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ABSTRACT 

Recent results from our laboratory have shown that the formation of polyester and 
polyurethane rotaxanes by polymerization in the presence of crown ethers is driven by 
hydrogen bonding of the OH groups with the oxygen atoms of the macrocycles. Here we 
summarize these findings. Then we describe the application of this type of self assembly for 
the production of polyrotaxanes by threading preformed macromolecules and for the controlled 
synthesis of branched and crosslinked systems. These latter protocols comprise a new and 
novel way to prepare mechanically linked, elastomeric materials. Rheological properties of 
main chain polyrotaxanes are compared to simple linear backbones; the rotaxanes display 
higher intrinsic viscosities and lower melt viscosities, reflecting larger hydrodynamic volumes 
and less entanglement, respectively; these are potentially useful aspects in terms of 
processability of this new class of polymeric materials. 

INTRODUCTION 

A polyrotaxane is a molecular composite comprised of macrocycles threaded onto some portion 
of a polymer with no covalent bonds between the two species. (Ref.l) Several types of 
polyrotaxanes are depicted in Figure 1; true polyrotaxanes (B, C, D, F) possess bulky groups 
to prevent potential diffusional loss of macrocycles, while polypseudorotaxanes (A, E) do not 
have such “stoppers.” 
The formation of main chain polyrotaxanes of Types A and B via in situ formation of a low 
molar mass pseudorotaxane is represented in Scheme 1. Wn, defined as macrocycles per 
repeat unit, in the resultant polyrotaxane depends on the efficiency of formation of the 
pseudorotaxane and its subsequent capture. Either statistical or host-guest approaches may be 
employed to achieve the threading that leads to the monomeric pseuodrotaxane. There is 
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negligible enthalpic driving force in statistical threading; entropy plays a major role. Other 
important variables are ring size and rigidity, chain length and rigidity, ring-chain 
compatibility, etc. The statistical method produced several low molar mass rotaxanes and 
catenanes in relatively low yields in the early years of topological chemistry (Ref. 2). 

I 

Large 

Figure 1. Various types of polyrotaxane architectures. 

excesses of the macrocycle may be used to drive the threading equilibrium to the right through 
le Chatelier's principle. Vinyl chain growth polymerizations offer a modification of the 
technique illustrated in Scheme 1, but utilize the same principle of statistical threading. 
Lipatova made polystyrene rotaxanes by incorporating cyclic urethanes (Refs. 1, 3); m/n values 
ranged up to 0.14. We later made poly(styrene-rotm-crown ether)s by free radical and 
anionic methods; m/n values were less than 0.025. (Refs. 1,4) 
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Scheme 1. Pseudorotaxanes as precursors to rotaxanes, catenanes, polypseudorotaxanes and 
polyrotaxanes. 

On the other hand, in the host-guest approach the enthalpy change for non-covalent bonding 
(hydrogen bonding, coordination, charge transfer complexation, etc.) is used as a threading 
driving force. As long as their values satisfy critical requirements for threading, factors such as 
ring size, chain length, ring and chain rigidity and rindchain ratio become less important. 
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Metal ions have been used by Sauvage et al. to serve as templates for coordination with both 
cyclic and linear species, forming the pseudorotaxanes of Scheme 1 and then catenanes by 
cyclization, specifically using phenanthroline-based bisphenols and macrocycles in the 
presence of Cu(1) ion. (Ref. 5 )  We synthesized a rotaxane by the same methodology. (Ref. 6) 
We used free radical polymerization to make poly[acrylonitrile-rotnxa-(60-crown-20)] (Type A) 
(Ref. 7), presumably aided by complexation of the monomer in a pseudorotaxane structure 
analogous to that formed with acetonitrile (Ref. 8); m/n values ranged up to 0.04 (40% cyclic). 
Low molar mass rotaxanes and catenanes have been prepared via the corresponding 
pseudorotaxanes self assembled by hydrogen bonding as reported by Vogtle et al. (Ref. 9), 
Hunter et al. (Ref. lo), Leigh et al. (Ref. 11) and Stoddart and coworkers. (Ref. 12) 

Formation (threading) constants as high as 104 L/mol, driven by hydrophobic-hydrophilic 
interactions, are observed for cyclodextrin inclusion (pseudorotaxane) complexes. (Ref. 13) A 
variety of low molar mass rotaxanes based on cyclodextrins as the cyclic species have been 
reported. (Refs. 1, 14) Indeed the syntheses of polyrotaxanes of Type A from cyclodextrin 
complexes by application of Scheme 1 preceded much of the low molar mass activity, e.g., 
polyamides reported by Ogata in 1976 (Ref. 15), and free radical polymers and copolymers of 
vinylidene chloride made by Maciejewski and coworkers in 1979. (Ref. 16) Recently Wenz 
and Keller have reported well characterized main chain polyrotaxanes of Types A and C by 

threading preformed polyamines through a-cyclodextrin according to the generic approach of 

Scheme 2 and then acylating the in-chain amino groups; m/n values of 0.89 were achieved. 
(Ref. 17) Side chain polyrotaxanes of Type D were similarly prepared by Ritter and coworkers 

using P-cyclodextrin derivatives. (Ref. 18) And again by the methodology of Scheme 2,  

oligomeric rotaxanes of Type A from cyclodextrins with oligo(ethy1ene glyco1)s (Ref. 19), 
oligo(propy1ene glyco1)s (Ref. 20) and hydrocarbon polymers [oligo(isobutylene)s (Ref. 21a) 
and polyethylene (Ref. 21b)l have been reported by Harada and coworkers. 

Scheme 2. Polyrotaxanes by threading preformed polymers. 

A pseudorotaxane complex of N,N’-dimethyl-4,4’-bipyridinium (“methyl viologen” or 
“paraquat”) and bis(p-phenylene)-34-crown-l0, based on charge transfer, hydrogen bonding 
and dipole-dipole interactions, was reported by Stoddart and coworkers (Ref. 22) and they 
have extended this technique to structures of increasing size and complexity. (Ref. 23) We 
both by the methods of Scheme 1 (Ref. 24) and Scheme 2 (Ref. 25) and more recently others 
by Scheme 2 (Ref. 26) have prepared polyrotaxanes by this approach. 
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RECENT RESULTS & DISCUSSION 

A .  Establishment of Hydrogen Bonding as Driving Force in 
Formation of Polyester Rotaxanes 

We have previously reported syntheses of poly(ester-pseudor0taxane)s of Type A with m/n 
values up to 0.74 (Ref. 27) and analogous polyurethane pseudorotaxanes with m/n up to 0.87 
(Ref. 28) using crown ethers and the methodology of Scheme 1. We also reported that all 
parametric studies were consistent with hydrogen bonding of aliphatic crown ethers with the 
diol monomers as the driving force, except that no temperature dependence was observed. 
(Refs. 29, 30) Dethreading from the final polypseudorotaxanes is extremely slow, i.e., half 
lives of many months! (Ref. 30) 
We recently prepared a bulky diol whose steric size disallows passage of rings and used it as a 
monomer to prepare polyester rotaxanes of Type C. (Ref. 31) We also prepared a similar 
bulky diacid chloride for the same purpose. (Ref. 32) These systems yielded two very 
important results. First, for systems with BG’s present, m/n was observed to be temperature 
dependent (Ref. 33), consistent with the involvement of hydrogen bonding. And second, the 
use of both BG monomers increased m/n 14-fold! (Ref. 32) This indicated that significant 
(>90%!) dethreading occurs during the polyesterification process in the absence of such 
“blocking group” (BG) monomers. In the absence of BG’s dethreading occurs because, once 
the OH group is consumed, the resultant ester linkage exerts no restraining force on the crown 
ether, i.e., VK-0, and the crown ether can dethread from the oligomers (Scheme 3). 
However, when both monomers are bulky, once an ester bond is formed in an endo fashion 
the ring is trapped (Scheme 4). These new findings mean that the association constant for H- 
bonding (K, which has not yet been measured) and the proportion of “endo”-esterification are 
much higher than the previous results may have suggested and that with proper design such H- 
bonding can be utilized in the synthesis of a variety of polyrotaxanes, as we will attempt to 
demonstrate below. 

mmOOCRCOCl m m O H  
+ K R(C0CI)z K 

0 END0 0 
Scheme 3. Dethreading During Polyesterifcation of Simple Diols & Diacid Chlorides 

Scheme 4. Prevention of Dethreading by Use of Bulky Diols & Diacid Chlorides 
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B. Identification of Hydrogen Bonding as Driving Force in Formation of 
Polyurethane Rotaxanes 

The above results support the idea that the same hydrogen bond complexation is involved in the 
formation of polyurethane rotaxanes. And recent studies in which BG monomers were 
incorporated into polyurethane rotaxanes to give Type C systems corroborate this. However, 
the intra-annular H-bonding of threaded macrocycles with the N-H groups of the backbone 
(Scheme 5 ) ,  which we have studied independently (Ref. 34), reduces the losses from 
dethreading during the polymerization (Ref. 35), i.e., llK=finite, accounting for the lower 
degrees of dethreading observed for the polyurethane systems of Type A relative to the 
analogous polyesters (Scheme 3). Another exciting finding is that it is possible to contol the 
locus of the crown ether rings in these polyrotaxanes by use of solvent; in CDC1, hydrogen 
bonding localizes the rings on the urethane moieties, whereas in DMSO the crown ethers are 
delocalized over other portions of the backbone. (Ref. 36) These NMR studies thus 
demonstrate a controllable macromolecular shuttle. 

M*ll.00CNHRNCO -.“-,OH 
+ K K W C O h  

END0 3 0 
A - -09 - mmmOOCNH -RNCO 0 

I I 
Scheme 5. Dethreading During Polyurethane Formation from Simple Diols & Diisocyanates 

C .  Main Chain Polyrotaxanes of Type A By Hydrogen Bond 
Threading of a Preformed Polyurethane 

Induced 

To demonstrate that hydrogen bonding of N-H groups with crown ethers does provide an 
efficient means of polyrotaxane formation, recently we used the approach of Scheme 2 to 
produce for the fust time in an efficient manner an aliphatic crown ether-based polyrotaxane. 
Specifically, a preformed polyurethane derived from tera(ethy1ene glycol) and 4.4’- 
bis(isocyanatopheny1)methane (MDI) was mixed in the melt with “42-crown-14” (Ref. 37); 
this led to the formation of the polyurethane rotaxane with m/n=0.20. (Ref. 36) This 
corresponds to 22 % by mass crown ether in the polymer. This exciting finding opens the way 
to facile synthesis of a range of polyrotaxanes by judicious application of the methodology of 
Scheme 2 and study of the properties of these systems with constant backbone molecular 
weight. 
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D .  Use of Hydrogen Bonding Driven Self Assembly to Prepare 
Mechanically Linked Branched and Crosslinked Polymers 

1 . Polymethacrylates by Polymer Modification 

Reaction of preformed poly(methacryloy1 chloride) with 5-hydroxymethyl-l,3-phenylene- 1.3- 
phenylene-32-crown-10 at 0.37 M in pyridine produced a highly branched structure (molecular 
weight distribution=MWD=31. (Ref. 38) Increasing the concentration to 0.71 M yielded a 

material that was ca. 50% sol and 50% gel. The sol fraction was extremely highly branched 
(MWD=214). Control experiments with methanol and the analogous 16-membered crown 
ether, which is too small to thread, showed that there were no chemical side reactions; both 
polymethacrylates had the same degrees of polymerization and low MWD (ca. 3.6). The self 
assembled complex of the large macrocyclic alcohol leads to rotaxane formation by endo 
esterification analogous to Schemes 3, 4 and 5. The proportion of mechanical linkages so 
generated is therefore related to the concentration and hence the degree of branching is easily 
controlled. 

Scheme 6. Preparation of Branched & Network Polyrotaxanes By Esterifcation of 
Poly(acid chloride) with Macrocyclic Alcohol 

2 .  Polyurethanes by Self Threading of Macrocyclic Diols 

Self association of a macrocyclic diol prior to reaction with a diisocyanate should bring about 
rotaxane formation by endo formation of the urethane linkages. We have recently 
demonstrated this process using MDI and bis(5-hydroxymethyl-rn-phenylene)-32-crown- 10 
(Scheme 7). (Ref. 39) By variation of the proportion of macrocyclic diol in copolymers with 

I 
,- 
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I 

Scheme 7. Branched & Crosslinked Polyurethane & Polyester Rotaxanes as a Result of Self 
Association of Crown Ether Diols 



95 

tetra(ethy1ene glycol) in diglyme solution the extent of branching can be controlled. However, 
in DMSO rotaxane formation is prevented; thus variation of the solvent also allows control of 
the topology and, by use of mixtures, the degree of branching. In a bulk polymerization an 
insoluble elastomer was formed by gelation via the mechanical (rotaxane) linkages; thus, 
obviously concentration is another experimental variable that can be employed for systematic 
design of the final polymer's structure. 

3 .  Polyesters by Self Threading of Macrocyclic Diol 

Rotaxane units also provide mechanical linkage points for branching in polyesters prepared 
from macrocyclic diols under appropriate conditions. We demonstrated this by reacting bis(5- 
hydroxymethyl-m-phenylene)-32-crown-l0 with sebacoyl chloride in a bulk polymerization to 
produce an insoluble elastomer (Scheme 7). (Ref. 40) Again self assembly of hydrogen 
bonded complexes of the macrocyclic diol allows endo esterification, which produces the 
rotaxane linkages. Furthermore, by control of the concentration and/or solvent in analogous 
solution polyesterifications it should possible to control the degree of branching . 

E. Unique Physical Properties Of Polyrotaxanes 

1 .  Intrinsic Viscosities 

Comparison of the intrinsic viscosities of polyesters with those of the poly(ester crown ether 
rotaxane)s shows that the polyrotaxanes have higher intrinsic viscosities than the simple 
backbone systems. (Ref.30) This can be ascribed to the increased hydrodynamic volume due 
to the threaded cyclic species. Differential solvation of the linear and cyclic components of 
these polyrotaxanes leads to solvent dependent intrinsic viscosities, again reflecting changes in 
the hydrodynamic volume in response to solvation factors. (Ref. 30) Thus rotaxane formation 
can be used to increase solution viscosity. 

2 .  Melt Viscosities 

Examination of the melt viscosities of series of poly(decamethy1ene sebacate)s of various 
molecular weights in comparison to a poly[(decamethylene sebacate)-rofaxa-("42-crown- 14")] 
(Figure 2) showed that the polyrotaxane has a melt viscosity that is approximately the same as 
that of the simple polymer of -40% its molecular weight. (Ref. 30) In other words the melt 
viscosity at a given molecular weight is substantially reduced in the polyrotaxane vs. the simple 
backbone system. The presence of the threaded macrocycles inhibits entanglement in the melt, 
thereby reducing the viscosity. For enhancement of processability, therefore, rotaxane 
formation is advantageous. 
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TEMPERATURE (OC) 
Figure 2. Melt viscosity at an oscillatory shear rate of I Hz as a function of temperature for 
simple polyester (M,,=4.3,Mw=7.0 kg/mol) andpolyrotaxane (m/n = 0.13, M,,=10.4, M,=I 7.1 
kg/mol). MW’s by GPC using a viscometer and the universal calibration 
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