The
layer structure can be generated as a single monolayer on an air±water interface in a Langmuir trough (see text). The bottom
panel illustrates the creation of a Langmun±Blodgett monolayer from a porous hydrogen-bonded monolayer, portrayed here as
a monolayer of trialklylated trimesic acid amphiphiles that form a cyclic network through intermolecular hydrogen bonds
between the carboxylic acid groups (D. J. Plaut, unpublished results)
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mimicry at the nucleationinterfacebeneaththe mono-
layers.Additionally, porousmonolayers,transferredto
permeablesolid substratesby the Langmuir–Blodgett
method,mayalsobeusefulassizeexclusionmembranes
in which the pore sizescan be adjustedby molecular
design. Preliminary experiments in our laboratory
indicate that thesemonolayerscan be transferredfrom
the Langmuir trough to solid substrateswhich, if
permeable,canproducecompositemembranestructures.
A key advantagehereis the uniformity of poresizeand
the ability to adjust pore size and shape through
molecularengineering,featuresthat can lead to mem-
braneswith highly specificpermeabilities.

CONCLUSION

Interestin materialsmadefrom molecularcomponents,
driven by the promise of new systemswith precisely
tailored properties,is acceleratingat a rapid pace.The
last decadehas witnessedtremendousadvancesin the
sophisticationof molecularmaterialsbasedonsupramol-
ecularbuilding blocks.The synthesisof thesematerials
has becomeincreasinglybasedon modular design in
whichmolecularcomponentscanbeinterchangedat will
to generatematerialswith propertiesand function that
can be finely tuned in a systematicmanner. When
combinedwith thepowerof organicsyntheticchemistry,
theability to build hierarchicalstructuresfrom molecular
or supramolecularmodules,describedelsewhereas a
supramolecularaufbauapproach,43 introducesa versati-
lity with respectto materialsdesignthat is unmatched.
The key to advancingthis field is the elucidation of
molecularassemblyprinciples that will enableprecise
control of the supramolecularsynthesis. The non-
covalentbondinginvolved in thesemolecularassembly
processesalready has provoked comparisons with
polymersand proteins,materialsthat also rely on non-
covalentself-organizationandself-assembly.Thehydro-
gen-bondedmaterialsdescribedabove possesslattices
that are robustbecausethey are intrinsically ‘soft’ and
self-adapting,characteristicsthat one frequentlyassoci-
ateswith the folding of proteinsor the developmentof
microstructurein polymers.One easily anticipatesthat
the comparisons between materials, polymers, and
proteinswill only accelerate,bringing mutual benefits
thatwill significantlyadvance‘soft materials.’If the last
10 yearsof the20thcenturyareany indication,thenext
100hold greatpromisefor newmolecularmaterials.
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