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ABSTRACT: Cyclic dipeptides with a variety of substituents assemble into supramolecular tapes, which can function
as scaffolds to position co-crystallized guest molecules. To examine how molecular structure influences the kinetics
of crystal growth, we compared the rate at which two cyclic dipeptides assembled into supramolecular tapes using
atomic force microscopy as anin situprobe of the kinetics of step advancement in these crystalline solids. Changes in
the molecular structure of the substituents from two hydrogen atoms on the cyclic dipeptide of glycine (GLYDKP) to
two methyl groups on the cyclic dipeptide of alanine (R,R-ALADKP) reduces the rate at whichR,R-ALADKP
assembles into supramolecular tapes by a factor between four and five relative to that of GLYDKP. These results are
discussed in the context of barriers to desolvation, surface diffusion, ledge diffusion and incorporation into kink sites
and the energies of adsorption at these different sites on a crystal. We show that the difference in the rate at which
these two molecules assemble into tapes corresponds to the difference in the barriers for attachment to a kink site at
the temperature and concentrations used. The degree to which these solutes must change conformationally is
proposed to be the source of the observed difference in the barriers for incorporation into a kink site. Copyright
2000 John Wiley & Sons, Ltd.
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INTRODUCTION

The amide functional group has been used by researchers
as an element for designing natural and non-natural
supramolecular structures that self-assemble through
hydrogen-bonding interactions. The majority of research
has focused on designing supramolecular structures
either in solution or in solids. Several reviews have
appeared in the literature describing supramolecular
structures that recognize specific substrates, self-repli-
cate, show catalytic activity in solution1–6 or function as
scaffolds in solids (i.e. crystal engineering).7–13 Since
Schmidt first introduced the term ‘crystal engineering’ in
1971, research involving the design of supramolecular
structures in solids has grown exponentially.14 In
addition to studying the self-assembly of amides in
solution and in the solid state, a number of groups now
are using amides to create supramolecular structures in
liquid-crystalline media and at surfaces.15,16 A common
goal of many such studies on the assembly of molecules
containing amides and other functional groups is the
ability to create supramolecular structures with prede-
termined properties or function. Success in this area

would have implications for many technologies that
require the development of novel, complex materials to
meet increasing demands for specificity and miniaturiza-
tion.

The quality and size of most organic crystals are
inadequate for material applications and therefore must
be improved. Understanding the mechanism of self-
assembly should enable us to produce crystalline solids of
higher quality with predetermined properties. Accord-
ingly, we have compared the rate at which two cyclic
dipeptides assemble into supramolecular structures using
atomic force microscopy as anin situ probe of the
kinetics of step advancement in these crystalline solids.
We show that changes in the molecular structure of the
substituents from two hydrogen atoms on the cyclic
dipeptide of glycine (GLYDKP) to two methyl groups on
the cyclic dipeptide of alanine (R,R-ALADKP) reduces
the rate at which R,R-ALADKP assembles into
supramolecular structures by a factor between four and
five relative to that of GLYDKP. We discuss these results
in the context of barriers to desolvation, surface
diffusion, ledge diffusion and incorporation into kink
sites and the energy of binding at these different sites on a
crystal. We show that the difference in the rate at which
these two molecules assemble into supramolecular
structures corresponds to the difference in the barriers
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for attachmentto a kink site at the temperatureand
concentrationsused.We proposethat the differencein
the barriersfor incorporationinto a kink site is due to
conformational changes that must occur prior to
incorporationof thesesolutesinto their respectivekink
sites.By quantifyingtheinfluenceof molecularstructure
on the kineticsof assembly,thesefindingscontributeto
thegrowingbodyof knowledgeof materialsdesignbased
on solvent-mediatedassembly.

AMIDES AND THEIR PATTERNS OF
HYDROGEN BONDING

A molecule can be consideredan amide if it has a
carbonyl group bonded directly to a nitrogen atom,
regardlessof whateverotheratomsmaybeconnectedto
the carbonyl group and nitrogen atom. This definition
includes a range of structuresthat normally are not
classifiedas amides(Fig. 1). Primary amidespredomi-
nantlyform thetypeof hydrogen-bondedstructureshown
in Fig. 2.17 This structurecontainstwo different typesof
hydrogenbondsthatgive a ring motif anda chainmotif,
which together form an infinite chain of rings.18–20

Secondary amides simply form chains and tertiary
amidesdo not form hydrogenbonds with themselves
owning to the absenceof a hydrogenbonddonor(i.e. a
hydrogenatomon a heteroatom).21–25

The geometryof the two hydrogenatomson primary
amidesdeterminesthe type of structurethat is formed
throughself-aggregationor by aggregationwith a guest
molecule.The orientation of thesehydrogenatoms is
definedashavingeithersynor anti geometry,depending
onwhetherthehydrogenatomandthecarbonylgroupare
locatedonthesamesideor theoppositesideof theC— N
bond (Fig. 3).17 Hydrogen bonding betweenthe syn
hydrogenatom and the carbonylgroup of two primary
amidesresultsin eight-memberedrings, a motif analo-
gousto thering motif thatformsbetweentwo carboxylic
acids. The anti hydrogen atoms make single point
contactswith carbonylgroupson neighboringamidesto
form chains.Since acyclic secondaryamidesprefer to
adopt a conformationthat placesthe amido hydrogen

atom in the anti position, acyclic secondaryamides
generallyform chains.Cyclic secondarydiamides(e.g.
cyclic dipeptides),in which theamidohydrogenatomis
restrictedto the synposition,generallyform hydrogen-
bondedrings,althoughotherpatternsof hydrogenbonds
alsoareobservedfor thesecompounds.10

Several factors govern the types of supramolecular
structuresthatresultfrom theassemblyof amides.These
factors include the geometryof the amide,the number
andtypeof substituentsattachedto thenitrogenatom,the
numberof differentamidesthatarepresentin amolecule
andthe proximity of neighboringfunctionalgroupsthat
mayalter thehydrogen-bondingcapacityof amidesboth
stericallyandelectronically.With amidesservingto link
moleculesvia hydrogenbonds,a variety of supramol-
ecularstructures(Fig. 4) havebeenassembledthat are
describedascapsulesandspheres,3,26,27channels,8,9,28,29

helices,11,30ribbonsor tapes,10,31–38rods,39 rosettes,40,41

sheetsor layers17,28,29,36,42–52andtubes.16,53–55

Figure 1. Examples of amides including some structures
normally not classi®ed as amides

Figure 2. Patterns of hydrogen bonds formed by primary,
secondary and tertiary amides

Figure 3. Ring and chain motifs generated by hydrogen-
bonding interactions involving the syn and anti hydrogen
atoms, respectively, of primary and secondary amides
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SUPRAMOLECULAR TAPES

Our efforts havebeenfocusedon the self-assemblyof
diamides, specifically cyclic dipeptides. These com-
poundshavea propensityto assembleinto supramolecu-
lar tapes, a process driven predominantly by the
formation of hydrogenbonds(N—H…O) betweencis-
amideson adjacentmolecules(Fig. 5).38 Our goal is to
use supramoleculartapes as scaffolds with which to
positionguestmoleculeswithin thecrystallinelattice for
the purposeof creatinga solid with tunableproperties
thatdependonthearrangementandstructureof theguest
molecules.To achievethisgoalrequiresthedevelopment
of methodsfor predictingwhich guestmoleculescanbe
incorporatedinto a crystallinelatticeof cyclic dipeptides
and the developmentof methodsfor measuringhow
molecularstructureinfluencesthe kinetics of assembly.
Understandingwhatpatternsof packingcyclic dipeptides
can adopt should provide insight into how tapes
comprisedof cyclic dipeptidescan be usedto control
thestructureandfunction of co-crystallinesolids.

It has been shown previously that symmetrically
substitutedcyclic dipeptideswill assembleinto tapes
evenwhentheir substituentsoccupyvolumesaslargeas
290 Å3.38 Despitethe variability in volume and shape

representedby thesemolecules,the persistenceof the
tape motif in their crystalline solids suggeststhat the
hydrogen-bondinginteractionsbetweencyclic dipeptides
(i.e. amide–amideinteractions)dominate the packing
arrangementof thesemolecules.Moreover,void spacein
these crystalline solids is minimized by the parallel
alignmentof tapes(Fig. 6). In a subsequentstudy, we
demonstratedthat the cyclic dipeptideof asparticacid
assemblesinto tapespossessingpendantcarboxylicacid
groups,which couldbeusedto positionguestmolecules
(i.e. thosewith good hydrogen-bondacceptorssuchas
derivativesof pyridine) at well-definedintervals along
thebackboneof tapes(Fig. 7).42,56

Dependingon the molecular structureof the guest,

Figure 4. Three of many examples of supramolecular structures that assemble through hydrogen-bonding interactions between
amides: (a) capsules,26 (b) tapes37 and (c) tubes16

Figure 5. (a) Molecular structure of GLYDKP (R=H) or R,R-
ALADKP (R=CH3). (b) Hydrogen-bonded tape that results
when cis-amides on adjacent molecules interact in an R2

2(8)
pattern of hydrogen bonds
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tapescan be cross-linkedinto layersor simply usedto
align guestson adjacenttapes.Theability to interchange
oneguestmoleculefor anotherprovidesa powerful and
convenientmethodfor manipulatingthephysicalproper-
ties of thesecrystalline materialswithout significantly
alteringtheframeworkof tapesthatdefinethesupramol-
ecularstructurewithin thecrystallinelattice.

MORPHOLOGY OF CRYSTALS WITH
SUPRAMOLECULAR TAPES

In additionto modelingandcrystallographicstudies,we
haveusedatomic force microscopy(AFM) to measure
theratesatwhichcyclic dipeptidesassembleinto tapes.57

We (andothers)havestudiedhowtherateof growthof a
crystaldependson molecularstructureor environmental
factorssuchaschemicaladditives.57–59Reportedhereare
resultsfrom ourAFM studieson theself-assemblyof the
cyclic dipeptides of glycine (GLYDKP) and alanine
(ALADKP), which illustratehow bothsurfacemorphol-
ogy and the kinetics of assemblycorrelate with the
anisotropyof the intermolecularinteractionsas well as
molecularasymmetry.

Thin plates 1.0� 1.0� 0.2cm in size result when
crystalsof GLYDKP aregrownfrom anaqueoussolution
containingthis compound[Fig. 8(a)]. The largest,and
therefore slowest, growing surface on a crystal of
GLYDKP grownfrom anaqueoussolutionis comprised
of protruding—CH2 groupsandoxygenatomsfrom one
of the two carbonylgroupsof GLYDKP. This relatively
non-polar surface is the consequenceof GLYDKP
assemblinginto tapesthat pack with their long axesin
parallel to form decksof tapes.The large terraces(010
plane) in the AFM image (3� 3mm) of a crystal of
GLYDKP correspondto this non-polar surface [Fig.
8(b)]. The terracesare delineatedby step edgeswith
morphologiesthatareeithersmoothor rough.Thex-ray

Figure 6. One of eight symmetrically substituted cyclic
dipeptides (spirocyclopentyl-2,5-diketopiperazine) that self-
assemble into hydrogen-bonded tapes38

Figure 7. The cyclic dipeptide of S-aspartic acid (S,S-ASPDKP)
assembles into hydrogen-bonded tapes, which function as
scaffolds for positioning guest molecules such as derivatives
of bis-pyridine56

Figure 8. Colorless crystals (�2� 1� 0.1 mm) of (a)
GLYDKP and (c) R,R-ALADKP grown from aqueous solutions
and their respective AFM images (b) (3� 3 mm) and (d)
(5� 5 mm). The large terraces (gray) in the AFM images

correspond to hydrophobic CH2 groups of GLYDKP (010

crystal plane) or CHCH3 groups of R,R-ALADKP (001

crystal plane). The long axes of the tapes in both crystals
correspond to the smooth step edges in the AFM images.
Thus, step risers for the smooth step edges correspond to the
plane of the DKP rings and step risers for the rough step
edges correspond to amide groups at the ends of tapes. The
arrows in (b) and (d) indicate the direction of step
advancement for which velocity as a function of super-
saturation was measured
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crystalstructureof GLYDKP shownin Fig. 9(a)depicts
the chemicalcompositionof the different surfacesof a
crystalof GLYDKP.60 In addition to the (010) terraces,
the step risers (one moleculein height= 5.8 Å) of the
smooth (10–1) and rough (100 and 001) step edges
compriseDKP rings and amide groupsat the endsof
tapes,respectively.

Replacingoneof thetwo hydrogenatomsatboththe1-
and4-positionsof GLYDKP with a methyl groupgives
thecyclic dipeptideof alanine(ALADKP). In additionto
an increasein thespecificmolecularvolume(174.76Å3

for ALADKP vs 115.94Å3 for GLYDKP), this replace-
ment generatestwo stereocentersin the molecular
structure of ALADKP. The result is three possible
stereoconfigurations: R,R-ALADKP, S,S-ALADKP and
R,S-ALADKP. The studies describedhere were con-
ductedon the R,R-stereoisomerof ALADKP. Similarly
to GLYDKP, moleculesof R,R-ALADKP assembleinto
tapesthat pack with their long axesin parallel to form
decksof tapes.Thus,crystalsof R,R-ALADKP alsogrow
asthin plates[Fig. 8(c)] from anaqueoussolutionof this

compound with the largest surface comprised of

protruding
!

!

CH(CH3) groups.Imagedwith an AFM,

this surface appears as large terraces (001 plane)
delineatedby step edgeswith morphologiesthat are
either smooth or rough [Fig. 8(d)]. The x-ray crystal
structureof R,R-ALADKP shownin Fig. 9(b)depictsthe
chemical composition of the different surfacesof a
crystal of R,R-ALADKP.61 In addition to the (001)
terraces,the steprisers(onemoleculein height= 7.5 Å)
of thesmooth(1–10)andrough(100and010)stepedges
compriseDKP rings and amide groupsat the endsof
tapes,respectively.

KINETIC THEORY OF CRYSTAL GROWTH

From Burton–Cabrera–Frank theory of crystal growth,
three types of diffusion contribute to the growth of a
crystal at step edges:exchangeof moleculesbetween
bulk solutionandtheadsorptionlayeratthesurfaceof the
crystal, exchangeof moleculesbetweenthe adsorption
layerandstepedgesandexchangeof moleculesbetween
stepedgesandkink sites.62 Therelationshipbetweenthe
velocity at which a step edge advancesand super-
saturationis givenby

v1 � �
C��
1

1� �h
�D

ÿ �
ln d�

h

ÿ �� � �1�

whereb is thekineticcoefficientfor stepintegration,
 is
the specific molecular volume, C° is the equilibrium
concentration,s is supersaturation,h is theheightof the
step,D is the diffusion coefficientandd is the distance
from thestepwheresoluteconcentrationis equalto that
of thebulk. Thekinetic coefficientfor stepintegrationis
givenby

� � h2�

�0
e
ÿ�Gz

kT �2�

where � is a frequency factor (e.g. �1018 sÿ1 for
naphthalene),�0 is thethicknessof thediffusionlayerand
�G‡ is the sum of the energybarriersfor dehydration,
surfacediffusion, ledgediffusion andincorporationat a
kink site of a growth unit [Fig. 10(a)]. Dependingon
whether crystal growth is controlled by kinetics
[hÿ1pD� b, Fig. 10(b)] or diffusion [hÿ1pD� b, Fig.
10(c)], Eqn. (1) simplifies to Eqn. (3) or (4), respec-
tively:63

v1 � �
C�� � �
�Cÿ C�� �3�
v1 � �D
C��

1

h ln d�
h

ÿ � � �D
�Cÿ C�� 1

h ln d�
h

ÿ � �4�

Results from the experimentsreported here were

Figure 9. View looking down the long axes of tapes in the
crystal structures of (a) GLYDKP and (b) R,R-ALADKP. Three
decks of tapes are shown for each crystal structure. The
angles between the (010) terraces and the (10±1) step risers
in GLYDKP are obtuse (f) or acute (

P
) and re¯ect the

twofold screw axis of symmetry in the crystal structure of
GLYDKP (P21/c). The crystal structure of R,R-ALADKP is non-
centrosymmetric (P1) and, therefore, angles (f) between the
(001) terraces and the (1±10) step risers on the crystal face
shown are equivalent and obtuse

Copyright  2000JohnWiley & Sons,Ltd. J. Phys.Org. Chem.2000;13: 870–879

874 T.-J.M. LUO AND G. T. R. PALMORE



obtainedby measuringthevelocity of stepadvancement
underconditionsof kinetic limited growth.Equation(3)
wasusedto calculatethekinetic coefficientfor advance-
ment of the smoothstepedgesin crystalsof GLYDKP
andR,R-ALADKP. Theinfluenceof molecularstructure
on the kinetics of self-assemblycan be quantified by
comparingthevaluesof b obtainedfor thesestepedges.

KINETICS OF ASSEMBLY OF
SUPRAMOLECULAR TAPES

The smoothstepedgesof GLYDKP (i.e. definedby the
intersection of the (010) and (10–1) crystal planes)
advanceat velocitiesthat dependlinearly on the super-
saturation of the growth solution (Fig. 11). Super-
saturation,definedby � = (C/C°)ÿ 1, whereC and C°

are the actual and equilibrium concentrations of
GLYDKP, respectively,wasvariedfrom 0.067to 0.253
by adjusting the concentrationof GLYDKP. At these
supersaturations,only doubledsteps(i.e. two molecules
in heightwhereh = 11.6Å) of GLYDKP wereobserved
with the AFM. The doubling of steps is due to the
symmetryof thecrystal.64 Forexample,thepresenceof a
glide plane in the crystalline structure of GLYDKP
manifestsastapescantedrelativeto the b-axis,creating
either an acute(�) or obtuse(Φ) anglebetweena step
riserandtheadjoiningterracein thea,c-plane[Fig. 9(a)].
Theattachmentof moleculesof soluteto astepedgewill
be facilitated or hinderedby the angleencounteredand
thus,moleculesof soluteattachto stepedgescomprised
of stepriserswith acuteor obtuseanglesrelative to the
adjoiningterraceatslightly differentrates.Consequently,
the stepedgeof oneof two adjacentcrystal layerswill
advanceata ratethatis slightly slowerthanthestepedge
of theothercrystallayer.Theresultis adoubledstepwith
therateof advancementlimited by theslow stepedgein
the lower of the two crystal layers.

Thevelocitiesof stepadvancementfor thesmoothstep
edgesof GLYDKP (intersectionof the 010 terracewith
the 10–1 stepriser) and R,R-ALADKP (intersectionof
the001 terracewith the1–10stepriser)asa functionof
supersaturationareplottedin Fig. 11.Eachdatapoint for
GLYDKP in Fig. 11 representstheaveragerateat which
doubled steps advance at a given supersaturation,
whereaseach data point for R,R-ALADKP represents
theaveragerateat which singlestepsadvanceat a given
supersaturation.From Fig. 11 and Eqn. (3), the kinetic
coefficient(b1) for thesmoothstepedgesof GLYDKP is
calculated to be 17.1� 10ÿ3 cm sÿ1 using a value
extrapolatedfrom the velocity dataof 0.149 M for C°

Figure 10. (a) The energy barriers to growth of a crystal from
a supersaturated solution where DG‡1,dehyd and DG‡kink

refer to the energy required to dehydrate one side of the
solute and to incorporate it into a kink site, respectively.
Crystal growth controlled by (b) kinetics (hÿ1pD� b) or (c)
diffusion (hÿ1pD� b)

Figure 11. Growth kinetics of the smooth step edge
(intersection of 010 terrace with 10±1 step riser) of GLYDKP
compared with that of the smooth step edge (intersection of
001 terrace with 1±10 step riser) of R,R-ALADKP. Velocities
of step advancement were measured at 25.0°C and are
linear with supersaturation. Supersaturation was adjusted by
varying the concentration of GLYDKP (0.160±0.188 M) and
R,R-ALADKP (0.189±0.220 M)
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of GLYDKP. Recallfrom Eqn.(2) thatb is relatedto the
sum of the energy barriers for dehydration, surface
diffusion, ledgediffusion andincorporationof a growth
unit atakink site.Thus,thevalueobtainedfor b will vary
with thesolidstudied.Whentherateof assemblyof R,R-
ALADKP is comparedwith that of GLYDKP, we find
thattheslightly larger,chiralmoleculesof R,R-ALADKP
assembleinto tapesmoreslowly thanthesmaller,achiral
molecules of GLYDKP. In fact, at identical super-
saturation,the relative ratesat which the smoothstep
edgesof GLYDKP andR,R-ALADKP advancetypically
rangebetween4:1 to 5:1. From Fig. 11 and Eqn. (3),
where the equilibrium concentrationof R,R-ALADKP
extrapolatedfrom thevelocity datais 0.168M, b2 for the
smoothstepedgeof R,R-ALADKP is calculatedto be
3.5� 10ÿ3 cm sÿ1, approximatelyonequarterthe value
of b1 for thesmoothstepedgesof GLYDKP.

The fourfold difference in the values for b for
GLYDKP and R,R-ALADKP is a consequenceof
differences in their respective energy barriers for
dehydration, surface diffusion, ledge diffusion and
incorporationof a growth unit at a kink site. Although
theenergybarriersfor dehydrationandincorporationof a
growthunit at a kink sitetypically areratelimiting when
acrystalis grownunderkineticcontrol,it is instructiveto
considerhow structurallyrelatedgrowthunitscandiffer
in terms of energy barriers for surface and ledge
diffusion. Figure 12(a) illustrateshow the interactions
betweena chiral moleculesuchasR,R-ALADKP anda
crystal terraceor ledgewill differ basedon the relative
orientationof the moleculeto the surfaceor ledge.For
example,moleculeslabeled Sa and Sb in Fig. 12(a)
reflectwhetherthe methyl groupsof R,R-ALADKP are
orientedtowardor awayfrom the surfaceof the crystal,
respectively.

The averageenergyof adsorptionof moleculesSa or
Sb canbe calculatedusingthe MINIMIZER moduleof
Cerius2 (version 3.8) parameterizedwith the Drieding
forcefield.Wedefinetheenergyof adsorptionasthesum
of all interactionsbetweenthesurfaceof thecrystalanda
singlemoleculein the absenceof solventanddefinethe
average energy of adsorption as the average value
obtainedfrom severalcomputationalexperiments.Initi-
ally, a single moleculeof GLYDKP or R,R-ALADKP
was sketched using the 3-D Builder in Cerius2.
Equilibrium chargeswerecalculatedprior to minimiza-
tion usingtheQEq1.1parametersetwith a convergence
criterion of 5.0� 10ÿ4.65 The moleculewasminimized
using the Newton Raphsonmethod with the CVFF95
force field. Convergencecriteria were 0.1kcalmolÿ1

Åÿ1 (1 kcal= 4.184kJ) for the r.m.s. with a maximum
displacement of 2.0Å. Convergencewas obtained
typically within 500 iterations.Once the moleculehad
beenminimized,it wastreatedasarigid bodyandplaced
in contactwith its correspondingcrystalsurface(i.e. 010
for GLYDKP, 001 for R,R-ALADKP) comprisedof a
10� 10 array of molecules built from single-crystal

x-ray data. The location and orientation of a single
moleculewerevariedrelativeto thecrystalsurface.The
energiesof the resulting structuressubsequentlywere
minimized and averagedto give the averageenergyof
adsorption.

Thedifferencein theaverageenergiesof adsorptionof
moleculesof R,R-ALADKP labeledSa and Sb in Fig.
12a is calculatedto be 0.5kcalmolÿ1. Consequently,if
the difference in energy barriers for surfacediffusion
follow the trend observedfor the difference in the
averageenergiesof adsorption,SaandSbshoulddiffuse
towarda ledgeor kink site at different rates.A similar
argumentholdsfor the ratesat which moleculeslabeled
La and Lb shoulddiffuse along a ledgeto a kink site.
Unlike R,R-ALADKP, the orientation of achiral mol-
ecules of GLYDKP on the surface (Sa vs Sb) of a
GLYDKP crystal [Fig. 12(b)] are indistinguishable in
termsof their averageenergyof adsorptionandenergy
barriersto surfacediffusion.Therefore,we would expect
their ratesof surfacediffusionto beequivalent.Similarly,
the average energy of adsorption of molecules of

Figure 12. Different orientations of molecules of (a) R,R-
ALADKP and (b) GLYDKP relative to their respective crystal
surfaces and ledges
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GLYDKP along the ledge (La vs Lb ) of a GLYDKP
crystalareexpectedto beequivalent.

It is interestingthat in addition to differencesin the
averageenergyof adsorptionof chiralmoleculesoriented
differently on thesurfaceor ledgeof a crystal,thereis a
statisticaldifferenceto their incorporationinto a chiral
kink sitecomparedwith achiralmolecules.For example,
assumingequalconcentrationsof La andLb existat any
givenmomentin time,only half of themoleculesof R,R-
ALADKP adsorbedon the ledgedepictedin Fig. 12(a)
would have the correctorientationfor incorporationat
the kink site (e.g. Lb but not La). Owing to the
arrangementof thehydrogen-bonddonorsandacceptors
in cyclic dipeptides,the samestatistical difference is
presentwhen a growth unit is comprisedof dimers or
oligomersbecauseall of themethyl substituentsof R,R-
ALADKP would be orientedin the samedirection. In
contrast, both La and Lb molecules of GLYDKP
positionedat the prochiral ledgesin Fig. 12(b) havethe
correctorientationfor incorporationat thesekink sites.
Thus,moleculesof GLYDKP orientedin the mannerof
La andLb contributeto theadvancementof thedoubled
stepedgedepictedin Fig. 12(b)whereasonly molecules
of R,R-ALADKP orientedin themannerLb contributeto
theadvancementof thestepedgedepictedin Fig.12(a).It
could be argued that the flux of moleculesof R,R-
ALADKP to kink sitescomparedwith thatof molecules
of GLYDKP is lowerbecauseof thestatisticaldifference
in thenumberof moleculesthatcanbeincorporatedinto
akink siteandthus,thisdifferencein flux couldreduceb2

for R,R-ALADKP by asmuchashalf thevalueof b1 for
GLYDKP. A reduction in b due to this statistical
difference, however, is not observablebecausethe
interconversionof La andLb is not ratelimiting.

BARRIERS TO ASSEMBLY

The difference in the sum of the energy barriers for
dehydration, surface diffusion, ledge diffusion and
incorporationof agrowthunit atakink sitefor GLYDKP
(�G‡1) and R,R-ALADKP (�G‡2) can be determined
from theequation

�2

�1
�

h2
2v
�0

e
ÿ�G2

z
kT

h1
2v
�0

e
ÿ�G1

z
kT

�5�

Herethestepheights(h1 andh2) for GLYDKP andR,R-
ALADKP are5.8Å (singlestep)and7.5Å, respectively,
andthe remainingvariablesareasdefinedabove.

The advancementof step edges,and thus b, was
measuredunder conditions where crystal growth was
controlled by kinetics (hÿ1pD� b). Consequently,the
energybarriersto surfaceand ledgediffusion aresmall
relative to the energy barriers for dehydration and

incorporation of a growth unit at a kink site and,
therefore,not rate limiting. The valuesfor the energy
of hydration for GLYDKP and R,R-ALADKP are
reported to be ÿ18.5 and ÿ17.8kcalmolÿ1, respec-
tively.66 BasedontheHammondpostulate,weexpectthe
barriersto dehydrationof thesetwo compoundsalsoto be
similar and,thus,this componentof �G‡ will cancelin
Eqn. (5). Thesetwo points taken togethersuggestthat
(�G‡2ÿ �G‡1) in Eqn.(5) canbetakento representthe
difference in energy barriers for incorporation of a
growth unit at a kink site (DG‡2,kinkÿ DG‡1,kink) in the
equation

�Gz2ÿ �Gz1 � �Gz2;kinkÿ�Gz1;kink �6�

Thus, by rearranging Eqn. (5) and applying the
approximationgiven in Eqn. (6), DG‡2,kink for R,R-
ALADKP is calculatedto be1.24kcalmolÿ1 higherthan
DG‡1,kink for GLYDKP.

Theconformationsof GLYDKP andR,R-ALADKP in
thesolid statewerecomparedwith their conformationin
the gasphasein an attemptto understandwhat factors
might contribute to the 1.24kcalmolÿ1 difference in
energybarriersfor incorporationof thesemoleculesat a
kink site with the assumptionthat the gas phaseand
solution phaseconformationsare similar. Moleculesof
R,R-ALADKP andGLYDKP wereminimizedusingthe
samemethoddescribedabove.We foundthat theangles
a andg of R,R-ALADKP mustundergochangesthatare
greaterthan thoseof GLYDKP when going from the
conformation calculated in the gas phase to the
conformationobservedin the solid state(Table1). The
conformationof R,R-ALADKP in thegasphaseexhibits
aslightly puckeredDKPring whereasGLYDKP is planar
(Fig. 13). A small amountof pucker in the DKP ring
decreasessteric interactionsbetweenthe DKP ring and
the two methyl substituentsof R,R-ALADKP and also
reducesring strainin theDKP ring.ForR,R-ALADKP to
becomeincorporatedinto akink site,anglesa andg must
decreaseby 12.7° and32.5°, respectively.Thesechanges
in a andg causetheDKP ring to becomemorepuckered
and,thus,morestrainedthanthegas-phaseconformation
of theDKP ring in R,R-ALADKP. Any changein a andg
that increasesring strainwill increasetheenergybarrier
for incorporationinto a kink site. This increasein ring
strain is greaterfor R,R-ALADKP than for GLYDKP
sincea andg for thegas-phaseconformationof GLYDKP
remain unchangedin the solid-phaseconformationof
GLYDKP (Table1).

Figure 14 depicts the changesin energy that occur
during the crystallization of GLYDKP and R,R-
ALADKP. The difference in free energy between a
molecule in solution and its correspondingcrystalline
statehasbeenreportedto beÿ2.3 andÿ2.7kcalmolÿ1

for R,R-ALADKP and GLYDKP, respectively.67 Since
bothcyclic dipeptidesarereportedto havesimilar values
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for the free energy of translation and rotation, it is
reasonableto assumethattheentropicchangesassociated
with thetransferof GLYDKP andR,R-ALADKP from a
solution state to a surface adsorbedstate are also
similar.66 We estimatethat the free energyof surface
adsorbedR,R-ALADKP is �2 kcalmolÿ1 morepositive
than that of GLYDKP basedon our calculations(see
above)of the averageadsorptionenergiesfor thesetwo
compounds.Thus, in Figure 14 both solution statesof
GLYDKP and R,R-ALADKP are shown at equivalent
energylevelsandtheir surfaceadsorbedstatesareshown
at energylevels separatedby �2 kcalmolÿ1. Although
the absoluteenergybarrier for incorporationof either
cyclic dipeptideinto akink siteis notknown,thegeneral
activationbarrier for transferacrossthe solution-crystal
interfaceis typically in the range10–25kcalmolÿ1.63

CONCLUSIONS

Strongintermolecularinteractionsand molecularshape
dominatethekineticsandenergeticsof self-assembly.To
understandbetterthecontributionof molecularshapeon
self-assembly,we havecomparedthe rateat which two
cyclic dipeptidesassembleinto supramolecularstructures
usingatomicforcemicroscopyasan in situ probeof the
kineticsof stepadvancementin thesecrystallinesolids.
Results from these studies show that changesin the
molecularstructureof the substituentsfrom two hydro-
genatomson thecyclic dipeptideof glycine(GLYDKP)
to two methyl groupson the cyclic dipeptideof alanine
(R,R-ALADKP) reducestherateatwhichR,R-ALADKP
assemblesinto supramolecularstructuresby a factor
betweenfour andfive relativeto thatof GLYDKP. Since
thebarriersto desolvationfor thesetwo compoundshave
beenreportedto be similar and the barriersto surface
diffusion and ledge diffusion are not rate limiting, the
reduction in the kinetic coefficient of R,R-ALADKP
relative to that of GLYDKP correspondsto a difference
in thebarriersto incorporationatakink site.Wecalculate
this differenceto be1.24kcalmolÿ1 andsuggestthatthe
source of this difference stems from conformational
changesthat increasestrain in the DKP ring prior to
incorporationat a kink site.
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Figure 13. Conformation of R,R-ALADKP in the gas phase
and the solid state. The DKP ring in both conformations is
puckered into a boat conformation. The puckering of the
DKP in the solid-state conformation is more extreme,
however, in order to achieve a conformation that is more
planar overall, which presumably packs more ef®ciently and
increases the number of intermolecular interactions.
Although more ef®cient packing is achieved, increasing the
pucker of the DKP ring increases the ring strain in the
molecule

Table 1. Angles (a and g) for the conformations of GLYDKP
and R,R-ALADKP in the gas phase and in the solid statea

Molecule Phase a g

GLYDKP Gas 180.0 180.0
Solid 180.0 180.0

R,R-ALADKP Gas 170.1 168.2
Solid 157.4 135.7

a Degreeof anglesfor a andg weremeasuredbetweenthe two planes
(shownasanintersectionof dashedlines)definedby (N1— C1—O1)
and (N2— C3— O2), and (N1— C4— C3) and (N2— C2— C1),
respectively.

Figure 14. Energy barriers that molecules of GLYDKP and
R,R-ALADKP must overcome during their crystallization.
According to BCF theory, �G‡ represents the sum of the
energy barriers for desolvation, surface diffusion, ledge
diffusion and incorporation of solute at a kink site. The
difference in free energy associated with a transition from
the solution phase to the crystalline phase for R,R-ALADKP is
0.4 kcal molÿ1 smaller than that of GLYDKP. DG‡d is the
energy barrier for desorption of a diffusing molecule of R,R-
ALYDKP from the crystal surface, which is calculated to be
�2 kcal molÿ1 smaller than that for GLYDKP. DG‡1,kink and
DG‡2,kink are the respective energy barriers for incorporation
of GLYDKP and R,R-ALADKP into a kink site, which differ by
1.24 kcal molÿ1
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