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ABSTRACT: Supramolecular chemistry was used to solve two practical problems, the preparation of layered
polydiacetylenes and the first ever 1,6-polymerization of a triacetylene to give a polytriacetylene Copyright 2000
John Wiley & Sons, Ltd.
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INTRODUCTION

Supramolecular chemistry has been one of the most
rapidly developing fields of science. This development is
due to the now recognized importance of intermolecular
interactions, structure and cooperativity in almost all
aspects of molecular science and many technological
endeavors. From biology to pharmacology to materials
science the challenges are to understand existing
supramolecular constructs and to design and build new
functional supramolecular entities for function and
application. This is an exciting era in supramolecular
chemistry because we are now at the stage where the goal
of preparing designed supramolecular structures is
becoming a reality. It is time to take our ideas and to
demonstrate that they can be used to solve practical
problems.

In this paper we present a synopsis of our work and a
solution to two practical problems, the preparation of
layered polydiacetylenes and the first ever 1,6-polymer-
ization of a triacetylene. These are problems that can only
be solved by using supramolecular chemistry.

TWO PROBLEMS

The family of polymers derived from acetylene and its
oligomers1–3have been widely explored as candidates for
advanced materials. The availability of these polymers
varies because of the different synthetic methods used for
each class of compound. The polyacetylenes are the most
accessible, they can be made by direct solution
polymerization of the monomers. The polydiacetylenes
cannot be made in solution, instead they come from

topochemical polymerizations, that is, organization of
the diynes is required for a successful 1,4-polymeriza-
tion. Unfortunately, most diacetylene monomers do not
naturally self-assemble into precursor structures compa-
tible with the requirements for a topochemical polymer-
ization. This means that only selected polydiacetylenes,
those that have monomers that assemble in a fortuitous
manner, are readily available. There is no general method
for organizing diacetylenes that do not self-assemble
naturally. Since optical and electrical properties of
polydiacetylenes are highly anisotropic it would be very
desirable to develop methods that would align monomers
not just to give polydiacetylene polymers, but to give
polymers that are aligned in a crystal. This alignment
would transfer the inherent anisotropic properties of the
molecule to the crystal. This defines problem one: can
one devise ways to align diacetylene monomers into
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layerswith eachmonomeralignedin accordancewith the
requirementsneededfor a topochemicalpolymerization?
If themonomersareorganizedinto layerstherewill bean
increasedprobability that the resultingpolymerswill be
parallel with coplanar backbones, transferring the
anisotropicpropertiesof thepolymersto thecrystal.

Problemtwo goesbeyond the well-studieddiacety-
lenes to triacetylenes.The polymerizationof triacety-
lenes to produce polytriacetylenesis unknown and
presentsa most difficult problem to solve. Solution
polymerizationdoesnot work, no fortuitoustopochemi-
cal polymerizationhasever beenobservedand no 1,6-
polymerizationof a triacetylenehaseverbeenreported.
However, Diederich and co-workershave synthesized
triacetylenepolymersand oligomers,not by the direct
polymerizationof a triacetylene,but by clever indirect
means.4–14 Significantly,they report that the polytriace-
tyleneoligomersappearto bemorestablethaneitherthe
polyacetylenesor polydiacetylenes.This is an important
propertysincethe instability of polyacetylenesis oneof
the primary reasons why this fascinating class of
conjugatedpolymershas resistedcommercialdevelop-
ment.Clearlyageneralrouteto the1,6-polymerizationof
a triacetyleneis desirable.

PREORGANIZATION REQUIREMENTS FOR A
TOPOCHEMICAL POLYMERIZATION

Thestructuralparametersrequiredfor the1,4-topochemi-
cal polymerizationof a diacetylenearewell known[Fig
1(a)]. The monomersmustbe alignedwith an intermol-
ecular repeat spacingof about 5.0Å, a distancethat
correspondsto the repeat distance in the resulting
polymer.In addition,the monomersmustbe tilted at an
angle of 45° with respectto the translationaxis. This
anglebringstheC-4 carbonof onediacetyleneinto close
van der Waals contact with the C-1 carbon of the
neighboringdiacetylenemonomer.Thereactioncanthen
take place with a minimum amount of atom motion,
merelyan in-placerotationof the diacetylenecoreunit.
The reactionhasbeenstudiedextensivelyandhasbeen
observedwith manydifferentdiacetylenes.The reaction
is dependentupontheC-1 to C-4 non-bondeddistances.
If thedistanceis fortuitouslyclose,significantlylessthan
about3.8Å, thena reactionis expected.However,most
diacetylenesdo not crystallizein accordancewith these
structuralrequirementsandpolymerizationis not possi-
ble.

A rational approachto the topochemicallycontrolled
polymerizationof diacetylenesis desirable.Theproblem
to solveis howto imposetherequiredpreorganizationon
to molecule that does not normally self-assemblein
accordancewith thestrict requirementsfor a topochemi-
cally controlledpolymerization.

Similarly, the structuralparametersrequired for the
topochemicalpolymerizationof a triacetylenecan be

derived15,16[Fig. 1(b)]. Again,themonomericunitsmust
match the repeat distance, 7.4Å, expected for the
polymer.For a van der Waalscontactbetweenthe C-1
andC-6carbonsof neighboringmoleculesanacuteangle
of 28° can be calculated.No exampleof a fortuitously
alignedtriacetyleneis known.Varioustriacetyleneshave
beenexaminedover the years,but nonehasbeenfound
with the properpreorganizationandnoneundergoesthe
desired1,6-polymerizationreaction.Interestingly,some
triacetylenesdo crystallize in the accordancewith the
requirementsfor a 1,4-polymerization.They appearto
polymerizevia a 1,4-mechanismto give a polydiacety-
lenewith ethynyl substituents.17

HOST±GUEST STRATEGY

Socanoneachievesuchpreorganizationby design?Our
approachis baseduponalibrary of functionalgroupsthat
reliablyassembleinto one-dimensionalhydrogen-bonded
a-networks,eachis characterizedby a specificintermol-
ecularrepeatdistance.18–20Our prototypicalgroupis the
disubstitutedureafunctionality.Suchureasform apairof
hydrogen bonds in a very reliable and reproducible
manner.Thecrystalstructuresof mostdisubstitutedureas
showa characteristicspacingof about4.55–4.70Å. We
have shown that the one-dimensionalurea a-networks
can be linked together to form a two-dimensionalb-
network using functional groups such as dicarboxylic
acids(Fig. 2).

Similarly to the ureas,oxalamidesalsoself-assemble

Figure 1. The preorganization requirements for the topo-
chemical polymerization of (a) a diacetylene and (b) a
triacetylene
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in a reliable mannerforming pairs of complementary
hydrogen bonds. The C=O…H—N hydrogen bonds
formed by the oxalamidesare linear insteadof bent as
they are in the ureas.This makesthe molecularrepeat
slightly longer. This fact will becomeimportantas we
moveon to applications.

Moleculessuchasthat shownin Fig. 2 self-assemble
into layersyielding interestingnetworks,but their real
valuecomeaboutwhenthey areusedashostmolecules
to imposestructuralparametersupona guest.Sincethe
molecules are carboxylic acids, they have a natural
affinity for basessuchaspyridines.A co-crystalformed
from theureaof glycineandbipyridineis shownin Fig.3.
Theureahostformsana-networkwith thecharacteristic
ureaspacing.This distanceis in turn imposeduponthe
bipyridine guest.The host and guest togetherform a
layeredb-network.

TOPOCHEMICAL POLYMERIZATION OF
LAYERED DIACETYLENES BY DESIGN

After studying a number of model compoundsusing
various ureasas hosts,we turned our attention to the
layered diacetyleneproblem. The pyridine-substituted
diacetylene shown in Fig. 4 was preparedand co-
crystallized with the urea of glycine.21 The resulting
host–gueststructureformed layers in accordancewith
our design,but the detailedstructuralparameterswere
somewhatoutside the ideal margins for a diacetylene
polymerization. The repeat distance of 4.70Å was
slightly short and the critical C-1—C-4 distance,
4.12Å, slightly long. Nevertheless,polymerizationdid
occurwhenthecrystalswereheated,to producea purple
powder, a color characteristic of many diacetylene
polymers.

Figure 2. A disubstituted urea with carboxylic acid side-chains forms a two-dimensional hydrogen-bonded b-network with a
characteristic intermolecular distance of 4.69 AÊ

Figure 3. The crystal structure of the co-crystal formed from the urea of glycine and bipyridine. The urea host forms an a-
network with an intermolecular spacing of 4.64 AÊ . This distance is imposed upon the bipyridine guest by the urea host
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A demonstrationof the versatility of this methodis
shownin Fig. 5. A pyridine-substitutedureacanbe co-
crystallized with a diacetylenedicarboxylicacid. The
desired layered structure is formed, but again the
structuralparametersareslightly outsidetheideal range.
Thecompoundpolymerizes,but only with difficulty.

Theproblemwith theureasis that the repeatdistance
of 4.55–4.70Å is slightly tooshort.As mentionedabove,
the oxalamides form a-networks which are slightly
longer.Theyhavea repeatdistancecloseto 5.0Å, equal
to the ideal distanceneededfor a diacetylenepolymer-
ization[Fig. 1(a)].Co-crystallizationof theoxalamideof

glycinewith a bispyridyl-substituteddiacetylene(Fig. 6)
givesa crystalwith the diacetylenemonomerspreorga-
nized in layerswith almostperfectagreementwith the
idealvaluesshownin Fig. 1. Theintermolecularrepeatis
4.97Å, with the diacetylenemoleculesinclined at an
angle of 43°. The critical distancebetweenthe C-4
carbon of one diacetyleneand the C-1 carbon of its
neighboris closeat3.38Å, avaluewell within theregion
wherereactivity canbeexpected.

At room temperaturetheseoxalamidecrystalsslowly
polymerizecrystal-to-crystalto give thedesireddiacety-
lene polymer in the form of a single crystal. Thermal

Figure 4. The crystal structure of the co-crystal of the urea of glycine and a pyridine substituted diacetylene. The urea forms a
hydrogen-bonded a-network with the repeat distance of 4.70 AÊ . This distance is imposed upon the diacetylene guest by the
urea guest. The critical C-1Ð C-4 intermolecular distance is 4.12 AÊ , longer than the ideal distance for a topochemical reaction

Figure 5. In this crystal structure of the host, guest substituents of the molecules in Fig.4 have been reversed. The pyridine-
substituted urea forms an a-network with repeat distance of 4.63 AÊ . The critical C-1Ð C-4 distance is 4.33 AÊ , longer than
desirable for polymerization
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annealingatonly slightly elevatedtemperaturesincreases
the rate of conversion.The polymer crystalsoccur as
needleswith highly anisotropicoptical propertiesper-
pendicularto thelongaxisof thecrystal.In onedirection
they havea very deepred color with a metallic golden
sheen;in the perpendiculardirection they arecolorless.
This anisotropy is due to the fact that all the poly-
diacetylenechainsare not just parallel but are also co-
planar,a naturalconsequenceof our layer design.

The significanceof this diacetylenepolymerizationis
that it demonstratesa way to bring abouta topochemical
polymerization by design. We used our accumulated
knowledgeof supramolecularchemistry to designand
synthesizea host–guestsystemin which the diacetylene
monomerswere brought into layers,preorganizedin a
preciselydefinedmanner.Previousstudiesof diacetylene
polymerizationrelieduponstudiesof singlemolecules.A
given diacetylenewill either crystallizewith the proper
preorganizationor it will not. There is little that the
chemistcandoto changethecrystallizationpreferenceof
a singlemolecule.However,with a host–gueststrategy
onecanengineerthehostto fine-tunetheenvironmentof
theguest.

TOPOCHEMICAL TRIACETYLENE
POLYMERIZATION BY DESIGN

The conjugatedpolymershaveattractedthe interestof
materials sciencebecauseof their useful optical and
electricalproperties.Polyacetylene,polydiacetyleneand
polytriacetyleneare the simplest known linearly con-
jugatedpolymers.However,in contrastto polyacetylene
and polydiacetylene,polytriacetylenehas never been

preparedby the direct polymerization of triacetylene
monomers.Becausea successful1,6-polymerizationof a
triacetylene requires significant organization of the
triacetylenemolecules,we consideredthis reaction a
significant test of our supramolecularsynthetic strate-
gies.22

Unsuccessfulattemptsto accomplishthis polymeriza-
tion werereportedby Wegnerandco-workersasearlyas
1973, soon after the remarkable discovery of the
topochemicallycontrolled 1,4-polymerizationof diace-
tylenes.23 At this time the supramolecularrequirements
for polymerizationwererecognized.In 1994,Enkelmann
summarizedotherunsuccessfulattemptsat 1,6-polymer-
ization of triacetylenesand provided a more complete
analysis of the criteria necessaryfor a successful
polymerization.16 As shownin Fig. 1(b), the preorgani-
zation requirements are a intermolecular monomer
spacing of about 7.4Å with a 28° tilt of the linear
triacetylene relative to the translation axis. These
requirementsseemratherextremeand it is perhapsnot
surprising that no triacetylene has been found that
crystallizesin sucha mannerfortuitously.

Thedesignandsynthesisof a systemthatwould meet
thesepreorganizationcriteria would servea significant
test of our supramolecularsynthetic abilities. As we
approachedtheproblem,we recognizedthat thefocusof
our designshouldbeon not thetriacetylene,but thehost
molecule. The most critical structural parameter to
control is the required simple translation distanceof
about7.4Å sinceclosepackingof the triacetyleneswill
producethe required28° tilt angle.

Model building (Macromodelversion 6.2 using the
MM2 force field was usedin modeling calculations24)
suggestedthat the 2,5-diaminoquinoneswould self-

Figure 6. On the left, the crystal structure of the co-crystal formed from the oxalamide of glycine with a bis-pyridyl substituted
diacetylene shows a repeat distance of 4.97 AÊ . The critical distance between the C-4 of one diacetylene and the C-1 carbon of
the next molecule is only 3.38 AÊ . Under mild thermal annealing conditions the crystals undergo a clean crystal-to-crystal
polymerization to give the diacetylene polymer as shown in the crystal structure on the right
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assemblevia simple translation to give the desired
molecular repeat (7.4 Å). This was confirmed by
experiment. The glycine ethyl ester derivative of
benzoquinone,R = CH2CO2C2H5, was preparedand a
single-crystal x-ray structure confirmed that it self-
assembledwith a molecular repeatof 7.54Å (Fig. 7).
Unfortunately, as a class, the diaminoquinonesare
extremely insoluble and are therefore not ideal host
molecules.It is very difficult to preparea co-crystalof
two differentmoleculesif onehasa very low solubility.

After havingproblemswith the 2,5-diaminoquinones,
we turned to a simpler system,the cyclic vinylogous
amides.Thesemoleculesarerelativelyeasyto synthesize
andtheyhavegoodsolubilitiesin commonsolvents.The
problemis thattheprojectedhydrogen-bondeda-network
is basedon an unsymmetricmolecule with only one
hydrogenbond and not two as is the casein all of our
previouslyusedhostmolecules.Hostnetworksbasedon
symmetricalmoleculeswith two hydrogenbonds,like the
ureas, the oxalamides and the 2,5-diaminoquinones,
naturally are coplanar and generally form simple
translationallyrelatedone-dimensionala-networks.With
only one hydrogenbond, there is no expectationfor
neighboring moleculesin a network to self-assemble
using simple translationalsymmetry, nor is there an
expectation that they will form coplanar networks.
Inspectionof the CambridgeStructuralDatabase(CSD)
confirmedour fears.Among the six simple vinylogous

amide derivatives reported in the CSD, only one
assembledvia simple translation(the derivative,with a
m-nitrophenylsubstituentonnitrogen,displayedasimple
translationaldistanceof 7.313 Å,25). The other formed
hydrogen-bondednetworksusingthe anticipatedhydro-
gen-bondedmotif, but neighboring molecules were
relatedby a glide planeor screwaxis. Thesetypesof
symmetrydoublethe crystallographicrepeatdistanceto
anundesirable14–15Å. Despitethesediscouragingdata,
weproceededwith ourplanbasedon theassumptionthat
a good host–guestdesign would still lead us to our
desiredstructure.In particular,we realizedthatalthough
a single vinylogous host molecule can form only one
amide hydrogen bond, the designed 2:1 host–guest
assembliesof moleculeswould havetwo hostmolecules
andthuscouldform two amidehydrogenbonds,making
it more likely that the moleculeswould assemblevia
simpletranslation.

Having settled on the vinylogous amidesas a host
family, we still needed to identify a specific host

Figure 7. The crystal structure of the glycine ethyl ester
derivative of benzoquinone shows that the molecules have
self-assembled to give an intermolecular repeat distance of
7.54 AÊ
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molecule.We synthesizeda numberof candidatemol-
ecules,1 and2 beingrepresentativeexamples.

Attemptsto grow testco-crystalsof molecule1 with
bipyridine provedto be difficult becauseof the relative
solubilitiesof thetwo molecules,soweturnedto pyridine
derivative2. The 2:1 co-crystalsof 2 with succinicacid
(Fig. 8) and adipic acid were successfulwith the
moleculesassemblingin accordancewith our design.
Encouragedby theseresults, we turned to the actual
triacetyleneexperiment.

Thesymmetricaltriacetylenediacid3 wassynthesized.
A 2:1 methanolsolution of the host pyridine 2 and the
triacetylene3 wasallowedto evaporateslowly, yielding
pale red crystals. X-ray diffraction revealed that the
moleculeshad indeedco-crystallizedin a 2:1 ratio and
had assembledin accordancewith our design(Fig. 9).
Equivalent molecules in the a-network were related
simple translation at a distance of 7.143(2)Å. The
triacetylenecorewastilted anangleof 29.2° with respect
to thetranslationaldirection.This bringsthetriacetylene
functionalitiesinto vanderWaalscontactwith thecrucial

non-bondedC-1 to C-6 at 3.487(2)Å. Overall these
valuesarein remarkablygoodagreementwith the ideal
valuesoutlinedin Fig. 1.

Since the crystals showed a close van der Waals
contact between the anticipated reaction centers, it
seemedthatweshouldbeableto induceapolymerization

Figure 8. The crystal structure of the 2:1 co-crystal of
vinylogous amide 2 with succinic acid. The intermolecular
spacing is 7.19 AÊ

Figure 9. The pyridine host 2 and the triacetylenedicarboxylic acid guest 3 were co-crystallized to yield the crystal structure
shown on the left. The intermolecular repeat distance is 7.143 AÊ with a 29.2° tilt of the triacetylene core with respect to the
translation axis. This brings the key C-6 of one triacetylene molecule in to close (3.487 AÊ ) contact with the C-1 carbon of its
neighbor. Upon g irradiation the molecules polymerize to give the polymer structure shown on the right
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reaction. However, no significant polymerization was
observedwhenthecrystalswereheatedat109°C for 72h
or irradiatedfor 72h with a Hanovia 550W medium-
pressuremercurylamp.Following thesenegativeexperi-
ments,we turned to a higher energy source,60Co g-
radiation(theg-raysourceusedhadanoutputof 0.8Mrad
hÿ1 and was located at BrookhavenNational Labora-
tories, Upton, NY, USA). Exposureof the host–guest
crystalsto about8 Mrad of g-raysresultedin a dramatic
change to a deep red color. X-ray crystallography
revealedthat the polymerizationwas taking place and
thattheirradiatedcrystalsconsistedof asolidsolutionof
the original triacetylene monomersand the resultant
polytriacetylenepolymer(Fig. 9). The g-irradiationof a
single crystal was continuedin stageswith a complete
x-ray diffraction data set collected at eachstage.The
polymerizationwasfound to continueto occurapproxi-
mately linearly with irradiation time. After 40 Mrad of
radiation,with the crystalspolymerizedto about70%,a
phasechangeoccurs in the crystals to an amorphous
‘glassy’ statethatno longergivesusefuldiffraction data.

Thestructureof theresultingpolymeris shownin Fig.
9. The moleculenetworksarealignedwith the a axis of
the triclinic unit cell. In a fresh monomercrystal this
distanceis 7.143(2)Å. As the polymerizationproceeds
the axis lengthensin proportion,but only slightly. The
highestobservedvalue of 7.210(6)Å was for a crystal
polymerizedto anextentof 70%.Sincethis valueis still
considerableshorter than the 7.4Å repeat distance
predictedfor the polymer, it is likely that strain may
build up in the crystalsas the polymerizationproceeds.
Onecanhypothesizethatthisstrainis responsiblefor the
phasechangeto an amorphousstatethat takesplaceas
thepolymerizationproceedsbeyond70%.Perhapsahost
that would give a slightly longer spacingwould give
crystalsthat would polymerizemorereadily.

Theresultingtriacetylenepolymeris a polycarboxylic
acidandis solublein sodiumhydroxide.Its physicaland
chemicalpropertieshavebeendiscussedelsewhereand
are under further investigation.Most significantly, in
agreementwith earlierobservationsby Deiderichandco-
workers, the triacetylenepolymer seemsto be fairly
stable.Furtherstudiesof this andotherpolytriacetylenes
as candidatesfor advancedmaterialsmay prove to be
rewarding.

CONCLUSION

We have demonstratedthe successfulapplication of
supramolecularchemistryto two significantproblemsin
syntheticchemistry.We haveshownthat we now know
enough about intermolecular interactions to design
supramolecularstructureswith a reasonableexpectation
thatwewill beablesuccessfullyto carryout therequired
syntheses.The work is a part of thenaturalevolutionof

syntheticchemistryfrom themolecularto thesupramol-
ecularlevel.
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