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Abstract: The first statistical analyses of the X-ray crystal structures of mechanically interlocked molecular
architectures, the first molecular mechanics-based solid-state calculations on such structures and atomic
force microscopy (AFM) experiments are used in combination to predict and test which types of benzylic
amide macrocycle-containing rotaxanes possess mobile components in the crystalline phase and thus could
form the basis of solid-state devices that function through mechanical motion at the molecular level. The
statistical studies and calculations show that crystals formed by rotaxanes possess similarities and
unanticipated differences with respect to the crystal packing of noninterlocked molecules. Trends in the
rotaxane series correlate quantities related to crystal packing, molecular size, stoichiometry, and H-bonding.
In accordance with the findings of Gavezzotti et al. for conventional molecular architectures, a principal
component analysis (PCA) showed that three vectors related to the size, packing parameters, and
stoichiometry are sufficient to describe the crystal properties of benzylic amide macrocycle-containing
rotaxanes. When hydrogen bond-related quantities are included in a second PCA, they combine with the
size and the stoichiometry vectors but not with packing-related parameters, indicating that the intramolecular
“saturation” of the H-bonds (between the interlocked components) takes precedence over crystal assembly
(i.e., intermolecular packing) in these systems. However, cluster analyses also suggest a major role for
the energy of interaction between the macrocycle and its crystal environment. The identification of such a
“privileged” interaction is of fundamental importance to the development of rotaxanes with in-crystal mobility
of one or more of their interlocked components, a prerequisite for the exploitation of molecular level
mechanical motion in the solid state. The set of trends found, together with the calculated energies, was
used to propose guidelines for which benzylic amide macrocycle-containing rotaxanes are best suited to
become building blocks for systems with mobile submolecular units in the crystalline phase. An experimental
test of the predictive power of such guidelines was carried out using AFM on a rotaxane and its thread,
identified by the study as a promising candidate for solid-state mobility. Intuitively, the rotaxane should be
less mobile in the solid state since it has multiple sets of both hydrogen bond donors and acceptors that
can form strong inter- and intramolecular H-bonds. Conversely, the thread has no hydrogen bond donors
and cannot form such bonds. The AFM experiments, however, confirm the statistical analysis prediction
that the rotaxane is considerably more mobile in the solid than the thread.

Introduction or at infinite distances. When considering molecules with
mechanically interlocked molecular architectures, catenanes
(interlocked rings) and rotaxanes (where a macrocycle is locked
onto a linear thread by two bulky “stopperd”he picture is
somewhat altered because the separation of the interlocked
components is intrinsically restricted. The presence of a me-
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Molecules crystallize as the result of relatively weak interac-
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during the crystal assembly process ultimately yields a lower
total energy than the individual components have with a solvent S
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within a crystal, in particular. The interlocking also generates ses of the X-ray structures of benzylic amide rotaxanes to
special degrees of freedom where one submolecular unit mayascertain whether similarities or differences with other small
undergo large amplitude dynamics with respect to the other. organic molecules exist and to uncover a hierarchy of interac-
The presence and the effects of these motions (including tions and rules governing their crystal structures. The results
“shuttling” in the case of rotaxanes and “circumrotation” in the provide a unique insight into which types of rotaxanes are more
case of catenanes) are well-established in soldtiont only likely to show motion of the macrocycle in the solid state. The
recently has it been seen in the sdlithe phase in which predictions were tested by carrying out atomic force microscopy
practical applications of such molecular architectures are likely (AFM) on a rotaxane and its corresponding thread, identified
to first find application. In fact, large amplitude intercomponent by the statistical analysis as a promising candidate for possessing
motions in catenane and rotaxane in the crystalline state aremobility in the solid phase. Although the AFM tip does not
usually “locked” by intermolecular crystal packing interactions, probe directly the motion of submolecular units, an AFM
and for such dynamics to exist on a reasonably fast, that is, experiment can provide indirect information on the packing
millisecond-to-second time scale, the packing forces must interactions in the crystal. The AFM was used as a tool for
necessarily be minimized. The forces bringing a molecular scratching the crystal with a controlled load force. The load
crystal together and the forces governing the ring dynamics areforce, acting onto the surface of the (anisotropic) molecular
thus strongly connected, and their investigation can be carriedcrystal, modifies the material, as the shearing force exerted by
out concomitantly. In the past, for molecules with conventional the tip exceeds the adhesion forces within the crystal. The
architectures, crystal structure analysis combined with molecular minimum load force required for scratching a comparable
mechanics calculations proved that the cohesive, i.e., packingamount of material from a crystal is qualitatively related to the
energy is interwoven with several molecular and crystal adhesion force, which depends on the packing interactions.
parameters (ranging from the number of valence electrons, toComparison of the miminum load forces for the rotaxane and
some packing indexes, to the molecular surf4dg)e approach its thread provides insight on the packing interactions in the
pioneered by Gavezzotti was also able to ascertain that, out ofsolid state.

a very large number of parameters one could consider, only
the combination of size, packing, and stoichiometry parameters
is necessary to describe the structural properties of a large Recently, both the short time scale (subpicosecond), harmonic,
number of organic crystafsHere we apply this method to  and the long time scale (up to microsecond), large-amplitude,
crystals of rotaxanes. The large family of rotaxanes based on adynamics of benzylic amide macrocycle-containing catenanes
thread containing a hydrogen bonding template for the benzylic and rotaxanes have been studiesing the MM3 model. This
isophthalamide macrocyclé,” offers a unique opportunity for  force field was developed by fitting both heats of formation
investigating systematically the effect of intramolecular thread- and structural results in the gas phase and in crystals of simple
ing in the structures of crystals. It was the aim of this study to organics. MM3 is specifically parametrized to describe H-bonds
perform molecular mechanics calculations and structural analy- in terms of dipole interactions and includes specific interatomic
nonbonded potential energy functions that allow a quantitative
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treatment of the van der Waals and the electrostatic interactions
which play an essential role in hydrogen bonding and in the
sr—a interactions between aromatic rings. Despite the molecular
complexities involved, the method successfully reproduces
experimentally determined rotational barriers and steric energies
in these types of catenane and rotaxane systems. All the
calculations reported were performed using the TINKER
packageé. Ewald summation was used for the electrostatic
interaction thereby including all the possible terms. The crystal
structures of the rotaxanes were optimized starting from the
structures determined by X-ray diffraction data. The reoptimi-
zation was necessary because the degree of disorder was not
the same in all of the structures and was necessary to avoid
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Table 1. Comparison of the Packing Energies, Absolute Value in plasticity can arise as a result of low packing energies; in the
kcal mol~1, of Selected Cases . - : :
second case, ring mobility may be caused if the fitilgead

system CSD ref code PE()  PE (this work) and the ring-external environment interactions are both low.
anthracene ANTCEN 19.66 20.01 In both cases, a low density of the solid would assist the
°Va'e,”eb i« acid ?A\K/IAEI:EC’:\IS%)S 32844;79 g?g phenomena. These two properties are of particular interest
0O-aminobenzolc acl . . . . . .
p-aminobenzoic acid AMBNAC o5 67 10.83 be'cause app.llca.nons of rotaxanes and catenangs in materials
2,3-dimethyl-2,3- BECJEY 25.38 22.21 science applications and/or molecular level devices are both
dinitrobutane likely to depend on inducing movements in the interlocked
ﬁéi;ﬁﬁ’rg's?i_lbene GIMBOT 516r 46.45 components in the solid state. For example, a rotaxane displaying
n-octane OCTANE 14170 11.34 a'hlgh degree' of plgst|0|ty gould be.gsed for surfage patterning
n-hexadecane 22 19.35 with an AFM tip, while the ring mobility (e.g., shuttling) could
tetrahydrofuran-3,4-dione HYFURN waz 8.43 be exploited to create solid-state devices based on the variation
(2S5,39-tetrahydro- CORZAK 14-18& 12.40

of other properties (e.g., fluorescence) triggered by purely

3-acetoxy-5-oxo-2,3-furan- . .
mechanical motion.

dicarboxylic anhydride

fumaronitrile BISJIW 9-10 10.94 Initially, the simplest approach is to focus on the energy
phenanthridine PHENAT 1416 17.48 trends, some of which emerge clearly. Table 2 shows a summary

aSee ref 4aP See ref 4b¢ See ref 4cd See ref 4de See ref 4ef See of the molecular mechanics energies. The packing energies, PE,
ref 4f. range from 51.1 to 93.0 kcal mdl. Each PE contains three

contributions, that is, H-bonding;—x stacking, and other van

ambiguities caused by the definition of the position of the der Waals interactions. In quantitative terms, each one plays a
hydrogens (which are absent in X-ray structures). Comparison similar role, with ther—z stacking interactions usually giving
of the optimized structures with the X-ray structures showed the largest contribution. No direct correlation was found between
only minor changes in the position of the heavy atoms. PE and H-bonding and—x stacking energies, while a fair

For each of the minimized structures, the packing energy, correlation,r = 0.67, was obtained by fitting PE versus the
PE, was calculated together with the molecular van der Waals energy of other van der Waals interactions. Somewhat surpris-
surface Sy, volume,Vy, and Kitaigorodski packing coefficient,  ingly, the lack of a direct correlation between H-bond energy
Cx, that is, the ratio of the occupied to total volume of the cell. or z—x stack energy and PE indicates that there is no common
The atomic radii used to evalua&, Vm, andCy were taken mode of interaction which dominates the way these rotaxanes
from the work of Gavezzotti and co-workers on various organic interact within their crystals. In other words, the visual inspection
systemg. To provide a firm comparison with previous work, a  of the data shows that the stoppers, which can usually create
number of noninterlocked systems were treated with the samez—z stacking interactions, and the isophthalamide macrocycle,
procedure. These examples were selected for their similarity which can create both H-bonding anetr stacking interactions,
with fragments of the rotaxanes studied here and can becontribute to hold together the crystals using noncorrelated
described as fused ring aromatic hydrocarbons, disubstitutedamounts of the three different kinds of noncovalent forces.
benzenes, nitro derivatives, hydrocarbons, oxohydrocarbons, and  Attention was then given to the interactions of one of the
azahydrocarbons. On average, the discrepancy between previtwo mechanically connected units, the macrocycle, either with
ously reported values and the present ones is less than 10%the thread or within the crystal lattice. A good correlatiors
see Table 1. 0.87, was obtained by fitting the PE versus the interaction energy
of the macrocycle with its crystal environment. The propor-
tionality is important because it reduces the complexity of the

Overall 28 crystal structured {26, Figure 1) were considered considerations one has to make to understand the forces that
in the work, all of which are available in the Cambridge exist in the rotaxane solid-state structures. Interestingly, the
Crystallographic Database (the CCDC numbers are given in proportionality holds for each of the three energy components
Table 2). The large majority of the molecules (25) were mentioned above when the rotaxar@ystal and the macro-
rotaxanes. Three extra cases were included to make thecycle—environment energies are considered. The correlation

Computational Results

comparison more complete; the first was macrocykcléself, coefficients were (i) for the hydrogen bond energys 0.95,
the second was its interlocked dimer, the [2]catenanand (i) for the m—x stacking energyr = 0.82, and (iii) for the
the third was an example of a crystal structure of an uninter- other van der Waals energy contributioms= 0.92. Other
locked thread3. fittings of the various types of energy were attempted without

As a first step, we examined the solid-state structures to SuccessThe analysis of the molecular mechanics calculations

determine the correlation and interconnections that exist betweenshows that each component of the packing energy tends to scale
various physical quantities. In this we mainly follow, with some With the same component of the energy of interaction between
additions, the well-established approach of Gavezzotti and co-the macrocycle and its crystal gmonment.

workers? The data also offered the opportunity to evaluate  To establish the effects of mechanical interlocking, the
which rotaxanes may show “crystal plasticity” (i.e., retaining calculated energies must also be compared with those of other
the order induced through intermolecular packing, but distorting types of molecules (Figure 2). Figure 2a shows that this class
the original structure through mechanical perturbations) and/or of rotaxanes, for low packing coefficients, tends to pack with a
mobility of the macrocycle in the solid phase. Both these packing energy intermediate between those of low molecular
properties can appear if some of the noncovalent bonding weight organic compounds and protefQualitatively, it is the
interactions in the crystal are energetically low. In the first case, presence of multiple hydrogen bonds that makes loose packing
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Figure 1. Molecules1—26 investigated in this work.

Table 2. Noncovalent Inter- and Intramolecular Energy Contributions, Absolute Value in kcal mol~?, for the Crystal Structures?

molecule—crystal macrocycle-thread® macrocycle—crystal

system HB 74 vdw PE HB 74 vdw tot HB T vdw tot CCCD
1 29.7 8.5 12.5 50.7 157 384
2 19.9 135 20.5 53.9 25.4 8.1 19.3 52.8 9.9 6.8 10.3 27.0 160 504
3 16.0 10.6 22.0 48.6 160 651
4 11.6 334 18.8 63.8 14.7 7.7 12.6 35.0 9.0 17.7 7.4 34.1 101 367
5 20.5 39.6 14.8 74.9 14.6 6.9 10.6 32.2 14.4 185 8.4 41.3 161 350
6 1.9 37.6 25.6 65.1 17.8 10.6 16.9 45.3 1.2 17.4 15.4 34.0 161 351
7 12.1 35.7 13.6 61.4 14.4 9.8 12.7 36.9 10.1 16.4 6.7 33.2 161 352
8 19.0 41.9 31.3 92.2 15.2 8.8 12.5 36.5 14.6 18.0 10.2 42.8 160 505
9 5.8 35.8 16.8 58.3 13.6 11.0 155 40.1 5.8 19.1 8.1 33.0 -11m 321
10 3.1 33.2 19.5 55.8 18.8 8.1 16.5 43.4 15 17.3 11.0 29.8 147 201
11 0.0 34.5 26.0 60.5 18.9 9.6 19.1 47.6 0.0 18.4 14.5 32.9 101 368
12 16.1 31.5 31.3 77.0 13.9 10.0 13.6 37.6 9.4 16.5 12.4 38.3 101 369
13 115 34.1 47.4 93.0 18.7 10.8 17.0 46.5 3.7 17.8 29.1 50.6 101 370
14& 0.0 30.6 25.7 56.3 23.5 8.3 21.7 53.5 0.0 18.1 194 37.5157 383
(DMSO) 7.1 30.6 32.9 70.6 16.4 8.3 12.8 37.5 0.0 18.1 22.6 40.7
14k 0.0 43.7 19.4 63.1 27.4 7.4 31.6 66.4 0.0 23.2 6.2 29.4140 045
(DMF) 4.7 43.7 43.0 91.4 18.1 7.4 12.3 37.8 0.0 23.2 12.6 35.8
1l4c 24.0 36.2 43.0 79.0 9.2 7.9 9.4 26.4 17.0 16.7 14.0 47.7 160 650
(acetonitrile)
15 0.0 32.7 22.3 55.0 19.1 10.8 18.0 47.9 0.0 14.1 15.5 29.6 149673
16 8.7 36.7 134 58.8 9.8 11.0 19.8 40.6 8.7 17.2 5.7 31.6 149 672
17 19.5 28.8 21.8 70.1 9.6 8.0 9.0 26.6 16.9 15.3 7.8 40.0 140 046
18 6.1 33.7 29.2 69.0 10.7 8.5 11.7 30.9 4.5 21.2 185 44.2 160 506
19 111 36.4 4.5 51.1 4.8 9.1 15.3 29.1 111 16.5 3.4 31.0 146 020
20 29.1 22.6 20.2 71.8 7.5 6.7 9.7 23.9 22.6 11.5 9.3 43.4 157 381
21 7.8 12.7 58.0 78.4 9.7 5.1 15.8 30.6 7.8 9.6 33.6 51.0 127 612
22 8.0 29.6 18.3 55.8 24.4 9.5 12.0 46.0 5.0 14.8 10.7 30.5 161 353
23 7.8 26.7 39.5 74.0 21.7 115 15.9 49.2 7.8 13.5 19.8 41.1 160 507
24 6.5 32.8 175 56.8 151 7.2 16.7 39.0 6.5 17.7 8.1 32.3 160 649
25 12.4 33.0 12.8 58.1 8.9 9.1 215 39.5 12.4 14.3 8.5 35.2 160 648
26 28.7 27.4 34.3 90.4 9.4 9.4 17.0 35.8 175 11.8 19.3 48.6 157 380

a HB indicates the energy of hydrogen-bondingz indicates the energy of the-electron stacks; vdW indicates the energy of the remaining van der
Waals contributions; PE is the packing energyFor isophthalamide catenare these terms correspond to the macrocyetecrocycle intramolecular
interactions® For these rotaxanes, the first row (alics) gives the values for the “complex” formed by one rotaxane molecule and its nearest solvent
molecules, while the values in the second row refer to the rotaxane molecule alone. Both were included in the Supporting Information.

energetically very efficient. Significantly, the macrocycle, typical of low molecular weight organic compounds. The
its interlocked dimer2, and the threadB, fall inside the bracket ~ apparent difference between rotaxanes and the other small
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Figure 2. (a) Comparison of packing coefficients versus packing energies; (b) packing energies versus molecular surfaces; (c) packing energies versus
molecular volumes; (d) packing energies versus molecular weights; (e) packing energies versus the number of nonhydrogen atoms.

organic molecules of Figure 2a ceases to exist when one Gavezzotti and co-workefsthe properties were divided into
considers Figure 2be, where packing energies are plotted (i) size parameters, (ii) stoichiometry parameters, and (iii)
versus molecular surfaces, volumes, weights, and the numberpacking parameters. The size parameters Wérethe molecular
of nonhydrogen atoms. Extrapolation of the data for organic weight, Z,, the number of valence electror&,, the molecular
molecules smaller than the rotaxanes shows that their data aresurface V,,, the molecular volume, PE, the packing energy, and
located within the ideal bracket area generated by typical organic .., the number of nonhydrogen atoms.
molecules.Comparison with other small organic molecules
therefore emphasizes a prominent role in the packing of
intermolecular hydrogen bonding, but pies that many proper-
ties of benzylic amide macrocycle-containing rotaxanes tend
to have similar trends to those of noninterlocked molecules.
More quantitative correlations between the molecular me- (9) For organic compounds the Kitaigorodski index range is 0637, see:

. (a) Kitaigorodski, A. I.Molecular Crystals and MoleculesAcademic
chanics results and the molecular parameters can be attempted  Press: New York, 1973; p 167. For proteins the Kitaigorodski index range

The stoichiometry parameters weNg,,+/Nu, the ratio of the
number of nonhydrogen atoms over the number of hydrogen
atoms, S,on/Sy, the ratio of the surface of the nonhydrogen

H H H H ; is 0.40-0.60, see: (b) Crick, F. H. C.; Kendrew, J. L .Mol. Biol. 1968
following pr(_awous worRwith the pr|n0|p_al component_ analysis 33, 491-497. (c) Andersson, K. M.; Horiiller, S. Acta Crystallogr.200Q
(PCA). As in the case of the extensive work carried out by D56, 789-790.
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Table 3. Composition of the Factors in the Principal Component strongly interdependent that only a combination of five of them
Analysis® suffices to describe all the others. The first two descriptors, that
Eigenvalues 1 2 3 4 5 is, eigenvectors, are the plus and minus combinations of the
value 6.312 5.927 3.307 2.427 0.805  previously found size-related eigenvector with the hydrogen
% of variability 32 30 17 12 4 bond parametersThe description of size and H-bonds is
cumulative % 32 61 8 % o4 therefore intrinsically entangled he third eigenvector is similar
Vectors 1 2 3 4 5 to the packing terms dominated vector found for the hydrocar-
PE 0.15 027 —-0.16 029 —025 bons. The last two eigenvectors are the plus and minus
Emac-th -0.24 —-0.21 -0.27 combinations of the previously found stoichiometry-related
Emac-xt 0.16 031 -012 —0.38 eigenvector with hydrogen bond parametéfee description
E:E(imra) _8:% —016 :gjgg 8:21 of stoichiometry and H-bonding is therefore also intrinsically
Enp(inter) 0.36 0.14 0.11 entangled The entanglement arises on a statistical basis and
Enb(mac) 0.36 0.11 0.10 0.14 may have different individual origins; for instance, in the series
::Eﬂ) 8'22 g'ig 0.10 011 from 4 to 13 the structural variations do not modify the
Wm(z) ~0.19 0.29 ' 0.31 0.10 H-bonding groups but change either a stopper or a side chain
Z, —-0.23 0.32 0.12 of the thread. Increasing the size of a stopper decreases the
Sn —0.21 0.35 intermolecular H-bond capability (and therefore increases the
\,4’:0”'4 :8:3% 8:23 0.27 0.10 intramolecular one), while increasing the size of a side chain
Nion/Ni 0.10 —0.24 0.43 0.32 in the thread disrupts the possibility of intramolecular hydrogen
ShonH'SH —0.22 —-0.12 0.47 bonds (and therefore increases the possibility of intermolecular
VS 0.23 —-0.11 0.77 bonding).
D¢ —-0.10 0.45 0.32
Del —-0.10 0.49 0.17 The preferential mixing of hydrogen bond quantities with the
Cx 0.51 0.11 size and the stoichiometry parameters and the lack of an

equivalent mixing with the packing parameters suggest that
packing properties are not determined by H-bonding. This is a
surprising result in view of the low crystal density of this class
of rotaxanes which is readily ascribed to the presence of multiple
hydrogen bondsThe straightforward interpretation one can
offer is that intramolecular “saturation” of the H-bonds takes
precedence ger their use in the crystal assembly. In terms of
Only the bulk modulus at zero pressure and 60% of the a hypothetical hierarchy of phenomena, the establishment of

melting temperature was not included in the analysis since theseH'bonds intramolecularly IS physically of hlgher. Importance
values are not available for these molecules. As in the case ofthan the.actual crystal dgnsltg feature that one might attempt
hydrocarbongd the multidimensional space is reduced by PCA to exploit for crystal engineering.

to a three-dimensional space. The first component is dominated The principal component analysis gives a picture similar to
by the size parameters, while the other two are best describecthat obtained for other organic systems with the additional
as in-phase and out-of-phase combinations of packing andinference offered for the different roles of intra- and intermo-
stoichiometry parameters. This further indicates that, in many !ecular H-bonds. While it is highly satisfactory that only a few
senses, the crystal properties of interlocked systems do not differcomponents suffice to describe the packing of these materials,
from those of the standard systems. The presence of threading',fhe strong interconnection shown by the various parameters fails
however, creates a large number of hydrogen bonds that canin Providing a simple understanding of the “rules of the game”
be taken as its mark. A second PCA was then carried out with for the crystal structures of these compounds. Accordingly,
eight new parametersEnmac 1, the interaction energy macro- cluster analysis (CA) was then used to determine the existence
cycle-thread Emacx, the interaction energy of the macrocycle of partial correlation between subsets of rotaxanes, where the
with the rest of its environmenE, the total hydrogen bonding ~ PE scales with one or more of the quantities were used in the
energy Enn(nray the hydrogen bonding energy for the interaction PCA. The clusters were formed for five different properties,

a Coefficients<0.1 in absolute values have been omitted.

atoms over the surface of the hydrogen atoms, \&p&:, the
exposure ratio.

The packing parameters weldg, the densityDe;, the number
of electrons per unit volume in the cell, a@d the Kitaigorodski
packing coefficient.

between the macrocyc|e and the threﬁﬁi}(inter) the intermo- Table-4: (l) the intermol-ecular h)_/dl’ogen bond S-trength, WhiCh,
lecular hydrogen bonding energinmac) the intermolecular ~ Pursuing the analogy with proteins, is responsible for the low
hydrogen bonding energy of the macrocyaigyi) = Nhn(nterf crystal density; (2) the strength of interaction between the

Nhbintray the ratio of the inter- and intramolecular hydrogen Macrocycle and the thread, from which partly depends the
bonds, andhpz) = Nhbmac/Nhb(ntray the ratio of the inter- and possibility of motion of the macrocycle; (3) the strength of
intramolecular hydrogen bonds of the macrocycle. interaction between the macrocycle and the environment, which
The various types of energy strongly correlate with each other iS the second energy component from which depends the
as all the hydrogen-bond-related quantities do. The nearly block Possibility of motion of the macrocycle; (4) the crystal density,
matrix of the hydrocarboﬁgor the Size, Stoichiome’[ry, and whose low value would provide an environment for motion of
packing components is preserved. Table 3 shows the composithe macrocycle; and (5) the Kitaigorodski packing coefficient,
tion of the PCA matrix eigenvectors. The 20-dimensional space Which also has to be low for motion of the macrocycle to exist.
of the parameters reduces to a 5-dimensional space with only The exact ranges of values that bracket the clusters are shown
6% loss of information. This is similar to that found by Dunitz  for each of the five properties listed above in column 4 of Table
and Gavezzotti for hydrocarbof$The 20 quantities are so 4. In many cases, it was possible to obtain a further correlation

230 J. AM. CHEM. SOC. = VOL. 124, NO. 2, 2002



Mechanical Interlocking in Crystal Packing ARTICLES

Table 4. Cluster Analysis: The Rotaxanes Are Divided into Five Sets of Several Clusters of Differing Ranges of One of the Parameters
Studied?@

Enbinter) cluster rotaxanes property slope intercept r

0-3.1 1 6,10, 11, 14a, 14b, 15

5.8-16.1 2 4,7,9,12,13, 16, 18, 19, 21, 22, 23, 24, 25 Emac—xt 0.55 1.35 0.90

19-29.1 3 5, 8, 14c, 17, 20, 26 Emac-th 1.52 33.78 0.86
Ex—a(intra) 7.39 20.98 0.82

Ema&th

23.9-32.2 1 5, 14c, 17, 18, 19, 20, 21 Emac-xt 0.62 —-0.77 0.91

35.0-40.1 2 4,7,8,9,12, 24, 25, 26 Emac—xt 2.28 —18.42 0.94

43.4-66.4 3 6, 10, 11, 13, 14a, 14b, 15, 16, 22, 23 Emac—xt 1.59 8.46 0.91

Emac-xt

29.4-35.2 1 4,6,7,9,10, 11, 14b, 15, 16, 19, 22, 24, 25

37.5-44.2 2 5,8,12,14a,17, 18, 20, 24

47.7-51.0 3 13, 14c, 21, 26 Emac-th 1.03 —52.62 0.90

Dc¢

1.06-1.14 1 10, 13, 14ac, 16, 18, 21, 22, 23 Emacxt 1.28 17.90 0.89

1.17-1.30 2 4,5,6,7,8,9,12, 15,17, 19, 25, 26 Emac-xt 2.50 —23.04 0.91
Win 0.11 —55.99 0.76

Cxk

0.58-0.61 1 11, 13, 14ac, 22, 23 Emac—xt 1.47 11.99 0.89

0.63-0.65 2 7,8, 10,16, 18 Emacxt 1.74 4.12 0.81
I'hb(1) 22.53 33.25 0.84
Win 0.15 —96.95 0.89
NrnonH 2.59 —148.99 0.81

0.67-0.71 3 4,5,6,9,12,15,17,19, 21, 24, 25 Emac—xt 1.34 15.77 0.86

aThe nature and ranges for the parameter are given in column 1. In column 4, the property that correlates with the packing energy is given, and, in
column 7, the results of the linear regression are given.

within the cluster between the packing energy and the propertiesone can make predictions on a specific rotaxane using the
shown in column 4. For instance, in the first set of entries in knowledge of these data. The unusual degree of freedom that
the table, the rotaxanes divide into three clusters of increasingexists in these systems offers the opportunity aaf hoc
intermolecular hydrogen bonding strength. For medium H-bond investigations. To create mobility of the ring in the solid or on
strengths (5.816.1 kcal mot), the packing energy scales with  a surface, one requires weak inter- and intramolecular interac-
the energy of interaction between the macrocycle and its crystaltions and the possibility of “maneuvering” which, in general,
environment. This correlation had already been observed for jg provided by shape compatibility. Since all the molecules
the whole series; however, in this cluster, the valueinfreases  studied here have rather similar shapes, other parameters such
from 0.87 to 0.90. For large H-bond strengths, the packing as density must be considered. The ring mobility can be
energy correlates both with the energy of interaction of the instrumental for crystal plasticity which can be obtained partly
macrocycle with the thread and with the-x stacking energy.  through the rings motion. It can also be usser seto give
Where strong H-bonds can be formed, it is the interactions of gitchable polymorphic phases. Figure 3 shows 3-D plots of
the macrocycle that govern the packing energy. (a) density versus packing energy versus the sum of the
In the second set of entries of Table 4, three clusters form jnteraction energy of the macrocyeléhread and macrocycle
with respect to the energy of interaction between the macrocycle ¢rystal environment and (b) density versus interaction energy
and the thread. Within each cluster there is a further correlation ¢ o macrocycle thread versus the interaction energy of the
between the packing energy of the rotaxane and the energy Ofpacrocycle-crystal environment. A “compromise” for a low
interaction of the macrocycle and its external environment. This value of the three quantities exists; rotaxaadgcrystallized
indicates that these types of energiBsde-tn andEmac ) &€ {51 PMSO and DMF),15, 16, 18, 20, and 22 are the best

strongly re!ated as one would, perhaps, expect. . suited. Their threads are based on fumaramide, succinamide,
. In the third e;)ntry, clusrt]ers are alsol forrggd asa fur;Ct'Or,] of and various sulfur-based motifs. The fumaramide-based rotax-
the interaction between the macrocycle and its external environ-, o« 4 ang15 are particularly interesting in this respect, since

ment. Only when such an interaction is large, the packing eNergy y o can be prepared in hiah vietéiand are now being explored
correlates with the strength of the macrocydleread interac- by XFM tecﬁni gu es t(l) vei?ifyy;h eir potenti aIW ng exp

tion.
The density and the Kitaigorodski packing coefficient (last Testing the Prediction
two entries) also form clusters where there is further correlation
between the packing energy and a number of other parameters. The analysis of the calculations has focused on a few types
The already fair general correlation obtained for packing energy of rotaxanes that should be characterized by high solid-state
versus the macrocyctecrystal environment interactions,= mobility. We checked the existence of such high mobility by
0.87, tends to improve within each cluster. AFM for a candidate rotaxan&5, which appeared promising
The cluster analysis shows that, regardless of the parameterfrom the statistical studies, and compared it to its thread. In
considered, a prominent role is played in the packing energy fact,a priori this system intuitively appears unlikely to possess
by the interactions between the macrocycle and its crystal increased mobility in the rotaxane because the thread has no
ervironment. hydrogen bond donors and thus cannot form strong intermo-
The existence of general trends within this large family of lecular hydrogen bonds in the solid state by itself, whereas the
rotaxanes is rewarding. The question, however, arises whetherrotaxane has multiple sets of both hydrogen bond donors and
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Figure 3. (a) Density versus packing energy versus the sum of the interaction energy of the maertdugad and macrocyctecrystal environment; (b)
density versus interaction energy of the macrocytigead versus the interaction energy of the macroeyofgstal environment.

acceptors which can form both strong and directional inter- and
intramolecular H-bonds.

Figure 4 shows the morphology of a crystal of rotaxdse b
with terraces and well-defined angles {PQvhich indicates
growth oriented on thab plane of the monoclinic crystal. The
line profile (see Figure 4b) shows terrace steps which are integer
multiples of 1.0+ 0.1 nm. This distance matches the lattice
distance along the axis. The typical force used for imaging
the crystals in contact mode ranged between 0.5 and 0.8 nN.
Figure 4c and d shows the result of scanning a 500 nm by 500
nm area of the crystal surface by increasing the load force from
0.5 to 2 nN. The higher force modifies the top two layers within
the scanned area. Friction force microscopy reveals a strong
contrast of the modified area with respect to the rest of the
crystal. The root-mean-square roughness of the surface increase
from 0.704 nm outside to 1.32 nm inside the scratched area.

We repeated the experiment using the same cantilever on the
crystal of the thread of5 and adopting the same experimental
conditions (i.e., scan rate, duration of the maximum load force).
The unchanged quality of the tip was checked by acquiring
topography of the thread crystal. To obtain the same result, anigyre 4. (a) AFM topographical image (height range= 0—45 nm) of
increase in the load force from 0.5 to 14 nN is required. This rotaxanel5microcrystals obtained by deposition from an acetone solution
is nearly one order of magnitude higher than in the rotaxane. followed by annealing for 7 min in air at 420 K. Set point load force is 0.5

. . ) o . ] N. (b) Profile along the solid line shown in (a); the terraces have a step

This result confirms the theoretical prediction that interlocking height~1.0 & 0.1 nm. (c) AFM image (error signal) before and after (d)
with the macrocycle leads to higher mobility b5 in the solid surface patterning wita 2 nNload force.
state Although this mobility may be associated with either intra-
or intermolecular movement, the statistical treatment of rotaxane rotaxane building blocks may show mechanical movement in
crystal structures can clearly be used to predict which type of the solid state.

(b)
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Some Rules and Conclusions corroborated the predictions made for one of the rotaxanes,

This paper is ultimately about the comparative ability of showing that this system presents higher in-crystal mobility than
macrocyclel to bind to other molecules inside and outside its its thread. Such results are important for the selection of rotaxane

cavity. The conclusions one can gather, which are ultimately building blocks that could act as components for molecular

important for the future design of benzylic amide macrocycle- shuttles apd machines which would function as part of a solid-
containing rotaxanes that can shuttle and/or spin in the solid state device.
state, can be put in the form of some simple rules of thumb: Atomic Force Microscopy Experimental Procedure
(1) Compar!son of the rotaxane Cwstal structures V\{Ith other Films of both a promising candidate rotaxari®)(and its corre-
small organic moleculeg and proteins Sh(?WS a promlner?t role sponding thread were grown by drop-casting from acetone (Aldrich,
of the hydrogen b_ond In rotgxane packing. (2) Analysis of chromatography grade) solutions (0.4 mg/mL) onto highly oriented
molecular mechanics calculations shows that each of the threeppyrolitic graphite (HOPG) which was cleaved prior to drop casting.
energy components of the packing energy (H-bonez stack, To obtain molecular crystals, both rotaxane and thread films were
and other van der Waals) of the rotaxanes tends to scale withannealed for 7 min in air at 166120 °C. Both compounds form tiny
the same component of the energy of interaction between thecrystals with the shape of the rotaxane crystals being better defined.
macrocycle and its crystal environment. (3) The PCA showed An atomic force microscope operated in contact mode was used both
that many properties of the crystal structures of benzylic amide for imaging and for performing lithography with silicon oxide tips
macrocycle-containing rotaxanes tend to have trends similar to (Ultralevers, Thermomicroscope, USA) with 10 nm nominal radius of
those of noninterlocked small organic molecules. (4) The PCA gulr‘c’)ft;‘];exagj;e"\?/%‘;vers with a force constant equal to 0.24 N/m (min
showed that the description of molecular size and H-bonds is ™ ' ’
strongly interrelated. (5) The PCA showed that the description ~ Acknowledgment. We would like to thank the referees for
of stoichiometry and H-bonds is strongly interrelated. (6) encouraging us to experimentally check the prediction of higher
Formation of intramolecular hydrogen bonds in these carefully solid-state mobility for the fumaramide rotaxanes and Ricardo
designed rotaxane systems often takes precedence over theiGarca for useful discussions. This work was partly supported
use in the crystal assembly. Therefore, establishing intramo- by the TMR initiative of the European Union through contracts
lecular interactions is of higher importance than the crystal FMRX-CT96-0059 and FMRX-CT97-0097. F.Z. also acknowl-
density. (7) The cluster analysis shows that, regardless of theedges partial support from MURST project “Dispositivi Su-
parameter considered, a very prominent role is played in the pramolecolari” and the University of Bologna “Funds for
packing energy by the interactions between the macrocycle andselected research topics” initiative. D.A.L. is an EPSRC
its crystal environment. Advanced Research Fellow (AF/982324).

Apart from this set of simple rules, the present work further
shows that the key properties of low crystal packing density

and weak macrocycle interactions can co-exist and that by usin . : ; e .
4 y gnoncovalent interactions (PDF). This material is available free

the computational protocol partly developed here it is possible . )
to select a rotaxane where the presence of the macrocycleOf charge via the Internet at http://pubs.acs.org.

induces a higher mobility in the solid. AFM experiments JA0159362

Supporting Information Available: A table with the PCA
correlations matrix, plots of the correlation between some
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