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1. Introduction

Rotaxanes are molecular species consisting of one or more
rings and one or more axes, where the dissociation of a ring
from an axis is hindered by bulky groups (so-called stoppers)
at both ends of the axis.Rotaxanes are examples of
mechanically interlocked moleculés! Since the pioneering
work of Littringhaus’ Wassermafi Harrison? and Schilt-8
more than 30 years ago, interlocked compounds, such as
catenanes, rotaxanes, and krfotsave been of steadily
increasing interest, because they allow one to construct
functional molecular devices of high sophisticatiént* For
the sake of comprehensiveness, this review was limited to
rotaxanes, which are the most referenced class of interlocked
compounds.

Although they contain no covalent bond between axes and
rings, rotaxanes are stable entities, because a high free

activation energyAG;., has to be overcome to withdraw a
ring from the axis of a rotaxane (Figure 1). Like every other
molecular entity, rotaxanes can be covalently linked together
in many ways to create oligomeric or polymeric species,
called polyrotaxanes. Molecular entities with covalent link-
ages between the axes, between the rings, and between the
axes and the rings are already known. If the sum of the
numbers of rings and axes in a rotaxanes well-defined,
this number is given in square bracketsi-fotaxane. For
full nomenclature of rotaxanes, we refer the reader to recent
publicationst16

Threading of the axis through the ring is a necessary
requirement for the synthesis of a rotaxane. Rotaxane yields
are generally low in the absence of any specific interaction
between axis and ring. On the other hand, hagstest
interactions between axis and ring often lead to high rotaxane
yields. This so-called template methéd® has proven to
be very successful. Many complexes of organic cyclic host
compounds, such as doreacceptor complexg$?°2ltransi-
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Figure 1. Energy diagram for a [2]-rotaxane and its constituents:
E = end group.

Figure 2. Schematic drawing of cyclodextrins (CDs).

indeed been used for rotaxane synthesis, but cyclodextrin
inclusion compounds have been used most, because cyclo-
dextrins are readily available and can be functionalized in
well-defined ways.

Cyclodextrins (CDs) are 1+ 4 o-linked cyclic oligomers
of anhydroglucopyranosé: 33 Those CDs consisting of six,
seven, or eight glucose entities are called-, or y-CDs.
CDs assume a toroidal shape with the primary hydroxyl
groups at the narrow side and the secondary hydroxyl groups
at the wide side (Figure 2). CDs offer several advantages
compared to other ring molecules: CDs are readily available
in both high purities and large quantities. Furthermore, CDs
can be functionalized by a wide variety of synthetic
methods’34They are water-soluble and biocompatible. CDs
spontaneously incorporate guest molecules, a necessary
prerequisite for rotaxane formation. CDs are good candidates
for sophisticated drug delivery systems. Sensitive dye
molecules or molecular wires can also be protected against
decomposition by “rotaxanation” within CD cavities. As a
consequence, the importance of CD rotaxanes has signifi-
cantly increased within the last five years. CD rotaxanes have
developed from milligram lab curiosities to readily available
compounds providing very promising new applications.
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This review covers both synthesis and properties of CD Table 1. Minimum énternal Diameters dmin and Cross-Sectional
rotaxanes and pseudorotaxanes as published over the lag'€as Amin of CDs*

seven years. Work prior to 1998, including work on CD CD Ormin/A Anmin/A?
catenane®; has been summarized in the p#stThis topic «-CD 44 15

was also reviewed recently in part by Har&d& More B-CD 5.8 26

general overviews about interlocked structures of other rings, y-CD 7.4 43

for example, crown ethers, cucurbituril, and cyclic ureas,

have been provided by Stoddart and co-workefs. penetrate the cavity. They are preferably bound between two

Besides synthetic aspects, this review also addresses theps in a sandwichlike arrangement.
structural evidence for rotaxane structures. Ten years ago, it The spacial arrangements of CD inclusion compounds
was difficult to convince the scientific community that strongly depend on the polarity pattern of the guest. Guests
chain. In the meantime, threading has been proven unam-incjusion compounds of nonpolar guests, (B) inclusion

biguously by many authors using a great variety of physi- compounds of amphiphilic guests, and (C) axial inclusion
cochemical and theoretical methods. Rotaxane formation compounds of bola-amphiphiles.

requires an axis to penetrate through a CD ring, leading to

a so-called axial inclusion compound. General rules for the 2 2 Channel Inclusion Compounds

formation of axial CD inclusion compounds and their . i ) )
different constellations are described in the following. The !N CD channel inclusion compounds CD rings are piled
word “constellation” is used here in the figurative sense for UP to columns in a way that CD cavities are interconnected

the well-defined spacial arrangement of molecules. (Figure 4a)i° These columns are parallelly packed to form
crystals that are generally almost insoluble in water. CD

channel structures are formed, when guests are totally
hydrophobic or able to associate in one dimension, for
: ; example by hydrogen bonds. CD channel inclusion com-
2.1. General Considerations pounds are stabilized by intermolecular hydrogen bonds
The major driving forces of the formation of CD inclusion between CD hydroxyl groups. As primary hydroxyl groups
compounds are hydrophobic and van der Waals interactionsfit best to primary ones and secondary hydroxyl groups fit
between the inner surface of the CD ring and the hydrophobic best to secondary ones, a head-to-head and tail-to-tail
sites on the guedt. The higher the binding constars, of orientation of the CDs within a column (Figure 4a) should
a CD inclusion compound is, the better a guest fills out the be favored over a head-to-tail orientation. This is indeed the
CD cavity. Guests exhibiting strong dipole moments, for case for channel inclusion compoundgeED, but for those
example p-nitrophenol, are additionally bound by dipele of o-CD, both orientations exigf. These inclusion com-
dipole interactions because of the strong axial dipole momentpounds only dissolve in strongly polar organic solvents, such
of CDs# Charge-transfer interactions between CDs and as dimethyl sulfoxide, leading to dissociation into the free

2. Axial Cyclodextrin Inclusion Compounds

certain guest molecules were also discug8etlis difficult components. Therefore, solution spectroscopic methods such
to find a universal binding theory because the constellations as NMR spectroscopy only provide the stoichiometry of the
of CD inclusion compounds show a great variety. inclusion compound. The structure of channel inclusion

The formation of axial inclusion compounds is mainly compounds has to be investigated by solid-state methods such
governed by the thickness of the guest compared to theas wide-angle X-ray scattering (WAXS), IR, or solid-state
internal diameter of the CD. As shown by molecular NMR spectroscopy, CP-MAS-NMR. X-ray structure analysis
modeling studies, the guest experiences a bottleneck at thevas applied in those cases where single crystals could be
level of the H-5 hydrogens (Figure 3) invading the CD grown:®
cavity** The diameter of the hydrophobic part of the guest  o-CD forms head-to-head channel inclusion compounds
has to be less than the minimum diametgr to permit the with linear alkanes, for example;pentane and-hexane!’
formation of a stable axial inclusion compound. The values in which the guests are packed within the channeslin
of dmin are listed in Table 1. Guests thicker thdg, do not transconformations showing limited mobilit{.Valeric acid
also forms a channel inclusion compound witCD where
the guests dimerize via the carboxy groups by strong
hydrogen bond4’ On the other hand, thicker guests such as
p-fluorophenol and hydroquinone form head-to-tail channel
inclusion compound¥

(a) | CETTII GETTAIT FHIG: G, )
a-CD  eyelo[D-Glepa(1—4)]s Q D Q Cj Q
(D, T, G, ) ()
\ 2 i / ®) enesaeneeEne=
Figure 3. Schematic drawings of the shape of the CD torus, with Figure 4. Schematic drawings of different constellations of CD
cuts along the Gaxis: top, as calculated by Lichtenthaler et al. channel inclusion compounds: (a) simple head-to-head channel

(Reprinted with permission from ref 44. Copyright 1994 Elsevier inclusion compound; (b) double-stranded head-to-head channel
Ltd.); bottom, idealized drawings. inclusion compound.
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B-CD is much better suited to accommodate benzene used®® The kinetics of complex formation are generally
derivatives tharu-CD. Hydrophobic monosubstituted and ultrafast, as no steric barrier has to be overcéfrigne fast
p- or mdisubstituted benzene derivatives generally form orientational dynamics within CD inclusion compounds were
channel inclusion compounds. The X-ray structure of the 1:1 measured by time-resolved polarization spectroséapy.

inclusion compound ofert-butyltoluene ing-CD shows a Binding constantsKs, as well as binding enthalpies and
head-to-head channel packing. Likewise, tridecanoic acid entropies are obtainable from the concentration and temper-
forms a channel inclusion compound wihCD in which ature dependence of the degree of inclusion. The most

the alkyl chains are contorted to fill th&2CD cavity while reliable and accurate method is isothermal microcalorimetric
the carboxy groups are dimerized via hydrogen bofiffs. titration (ITC), which provides not only the binding constant,
y-CD is able to incorporate rather big guests such as 12- K, but also the binding enthalpy and entropy. Binding data
crown-4 within a channel structufé Furthermorey-CD is have already been extensively revieviel. The better the
already large enough to accommodate two rodlike guests,hydrophobic part of a guest fills the hydrophobic CD cavity,
e.g., diphenyl hexatriene, resulting in a double-stranded the higher is the value df..® Binding constants in water
channel inclusion compound (Figure 4b). Within these usually range between 4@nd 18 M. Sometimes even
channel structures, guests often show a brick pattern. Thesenigher values up to 20M~* have been observed, for instance,
special channel structures, called “nanotubes”, are morefor adamantane derivatives fjRCD.5” Hydrophilic substit-
stable than regular channel structures. Even in solutionuents at the guest diminish the binding constant, whereas
(solvent: water/DMF mixtures), the channel structure re- hydrophobic ones increase it, showing that hydrophobic and
mains intact in the form of columnar aggregates of ap- van der Waals interactions are the major driving forces for
proximately 30 CD rings filled by the guests. These columnar inclusion compound formatioff.In the case of oppositely
aggregates were investigated by S’fMnd dynamic fluo- charged hosts and guests, binding constants were additionally
rescence spectroscopyp’ Slightly differenty-CD nanotubes ~ enhanced by Coulomb interactioffs?
were formed by double-stranded inclusion of 2,5-diphenyl-  Only for guest molecules with long hydrophobic chains
oxazolé>56and polyconjugated Schiff bases, respectivély. was convincing evidence provided for a complete penetration
As these guests are partially hydrophilic, the packing of CD of a CD cavity. These inclusion compounds showed a 2:1
rings is more flexible and less dense within the one- stoichiometry (Figure 5¢%71
dimensional array. Consequently, these nanotubes are more As already described for channel inclusion compounds,
soluble in water. a-CD includes linear alkyl derivative®, while 5-CD ac-
Interestingly, empty native CDs do not crystallize in commodates benzene derivatives (Figure pa.D is able
channel structures but in a herringbone type of packing. to incorporate two guests (Figure 5b), for example, naph-
Therefore, CD channel inclusion compounds can easily be thalene?®’® phenothiaziné? or pyrené? derivatives. These
distinguished from native CDs by wide-angle X-ray diffrac- 2:1 inclusion compounds exhibit strong excimer fluorescence
tion. Volatile guests such as pentane were removed fromsignals because of the tight neighborship of the chro-
the channel inclusion compounds by heating to obtain mophores.
metastable empty CD channel structuteRecently, empty _ o
CD channels could also be obtained by simple precipitation 2.4. Inclusion of Bola-Amphiphiles
of CDs, but experimental conditions seem to be rather

delicates® Amphiphiles with two hydrophilic end groups are com-

monly called bola-amphiphiled.In fact, bola-amphiphiles
. __ can form 1:1, 2:1, and 1:2 inclusion compounds (Figure 6)
2.3. Inclusion of Amphiphiles like other guests. On the other hand, bola-amphiphiles show
Most publications about CD inclusion compounds are inclusion dynamics significantly different from those of
dealing with the inclusion of amphiphilic guests. In general, regular amphiphiles. Inclusion of bola-amphiphiles occurs
these inclusion compounds are water-soluble. While the much slower than inclusion of regular ones, because a
hydrophilic head group prefers to stay in an aqueous hydrophilic end group has to pass through the hydrophobic
environment, the hydrophobic tail is included in the CD CD cavity anyway. The penetration of the hydrophilic end
cavity (Figure 5). Repulsive forces between head groups 9roup requires a considerable amount of activation energy,
prevent further aggregation of the inclusion compounds to due to steric repulsion and desolvation work. Consequently,
columnar assemblies. the guest remains within the cavity for a noticeably long
The water solubility of these inclusion compounds enables time. Therefore, NMR signals are not averaged, as observed
detection of complex formation in solution by spectroscopic for inclusion compounds of regular amphiphiles, but split
methods, such as NMR, UV, fluorescence, or circular  into distinct signals of the free and associated CD and guest
dichroism spectroscopy, as well as by thermodynamic Molecules (Figure 757" The amount of complex formation
methods, e.g., microcalorimetfyor densitys:62 or by is obtained conveniently from the integrals of these separate
solubility measurements. Likewise, mass spectrometry was 'H NMR signals. The nuclear Overhauser effect (NOE)
between protons of CD and guest is rather strong due to the
(@) (b) (©) long residence time of the guest within the €D.

—J % S @ ®) ©
Figure 5. Schematic drawings of possible inclusion compound
C(I)%Létellations of ampl)hiphil\i/(\éI ggests (F;]ydrlopholbicl:)f;rts of thep glljests Q

are marked in dark gray, and hydrophilic parts, in light gray): (a) Figure 6. Schematic drawings of CD inclusion compounds of bola-
1:1; (b) 1:2; (c) 2:1 stoichiometry of CD/guest. amphiphiles: (a) 1:1; (b) 2:1; and (c) 1:2 stoichiometry.



786 Chemical Reviews, 2006, Vol. 106, No. 3 Wenz et al.

o-CD was observed for a bola-amphiphile equipped with
two different bulky end groups.-CD preferentially threads
onto the smaller end group with its wider secondary side
first.81.82

Inclusion compounds of bola-amphiphiles with quarternary
ammonium end groups are nearly as stable as rotaxanes. This
raises the questionAre they rotaxanes? It is still under
discussior¥® We decided on not classifying them as rotaxanes
as they are not really stable compounds, but supramolecular

structures. A free activation energy of dissociatidG.,

of more than 5RT should be required for a rotaxane to

guarantee a lifetime of more than several years. Isolatable

supramolecular structuréstabilized by less than B are

31 30 ppm 515 510 505 ppm herein called pseudorotaxartés.

Figure 7. Partial'H NMR spectra of a BO solution of 1 equiv of Bola-amphiphiles derived from hydrophobic spacers other

NH3"—(CH,)12—NHsz* and 1.7 equiv ofx-CD at various temper-  than linear alkyl chains were also included in CDs. The

e s e o By aament oo HL oM azo dye congo ed was treaded througD.”

a-me (b, - ey ; . : - - ;

of a-CDy. Rep?integ with pergmission fror% ref 77. CopyFr)ight 2002 4'4'B'S.(N'N'd'methylam'nomethylggt”bene is axially in-

American Chemical Society. cluded ina-CD (1:1) andy-CD (2:1) The 2,6-disubstituted
naphthalene dye PRODAN forms axial 1:1 inclusion com-

348 K

338K

e
e
i

T2

298 K

Table 2. Kinetic and Thermodynamic Data for the Dissociation plexes with3-CD and 2:1 complexes (Figure 6b) withCD.
of Axial Inclusion Compounds of Bola-Amphiphiles Inclusion was well detectable by fluorescence spectroscopy
E~(CHz)—E in Aqueous a-CD Solution at Room Temperature due to the strong solvatochromism of this dy&ogether
endgroupE  n mip  AGLJRT AHLJRT AG5JRT ref naphthalene-2,6-dicarboxylate and 2,6-bispyridinomethyl-
coo- 12 1s 20.8 20.5 87 76 naphthalene for_m a very.stable ternary inclqsion com_pound
NH3* 10 0.25s 28.4 7.7 77 with y-CD. This inclusion compound gains additional
g“és,\*l i 11% 1-335 _ gg-}l a7 s 86-98 7876 stabilization from attractive Coulomb forces between the two
-CN—pyridinium .3 min . . .
NMesz* 10 8h 40.1 36.5 80 87 complementary guests.
1.8h 38.4 74 88

3. Synthesis of CD [2]-Rotaxanes and

AAGS,, = free energy of dissociationAH, and AG = [3]-Rotaxanes

activation enthalpy and free activation energy (Eyring’s free energy)
of dissociation;zy, = half-life of the supramolecular structure. . .
3.1. General Considerations

Those bola-amphiphiles which contain a linear alkyl chain - there are two different approaches currently available for
were mainly investigated. The thermodynar_n_lc stabilities he synthesis of CD rotaxanes, depicted in Figure 8. CD
scarcely depend on the nature of the hydrophilic end groups,qiaxanes are generally synthesized by methiod attaching
of these bolas (Table 2) but strongly increase with the Iength bulky substituents (so-called stoppers) to both ends of an
of the alkyl chain. Charged end groups prefer to stay outside jnc|;ded axis molecule, the so-called “threading” approach
the CD cavity. They even seem to exert some repulsive force(Figure 8a).%6 The coupling reaction of the stoppers to the
on the CD ring. This explains why short bolas (for example, {readed axis is termed the “rotaxanation reaction” (Figure
NHs"—(CHp)s—NHs") are not complexed at all hy-CD,"” 8a). CD rotaxanes are also synthesized by methdaly
whereas very long bolas, e.g., Nbe-(CH),,—NMes', are  hreading a CD ring over a dumbbell, calied “slippage”
able to take up two CD rings, as shown in Flgure7%p. (Figure 8b), which mostly leads to pseudorotaxdp@e3 993

The inclusion dynamics strongly depend on the size and p third, hypothetical method, called “clipping®would be
the charge number ofithe end groups (Table 1). Both the 4 ring closure of an acyclic maltooligosaccharide around a
activation enthalpyAHgss and the free activation energy, dumbbell. The “clipping” approach has not been put in
AG{,, are similar within the experimental error (Table 2), practice yet and, as a matter of fact, does not sound very
which means that entropic effects are neglectable. Kinetics promising at all for the synthesis of CD rotaxanes. Interaction
are mainly controlled by steric hindrance. Amino end groups between the acyclic oligomer and the dumbbell would be
are small enough to provide a fast exchange between
complexed and uncomplexed guests, whereas ammonium
groups already lead to a slow exchange at room temperature.

The guest NH"—(CH,);,—NH3*" already remains for seconds

within the cavity, while the exchange becomes more rapid - %
at higher temperatures (Figure 7 and Tablé’Z)he larger

trimethylammonium groups cause such a high steric hin- @ )” (b)”
drance fora-CD that the half-lifery, of the complex reaches !

several hours (Table 2). Even longer complexation times

were observed for bolas with 4;Bipyridinyl end group$® @

On the other hand, if the larggrCD ring was threaded on J%. Al {m%
a bis-trimethylammonium bola-amphiphile, rapid exchange (az)

was observed on the NMR time scéfeshowing again that Figure 8. Reaction scheme for the synthesis of Gfpiotaxanes:
inclusion kinetics are mainly determined by steric effects. (a) by threading; (g by rotaxanation; (b) by slippage. £ end
Recently, kinetically controlled undirectional threading of group.
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too weak, and cyclizations leading to CDs suffer from low to provide the corresponding [2]-rotaxanes in—4B%
yields?* Clipping might rather be the favorite approach for yields. Methylated CDs, hexakis(2,3,6-@Hmethyl)-a-CD
rotaxane synthesis from those cyclic oligosacchaffdes and hexakis(2,6-dB-methyl)-w-CD, were used as ring
different from CDs. components because their inclusion compounds are more

Synthesis of CD rotaxanes according to the threading water-soluble than those of-CD. Since the resulting
approach is not as simple as it may look at first glance. rotaxanes are insoluble in water but soluble in organic
Several requirements have to be met for a high yield rotaxanesolvents, they could easily be isolat®8lThe same stopper
synthesis: (a) The axis molecule has to form a stable axialwas used for the synthesis of oth@fCD rotaxanes with
inclusion compound with the CD. (b) The axis has to be longer axe¥*and for those with stilbene ax@s°%Amino
long enough to outreach the CD cavity in order to allow the groups were also coupled to stoppers functionalized with
attachment of stoppers. (c) The inclusion compound of the chlorotriazine to furnish azobenzene rotaxalfé3he azo
axis has to be soluble. (d) The solvent should not causecoupling of terminal diazonium groups and electron rich
dissociation. Since the inclusion is mainly driven by hydro- aromatic stoppers leads to [2]- and [3]-rotaxaBesd3 in
phobic interactions, only water and, to some extent, other moderate (9% and 12%) yield#:10¢
highly polar solvents, such as dimethyl sulfoxide and Besides the described coupling reactions of nitrogen
dimethyl formamide, are applicable. (e) The rotaxanation nucleophiles, transition metal catalyzed C bond formation
reaction should provide high vyields within the solvent is also useful for rotaxanation. While Cu-catalyzed Glaser
necessary for threading. (f) Both stopper and rotaxane shouldcoupling was tested unsuccessfully for the synthesis of CD
be soluble in this solvent to allow homogeneous reaction rotaxanes? Pd-catalyzed Suzuki coupling of bola-shaped
conditions. (g) The stopper should be large enough to preventa,w-bisboronic esters of biphenyl, stilbene, and tolane (1,2-
dethreading. (h) The resulting rotaxane should be isolable diphenylethyne) with water-soluble aromatic iodides gave
from the reaction mixture. rise to [2]-rotaxanes in high yield&’ Pd(OAc), having little

As a consequence of these requirements, coupling reactionsteric demand, was used as the catalyst. 5-lodoisophthalic
with high steric demand and those needing inert anhydrousacid was more suitable as a stopper than the larger 1-iodo-
conditions have to be avoided. Bola-amphiphiles are bestnaphthalene-3,6-disulfonate, possibly because of steric rea-
suited as axis molecules for stability and solubility reasons. sons. Thex-CD rotaxane (Figure 9) with isophthalic acid
In addition, hydrophobic stoppers can cause solubility stoppers was synthesized in an excellent yield of 73%.
problems and high reaction temperatures may lead to The same strategy also furnished €D divinylbenzene
dissociation of the axial inclusion compound, both aspects rotaxane5 (Figure 9) in 46% yield® On the other hand,
unfavorable for rotaxane formation. The polarities and the isophthalic acid stopper was too small to preye@D
solubilities of CDs and stoppers should differ enough from from dethreading. Therefore, the larger naphthalene-3,6-
each other to allow the separation of the rotaxane from free disulfonate stopper was necessary to crga@D rotaxanes
CD and the free dumbbell by chromatography or precipita- by Suzuki coupling®’ The classical aldol type condensation

tion. of an aldehyde with a CH-acidic 4-methylpyridinium deriva-
tive also furnished a rotaxane of a cyanin dye in low yield
3.2. Rotaxanation Reactions (6%) 1044

Coupling reactions of terminal amino groups are quite 3 3 giyctyral Evidence for Rotaxane Formation
useful for the synthesis of CD rotaxanes. Bola-amphiphiles

with amino end groups are well suited if the length of the ~ The only unambiguous proof for the formation of a
hydrophobic spacer exceeds 1.0 nm (8 bond lengths). In therotaxane is a highly resolved X-ray structure. This method
year 1981, Ogino reported the first synthesis of a CD requires suitable rotaxane crystals, which are only seldom
rotaxane in 19% yield by coupling bulky bis(ethylenediami- available. The only X-ray structures available thus far are
ne)cobalt(lll) complexes to 1,10-diaminodecane threaded those of the rotaxanek'®? 4,7 and 5! (Figure 9), which
througha-CD in DMSO solution. The rotaxane was isolated show that the diameter of the stopper only needs to be a
by size exclusion chromatography over Sephadeater, little bigger than the diameter of the CD cavity to guarantee
coordination of terminal nitrogen ligands to transition metals, stability of the rotaxane.
for example, coordination of pyridine, pyrazine, or nitrile Mass spectrometry (MS) indeed provides some fast and
ligands to [Fe(CNJOH,]®~, was also used for high yield straightforward evidence for the existence of [2]- or [3]-ro-
synthesis of rotaxanes in aqueous soluffeii:®” A major taxanes, but conclusions have to be drawn with g2
drawback of the use of iron complexes in rotaxane synthesisThe absence of the molecular ion of the rotaxane does not
is their insufficient long-term stability. Addition of competi- necessarily imply that no rotaxane was formed, because other
tive ligands such as DMSO to such rotaxanes already causegonstituents, such as salts, might prevent evaporation of the
their cleavage. Coordination of Ruby N-heterocycles leads  rotaxane. Conversely, the detection of the molecular ion does
to more stable rotaxanes, as these complexes are kineticallynot sufficiently prove the existence of a rotaxane, as both
inert® The Cd" complex cobalamin (vitamin B) reacts rotaxane and an aggregate of a ring and a dumbbell cannot
with 1,12-dibromododecane in a displacement reaction underbe distinguished by MS. Control experiments have to be
formation of stable CeC bonds. When this coupling performed to distinguish aggregates from the rotaxane. The
reaction was carried out in the presencexe€D, a stable absence of any exchange of constituents of a rotaxane,
rotaxane with bulky cobalamine stoppers was formed in 50% especially at elevated temperatures, gives proof of its
yield.®® stabilty 113

Terminal amino groups of bola-amphiphiles were also NMR spectroscopy provides some direct evidence for
coupled to stoppers via-€N bonds. Thus, 1,12-diamin- rotaxanation, if the signals of the axis atoms are doubled
ododecane complexed by methylatedCDs was reacted due to the asymmetry of the surrounding CD rifigThe
with 2,4,6-trinitrobenzenesulfonic acid in aqueous solution nuclear Overhauser effect (NOE), especially between the
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Figure 9. Selected CD rotaxanes. (X-ray structureSofeprinted with permission from ref 107. Copyright 2001 The Royal Society of
Chemistry.)

internal protons C3H and C5-H of CD and the protons  because the CD environment remains permanently around
of the axis, is indicative for rotaxane formation as well the guest. The CD environment can reduce thermal deactiva-
(Figure 10)t02103114|f the CD ring can move along the tion of the excited state of a dye molecule, which leads to
rotaxane axis, its favorite place at the axis can be localized improved fluorescence quantum yiel8%'1°n addition, dyes
by an NOE. No NMR method is able to distinguish rotaxanes can be chemically stabilized, because the surrounding CD
from pseudorotaxanes. A temperature program has to be rurring shields the excited dye against attack by other molecules.
up to at least 80C to demonstrate the stability of a rotaxane. Consequently, photobleaching can be strongly retarded by
CD inclusiont94110.115116These shielding effects can be
4. Functions of CD Inclusion Compounds and applied to i_mprove both quz_mtum_yie!ds and stabilities of
Rotaxanes Iasgr dyes in agueous solutitri.Shielding by CD rotaxa-
nation also has facilitated electron transfer between Fe and
4.1. Shielding of the Guest Ru complexes via an interruptedelectron systerff
CD rotaxanation of dyes was used to fix those at surfaces
A guest molecule within a CD cavity experiences a well- within color image processé¥ a-CD encapsulation of azo
defined unreactive nonpolar environment. This effect is more sensitizer dyes was employed to attach the dye to a
pronounced in rotaxanes than in inclusion compounds, nanocrystalline Ti@ film via the adsorption of the CD
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Figure 10. ROESY—NMR spectrum of thex-CD [2]-rotaxanelb. Reprinted with permission from ref 102. Copyright 2003 Wiley-VCH.

hydroxyl groups and to stabilize the charge-separated excited 8-rim
state of the dye. The charge recombination half-life was e =
increased by CD rotaxanation from 0.3 to 4u8. The Na04 g fck D £
hydrophobic inner cavity of CD seems to be a barrier for {%}—Q Pardhs
charge recombinatio®® Slow charge recombinations and  wso

the absence of side reactions are requirements for the creatiol

of highly efficient light harvesting systems. Therefore, CD
rotaxanes of dyes are good candidates for solar energy ‘Q»

.
%y

utilization11° X
Shielding by CDs also applies for reactions other than ‘J%g
photoreactions. For example, stilbenes are prone to addition 5 .’»zo
reactions on the double bond. Rotaxanation by CD can 1 -”0 »
protect a stilbene moiety against the attack of reagents sucl ‘. H4
as dimethyl dioxirane that would otherwise immediately react G Ay oyciodexiin
to form stilbene epoxide¥’ In this case, the CD ring acts ! ’
like a protective group. Shielding by trimethylateeCD also Figure 11. Photoswitchable stilbene rotaxaseand localization

dramatically enhanced the stability of an azobenzene dyeof the ring by NOE measurements. Strengths of the NOEs are given

i i ithi 15 by the heights of the columns. (Reprinted with permission from
toward chemical bleaching, for example, by dithiortfte! ref 121. Copyright 2002 Wiley-VCH.)

4.2. Improvement of Switching Processes A similar stilbene rotaxane, published recently by Waiig,
Molecules that reversibly change their properties due to showed an even more extensive light-induced shuttling than
external stimuli such as light, magnetic field, or pH changes the previous example. Shuttling was accompanied by a 50%
are called molecular switché®. The incorporation of a  change of fluorescence intensity. The ability to shuttle was
molecular switch within a rotaxane might be advantageous switched on and off by pH variation. At pH 9, shuttling
in two respects. First of all, rotaxanation might reduce was locked due to strong hydrogen bonds between the
undesirable side reactions. This protective effect leads to aisophthalate stopper and the CD hydroxyl groups. Photo-
much better repeatability of the switching process. Secondly, isomerization was therefore inhibited. On the other hand, at
rotaxanation can amplify changes in physical or chemical pH > 9 both shuttling and photoiomerization were allowed,
properties triggered by a switching process. Some exampleshecause the isophthalate groups and some secondary CD
for both effects will be given in the following. hydroxyl groups become deprotonated. The charge repulsion
Photochemically inducedrans — cis isomerization of of the resulting anions seems to facilitate shuttling of the
stilbene [2]-rotaxanes causes shuttling of the CD ring along ring.*??
the axis. This shuttling was unidirectional according to NOE ~ Nakashima et al?® assembled the first photoswitchable
measurements, possibly because the secondary side of C@zobenzene pseudorotaxane by slippage-6fD onto an
draws closer to the isophthalic acid stopper (Figure 11). If azobenzene bola-amphiphile with 4pBlpyridinium end
the axis is too short for a shuttling of the ring, photoisomer- groups. It showed full reversibility of the switching process
ization becomes completely inhibited due to the enlacementaccompanied by a significant color change (photochromism).
caused by the rigid CEP? The color change was used to read the information of the
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5. Daisy Chains: Rotaxanes from Conjugates of
CDs and Axes

If an axis is covalently linked to a ring, the resulting
conjugate becomes self-complementary and it resembles a
hermaphrodite. Such conjugates can form several types of
inclusion compounds, which can be transformed to different
types of rotaxanes (Figure 13). In the simplest case, the
conjugate can be included by itself. Attachment of a stopper
furnishes an intramolecular rotaxane, called a [1]-rotaxane
(Figure 13a). Two conjugates can stick together to form a
cyclic dimer, which can be stabilized by the attachment of

430 nm X /
]

- - z
-l - ".r ;\\‘
Fs20 Faos

L M S

two stoppers to form cyclic [2]-rotaxanes. Cyclic [3]-rotax-
anes can also be synthesized in an analogous way (Figure
13b and c)?° Polymeric inclusion compounds are formed
by self-organization of many conjugates, and subsequent
attachment of stoppers leads to a special type of polyrotax-
anes, so-calleddaisy chain polyrotaxanégFigure 13d)!°

The first CD [1]-rotaxane?, was synthesized starting from
a CD [2]-rotaxane by fixing a covalent linkage between the
F stilbene axis and the-CD ring (Figure 14}.*4 Despite this
linkage, the ring is still able to rotate around the axis. A
bulky substituent, R, at the axis can stop the rotation of the
ring like a pawl. This blockade of the rotation was proven
by ROESY/NOESY/TOCSY NMR spectroscopy. Hindered
rotation leads to six different glucose units pe€D. Those
glucose units oriented in parallel to a benzene ring show

o (Ke

430 nm
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Figure 12. Changes in the fluorescence of an azobenzene rotaxane
(Fsgs = emission at 395 nmks, = emission at 520 nm) along
with irradiation time. Light sources of 360 and 430 nm were
alternated every 2 min. (Reprinted with permission from ref 124.
Copyright 2004 American Chemical Society.)
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state of the switch?® An even more sophisticated photo-
switchable azobenzene rotaxafigwas constructed by Tian

et al’?* Two different fluorescent stoppers, emitting at 520
and 395 nm, respectively, were attached to the azobenzene
axis. Unidirectional shuttling of the CD ring was triggered ©)
by photoinducedrans— cis isomerization. Due to this CD
shuttling, the 395 nm fluorophore becomes patrtially included,
leading to a 25% increase of its fluorescence. Simultaneously,
the fluorescence of the deshielded 520 nm fluorophore drops
by 45%. Switching was highly reversible and rapid. The state
of the rotaxane was readable from the fluorescence intensities

(Figure 12). In contrast to this finding, the free dumbbell (@
did not show any changes of fluorescence intensities upon
irradiation.

Consequently, rotaxanation indeed leads to an amplifica- Figure 13. Daisy chain inclusion compounds and rotaxanes=(E
tion of the switching effect and an improvement of its €Nd group): (a) cyclic monomer ([1]-rotaxane); (b) cyclic dimer
e . . .. ([2]-rotaxane); (c) cyclic trimer ([3]-rotaxane); (d) polymer (daisy
repeatability. Such switchable photochromic rotaxanes might ¢ 2in polyrotaxane).
find interesting applications as high-density data storage
materials, such as for rewritable DVDs. Storage density o)
would only be limited by the diameters of the light beams NH
necessary for the recording and reading processes. With NO,
optical near field microscopy, this diameter might be as small Q
as 50 nm. In addition, high storage densities can be achieved o O2N
by 3D recording?>'26 The highest resolutions achievable OoN- N Q \
right now are those with blue laser diodes (405 Af). O NH  NO;
Rotaxanation in CDs can improve not only photoswitching NO
but also electroswitching. A cyanine dye, incorporated in a
CD rotaxane, showed a much better reversibility of electro-
chemical oxidation and reductiéit Electrical switching of
rotaxane dyes is applicable for the construction of color Figure 14. Schematic representation of restricted rotational motion
displays showing excellent visibility8 in CD [1]-rotaxane7.114

O,N 7
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Figure 15. Dimeric [2]-rotaxane8. (Reprinted with permission
from ref 131. Copyright 2000 The Royal Society of Chemistry).

NMR signals shifted downfield due to the anisotropy effect
of the aromatic ring currert?

The first dimeric [2]-rotaxaned, from ano-CD conjugate
was synthesized by Fujimoto et al. Azo coupling of
2-naphthol-3,6-disulfonate stoppers to the dimeric cyclic
inclusion compound of a permethgtCD-azobenzene di-
azonium salt furnished the [2]-rotaxane in 84% vyield (Figure
15)31 Only the trans isomer of the a-CD-azobenzene
conjugate formed a cyclic dimer. Photochemitains —
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water-soluble, because their alternating sequence is unsuitable
for crystallization. These very interesting supramolecular
polymers resemble biological systems, such as microtubules,
which are formed by alternating associatiorosfubulin and
B-tubulin 137

Another amine-cinnamoyl conjugate of3-CD forms
dimeric daisy chain inclusion compounds. Cinnamoyl guests
were removed from thg-CD cavities by the stronger guest
1l-adamantanecarboxylic acid. Afterward the expelled cin-
namoyl groups were complexed byCD rings and stoppered
at their amino termini by trinitrobenzene sulfonate. The
resulting asymmetric [2]-rotaxane self-organizes to a su-
pramolecular polymer, in which the trinitrophenyl stoppers
are complexed by thg-CD rings (Figure 17}3®

6. CD Pseudopolyrotaxanes

6.1. General Considerations
The possibility to covalently link many axes to various

cisisomerization caused its dissociation. Thus, the formation polymers gives rise to a great variety of supramolecular
of the dimer could be switched on and off repeatedly by structures with CDs. Both linear and branched polymers are
light.132 An analogous [2]-rotaxane was synthesized by the known to be complexed by CDs. We shall focus on the
attachment of 2,4,6-trinitrobenzene stoppers to a dimeric inclusion of linear polymers first, since this type of self-

inclusion compound of 4;4aminostilbenyle-CD in 64%
yield. The structure was proven by ROES¥.

The conjugate ofi-CD and 4-aminocinnamic acid spon-
taneously forms mainly trimeric cyclic inclusion compounds
which could be blocked with 2,4,6-trinitrobenzene sulfonic
acid to form the first cyclic CD [3]-rotaxane, a trimeric daisy
cycle, according to Figure 13c, in 38% vyield. Structural
evidence was provided by ROESY and MALDI TOF mass
spectrometry3*

Polymeric inclusion compounds, according to Figure 13d,

organization has been investigated most intensively. Com-
plexation of branched polymers will be discussed at the end
of this section.

A linear CD pseudopolyrotaxane is formed in general by
threading many CD rings onto a polymer chain (Figure
18a)%°However, monomeric axial CD inclusion compounds
can also be polymerized (Figure 18b). Recently,’-4,4
bipyridine complexed i8-CD was claimed to be polycon-
densated by coordination to Niions!#° Inclusion prior to
polymerization is hampered by the fact that inclusion and

are dominating, as long as conjugated axes are rather stiff.polymerization conditions rarely match. CD inclusion needs

Thus, cinnamoyk-CD forms water-soluble oligomeric
inclusion compounds. CinnamogtCD forms insoluble

aqueous or at least highly polar media, whereas polycon-
densations often require inert conditions. Only low threading

polymeric ones. The degree of association can be reducedyields were found, when polyamides were synthesized in the

by addition of competitive guests such g$odoaniline or
adamantane-1-carboxylic acitf. a-CD with a p-tert-but-
oxyaminocinnamoylamino group at the 3-position forms a

presence off-CD by interfacial polycondensation of di-
amines and diacid chloridég
One interesting alternative is the polymerization in the

helical supramolecular polymer consisting of more than 15 solid state. Monomers could be included in CD channel

repeat unit$3®

If a guest foro-CD (such as a cinnamoyl group) is
conjugated tos-CD and a guest fop-CD (such as an
adamantanyl residue) is conjugated aeCD, little self-

structures and polymerized within the channel. Dissociation
of the inclusion compound during the course of the polym-
erization was excluded this way. Polyamides were formed
by polycondensation oft,w-aminocarboxylic acids within

complexation to monomeric or dimeric daisy chains ocurrs a-CD channels, leading to low degrees of polymerization
for each conjugate, because of the miss-fits of hosts and(~10) because the necessary polycondensation temperature
guests. In contrast, a 1:1 mixture of both heteroconjugates(180 °C) was close to the decomposition temperature of
spontaneously associates to alternating polymeric inclusiona-CD (~200 °C).*42143Recently, styrene was also claimed

compounds (Figure 16). These inclusion compounds areto be polymerized withiry-CD channeld#4

Figure 16. Alternatinga- andf-CD supramolecular polymer. (Reprinted with permission from ref 137. Copyright 2004 American Chemical

Society.)



792 Chemical Reviews, 2006, Vol. 106, No. 3 Wenz et al.

Figure 17. Schematic structure of a supramolecular [2]-rotaxane polymer consisting of cinnamoyl-conjéigaiedyellow) anda-CD
(blue). Trinitrophenyl stoppers are depicted as green spheres. (Reprinted with permission from ref 138. Copyright 2005 American Chemical

Society.)
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Figure 19. Schematic drawing of pseudopolyrotaxanes: (a) single

stranded; (b) double-stranded.=Eend group.
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Threading polymers with CD rings has proven to be the Figure 20. Schematic drawing of pseudopolyrotaxanes: (a)
more versatile and more successful approach to obtain lineachannel type; (b) poly(bola-amphipile) type.
CD polyrotaxanes. A great variety of polymers, most of them . . .
commercially available, have successfully been included in &tion will occur. So, polyggggtylene is complexedjpD
the appropriate CDs, as discussed below. The length of thePUt not bya- and 5-CDs:=*
polymer thread determines the length of the pseudopolyro- There is a good correlation between the cross-sectional
taxane. Polymers with narrow molecular weight distributions areas of CD cavities and the cross-sectional areas of the
are available for the assembly of well-defined inclusion Polymers:*We tried to quantify the space-filling of the CD
compounds. In principle, sequential information can be stored cavity by the introduction of the space-filling quotiebt=
by subsequent threading of different CD rings. ApolAco With the cross-sectional areas of CBgp (Table

Threading of polymers by CDs is often applicable, but 1), and the polymeriq (Table 3)* Cross-sectional areas
how to predict whether a polymer forms an inclusion Of polymers,Ayq, are obtainable from structural data of the
compound with a certain CD or not remains a difficult task. Polymers in bulk“® They can also be empirically estimated
The task is complex, because inclusion is both thermody- from the polymer structure by addition of incremettsaAs
namically and kinetically controlled. the space-filling coefficientp, listed in Table 3, ranges well

Inclusion of a po|ymer genera”y requires a h|gh|y negative between 0.9 and 1.2 for the known inclusion compounds of
binding enthalpy. Entropy does not play a big role and Polymers, space-filling appears to be the main criterion for
generally favors the dissociation of an inclusion compound. inclusion compound formation. Consequently, it should be
Binding sites attracting CD rings are necessary within the possible to select the most suitable CD for the complexation
polymer chain. There are two major contributions to the Of a given polymer from its cross-sectional area. Even the
binding enthalpy: (a) from hydrophobic and van der Waals formation of double-stranded inclusion compoufitig-igure
interactions between the polymer and the CD, and (b) from 19b) fromy-CD is predicted correctly by this approach.
hydrogen bonds between adjacent CD rings. The better the A dense packing of threaded CD rings along the polymer
polymer fills the CD cavity, the stronger will be the binding leads to an additional stabilization of the complex by
forces. The binding forces are low if the CD ring is too wide multifold intermolecular hydrogen bond%.In general, CD
for the polymer, as van der Waals interactions significantly rings are threaded in alternating orientations because hydro-
drop with increasing intermolecular distances. For example, gen bond interactions are maximized in that case (Figure
a-CD forms complexes with poly(ethylene oxide) (PEO), 20a). These highly ordered polymer complexes crystallize
whereas the widegs-CD ring generally does not. The wider in channel structures almost insoluble in water, similar to
y-CD rings provide space for even two polymer chains. They those of hydrophobic monomeric guests. They only dissolve
can form double-stranded inclusion compounds, for example,in polar solvents such as DMSO under dissociation into their
with PEO (Figure 19). On the other hand, if a CD ring is components. The complex stoichiometries are controlled by
too narrow to accommodate a polymer chain, no complex- the ratioq of the length of a CDLcp, in the direction of its
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Table 3. Characterization of CD Channel Inclusion Compounds of Linear Polymer$

polymer Agol (A2)146 CD P exp Ciheor Nep ref

oligoethylene 18.3 o 1.2 3 3.1 8 149
poly(oxyethylene) 215 p 1.4 2 2.1 113 156152
poly(oxyethylene) X 21.5 y 1.0 1 1.0 40 148
poly(oxytrimethylene) o 1.6 1.6 22 153
poly(oxytetramethylene) 17.6 o 15 1.2 19 154
nylon-6 17.9 o 1.2 0.9 155, 156
nylon-11 17.3 a 1.2 0.5 0.5 32 142, 143
poly(2-oxypropylene) 24.5 s 0.9 2 2.1 35 157, 158
oligotetrafluoroethylene 27.1 B 1.0 3.1 159
(CR—CR—0-CR)n p 1.3 1.6 15 160
poly(perfluoro-2-oxypropylene) y 2 2.1 13 160
polyisobutene 41.2 y 1.0 3 3.1 15 161, 162
polymethylvinyl ether 41.3 y 1.0 3 3.1 115 163

a Apol = cross-sectional area of polymeb; = space-filling quotientpex, = stoichiometry quotient, polymer/CNcp = maximum number of
threaded CD rings observed.

symmetry axis and the length of the polymer repeat unit, of all. Another measure of the driving force of threading is
Lyo. The latter can be estimated according.tg = 1.25 provided by competitive inclusion experiments. For example,
A, wheren is the number of single bonds per repeating unit. if a-CD is added to &-CD inclusion compound of poly-
1.25 A is the projection of a€C or C—0 bond length onto  (caprolactone), the polymer changes over to the more stable
the chain direction assuming tetrahedral bond angles. Takinga-CD inclusion compound. Likewise, poly(caprolactone) is
an average height of Clcp = 7.8 A, from crystallographic  able to swamp out polyflactid acid) from itsx-CD inclusion

data of channel inclusion compourids,'%’ the stoichiometry ~ compound as poly(caprolactone) forms a more stablé Gne.
quotientagmeor can be estimated by eq 1. It agrees well with  Charged groups within a polymer chain cannot be com-
the experimental valuegex, as long as perfect channel plexed by CDs. They prevent a dense packing of threaded

structures are formed (Table 3). CD rings. Inclusion of charged polymer chains is only
) observed if the distance between two adjacent charges

_ [polymer repeat unit] exceeds 1 nm, which is little more than the length of a CD
exp [CD] - ring, Lcp. The chain segments between two charges have to
Leo 78  6.24 exert strong binding forces to CDs, because there is no

Gtneor = T~ 7 25— T (1) additional stabilization of the inclusion compound by interac-
pol ' tions between adjacent CDs. By analogy with the monomeric

. _ . . bola-amphiphiles, these polymers are herein caltgy(bola-
Substituents at the CD rings disfavor the formation of amphiphile)s(Figure 20b). Up to now, polyamin&sl73

densely packed channel inclusion compounds, because the,,ycarboxylated!? and polysulfonaté® are known to fit
increased distance between the rings makes intermoleculainig this category.

hydrogen bonds impossible. Therefore, inclusion compounds
of CD derivatives are generally less stable than those of the6 2. Experimental Evidence for the Formation of
unsubstituted ones. On the other hand, inclusion compoundsC'D' Pseudopolyrotaxanes
of CD derivatives, especially those of methylated CDs, are
much more soluble in water and other solvelitst’® Threading of CD rings onto polymer chains can be
Hydrophilic substituents at the polymer backbone also demonstrated by several methods. Most of them were
thermodynamically disfavor CD inclusion, as the polymer developed by Harada’s group. Formation of channel inclusion
needs to be desolvated prior to inclusion. The desolvation compounds generally leads to precipitation of the product
energy for hydrophilic groups, especially ionic ones, is much from aqueous solution of the CD. If the polymer is sparingly
higher than that for hydrophobic groups. On the other hand, soluble in water, this heterogeneous process has to be
the better the polymer dissolves in water, the faster the accelerated by heating or sonication. Excessive CD is washed
threading kinetics. Hydrophilic groups within the polymer off by water from the precipitate. The yield of inclusion
chain therefore accelerate the inclusion process as long asompound depends on the molar fraction of G, in the
they are slim enough to allow threading. Consequently, mixture. The molar fraction for the maximum in a so-called
hydophilic groups at a polymer show opposing effects on continuous variation plot (Figure 21) is related to the
threading: they increase formation rates but diminish stoichiometry quotientiex, according to eq 2. In addition,
thermodynamic stabilities. Neither highly hydrophilic poly-

mers such as polyethyleneimit@, poly(vinyl alcohol), 1— Xep
polyacrylamide, and poly{-vinylpyrrolidone}5! nor totally Oexp = (2)
hydrophobic ones such as polyethylene or poly(tetrafluoro- Xco

ethylene) are complexed by CDs. A quantification of the

driving force of a threading process is the maximum number the value ofgex, can be determined from the composition of
of threaded CD ringsNcp, observed.Ncp was derived  the inclusion compound, for example, by NMR spectroscopy.
according toNcp = DPradGexp from the maximum degree  If this gexpremains constant and if it resembles the theoretical
of polymerization of included polymer, R, and the value according to eq 1, there is some good evidence for
stoichiometry quotient observeds,, These data (Table 3) the existence of a channel inclusion compotitid.
demonstrate that weakly hydrophilic polymers, such as poly-  Additional evidence is obtainable by the attachment of
(oxyethylene) and polymethylvinyl ether, are included best stoppers at both ends of the polymer thread. If these stoppers
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Figure 21. Continuous variation plot for the complex formation

of o-CD and poly(oxyethylene)M,, = 1000) for a fixed total

concentration of both components of 1.13 mM. (Reprinted with
permission from ref 151. Copyright 1993 American Chemical

Society.)

stoppers.

X-ray structure analysis, which would give the clearest

evidence, was seldom used because of the difficulty to grow

sufficiently large single crystals. Channel inclusion com- _ .
pounds are often obtained as powders, because their low" X-ray powder diffractograms between herringbone and

solubility causes a rapid nucleation of crystals. Therefore, channel packings are less pronoun¢¥d.
only X-ray structures of more soluble weak compléfes

Wenz et al.

powder diffractograms are generally applicable. They provide
enough information to distinguish between the herringbone
packing of free CDs and the channel packing of inclusion
compounds. The herringbone packing has a lower symmetry
and leads to a great number of reflections. ®&€D channel
inclusion compounds show hexagonal symmetry and have
fewer reflections, with a characteristically strong reflection
at 20 = 20° (Figure 22), very similar to the diffractograms
of monomeric channel inclusion compourisThe X-ray
structure of thex-CD channel inclusion compound of hexa-
(ethylene glycol) revealed both head-to-head and tail-to-tail
orientations of the CD rings along the chaifMore detailed
investigations lead to two structural modifications for the
inclusion compound of poly(ethylene oxide) ia-CD:
modification | with a head-to-head and tail-to-tail arrange-
ment of the CD rings and a hexagonal unit cel= b =
13.65 A andc = 16.4 A, and modification Il with a head-
to-tail arrangement and a hexagonal unit eetf b = 13.65
L _ _ Aandc=7.43 A, wherecis in the direction of the channel
prevent the precipitation of the |_nclu5|on compound, an gyis The strong peak a¥2= 20° was assigned for both
inclusion must have happened in the absence of theseyqgifications as the (210) reflection (Figure 22). Modifica-
tion | is formed first and slowly interconverts to modification
[, which also contains emptg-CD rings”

Because of the lower symmetry 8fCD, the differences

Solution NMR spectroscopy indeed does not prove the
and of oligomers>17¢are known. On the other hand, X-ray existence of channel inclusion compounds, as these com-
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Figure 22. X-ray powder diffractograms ai-CD compounds: (a) free-CD; (b) inclusion compound of valeric acid iaCD; (c) inclusion

compound of poly(oxyethylene) in-CD. (Reprinted with permission from ref 151. Copyright 1993 American Chemical Society.) (d)
X-ray powder diffractograms of oriented samples: 1, wet; 2, solution; 3, dried. (Reprinted with permission from ref 167. Copyright 2004
American Chemical Society.)
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Figure 23. 13C CP/MAS solid-state NMR spectra of (a}CD

and (b)a-CD poly(oxyethylene) inclusion compound. (Reprinted
from ref 177 with kind permission of Springer Science and Business
Media. Copyright 1997.)

pounds immediately dissociate in polar solvents such as
DMSO, but compositions can be determin€€ CP/MAS
solid-state NMR spectroscopy gives some valuable structural
information about crystalline CD inclusion compounds. The
Cn symmetry of free CDs is lost if they crystallize in the
herringbone packing. As a consequence, broad multiplets are
observed instead of a singlet for each carbon of the glucose
unit. In channel inclusion compounds, the respective mul-
tiplets of C-1, C-4, and C-6 at 102, 81, and 63 ppm coalesce
to three singlets because tkig symmetry is recovered by
the inclusion of the polymer and the columnar arrangement
of the CD rings. Consequently, sharp signals for carbons C-1,
C-4, and C-6 are a clear hint for the existence of highly
ordered channel inclusion compounds (Figure 23).

Single pseudopolyrotaxane chains of the channel type can
also be directly visualized by microscopic methods such as
transmission electron microscopy (TEMY, atomic force
microscopy (AFM)'’® and scanning tunneling microscopy
(STM) 179181 pecause they are rather stiff and often even
rodlike due to the hydrogen bonds between threaded CDs
(Figure 24).

Other methods of structural proof have to be applied for
pseudopolyrotaxanes derived from poly(bola-amphiphile)s.
As the threading process happens under homogeneougigyre 24. (a) TEM of a single8-CD pseudopolyrotaxane created
conditions in water, it can be followed by solution NMR. by coordination of 4,4bipyridine by N?*. (Reprinted with permis-
There are changes in thel NMR spectra of both the CD  sion from ref 140. Copyright 2003 Wiley-VCH.) (b) STM picture
and the polymer which allow one to distinguish between free of a singlea-CD—PEO polyrotaxane; single-CD rings are visible.
and occupied CD and fee and covered poymer segmentsRepried i permesin foriet 175 bopyiah 2000 Amerion
?S well. The yield of Occupled CDs can be detgrmlned best pseudopolyrotaxgné. (Reprinted with permission frgm ref 180.
rom the mtegral; of the signals of the anomeric protons at Copyright 2004 American Chemical Society.)

5.10 ppm (occupied) and 5.05 ppm (free). By this means,
the complete threading kinetics are measurable from a singleseparated from the pseudopolyrotaxane by ultrafiltration.
NMR tube (Figure 25§/ Residual free CD rings were Pseudopolyrotaxanes of poly(bola-amphiphile)s are stable for
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Figure 25. 'H NMR spectra of a mixture of ionene-6,10 ameCD

in D,O: (a) after 3 h; (b) after 2 years at 26, conversion 55%.

(c) '™H NMR spectra of the isolated pseudopolyrotaxane, conversion
95%. (Reprinted with permission from ref 87. Copyright 1997
American Chemical Society.)
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Figure 26. Threading kinetics of PEO (DR= 76) and o-CD
observed by turbidity measurements. The end of the induction
period is marked by the arrow. (Reprinted with permission from
ref 188. Copyright 1997 American Chemical Society.)

somehow inhibits the threading process. Therefore, the
monomethyl ether of PEO is included more completély.
While inclusion compounds of PEO are fine crystalline
powders, those of monodisperse oligomers yield single
crystals suitable for X-ray structure analyig8’

Threading kinetics were followed by turbidity measure-
ments (Figure 26). An induction period was observed which
was attributed to the time required for threading a chain.
After this induction time, the pseudopolyrotaxane chains start
to aggregate, leading to a sudden increase of turbidity. This
hypothesis explains why the induction period becomes
shorter with increasing concentrations of CD and polymer.
The induction period also increases with rising temperature.
Consequently, threading is entropically disfavored, because
the entropies of solvent, CD, and polymer increase with
temperaturé®®

It has always been emphasized that PEO inclusion is very
selective with respect to the size of the €D'°Only a-CD
immediately forms precipitates. This size selectivity was

days in aqueous solution because of the high activation @lréady explained by the space-filling quotiedtdisted in

energies of dissociation.

6.3. Examples of Inclusion Compounds of
Polymers

Poly(ethylene oxide).Poly(ethylene oxide) (PEO, poly-

(oxyethylene)) was discovered by Harada’s group as the first

polymer being included im-CD 150151 Preparation of the

Table 3. Nevertheless, single crystals of the inclusion
compound were formed if a mixture of PEO gfCD plus
very small amounts of water was heated for several months
at 60°C. The X-ray structure shows a head-to-head and tail-
to-tail arrangement of the CD rings with hydrogen bonds
between the secondary hydroxy#s.

Likewise, y-CD does not include PEO spontaneously
either. But, if certain end groups are attached to PEO, the

inclusion compound is very straightforward, because PEO formation of double-stranded inclusion compounds (Figure

and o-CD are both water-soluble, while the inclusion
compound is not. The inclusion compound is even formed
from a slurry of crystallinen-CD and neat PE@2183 A
minimal degree of polymerization DP 5 is required,
possibly because the hydrophilic OH end groups disturb
inclusion. The CD rings are densely packed along the
polymer chain. The PEO chains confined iot&€D channels
mainly consist oftransconformations, but also a small
amount ofcis-conformations migrating along the polymer
chain were observed B+ NMR spectroscopy®* For high
molecular weights, the stoichiometry quotiepy, exceeds

the theoretical value of 2, which means that parts of the chain,

especially the chain ends, are not covered by CD ripjy$®
PEOs of very high DPX1000) are difficult to include due
to kinetic reason& Hydrogen bonding of the PEO terminal
OH groups with the primary or secondary OH groups of CD

19b) was observed*® These end groups have the function
to bring together two chain ends and hence allow both chains
to thread simultaneously through the fitstCD ring. The
double-stranded structure was proven by the inclusion
compound stoichiometry and detection of an energy transfer
between the end groups, showing a close proxidfitithe
cross-sectional area @fCD is twice that ofa-CD (Table

3). Therefore, it is perfectly suited to accommodate two PEO
chains.

Poly(oxytrimethylene) and Poly(oxytetramethylene).
o-CD is also suited to include homologous polymers of PEO,
namely poly(oxytrimethylené)® and poly(oxytetramethyl-
ene)'> Because of the lower water solubility of these
polymers, threading is slower and needs to be accelerated
by sonication. The stoichiometry quotiergs, = 1.6 and
1.5 are a little higher than the theoretical valggs,,= 1.5
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host, which causes the solubilization. The coverage of the
polymer chain slowly increases in the course of time,
accompanied by a stiffening of the chain. Precipitation occurs
as soon as densely packed channel inclusion compounds are
formed. This explanation was supported by a control
experiment; bulky trityl substituents were attached to both
ends of the polymer. With this stoppered polymer, no
solubilization and no subsequent precipitation with DiMeb
was found. Therefore, a threading process should be respon-
sible for the observed behavit®.

Poly(perfluoroalkyl ether)s. Perfluoroalkyl compounds
have a larger cross-sectional area than the corresponding
alkyl compounds. For example, the cross-sectional area of
poly(tetrafluoroethylene) is 50% larger than that of polyeth-
ylene (Table 3). The same is true for poly(perfluoroalkyl
ether)s. Therefore, oligo(tetrafluoroethylene oxabedi-
fluoromethylene oxide) forms inclusion compounds with
B-CD andy-CD but not witha-CD, while oligo(hexafluo-
ropropylene oxide) only forms inclusion compounds with
V—CD.lBO

Poly(methylvinyl ether). Poly(methylvinyl ether) has
quite a high cross-sectional area due to the bulkiness of the
methoxy side groups (Table 3). Therefore, opZD is able
to accommodate this polymer. The density of threaded rings
is quite high, and high molecular weight polymers can still
be complexed. Consequently, the driving force appears to
be very high. The channel inclusion compound is completely
insoluble in watef&?

Polyesters Aliphatic poly(adipates)+(CH2)xOOC (CH)4-
COO-], with x = 2, 3, or 4, form crystalline channel
inclusion compounds with.- andy-CD in high yields, even
at high molecular weights. When the melts of the polyesters
were sonicated with a concentrated aqueous solution of CDs
at elevated temperatures, the insoluble inclusion compounds
precipitated-®® Conformations of poly(butylene succinate)
chains included ir-CD or y-CD were investigated by the

and 1.2, respectively (Table 3). Poly(oxytrimethylene) also analysis of the IR spectfd! The structures of the inclusion
P y ) y(oxy Y ) compounds were investigated by X-ray powder diffractom-

forms inclusion compounds wiih+CD. Even single crystals, ! : _ 4
b i g Y etry, CP MAS'C NMR, and differential scanning calorim-

suitable for X-ray structure analysis, could be obtaitféd. 199195 ! \ X

The structure of the inclusion compound (Figure 27) clearly €UY: The crystalline channel inclusion compound of
demonstrates a head-to-head and tail-to-tail arrangement ofClY(caprolactone) and-CD was prepared similarly. The

the CD rings with intermolecular hydrogen bonding between dynamics of the poly(caprolactone) chains isolated within

the CD hydroxyl groups providing the major contribution CD channels was investigated by relaxation time measure-
to the complex stability®® Partially or totally methylated ~ Ments of the solid-statéC NMR signals'*® Poly(3-hydroxy-

o-CD andB-CD thread onto poly(oxytetramethylene) as well. Proprionate) and poly(4-hydroxybutyrate) are also complexed

The polymer is solubilized by methylated CDs at low yo"CD-l?MQS . - )
concentration, while crystalline precipitates are formed at Polyamides.Polyamides are difficult to include because
high CD concentrations. The methyl substituents reduce theOf their low solubility and their strong intermolecular
interactions between the rings and favor a less densehydrogen bonds. The first inclusion compound of a poly-
complexation of the polymer chain. Consequently, solubiliies amide, namely nylon-11, was not prepared from the polymer
of the inclusion compounds are higHé%. but by solid-state polycondensation of the monomer, 11-
Poly(propylene oxide).Poly(propylene oxide) (PPO, poly- aminoundecanoic acid, included ézCD at high tempera-
(oxy-2-propylene)) forms insoluble inclusion compounds in tures. This monomer formed axial inclusion compounds with
high yields only with3-CD. Again, space-filling is quite ~ 2:1 CD/monomer stoichiometry. During the polycondensa-
perfect (Table 3157158 The interaction of PPO with meth-  tion, this packing remained. Interestingly, the resulting
ylated CDs was also investigated. While permeitwyGD pseudopolyrotaxane was soluble in water until it dissociated
and $-CD did not show any interaction, heptakis(2,6}-  into the insoluble polymer and the solulileCD.**?
methyl)3-CD (DiMeb) was able to complex PPO. The The formation of polyamide inclusion compounds was also
permethylated CDs failed because they lack any possibility obtained by threading. For this purpose, nylon-6 was
to form hydrogen bonds. The effect of DiMeb on the water dissolved in formic acid, whereas-CD was dissolved in
solubility of PPO was rather strange: after addition of water or DMSO. The inclusion compound precipitated on
DiMeb, a clear solution of the polymer was observed at first, mixing both solutiong>%156.19Another insoluble inclusion
but after some days, the inclusion compound precipitated. compound precipitated when the acetone solution of the side
There may be a loose coverage of the polymer chain by thischain polyamide poly{-propionylethylenimine) was mixed

Figure 27. X-ray structure of the inclusion compound of poly-
(oxytrimethylene) in5-CD. (Reprinted with permission from ref
165. Copyright 2000 American Chemical Society.)
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with y-CD. A channel crystal modification gf-CD, unlike \
the usual herringbone modification, has been used for this —{
complexation. This empty channel structure seems to incor- ('
porate the polymer chains directly from solution. The =
consumption of the polymer by the inclusion process was *_|
monitored by solution NMR spectroscofy. T\
Polyurethanes. Polyurethane CD inclusion compounds ‘
were prepared by polyaddition of linear aliphatic diols and

o

methylenediphenyl-4;4diisocyanate (MDI) in the presence } S
of permethylatedr- or 5-CD in DMF solution.a-CD resides (- /_\%
mainly on linear aliphatic segments of the polymer chain. Vo
Benzene rings are too large to be complexechb@D but -/

can pass through its cavity. Some activation energy has to /[

be overcome for this penetratiéf.

Polyolefines. Since polyethylene is one of the most
hydrophobic and most insoluble polymers known, only -
ethylene oligomers forna-CD inclusion compounds. The  Figure 28. Schematic drawing of an inclusion compound of a
stoichiometry quotient oflex, = 3 reveals that the CD rings  single-walled carbon nanotube (SWCNTY#CD. (Reprinted with
are densely packed in channel structif@42 The solid- permission from ref 211. Copyright 2003 The Royal Society of
state structures of both polyethylene drahs-polyacetylene Chemistry.)

included ina-CD were calculated by molecular mechanics : . .
using the TRIPOS force field&? Y plexed byS-CD in N-methylpyrrolidone/water mixtures,

leading to a blue precipitate at temperatures belodC2
Doping of polyaniline by iodine was inhibited due to the

Inclusion of substituted polyethylenes is easier to perform

because of their higher solubility and their weaker intermo- molecular encapsulation by the CD rin§sPolythiophene

lecular interactions. Since the cross-sectional areas of thes :
derivatives are larger, the wider CDs have to be used fore.36an| pon(3-methyIth_|op_hene) are alsp_ comple_xqum}D
n water. In the beginning, the solubility was increased by

complexation. Thus, squalene (hexa(isopentane)) is include : 7

" . ! g 161,162 inclusion, but after some days, a precipitate was forfgd.
?(l)lﬁ (1:3& ngigﬁleylaslggl:‘gyrﬁgeir:zlLns?gjndsgmw(ilads With Single-walled carbon nanotubes (SWCNTSs) were sonicated
andy —&:D in low yields. The experimental gtoichiometr in an aqueous solution 0f-CD, a CD composed of 12

v y : P y glucose units, yielding a clear solution of the formed

quotientdey, > 2.2 is higher than the theoretical o0geor= inclusion compound. The solubility might be due to a partial
1.5, which |s_ar(')13|nd|cat|on for just a partial coverage of the coverage of the SWCNT surface by the CD rings. The outer
polymer chair? . . diameter of the SWCNT is about 1.2 nm. SWCNT should
Polypropylene of DP 38 was solubilized in water by |5qsely fit into the cavity ofj-CD with an inner diameter of
heptakis(2,6-di®-methyl)3-CD. The solution NMR spectra approximately 1.8 nm (Figure 28

showed broad signald® The same polypropylene was On the other hand. CD inclusion com ;
. X X 4 . , pounds of conjugated
dissolved in 1,2,4-trichlorobenzene and mixed with a DMSO polymers were obtained by polycondensation reactions in

solution ofy-CD at high temperature (12€). Aninclusion 0" nresence of CDs. Polyazomethfheas synthesized by
compound precipitated which showed characteristics of a CD polycondensation of terephthalaldehyde with a benzidine

channel structure. Unfortunately, the stoichiometry of the yq/ivative. Both were complexed #CD in DMF solution

inclusion cqmpound was not qguantified. Poly-1-butene (Figure 29), and the amino end groups were capped with
showed a similar behavid? o _ Sanger's reagent. The coverage of both the phenylene and
_Polysilanes and PolysiloxanesLiquid poly(dimethyl-  the biphenylene moieties was close to 100%, but the DP of
siloxane) (PDMS) is included by-CD. The complex 3 as low!® Higher values of DP were reached by a similar
precipitates from the aqueous solution @fCD upon  polycondensation of terephthalaldehyde and phenylene di-
sonication. Its stoichiometry ratigux, = 1.5 and the solid- amine, but the coverage witB-CD was lower (30%%2
state NMR spectra are indicative of a tight channel structure. several attempts were made to synthesize CD inclusion
The a-CD cavity is too small to incorporate PDMS, while compounds of polythiophene, polypyrrole, and polyamino-
B-CD only complexes PDMS oligomers up to DP2%  pinhenyl by oxidative polymerization of the monomers
Polydimethylsilane +SiMe,—] forms partially water- (thiophene, thiophene derivatives, pyrrole, 4-aminobiphenyl)
soluble channel inclusion compounds with CDs, too. Again, in the presence g8-CD or dimethyl3-cyclodextrin. Up to

B-CD only complexes oligomers up to DP 5, whergaSD now, full structural evidence for the formation of pseudopoly-
complexes them up to DP 16. The high valuejgf = 3 is rotaxanes is still missingt3-216

due to the short repeat unltg, = 0.19 nm) of this polymer Polyamines.Polyamines are difficult to include in CDs,
and is in fair agreement with a dense packing of the CD pecause they are too hydrophilic to attract the CD cavity,
rings which should show a value gfac = 4.12972%%Axial especially in the protonated state. Therefore, the yield of
inclusion was additionally proven by the circular dichroism complex formation depends strongly on the pH value. In the
induced by the CD ring¥? case of poly(ethylene imine) (PEI), no inclusion occurred

Conductive Polymers.The inclusion of polymers with  with a- or y-CD at pH < 8 due to the protonation of the
extended conjugated-electron systems, so-called conductive polymer. Inclusion started at pH 9 and nearly reached
polymers, represents a real challenge because of their verycompleteness at pH 11. The yield of inclusion compounds
low solubility and their sensitivity toward oxygen and water. droped again at higher pH, because CD rings became
Still, a few examples of pseudopolyrotaxanes prepared by partially deprotonated, leading to repulsion of the negative
the threading approach are known: polyaniline was com- charges (Figure 30). Botlt- andy-CD are appropriate hosts
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Figure 29. Synthesis of pseudopolyrotaxa®eby polycondensation of the CD inclusion compounds of a benzidine derivative and
terephthalaldehyde. (Reprinted with permission from ref 180. Copyright 2004 American Chemical Society.)
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Figure 30. Dependence of pseudopolyrotaxane formation of
polyethylenimine and CDs on the pH. (Reprinted with permission
from ref 171. Copyright 2004 American Chemical Society.)

for PEI, as they are for PEO. By analogy with the case of
PEO, the stoichiometry quotients of 2 farCD and 4 for
y-CD are indicative of channel packings.

Poly(e-lysine) [-(CH,)4,CHNH,—CONH-] is a polyamide

with amino side groups. Because of the longer hydrophobic

segments, it is more suitable for inclusion by CDs than poly-

(ethylene imine). The inclusion compound precipitates as

soon as aqueous solutions of the polymer an@D are
mixed. Its stoichiometry quotient is around 1, characteristic

were investigated by solution NMR (Figure 25). In the case
of polymeric secondary amines, threading rates strongly
increased with increasing pH valug8.In the case of
polymeric quaternary ammonium salts, they strongly depend
on temperature. For the poly(bola-amphiphile) ionene-6,10,
it took 2 days at 80°C to reach 50% coverage of the
hydrophobic segments. At 2%, even a period of 2 years
was necessary to reach the same coverage (Figure 31).

Threading rates strongly decrease with the DP of the
polymer. Threading proceeds fast in the beginning but slows
down significantly (Figure 31), because some kind of
“molecular traffic jam” happens on the chain. The threading
kinetics were described by a Monte Carlo simulation
program, called ABAKUS, assuming a hopping process from
one polymer segment to the next hindered by the ionic groups
between the polymer segments (Figure 82).

The rate constarkyiss for hopping of a CD ring from one
segment to the next or off the chain could be determined by
fitting the experimental kinetic data with ABAKUS. The half-
life 712 = In(2)/kqiss0f a CD ring resting on a chain segment
was calculated frorkgiss This so-called segment resting time,
7172, Increases with the size and the length of the hydrophilic
groups within the polymer chain (Table 4). From the
temperature dependencel@ﬁs, the corresponding activation

enthalpy, AH};., was determined by an Arrhenius plot

for a dense channel inclusion compound. Similar to the case(Table 4). The corresponding free activation eneryBy,

for poly(ethylene imine), a pH optimum at pH 10.5 was
found for complex formation, which indicates that the
uncharged polymer is complexéd:?*8

Polyamines with longer alkyl segmentgCH),— (n =

Was calculated using the Eyring equati@hBoth values
AHdISS and AGd,SS were similar within the experimental
error (Table 4), which means that the activation entropy was
negligible in first approximation, and these values are similar

10) are complexed by CDs even at acidic conditions. The to those of monomeric bola-amphiphiles (Table 2). Activa-
hydrophobic segments are long enough to accommodate dion enthalpies strongly increased with the size and the length
CD ring in a way that the charged groups can stay outside of the hydrophilic groups, X. This shows that the simple
the cavity. These protonated polyamines are poly(bola- hopping model is suitable for describing threading kinetics.
amphiphiles). Both polymeric secondary and quarternary The binding constanks, and the dissociation free energy,
amines were complexed bw-CD under homogeneous AGj,, were calculated from the limiting conversignof
conditions in aqueous solutidh!”321%Threading kinetics  the threading procesaGg,, increased with the length of
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Figure 33. Schematic drawing of site-selective complexation of
Triton X-405 with (a, top)-CD and (b, bottom8-CD. (Reprinted
with permission from ref 221. Copyright 2000 Chemical Society
of Japan.)

perfomed only at elevated temperatures (&) within
reasonable time. The resulting pseudopolyrotaxane was quite
stable at room temperature, being an interesting example of
a thermally induced slippadé.

20
tid] 6.4. Site-Selective Complexation of Block

064 © Copolymers

If there are several different binding sites for CDs within
a polymer chain, a selective partial complexation (so-called
“site-selective complexation”) with CDs of one or more ring
sizes becomes possible. Partial complexation might be
advantageous to gain higher solubilities, especially for
channel inclusion compounds, because the uncomplexed part
110 3 S — of the chai_n can still contribute to s_olubility. Regioselective
0 1 2 4 5 complexation qf block cqpqumers_ |.s.also a good method to
compare the different binding affinities of the blocks. The

FLQU{ﬁ 31. l\godel for th? li“dc":Si]?” tlﬂne_ticls of poly(bola-am- ek with the highest affinity for a certain ring size will be
phiphile)s and experimental data for the inclusion eNMe, preferentially covered.

(CH2)s—NMeyt—(CH,)10—] (ionene-6,10) ina-CD at (a) 25°C,

(b) 60°C, and (c) 8C°C; y = conversion of inclusion. (Reprinted Complexation of b|00|§ COpO'VmerS might also lead to a
with permission from ref 87. Copyright 1997 American Chemical programmed complexation by different CDs. But there are
Society.) some steric restrictions because of the one-dimensionality

of the system. If a CD of wrong ring size has been threaded
A by mistake, rings threading afterward will hinder this
unsuitable ring from dissociation. The only method of error

kp
G , ; . .
ko F correction would be all rings leaving the chain to allow the
T . dissociation of the unsuitable ring. Therefore, a long time is
Afdm required until different rings have found their appropriate

binding sites at a copolymer chain.

v - - - Site-selective complexation was found for Triton X-405.
free 1 2 a-CD forms an insoluble complex in which only the PEO
Figure 32. Schematic representation of the free ene@yof a block is covered. Insolubility is due to the formation of a
CD ring as a function of its location: 1 and 2, segments 1 and 2 of ,5nnel structure. On the other hafeCD forms a soluble
the polymer; free, free CDko, ke, andk» = rate constants of complex in which only the iso-octyl group and the benzene

dissociation, formation, and propargatiaxez- = free activation A .
energy for dissociation and propargation. (RéSSrinted with permission ring are covered. The uncovered PEO segment provides

from ref 87. Copyright 1997 American Chemical Society.) solubility (Figure 337" . o
Since the polyester of octanedicarboxylic acid and poly-

the hydrophobic binding segment (Table 4), in analogy to (ethylene oxide) (DP 20) and its CD inclusion compound
the cases of the monomeric bola-amphiphiles (Table 2). Sinceare water-soluble, the threading process could be investigated
these activation enthalpies are high, threading can beunder homogeneous conditions Hy NMR spectroscopy

Table 4. Kinetic and Thermodynamic Data for the Dissociation of Axial Inclusion Compounds of Poly(bola-amphiphiles)
(—(CH2)»—X—) and a-CD in Aqueous Solution at Room Temperaturé

hydrophilic group X n DP 7112 (S) AGLIRT AH;IRT AG5/RT Niax ref
NH,t 11 50 3.3 31.0 8.5 48 85
NHz"—(CHy)s—NH;™ 10 27 1620 37.2 7.7 24 85
NMez+t—(CHz)s—NMey* 10 68 4951 38.3 36.5 6.2 65 87

2 AHgi.s andAGg,, = enthalpy and free energy of dissociaticmﬂziss andAGziss= activation enthalpy and free activation energy (Gibbs energy
of activation) of dissociationz;, = half-life of a ring at a chain segment. Values are for low polymer concentrations, 1°mpi= 4.7.
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Figure 34. Schematic drawing of inclusion compounds of (a) block
copolymers, (b) star-shaped polymers, and (c) side groups of
polymers.

and titration microcalorimetry. Both-CD andS-CD form
complexes. The rings are located exclusively at the octa-

methylene segments, because these are much better bindin

sites than the PEO segmefis.

Site-selective complexation also takes place with block
copolymers of poly(ethylene oxide) (PEO) and poly(pro-
pylene oxide) (PPO), so-called pluroniesCD selectively
binds to PEO segments, whi}.eCD selectively binds to PPO
segmentg?3224Heptakis(2,6-di©-methyl){3-CD regioselec-
tively complexes the PPO segments of the triblock copoly-
mers PEG-PPO-PEO and PPOPEO-PPO (Figure 34a),

Chemical Reviews, 2006, Vol. 106, No. 3 801

(d) cooperative effects between adjacent polymer chains can
be exploited (Figure 34).

Star-shaped PEOs with three, four, and six arms have been
investigated first. The DPs of the arms were 8, 42, and 27,
respectively. Inclusion compounds were formed vatiCD

with a stoichiometry quotierte., = 2.2 very similar to that

of the linear PEO. Interestingly, the star-shaped PEO formed
a double-stranded channel inclusion compound wHBD
much easier than the linear PEO, because double-stranded
threading is facilitated by the proximity of adjacent PEO
arms?33 Even with larger star-shaped PEOs (13 or 15 arms,
DP of one arm 227 or 455), complexation by or y-CD

was observed, but in contrast to inclusion of linear PEO,
gels instead of precipitates were fornf@dPEO was also
grafted from hyperbranched polyether alcoR&l®r from
polymethacrylate$¥6-23’Gels and lamellar phases were found
after complexation of the PEO branches withCD.235 237
Recently, also star-shaped polycaprolactone (PCL), synthe-
sized by grafting PCL from silicon nanoparticles, was
complexed byo- andy-CDs2%®

8.6. Inclusion of Side Groups of Polymers

Until now, inclusion of a polymer was considered as a
one-dimensional process: many CD rings thread onto a
polymer chain. The dimensionality is determined by the
linkage of the hydrophobic binding sites at the main chain.
Binding sites for CDs can also be arranged as side groups
at a polymer chain, and binding events become independent
from each other in this case (Figure 34c). Therefore, inclusion

leading to water-soluble inclusion compounds because the s sije groups proceeds much faster than inclusion of a main

hydrophilic PEO segments remain uncovered. Therefore

' chain. Inclusion compounds are also more labile because they

solutions of these inclusion compounds were accessible t0yisgqciate much faster for the same reason. Selectivities of

static and dynamic light scattering experiments. The PPO
PEO-PPO triblock copolymers were also complexed by
o-CD regioselectively at the PEO segments. The inclusion

compounds were insoluble in water, because the hydrophobic
PPO,

PPO segments remained uncovered. Interestingly,
segments can thread througFCD, despite the fact that they
are not complexed by it. Some activation energy has to be
overcome for this proceg8>??6A random copolymer of 80%
PEO and 20% PPO was also includeaHCD. Its coverage
was lower (80%) than that of pure PEO, indicating that only
PEO segments were complexi&d.

Triblock copolymers PPOPCL—PPO of poly(caprolac-
tone) (PCL) and poly(propylene oxide) (PPO) were regio-
selectively complexed at the PCL blocks lyCD. In
contrast, both PCL and PPG blocks were included by
y-CD.2%8 In the cases of triblock copolymers of PCL and
PEO, PCL-PEO-PCL, both blocks were complexed by
o-CD because there is no preference for one bfétkKhe
same was found for triblock copolymers of PEO and poly-
((R)-3-hydroxybutyric acid) (PHB), PEOPHB—PEO, and
for copolymers of poly(-lactid acid) (PLLA), PLLA-PEO-
PLLA.23(}232

6.5. Threading Star-Shaped Polymers

o-, B-, or y-CDs for various side groups are mainly controlled
by the size of the side groups, as already observed for
monomeric guests.
Various alkyl groups were attached as side groups to a
copolymer of acrylamide and methacrylic acid via ester
linkages. Formation of inclusion compounds could be
followed by solution NMR spectroscopy under homogeneous
conditions.a-CD complexes linear alkyl side groups. The
binding constantKs, increases with the length of the side
chain f-butyl < n-hexyl < lauryl). Dodecyl-modified poly-
(acrylic acid) forms hydrogels in aqueous solution due to
intermolecular hydrophobic interactions. Gelation could be
switched off by complexation of these side groups with
a-CD 239240 jkewise,y-CD forms inclusion compounds with
these polymers. In contra@;CD only complexesert-butyl
side groupg*! Poly(maleic acidalt-isobutene) with pending
tert-butylanilide groups was also compexed JYCD. The
binding constant of this guest polymé¢; = 25900 M1,
was nearly identical to that of the corresponding monomer,
tert-butylaniline?42243

An alternative route to polymeric side-group inclusion
compounds would be the polymerization of inclusion com-
pounds of vinyl monomers. In this way, 11-acryloylami-
noundecanoic acid complexed in heptakis(2,®dnethyl)-

Threading of star-shaped polymers by CDs provides a new3-CD was polymerized in aqueous solution by means of a

tool for the design of more complex supramolecular struc-

free radical redox initiator. The polymerization was indeed

tures. Star-shaped polymers offer some advantages to lineasignificantly accelerated by the solubilization effect of the

polymers: (@) higher molecular weights can be reached
without a prolongation of the threading length, (b) solubilities

of polymers are higher and viscosities are lower compared
to those of linear polymers of the same molecular weight,
(c) inclusion compounds are more soluble or swellable, and

CD host, but no polymeric inclusion compound was formed.
Instead, the free polyacrylate crashed out from solution. CD
rings dissociated during the polymerization (Figure 35), to
allow self-association of the hydrophobic side groups along
the polymer chaii#* CD-promoted aqueous polymerization
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Figure 35. Schematic drawing of radical polymerization of a = p Co,s, o8
complexed monomer. CD rings dissociate from the polymer during —& o i &2
L = soy 9 . o s
polymerizatior244 Al P Q : EC Q &
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was applied for a great variety of hydrophobic monomers
including fluorinated styrene’® O O
s

7. Synthesis of CD Polyrotaxanes 5. T, a=8:
In the preceding section, the preparation of CD pseudopoly- = pree. Q
rotaxanes has been discussed. Pseudopolyrotaxanes are n
kinetically stable, because the CD beads can thread off the ] - ) ) }
polymer chain. In polyrotaxanes, bulky substituents at the fFolgutfei' n?ﬁeh;?eg'fc d(;f‘vr"é?gxg:]é‘zrr?r'grﬂ Stgggggngl rr%"ﬂt‘g('ggzs
polymer, so-called stoppers, hinder the CD beads from accordingyto () Harad'gtf3 (){0) Ooya?* (c) Zha%?“ (d)pFu)i/ih':l.251
leaving the thread. Polyrotaxanes are synthesized by the;ng (e) Fuiites?
attachment of stoppers to pseudopolyrotaxanes (a) at the
chain end, (b) within the chain, or (c) along the chain. They blocking channel inclusion compounds of polymers, because
should be large enough to block a CD ring and hydrophilic the chain ends are much more accessible than the polymer
enough to avoid aggregation or precipitation of the polyro- chains densely covered by CDs. The polymer has to be
taxane. The coupling reaction of the stopper should be functionalized at both chain ends in advance to facilitate high
compatible with the aqueous solvent usually applied for the yield stoppering reactions (Figure 37). Disubstituted benzene
formation of CD pseudopolyrotaxanes. The yield of the rings are large enough to bloak-CD rings. Polycyclic
terminal blocking reaction is critical, because completeness entities, such as substituted naphthalenes or fluoresceine, are
is a requirement for the stability of the polyrotaxane. On necessary for blocking-CD.
the other hand, if stoppers are attached along the polymer Amino end groups do not disturb threading, and they are
chain, yields are less important because of the great numbereactive enough to undergo coupling reactions in aqueous
of attached stoppers available. Since there are severamedia. Sanger’s reagent 2,4-dinitrofluorobenzene has often
possibilities both to assemble pseudopolyrotaxanes and tobeen employed as the stoppering reagent@D. Amino-
attach stoppers, the variety of possible polyrotaxane syntheseserminated poly(ethylene oxide) complexed &@yCD was
is great (Figure 36). As the research on preparation of transformed with 2,4-dinitrofluorobenzene to one of the first
polyrotaxanes has already been summarized some year€D polyrotaxanes in 60% yield (Figure 37a). The product
ago?’246247 the following is focused on the synthetic was insoluble in water but soluble in 0.1 M NaOH or DMSO

methodology of efficient stoppering reactions. without dissociation. As the stopper 2,4-dinitrophenyl ef-
_ _ ficiently blockeda-CD rings from sliding off, the polyro-
7.1. Terminal Stoppering of Pseudopolyrotaxanes taxane could be characterized by solutithand**C NMR

spectroscop¥*® The rotaxane structure was unambiguously
proven by 2D NOESY NMR spectroscopi?. This synthesis
was optimized later using PEOs of different of chain lengths.

Terminal stoppering of pseudopolyrotaxanes is by far the
methodology used most. It is the method of choice for

® The stoichiometry quotientey, and the number of perma-

e T [ @‘@'@W nently threaded rings were determined Y NMR spec-
m” @ troscopy. The value depincreased from 2.2, which is close
‘”’l to Qmeor fOr a dense packing of CD rings, to 6.5 with

increasing DP of PEO (Table 5% This increase might be

due to some loss of threaded rings during the stoppering
reaction. The rotaxane formation is favored by low temper-
atures and the use of solvents allowing strong hydrogen

@ bonding!®® The CD beads in the polyrotaxane could be

— -@- T visualized by STM” Furthermore, single selectedCD
rings in the polyrotaxane could be reversibly shuttled using

| ? I a STM tip, like a “molecular abacud” Besides the
fe) dominant head-to-head and tail-to-tail orientations, about

Figure 36. Possible pathways for the synthesis of polyrotaxanes. 20% head-to-tail orientation of CD rings was identified by
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Table 5. Synthesis of Polyrotaxanes frone-CD Inclusion Compounds of PEO Bisamine¥?

molecular weight molecular weight of no. of PEO units no. of threaded molar ratio of
of polyrotaxane polymer (PEG-BA) (included+ nonincluded) a-CD rings ethylene oxide units to-CD
16 500 1450 33(330) 15 2.2
20 000 2000 45 (36-9) 18 2.5
19 000 2001 45 (34 11) 17 2.6
23500 3350 77 (46- 37) 20 3.9
44 000 8 500 193 (72 121) 36 5.4
89 000 20 000 454 (146 314) 70 6.5
C—}o yield. The majority of 3-CD rings was located on PPG
m o segments, especially at higher temperatures (Figure’S 7).
o Recently, pseudopolyrotaxaneshCDs threaded onto PPO
) ) ’ S were terminated by3-CD stoppers, which formed water-
(e AN T C; Y/ @Q soluble inclusion compounds withe§2*
~ - -.b}ll @0

o 7.2. Polyrotaxanes by Coupling of
Q% Pseudopolyrotaxanes

Polyrotaxanes can also be synthesized by coupling of end

Polrotaxane

Figure 38. Schematic drawing of liberation of rotaxanated CD

rings by enzymatic cleavage of the stoppfs. groups of pseudopolyrotaxanes. The group which results
from the reaction of the two end groups has to end up large
guantitative analysis of STM imagé¥. enough to act as a stopper. One example for such an end

group is the 2-anthryl group: it is indeed small enough to
allow threading of3-CD rings, but its photodimer is large
.enough to blocl6-CD rings from unthreading. A pseudopoly-
rotaxane was formed by threadifigCD onto PPO stoppered

by a triphenylmethyl group at one end and by a 2-anthryl
group at the other. The 2-anthryl groups were photodimerized
by exposure to visible light/(>= 340 nm) for the synthesis

of a polyrotaxane (Figure 39%2

The same principle was applied for the 9-anthryl group
in connection withy-CD. Poly(propylene oxide) (PPO) with
9-anthryl groups at both ends forms a pseudopolyrotaxane
with y-CD. 9-Anthryl groups are small enough fp+CD to
thread. When the aqueous solution of the pseudopolyrotaxane
h was irradiated with light, the photodimer of the 9-anthracene
roups is large enough to prevenCD from unthreading.
he resulting polyrotaxane was insoluble in water and
rBartially soluble in DMSCG*®2 Oligomeric rotaxanes from
EO ando-CD stoppered by 9-anthracene groups were

coupled in a similar approach by photodimerization to furnish
a mixture of linear and cyclic polyrotaxanes. The precursor
rotaxanes could be recovered again by thermal cleavage of
the anthracenyl dimers at 12 .2%*

The pseudopolyrotaxane afCDs and bisaminoethyl-PEO
(PEO-BA) was also stoppered with hydroxysuccinimide
esters of protected amino acids, such as benzyloxycarbony
L-phenylalanine (4-Phe), benzyloxycarbonyktyrosine (Z-
L-Tyr), or tert-butoxycarbonyl (Boc)-PheGlyGly. The
corresponding polyrotaxanes were obtained in-20%
yields (Figure 37b). They were further hydroxypropylated
by reaction of the threaded CD rings with propylene oxide,
reaching a degree of substitution of-8 per CD. After
deprotection of the terminal amino acids, the resulting
polyrotaxanes became water-soluble due to the statistic
substitution of the CD rings and could be thoroughly
characterized by static and dynamic light scattefifig>>25¢
This has been the first example of polyrotaxanes whic
would not exist as pseudorotaxanes, because the substituen%
significantly inhibit inclusion compound formation. In fact,
the hydroxypropylated CDs escape the polymer chain as soo
as a stopper is opened, like a “genie in a bottle”. These
polyrotaxanes might be useful for programmed drug delivery,

(Figure 38)2%¢

PEO was also functionalized by tosylation and complexed
by a-CD. Then the tosyl end groups were replaced by bulky 7 3 - p\yrotaxanes by Polycondensation of Axial
3,5-dimethylphenolate groups, giving rise to polyrotaxanes, Inclusion Compounds and’ Stoppers
where up to 70% of the main chain was covered with CDs
(Figure 37c). These polyrotaxanes still behaved as random Formation of pseudopolyrotaxanes by condensation of
coils in good solvent®? The terminal hydroxyl groups of  axial CD inclusion compounds and the subsequent stoppering
the block copolymer PEOPPO-PEO were also carboxyl-  can be accomplished in a single batch. This polycondensation
functionalized by esterification with succinic anhydride. The approach offers the advantage that the isolation of the labile

carboxyl end groups were transferred in fitdaydroxysuc- pseudopolyrotaxane intermediate is not necessary. It was very
cinimide esters by means of dicyclohexylcarbodiimide. The successfuly employed for the synthesis of polyrotaxanes with
functionalized block copolymer was complexed®ZD and polyconjugated axes, so-called insulated molecular wires.

capped through reaction with 2-naphthylamine-6,8-disul- Anderson’s group have investigated Gla¥&rHeck, and
fonate (Figure 37d>! Recently, terminal hydroxyls of PEO  Suzuki couplings as polycondensation reactions and found
were also oxidized by TEMPO to COOH groups, which were that Suzuki couplings provided the highest coupling yields
coupled to 1-aminoadamantane by standard protocols to formand consequently the highest degrees of polymerization (DPS)
an o-CD polyrotaxané®® A PEO-PPO-PEO triblock of the polyrotaxane¥?112.174

copolymer was amino-functionalized by subsequent reaction Pd-catalyzed Suzuki couplings of aryl or vinyl boronic
of the terminal hydroxyl groups wittN,N'-carbonyldiimi- acids and aryl bromides or iodides are very well suited as
dazole and ethylenediamine. It forms pseudopolyrotaxanespolycondensation reactions to build up polyconjugated
with 5-CDs, which were capped with fluorescein-4-isothio- polymers. Single-batch Suzuki couplings of 'dhiphenyl-
cyanate (FITC), furnishing a triblock polyrotaxane in 8% bisboronic ester and 4diiodo-biphenyl-2,2dicarboxylic
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Figure 39. Schematic drawing of preparation offaCD polyrotaxane via photodimerization. (Reprinted with permission from ref 262.
Copyright 2004 American Chemical Society.)

Figure 41. Synthesis of polythiophene rotaxat8. (Reprinted
with permission from ref 178. Copyright 2004 American Chemical
Society.)

water and DMSO and was characterized by small angle
D SouLi neutron scattering (SANS) and STWA.
The monomer complexes gb-phenylenediamine and
terephthalaldehyde with-CD polycondensate to form poly-
D (azomethine) pseudopolyrotaxanes. The pseudopolyrotaxane
was converted into the polyrotaxane by reaction of the
'\/@’\ 12 terminal amino groups with Buckminster fullerenes,C
cooLi (Figure 42). The resulting & polyrotaxanel4 was soluble
n D in DMF.212
Figure 40. Water-soluble polyconjugated polyrotaxani®-12 Another polyazomethine polyrotaxane was synthesized by
synthesized by Suzuki couplif§®112.174 polycondensation of thg-CD complex of 1,4-phenylene-
diamine with 3,6-diformyl-9-butylcarbazole. In contrast to
acid and small amounts of the stopper 1-iodonaphthaline-the uncomplexed polymer, the polyazomethine polyrotaxane
3,6-disulfonate in the presence®CD furnished the water- IS readily soluble in methanol. No stoppers were necessary
soluble polyphenylene rotaxard® (Figure 40) with DP 8 because of the bulkiness of the carbazoyl moiefies.
and about eight threaded CD rings in an excellent 45% o )
yield112 In an analogous polycondensation of'4stlbene-  7.4. Statistical Stoppering of ,
diboronate and 4!4diiodo-stilbene-2,2disulfonate in the ~ Pseudopolyrotaxanes along the Polymer Chain
presence oft-CD or 5-CD, the corresponding poly(diphen-
ylene vinylene) polyrotaxanekl with DP 9—11 and about
11 threaded rings (Figure 40) were synthesiZédgain,
this polyrotaxane was highly water-soluble, because of its
poly(bola-amphiphile) structure. Isolation of the prodiitt
was achieved by ultrafiltration. Ultrafiltration has been shown

LiOOC

Stoppering at both chain ends of pseudopolyrotaxanes was
indeed successful for the transformation of channel inclusion
compounds to polyrotaxanes, but it has the disadvantage that
it must be quantitative to keep the rings from sliding off.
An alternative is the random attachment of stoppers along
the polymer chain. In this case, it is not necessary to attach

to be a very efficient method to distinguish between & stoppers at each repeat unit. Much lower conversions are
polyrotaxane and a pseudopolyrotaxane. Prolonged ultrafil- ¢ fficient to keep the rings on the chain. Only those rings

tration forces CD rings to dissociate from the polymer chain, il slide off the chain, which are located close to the ends,
as long as they are not blocked by a stopper. In the case ofyhere no further stopper can hinder them. The polymer-
a pseudopolyrotaxane, the ratio of threaded rings per repeagna|ogous reaction requires many reactive sites in the chain
unit continuously decays to zero; in the case of a polyro- anq 3 loose coverage of the polymer with CD rings to be
taxane, this ratio remains stalé Recently, also the poly-  gssailable by the stoppering reagent. Pseudopolyrotaxanes
(phenylenevinylene) polyrotaxari? with DP 7—12 was  xf poly(bola-amphiphile)s are well suited for such polymer-

obtained from 1,4-divinylbenzene-bisboronate, 4ljbdo- analogous stoppering reactions, as the hydrophilic groups
stilbene-2,2disulfonate, ando-CD or f-CD, and small  are not covered by CD rings. If these hydrophilic groups
amounts of the same stopper again (Figure'#0). are amino groups, they can easily be modified in aqueous

5,5-Dibromobithiophene was complexed insjelD and solution.
polycondensated using the Ni-catalyzed Yamamoto coupling Polyamines with long aliphatic segments, such as poly-
of arylhalogenides. After stoppering the chain ends with (imino-undecamethylene), were complexeddD. Sub-
9-bromoanthracene, a polythiophene polyrotaxaBevith sequently, a small part (2.5%) of the secondary amino groups
DP 12 and about seven threage€D rings was isolated in ~ were reacted with nicotinoyl chloride in aqueous solution,
20% vyield (Figure 41). The polyrotaxaid® was soluble in yielding polyrotaxanes, where the CD rings were confined
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Figure 42. Synthesis of the poly(azomethine) rotaxane witgsZoppers. (Reprinted with permission from ref 212. Copyright 2003 American
Chemical Society.)
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Figure 43. Decay of the optical rotation of o-CD as a function

of the time of dialysis: (a) free CD; (b) pseudopolyrotaxane; (c)
polyrotaxane. (Reprinted with permission from ref 173. Copyright
1992 Wiley-VCH.)

by the nicotinoyl substituents. The stability of the rotaxane
was tested by prolonged dialysis to continuously remove all
free CD molecules. The CD concentration was monitored
during dialysis by optical rotation (Figure 43). A certain Figure 44. Stoppering of a pseudopolyrotaxane by photochemical
amount of the CD concentration not removable by dialysis [212] cycloaddition between the polymer and a co-included
was attributed to rotaxanated CD rings. The amount of Monomer:

rotaxanated CDs increased while more stoppers were at-

tachedt” Likewise, 5-CD rings could also be threaded on

this polymer. Nicotinoyl groups were too small to block

B-CD rings, but the larger 2,4-dinitro-5-aminophenyl! sub-

stituents were sufficierf®

e e
@ %
The polymer-analogous modification of a pseudopolyro-
taxane can be catalyzed by supramolecular chemistry. A
(b;‘

poly(bola-amphiphile) with stilbene and decamethylene seg-
ments was complexed for this purpose by a mixturg-aD
andy-CD. Threaded/-CD rings were still large enough to
accommodate a second monomeric guest. Therefore, a
monomeric stilbene could be co-included within the&D
rings of the pseudopolyrotaxane (Figure 44). This co-
inclusion not only stabilized the pseudopolyrotaxane but also
made further chemical modification possible. Photodimer-
ization between two co-included stilbene entities produced
tetraphenylcyclobutadiene entities, which functioned as stop-
pers for the threaded CD rings (Figure 44). In this way, a
polyrotaxane was formed by the action of ligfftRecently,

a polymer-analogous DietsAlder reaction of cyclopenta-
diene with the CD inclusion compound of a poly(maleate) polymers with semirotaxanes and (b) polymerization of

Figure 45. Strategies for the synthesis of side chain polyrotax-
anes: (a) reaction of functional polymers with semirotaxanes; (b)
polymerization of semirotaxanes.

was described as welf! semirotaxanes (Figure 45).

An alkyl chain was blocked at one sidg by a bulky trityl
7.5. Synthesis of Comblike Side Chain group and complexed by heptakis-(2,6@imethyl)5-CD
Polyrotaxanes to furnish the semirotaxane, which was identified by mass

spectrometry. The amino-terminated semirotaxane was at-
There are two strategies for the synthesis of side chaintached to a series of polymers with active ester side groups:
polyrotaxanes. Both start from a rotaxane with only one polyacrylamideg% polyether sulfone$®2?7°and polyether
stoppet—a so-called semirotaxane: (a) reaction of functional ketones (Figure 46Y! The corresponding side chain poly-
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Figure 47. Schematic drawing ai-CD rotaxanes immobilized at
gold nanoparticles’* (Reprinted with permission from ref 274.
Copyright 1998 American Chemical Society.)
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Figure 46. Side chain polyrotaxanes synthesized by attachment (d)
of semirotaxanes to functional polymers: polyacrylamiiigsind
16,268.272polyether sulfonel 7,270 and polyether keton&8.271

rotaxanes were obtained in high yields. Generally, one CD Figure 48. Inclusion compounds of CBCD conjugates: (a) dimer

ring was threaded per side chain. If the side chain is long t€thered once; (b) dimer tethered twice; (c) CD polymer; (d) CD
: . molecular tube.

enough, even two CD rings became rotaxanated (Figure

46) 272 Also a so-called tandem polyrotaxane was synthesized

via the same approach starting from a polymer with two

active ester groups at each side chain, which were coupledConnection between manv CDs such as a bow net is called

with two semirotaxane moietiés® Alternatively, a semi- y

rotaxane was equipped at one end with a polymerizable grom_Jpﬁorpnoggué?r;teurgeb;sfn:anrglu;‘:‘%nrggggﬂ;??Sbggd(;gég)r(gigzs
such as acrylamide group. At the other end was a chol|cto Figure 48) Wii| be descr,ibed in the followin
acid stopper. The polymerization of this semirotaxane yielded 9 9-
a side chain polyrotaxane with a polyacrylamide main chain, P
with imited water solubiing 8.1. Cyclodextrin Dimers

In a similar approach, thio functional semirotaxanes of  There are a great number of CD dimers already known in
HS—CyoH20—CO—Fc (Fc= ferrocene) and-CD were self- the literature. They were reviewed some years %Agblost
assembled at the surface of gold nanoparticles, to give a novelCD dimers were synthesized to create sophisticated enzyme
type of polyrotaxanes, which are capped by the nanoparticlemimics. In fact, two CD rings were tethered once at the

twice 275 Furthermore, many CD rings were attached as side
groups to a polymer chain to form CD polymers. A multifold

at one end and ferrocene at the other (Figure?47). primary’®and secondary sidé¥/?"8respectively. CDs were
also tethered twice at the primary sides each to gain a higher
8. Rotaxanes from Covalently Linked CDs rigidity of the molecule, which leads to better preorganization

for the inclusion of suitable guest¥: 281 Very high binding

Covalent connections between binding sites for CD have constantsks = 1°—10° M1, were achieved between those
already produced a great variety of supramolecular structuresditopic hosts and guests, which are due to the cooperativity
and rotaxanes, as described in the previous section. Inof binding site€’®282Furthermore, heterodimers consisting
principle, the same should happen if CDs would be co- of onea-CD and ones-CD, tethered onéé! or twice23
valently connected. All of these expectations are indeed were also synthesized.
realistic, but synthesis of well-defined CECD conjugates A urea-bridgeda-CD—3-CD heterodimer included a
is quite tedious because of the polyfunctionality of CDs. CD stilbene derivative with aert-butyl group and a phenolate
dimers were synthesized by bridging two CD rings once or group at the ends. While thert-butyl group was included



Cyclodextrin Rotaxanes and Polyrotaxanes

in the 5-CD cavity, phenolate was complexed in theCD
cavity. Irradiation at 355 nm leads toans — cis isomer-

.. 300 nm
(deylight) 0" z4- 1\*\&;"

Figure 49. Schematic drawing of the photoisomerization of a guest
included in an-CD/S-CD heterodimer. (Reprinted with permission
from ref 276. Copyright 2004 The Royal Society of Chemistry.)
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to monomeric CD derivatives. On the other hand, CD dimers
and dimeric guests organize to supramolecular polymers, if
CD and guest moieties are both linked by long spat®&&>

The tether between twg-CD rings was rigidified by
coordination of metal cations such ag'Pffor organosele-
nium-bridged dimers), Cti, and N?*. Poly(propylene oxide)
was threaded through these dimers to construct a new, ladder-
like double-stranded pseudopolyrotaxaib@ (Figure 50).
Capping of the amino end groups with Sanger’s reagent
caused the precipitation of the pseudopolyrotaxe®erhe
2,4-dinitro group is too small to block-CD rings totally.
The hypothetical structure d® was supported bjH NMR,
TEM, and AFM (Figure 50%86-288

8.2. Cyclodextrin Polymers

CD polymers were synthesized by (a) polymerization of
CD monomers, especially acrylates, (b) cross-linking of CDs,
and (c) coupling of CD moieties to reactive polymers.

One acrylate group was attached per CD and polymerized
afterward with radical initiatord® The resulting CD poly-
mers were water-soluble and showed a somewhat improved
binding ability for certain guest molecules, e.g., fluorescence

ization of the stilbene moiety, which induces the exclusion dyes, due to cooperative effeét8!

of the phenolate end from the-CD cavity. This allows a

The statistic cross-linking of CDs is by far the most

competitive guest molecule (4-methylbenzoate) to occupy straightforward method to synthesize CD polymers. Its main
the a-CD cavity, forming a ternary complex. The whole disadvantage is the formation of highly branched or even
process could be reversed by irradiation at 300 nm (Figure insoluble polymers due to the polyfunctionality of CDs.
49)27¢ |t demonstrates that much higher recognition selec- Careful control of the reaction conditions allows the synthesis
tivities can be reached with those CD dimers in comparison of water-soluble polymers from CDs and epichlorohy-

a8
Hognge 57

Figure 50. S-CD ladder pseudopolyrotaxa®: structural formula and AFM pictures. (Reprinted with permission from ref 286. Copyright

2004 American Chemical Society.)
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Figure 51. Schematic illustration of supramolecular gels formed from polymers with azobenzeife@Ddside groups. (Reprinted with
permission from ref 298. Copyright 2004 Chemical Society of Japan.)

drin2922%3 This kind of 8-CD polymers associates to su- o (1 [T 1 [T NO,
. H 2H

pramol?cu(ljar netW(I)rks with EIS ahdamalntyl PEO Lyﬁg{o:mplex- Jii/u\/\0/\,0\/\0,\,0\/\0/\,0\/\0/\/0\/\N
ation of adamantyl groups by the polymer-bo Ds
leads to physical cross-linking and to the reversible formation o I:l D I:I D
of hydrogels??4-29

CDs (@-CD, 3-CD), deprotonated once, have been coupled > ‘ NaOH (10%)
via ester linkages to the reactive polymer poly(maleic
anhydridealt-isobutene). The resulting linear CD polymers oH oH
were water-soluble and showed binding abilities toward M
monomeric guests similar to those of monomeric CDs. NG; |, TSN
The interaction of these CD polymers with side chain guest J{\jN\/\o/\/o\/\0’\/0\/\0/\/0\/\o/\/o\/"“u”(;r
polymers led to formation of hydrogels due to supramolecular o~ -, N2

cross-linking. The amount of gelation could be controlled OH OH OH OH OH
by addition of competitive monomeric CD or guest mol-

ecules?*??43Similar supramolecular gels were formed later NaOH (25%)

between polyacrylamides with pendaiméns-azobenzene

groups angB-CD entities, respectively (Figure 52f or poly- oH OH

(acrylic acid)s witha-CDs and octadecyl side groufs. M ““““

o-CD or 3-CD was oxidized by DessMartin periodinane
to the corresponding mono-aldehyde at the primary side.
These CD aldehydes were coupled via reductive amination W ~~~~
to the pendant amino groups of paylgsine). The resulting OH OH OH OH o
cationic CD polymers were indeed soluble in water, but phase 20
separation occurred upon the complexation of 3-(trimethyl- Figure 52. Preparation of a molecular tub20 from a CD
silyl)propionic acid°%-3°2 The inclusion ability was inves-  polyrotaxané®*
tigated with the fluorescence dye pg-Hpluidino)-2-naphtha-
lenesulfonate (TNS). Complexation was much stronger than
that of the corresponding CDs due to the cooperativity of
binding3% To the best of our knowledge, no polyrotaxane
has been synthesized from CD polymers so far.

by a template approach. The polyrotaxane frar®D and
poly(ethylene oxide)-bisamine (PEO-BA) stoppered with 2,4-
dinitrophenyl groups was used as the starting material.
Adjacent CD rings within the necklace were coupled by
reaction with epichlorohydrin (Figure 52). After cleavage
8.3. Tubular CD Polymers of the stoppers, the free molecular tub@ was separated
CD-based molecular tubes or tubular CD polymers are from the PEO thread by size exclusion chromatography
multifold covalently linked CD rings, forming linear channels  (Figure 52)3%4 At first glance, it is astonishing why the PEO
of several 10 nanometers length. CD tubes were synthesizecchain is released so easily, despite the cooperativity of
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Figure 53. STM pictures of singlex-CD molecular tubes threaded on linear polymer (left) and star-shaped polymer (right). (Reprinted
with permission from ref 309. Copyright 2000 American Chemical Society.)

binding by the tube0. But it has to be taken into account was formed at room temperature but that it dissociates at
that the polymer gains a lot of entropy as soon as it leaveselevated temperatuf® Threading of thex-CD molecular
the tube. The length of the-CD molecular tube increases tube also occurs with PEO monocetyl ether covalently fixed
with the DP of the PEO employed. The CD rings are held at one end on a pyrolytic graphite substrate. The pseudopoly-
together by about three bridges between two adjacent CDrotaxane of the molecular tube could be visualized for the
rings. The empty molecular tub20 was detected by its first time by STM on this substrate (Figure 53). Furthermore,
complexation of iodine orsl’, which was similar to that of  star-shaped PEO was threaded by molecular tubes. The
amylose. resulting star-shaped polyrotaxane was nicely visualized by
Later on,a-CD molecular tubeg0with estimated lengths ~ STM (Figure 53)%%° Conducting polyaniline could also be
of 16—23 nm were synthesized. The dynamic properties were complexed by thex-CD molecular tube as well leading to
investigated by carbon spirattice relaxation time measure- an insulated molecular wire. The polyaniline chain was fully
ments. The results confirmed the rigidity of the molecular covered by the nanotubgé¥.
tube20.3% The inclusion behavior of the molecular tupe The thermodynamics of the inclusion of the triblock
was investigated through monitoring the optical absorption copolymer PEG-poly(tetramethylene oxide)PEO in the
spectra of iodine, which was taken as a probe because ita-CD molecular tube were investigated by isothermal
turns red due to complexation. Competitive complexation titration calorimetry in aqueous soluti@H. The DP of the
of linear PEO chains by the nanotube caused a back to yellowPEO blocks was 45 each, and that of the poly(tetramethylene
color change, because the iodine molecules were expelledoxide) block was 9. The long hydrophilic PEO blocks
off the hydrophobic channel. PEO chains with lengths close provided sufficient solubility in water. The lengths of the
to the length of the molecular tube expelled the iodine at molecular tube varied between 39 and 88 A (Table 6). The
lower concentration than those with shorter lengths. In other observed exothermic calorimetric signals were solely at-
words, the lengths of the guest polymers were recognizedtributed to the inclusion of the poly(tetramethylene oxide)
by the molecular tube. The experimental results were segments. When the tube was titrated with pure PEO, no
consistent with the FloryHuggins lattice model. An interac-  signals showed up. The dissociation enthalpy strongly
tion energy of Ae/KT = 2.7 per polymer repeat unit was increases with the length of the tube, especially from 39 to
derived from the experimental da¥®:2%" The temperature 52 A. Contrarily, the free energy of dissociation scarcely
dependence of the inclusion equilibrium between molecular depends on the tube length. With increasing length of the
tubes and PEO was investigated by circular dichroism in tube, the inclusion of the polymer chain becomes more and
solution. It was therefore necessary to attach azobenzenenore entropically disfavored, and the increase of binding
chromophores to the chain ends of the polymer. The circular enthalpy is compensated by the loss of entropy. The tube
dichroism of the chromophore induced by the inclusion in acts like a molecular prison and prevents the polymer chain
the chiral molecular tubes was measured as a probe forfrom coiling. This negative entropic effect increases with
inclusion. It was found that the inclusion complex indeed the length of the rodlike tube.
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Table 6. Thermodynamic Parameters for the Inclusion of a
PEO—PTHF—PEO Triblock Copolymer by an o-CD Molecular
Tube3!la

M, of tube length of
(g/mol) tube (A) AHSJRT  AGSJRT n
4400 39 11.2 10.9 2.1
5900 52 21.1 11.3 1.07
8200 72 30.1 11.4 0.7
10000 88 335 135 0.6

aMeasurements at 298 K; enthalpy values refer to 1 mol of molecular
tube; n = stoichiometry ratio, tube/polymer.

(a)

r=——
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(©) .
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Figure 54. Possible structures of inclusion complexes between
molecular tubes (MTs) and the triblock copolymer PERTHF—
PEO: (a) 2:1: (b) 1:1; (c) 1:2 inclusion complexes (MT/copolymer).
The MT in part ¢ has a kink point to include the two independent
strands of the triblock copolymer. (Reprinted with permission from
ref 311. Copyright 2003 American Chemical Society.)

Interestingly, recognition between the length of the tube

Wenz et al.

of well-defined nanostructures. Polyrotaxane structures are
indeed beautiful. But what are the possible uses?

A polymer molecule experiences four major changes upon
rotaxanation, which might be useful: the polymer chain
becomes (a) more hydrophilic, (b) better shielded, (c) more
rigid, and (d) polyfunctional. Therefore, threading of poly-
mers by CDs can lead to an improved solubility or compat-
ibility of the polymers. New polymer morphologies are
obtainable after unthreading of polymers from their CD
inclusion compounds. Shielding of a polymer can lead to a
higher stability of sensitive polymers against bleaching or
autoxidation. Shielding and rigidification lead to improved
fluorescence quantum yields of complexed dyes. The poly-
functionality of polyrotaxanes due to the many hydroxyl
groups can be exploited, for instance, for the attachment of
functional groups or for cross-linking to hydrogels. Linear
polyrotaxanes can be used as porogens because of their
rigidity. Some examples of functional polyrotaxanes and their
possible uses will be given in the following.

9.1. Solubilization of Polymers

Solubilization of monomeric guests in water was already
the topic of section 4. Polymers can be solubilized in water
by complexation in CDs, too. For example, amphiphilic block
copolymers of PEO and PPO (pluronics) were solubilized
in water, because the hydrophobic blocks were shielded by
hydrophilic CDs!8221313Complex formation also inhibits
both cluster formation and micellization of these poly-
mers314315n particular, methylated CDs are well suited for
the solubilization of hydrophobic polymers such as PFO,
because they do not form dense channel inclusion com-
pounds. A polyrotaxane frofi-CD and PEG-PPO-PEO
triblock copolymers was insoluble in water below room
temperature but soluble at elevated temperature. A sharp and
reversible phase transition was found. A dense channel
packing of threade@-CD rings at the hydrophobic PPO
block was made responsible for the lack of solubility. A less

and the length of the hydrophobic block (54 A) was observed dense distribution of threaded CD rings along the whole
(Table 6)3'*If the tube was shorter than this block, two tubes polymer caused the observed solubility at higher tempera-
threaded onto the polymer (2:1 complex). If both lengths tures?! Even single-walled carbon nanotubes (SWCNTSs)

were equal, a 1:1 complex was formed, and if the tube was with an outer diameter of ca. 1.2 nm became water-soluble

longer than the hydrophobic block, a 1:2 stoichiometry was by complexation iny-CD (12 glucosidic unitsj!

found. The 1:2 stoichiometry was attributed to a complex

constellation, in which two chains thread into one tube. This g 2. Processing of Polymers

would lead to a structural defect somewhere in middle of

the tube (Figure 54). Another explanation would take into  When CD channel inclusion compounds of polymers were

account the polydispersities of both the tube and the heated with water, polymer chains are extruded out of the

hydrophobic blocks: only about half of the polymer chains channels and often recrystallize in a different way rather than

which could find an appropriate partner might have been how they would from organic solution. The crystallization

complexed. More detailed investigations are necessary tofrom an inclusion compound was coined coalescence by

distinguish between both hypotheses. The recognition of the Tonelli’'s group. Some polymers, such as poHgctid acid)

length of a polymer is really a challenging topic. Until now (PLLA)3and nylon-6\>¢received a higher crystallinity by

it was only observed within double helic&s. coalescence, but others, such as poly(caprolactone) (PCL),
received a lower on&$ The rates of nucleation and crystal-

9. Functions of and Applications for CD lization of poly(hydroxybutyric acid) were greatly enhanced
by coalescence from ite-CD inclusion compound. This

(Pseudo)Polyrotaxanes acceleration was attributed to a small fraction of CD rings
CD polyrotaxanes and tubes are fascinating molecular remaining on the polymer chain improving the mobility of
entities. Terms of our daily life, such as threading, stoppering, the polymer chains during the crystallization procggs:®
an abacus, a tube, and an insulated wire, are becoming real Common coalescence of two polymers from a mixture of
in the nanoscopic world of CD molecules. Breathtaking inclusion compounds often leads to a more intimate blend
pictures, made by AFM or STM, show that even courageous of the two polymers. Blends of PLLA and PCL were
concepts such as ladder polyrotaxanes are possible to realizeobtained in which the domains for each polymer were much
CDs became predictable building blocks for the construction smaller than those obtained by casting from a common
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solution3*¢ Blends of PCL and poly,S-3-hydroxybutyrate) polyrotaxanes was improved by partial hydroxypropylation
obtained by coalescence even seem to be homogeneousf the threaded CD rings. Many drug molecules were indeed
because the blend showed only one average glass transitiomttached to CD polyrotaxanes. But is there any advantage
temperature between those of the pure comporiéhts. of polyrotaxanes over any other polysaccharide, e.g., hy-
Polycarbonate and poly(methylmetacrylate) were also blendeddroxypropylated starch, for drug delivery? The main advan-
this way3?° Likewise, the coalescence of block copolymers tage of a drug bound to a polyrotaxane is that the drug can
from their CD inclusion compounds leads to materials with be released all at once as soon as the stoppers have been cut
lower crystallinities and smaller domain siZ85.These off at the desired destination. The liberated -€iyug
materials show a much faster biodegradation, e.g., by lipasesconjugates are small enough to further degrade rapidly or to
which makes them attractive as sewing threads for surgerydiffuse through cell membranes. In Yui's grou@,CD—
applications’?? PEO polyrotaxanes were synthesized stoppered by oligopep-
These developments in polymer processing by coalescencdides. First,L-phenylalanine was used as a stopper, which
from CD inclusion compounds are indeed very promising, can be cleaved off by proteases such as pajaii®=2"The
but a major disadvantage of this method cannot be ruledrelease rate was still sluggish, taking several days. The
out: high amounts of CDs are necessary for processing byinteraction of polyrotaxanes with the stratum corneum of
coalescence because of the high molecular weights of CDs hairless rat skin was examined by DSC, showing that the
For example, the coalescence of 50 g of polymer requiresdesigned polyrotaxane could be feasible as a transdermal
around 1 kg of CD. Therefore, it will only make sense for penetration enhancéf The drug theophylline was attached
high value added products, e.g., for medical applications. to the hydroxypropylated CD rings. The enzymatic hydrolysis
of the peptide linkages bg-chymotrypsin or papain gave
9.3. Molecular Insulation of Polyconjugated rise to a complete release of the theophylline-conjugated
Polymers CDs?% Likewise, L-phenylalanylglycylglycine (H-Phe-
GlyGly) groups were used as terminal stoppers of a poly-
Polyconjugated polymers are indeed very promising rotaxane that could be cleaved off by a membrane-bound
materials, because of their electrical conductivity, photocon- metalloexopeptidase (aminopeptidase ).
ductivity, electroluminescence, and nonlinear optical proper-
ties?? but there are also several drawbacks known: they 9.5, Multifold Recognition and Targeting
are insoluble and not meltable, and, therefore, are difficult ) ) )
to process; they are sensitive to moisture, light, and oxygen; _Attachment of ligands for biological receptors to threaded
and they tend to cross-link. Each of these drawbacks limits CDS opens the possibility to direct a polyrotaxane to a certain
their applicability. Therefore, it was a good idea to create destination in an organism. The idea behind this is the so-
so-called insulated molecular wires, in which CDs or CD called multivalency concept introduced by G. Whitesides:

tubes shield polyconjugated polymers from the environment One ligand-receptor interaction might be weaky(= 10°~
and prevent intermolecular cross-linking reactions. 10* M~1), but the combination of several of those interactions

Anderson’s group has developed an approach to prc)duceaccumulates to give very strong and selective bindifighe

polyrotaxanes from polg¢phenylene), polyf-diphen- attachment of ligands to polyrotaxanes allows a straightfor-
ylenevinylene), poly(fluorene), and poly(phenylenevinylene), ward mpdular |r.np.lementat|on of this multlvalerjcy concept.
as already described in section 7.3. In contrast to the free  Th€ ligand biotin was attached to theCD rings of a
polyconjugated polymers, these polyrotaxanes are well PI_EO pol_yrotaxane. The binding and_d_|ss_00|at|o_n_ kinetics of
soluble in water, processable, and stable to ambient condi-thiS biotin—polyrotaxane to streptavidin immobilized on a
tions. The polymers show an increased fluorescence, whichg0ld surface were detected using the surface plasmon
was attributed to an increased stifiness of the polymer due'®Sonance (SPR) technique. The affinity of the bietin
to the complexation and to less quenching because of thePolyrotaxane was found to be five times higher to the
shielding effect of CD3&%112174 Thin films have been streptavidine surface than those of the monomeric biotin
produced from these polyrotaxanes by spin-coating, and theCD conjugate®* , _
optical, morphological, and electroluminescent properties __The ligand maltose was linked onto theCD rings of a
have been investigatég: PEO pol_yrotaxane. The_ multivalent interaction with a recep-
Polyaniline was complexed i8-CD 225 or even better by [0 Protein (concanavalin A) was measured by an agglutina-
the a-CD molecular tub&° The complex of the-CD tube 110N assay. Again, the polyrotaxane had a higher affinity to
precipitated from aqueous solution but was soluble in € receptor than the monomeric CD maltose conjugfafé:
N-methyl-2-pyrrolidone. It formed very long (366100 nm), The mobility of the ligand along_the_: _mechanlcally locked
stiff, wormlike chains, with a constant thickness of the Structure of the polyrotaxane significantly enhanced the
nanotube. Therefore, it was concluded that the polyaniline Multivalent interactiorf*" _
chain was densely covered by CD tubes. Four point The ligand lactose was appendedit@D and to partially
conductivity measurements at single pseudopolyrotaxaneMethylated 5-CD. The conjugates were threaded onto
molecules showed that the insulated conducting molecular"ydrophobic polymers, such as PTHP and PPG, in aqueous

wire is becoming realit§2° solution to form pseudopolyrotaxan&éThe samer-CD—
lactose conjugate was threaded onto the poly(bola-am-
9.4. Programmed Drug Delivery phiphile), poly(decamethylene-viologen), in aqueous solution.

The affinity of the resulting water-soluble lacteggseudopoly-
Since CD polyrotaxanes are highly polyfunctional mol- rotaxanes toward the receptor galectin-1 was measuared
ecules, they are well suited for the delivery of drugs. The vivo with a T-leukemia cell agglutination assay. The affinity
drug can be covalently attached to the CD rings of a of one lactosepolyrotaxane toward the receptor was 10-
polyrotaxane. The resulting functional polyrotaxane has to fold higher than that of monomeric lactose. This high affinity
be water-soluble. The poor water solubility of dense channel is possible because of the high but restricted mobility of the
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Figure 55. Schematic drawing of multifold interaction of a lactose ) S
ligand appended at a pseudopolyrotaxane toward the receptor _—
galectin-1. (Reprinted with permission from ref 334. Copyright 2004

American Chemical Society.)

ligands tethered at the polymer chain, which leads to C— molecular tube
cooperativity of binding (Figure 553 == PEO with cetyl endgroup

9.6. Hydrogel and Network Formation g dextran backbone

The (pseudo)polyrotaxanes of CDs and linear or branchedFigure 56. Schematic drawing of physical cross-linking by
polymers can form higher supramolecular assemblies, i.e.,Molecular tubes leading to hydrogéts.
hydrogels and networks, through physical or chemical cross-
linking.*** The inclusion compounds of high molecular mers were used as templates in the-ggl process. Porous
weight PEO ina-CD form gels in water in a wide range of  silica materials were thus obtained, in which the tubelike
concentrations. Polymer chains of PEO were only partially pores kept the shape and size of the pseudopolyrotaxanes
included, and the threadea-CD rings aggregate due to even after removal of the templates. At low pH (p+2.0),
intermolecular hydrogen bonds. These aggregates act ashe diameters of the pores resembled those of single
physical cross-links and cause gelat®h.The pluronic  pseudopolyrotaxane chains. At higher pH, the aggregation
copolymers (triblock copolymer PEEPPO-PEO) with of the pseudopolyrotaxanes to bundles led to larger pdfes.
more than 25 wt % PEO segments also form supramolecularSimilar porous silica materials with somewhat wider pores
hydrogels induced by association of threade@D rings3%” (Figure 57) were formed after templating with-CD
PEO was also grafted to dextrans and a hyperbranchedpseudopolyrotaxanes from the poly(bola-amphiphile) poly-
polymer, poly(3-ethyl-3-oxetanemethanol). Threading of (imino-hexamethylene-iminodecamethylef®).
a-CD onto the PEO branches of these polymers caused
gelation by physical cross-linkirg>***PEO was also grafted 10, Concluding Remarks and Future Perspectives
onto PEG-a-CD polyrotaxanes stoppered with hydrolyzable ] ) )
groups. Threading-CD onto the PEO arms gave rise to  Since the last revie# eight years ago, there has been
gelation again. The gels could be dissolved again by overwhelming progress in both quality and quantity of CD
hydrolytic cleavage of the stoppers. These novel supramo-Polyrotaxane synthesis, characterization, and application.
lecular hydrogels can find potential application in tissue Meanwhile, rotaxanations of monomers and polymers with
engineering, where long-term stable but actually hydrolyzable CDs have become standard procedures.

hydrogels are needéé® So-called slide-ring gels were Furthermore, CD molecular tubes made their way and are
obtained by chemical cross-linking cfCD—PEO polyro-  already used for many promising applications. Unfortunately,
taxanes and investigated by SARS343 Poly(e-lysine), their length is limited and they are only available up to now

grafted to dextrane, was also complexedob€D, leading for o-CD in small quantities. It would be worth the effort to

to pH and temperature sensitive hydrogékSupramolecular ~ develop this exciting field further and find synthetic proce-
networks were also formed by interactions betwee@D dures for the production of larger quantities and higher
molecular tubes and cetyl-PEO grafted onto dextran. The internal diameters. Poly-carcerands could be synthesized by
polymer chains were physically cross-linked because the Stoppering molecular tubes, in which guest molecules had
molecular tube is able to complex two polymer branches Peen included before. Monomers could be polymerized

from opposite sides (Figure 58% within molecular tubes to control the chain length of the
polymer.

9.7. Templating for the Synthesis of Nanoporous In the future, the specific functions of polyrotaxanes in

I\/iaierials terms of solubilization, shielding, or polyfunctionality will

be more and more exploited and combined for the creation
The pseudopolyrotaxanes and polyrotaxanes of linear of highly specialized modular systems.
polymers and CD, and also their aggregates, exhibit stable Because of their relatively high pric&8,CD polyrotaxanes
wormlike shapes in solution, which could be copied into hard will never become commaodity polymers. The main applica-
material via nanocasting. The situ formed pseudopolyro-  tions will be small scale, high value added products, such
taxanes from PEO or PPO polymers or their block copoly- as medical applications. CDs are hydrophilic, nontoxic, and
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Figure 57. (left) TEM image of silica materials templated by pseudopolyrotaxanesx-@D and poly(imino-hexamethylene-
iminodecamethylene). (right) Corresponding pore size distribution, derived from nitrogen adsedasumption isotherms. (Reprinted
with permission from ref 344. Copyright 2003 Elsevier Ltd.)
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