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Abstract: The synthesis, by solid-state copolymerization, and characterization of the first polycatenanes
based on a commercial polymer are reported. Various amounts of a benzylic amide [2]catenane, the
corresponding macrocycle, and a rigid bisphenol fluorene derivative have been quantitatively and
homogeneously incorporated into bisphenol A polycarbonate. The resulting copolymers were characterized
by size exclusion chromatography coupled with viscosimetry, *H NMR, differential scanning calorimetry,
and dynamic mechanical analysis. The unexpectedly small influence of [2]catenane incorporation on the
glass transition temperature of the copolymers points to remarkable internal mobility of the catenane
comonomer rings. A new relaxation linked to the flexible catenane units is also observed. The studies
represent a detailed structural characterization of a polymer containing small amounts of mechanical linkages
in its backbone and demonstrate that significant effects can be induced by doping conventional polymers
with small percentages (2—6% of repeat units) of flexible catenanes.

Introduction

Given the high cost of introducing new chemical building
blocks, it seems likely that future generations of commercial

effects—nor even evidence for catenane ring mobility in the
undissolved statehave been experimentally demonstrated in
poly[2]catenane structures to date. The few examples repotted

macromolecules will be derived from assemb“ng existing Cheap (4) For discussions of the effects on properties in polyrotaxanes where the

monomers in new ways, using novel types of polymer archi-

tectures to improve characteristics and provide “added value”.

One type of architecture that is attracting intefebsts based
upon incorporating mechanically interlocked rings, i.e. cat-

enanes, into an otherwise covalently linked polymer backbone.

By incorporating flexible-or even switchablelinkages, one

might expect to induce significant changes in molecular level
flexibility and degrees of freedom, generating unusual and
potentially useful improvements in properties. However, no such
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mechanical linkage does not interrupt the covalent backbone of the polymer
see: Reference 1. Gong, C. G.; Gibson, H. @arr. Opin. Solid State
Mater. Sci.1997 2, 647—652. For daisy-chain type polyrotaxanes and
polypseudorotaxanes which do have rotaxane mechanical linkages in the
polymer backbone see: (a) Gibson, H. W.; Yamaguchi, N.; Hamilton, L;
Jones, J. WJ. Am. Chem. So@002 124, 4653-4665. (b) Cantrill, S. J.;
Youn, G. J.; Stoddart, J. F.; Williams, D.J.Org. Chem2001, 66, 6857
6872. (c) Hoshino, T.; Miyauchi, M.; Kawaguchi, Y.; Yamaguchi, H.;
Harada, A.J. Am. Chem. So200Q 122 9876-9877. (d) Rowan, S. J.;
Cantrill, S. J.; Stoddart, J. F.; White, A. J. P.; Williams, DQIg. Lett.
200Q 2, 759-762. (e) Gibson, H. W.; Hamilton, L. M.; Yamaguchi, N.
Polym. Ad. Technol.200Q 11, 791-797. (f) Yamaguchi, N.; Gibson, H.
W. Angew. Chem.Int. Ed. 1999 38, 143-147. (g) Yamaguchi, N.;
Hamilton, L. M.; Gibson, H. WAngew. ChemInt. Ed.1998 37, 3275~
3279.
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3425-3435.
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Mdllen, K. Chem. Commuril996 1243-1244.
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Figure 1. X-ray crystal structures of intramolecularly hydrogen bonded [2]catenargga) (b) the bishydroxylated derivative &f Crystals grown from

slow infusion of water and methanol into solutions in dimethylformamide. For clarity the carbon atoms of one macrocycle are shown in yellow, the other
light blue; oxygen atoms are depicted in red, nitrogen atoms dark blue, and selected hydrogen atoms white. Intramolecular hydrogen bonddlistances an
angles (A and deg): (a) N2HO23, 2.29, 129.7; O3HN2, 1.92, 160.1; O13HN33, 1.89, 164.0. (b) N2HO3, 2.15, 167.5; N13HO03, 2.46, 171.4;
022—-HNZ2, 2.53, 144.9; O36HN13, 2.04, 166.3.

thus far in the literature have only been prepared in small blending was used to incorporate the catenane into bisphenol
guantities with broad molecular weight distributions and, A polycarbonate. Very few examples of solid-state copolym-
consequently, little characterization of their structures or proper- erization have been reported, and they all involve melt blending
ties have been possible. Furthermore, the [2]catenane unitsof the precursors as a first st&p2° To our knowledge, this is
typically make up 96-95% of the molecular weight of those the first example of a copolymerization performed in the solid
copolymers (or they employ highly unusual comonomers), and state without first blending the components in the melt. The
the catenane linkages generally used cannot rotate, so they arsimple solution-based method developed offers the general
probably not particularly suitable for making comparisons with advantage of not being limited by sample size. Moreover, using
conventional covalent backbone polymers in order to ascertainthis technique the amount of catenane incorporated could easily
the role—if any—of the mechanical linkage on properties. be controlled and varied over a wide range to give a true picture
Here we describe the synthesis and characterization of poly-of the effects of incorporating mechanical linkages into a
[2]catenanes based on bisphenol A polycarbonate (PC). Bis- material. Polycatenanes obtained in this way consist of bisphenol
phenol A PC has been commercially available since the 1960sA polycarbonate segments of different statistical lengths sepa-
and remains one of the most versatile and popular engineeringrated by catenane units.
resins in applications as diverse as toughened and bullet proof
windows, safety helmets and shields, roofing panels, gears,
bushings, automotive parts, tableware, food containers, medical Catenane Monomer SynthesisThe per-methylated benzylic
instruments and appliances, heat and chemically resistantamide [2]catenang and macrocycl@ were prepared according
coatings, and telephone and electronic parts, etc. We incorpo-to Scheme 1. 5-Allyloxyisophthalic acid was coupfetb 2
rated [2]catenane linkages into the polycarbonate as309 equiv of 4-aminobenzylamine (hydroxybenztriazole (HOB),
weight for weight (w/w), 2-6% by number of repeat units, by  dicyclohexylcarbodiimide (DCC), tetrahydrofuran (THF), 16 h,
solid-state copolymerization. To build up our understanding of 78%) and the resulting bisamine condensed with sebacoyl
the role played by the mechanical bond, bisphenol A PC chloride (MeCN/CHCI;, EN, 12 h) to give theO-allyl-
incorporating the corresponding uninterlocked macrocycle (10% Protected secondary amide [2]caten@@nd macrocyclet in
(w/w)) or a rigid bulky comonomer, 4'49-fluorenylidene)- 22 and 26% yields, respectively. The X-ray crystal structure of
bisphenol (10% (w/w)), were prepared for property comparison 3, together with a bishydroxylated derivative showing a similar
with the catenane PC copolymer. The benzylic amide [2]- inter-macrocycle hydrogen bonding motif, is shown in Figure
catenan®-16 comonomerl utilized in this study was synthe- 1. The X-ray crystal structure of 4, illustrating that the cavity
sized on a large scale without the need for chromatography.in the macrocycle does not collapse even when it is not threaded,
Methylation of the secondary amide groups removed the is shown for comparison in Figure 2. The strong intercomponent
possibility of intramolecular hydrogen bonding (which directs hydrogen bonding seen in the crystal structur8,aind also in
the assembly of the catenane) ensuring that the macrocyclic ringghe*H NMR spectra in CDG} led us to derivatize the secondary
could be as mobile as possible in the mechanically linked amide groups in order to “switch off” the inter-ring hydrogen
polymer?” The catenane contains two phenol groups and thus bonding and increase the mobility of the catenane rings.
is suitable as a comonomer for the synthesis of polycarbonateMethylation of the amide groups (Mel, NaH, dimethyl sulfoxide

copolymers. Solid-state polymerization (SSP) after solution (DMSO)/THF, 91% catenane; 95% macrocycle) and catalytic
de-O-allylation?? (Pd(OAc), PhsP, HCQH, EtN, EtOH, 80%

Results and Discussion

(13) Muscat, D.; Kbler, W.; Raler, H. J.; Martin, K.; Mullins, S.; Mler, B.;

Millen, K.; Geerts, Y.Macromolecules1999 32, 1737-1745. (18) Al Ghatta H.; Cobor S.; Severini Polym. Ad. Technol.1997, 8, 161—
(14) Johnston, A. G.; Leigh, D. A.; Pritchard, R. J.; Deegan, M.Abgew. 168.
Chem, Int. Ed. Engl.1995 34, 1209-1212. (19) Bailly, C.; Idage, B. B.; Sivaram, S.; Chavan, N. N.; Faber, R. M.; Menon,
(15) Johnston, A. G.; Leigh, D. A,; Nezhat, L.; Smart, J. P.; Deegan, M. D. S. K.; Chatterjee, G.; Varadarajan, G. S.; Day, J.; McCloskey, P. J.; King,
Angew. Chemlnt. Ed. Engl 1995 34, 1212-1216. J. A, Jr.; Jadhav, A. S. U. S. Pat. 6143859, 2000, to General Electric Co.
(16) Kidd, T. J.; Leigh, D. A.; Wilson, A. JJ. Am. Chem. Sod999 121, (20) James, N. R.; Ramesh C.; Sivarani&cromol. Chem. Phy2001, 202,
1599-1600. 2267-2274.
(17) Watanabe, N.; Furusho, Y.; Kihara, N.; Takata, T.; Kinbara, K.; Saigo, K. (21) Hu, K.; Bradshaw, J. S.; Dalley, N. K.; Krakowiak, K. E.; Wu, N.; Lee,
Chem. Lett1999 915-916. M. L. J. Heterocyclic Chem1999 36, 381—387.
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Scheme 1. Synthesis of Comonomers 1 and 2 and Model Compound 52
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a (i) NH2CgH4CH2NH,, HOBt, DCC, THF, 16 h, 78%); (ii) CIOC(CEsCOCI, MeCN/CHCI,, EtN, 12 h, 22%3, 26%4; (iii)) Mel, NaH, DMSO/THF,
91% catenane, 95% macrocycle; (iv) Pd(CA&hP, HCQH, EtN, EtOH, 80%1; 84% 2; (v) phenyl chloroformate, BN, CH,Cl,, 17 h, 83%.

Figure 2. X-ray crystal structure of secondary amide macroc¥clerystals
grown from slow infusion of water into a solution dfin ethanol.

catenane; 84% macrocycle) gave the ddtmethylbisphenol
[2]catenanel and tetraN-methyl-phenol macrocyclg. X-ray
crystal structures of both the-allyl-protected and deprotected

a benzylic group of the other macrocycle) and also very different
from the structure of the intramolecularly hydrogen bonded
secondary amide catenane (Figure 1). The lack of any identifi-
able recognition elementsiot even aromatic stacking inter-
actions—between the macrocycles in the crystal structures in
the N-methylated catenanes encouraged us that they really
should behave like nonadhering mechanical linkages when
incorporated into a polymer backbone.

Polymer SynthesisPolycarbonate oligomers were obtained
by melt polycondensation of bisphenol A with a slight excess
of diphenyl carbonate in the presence of basic catalysts (Bu
NOH/NaOH). Size exclusion chromatography (SEC) was used
to characterize the molecular weight distribution of the oligomers
(My, = 2200; M,, = 1300). Differential scanning calorimetry
(DSC) was performed on the crystallized oligomers to yield a
glass transition temperature of 8& and a melting point of

[2]catenanel are shown in Figure 3. The X-ray structures of 205 °c. 1H NMR was used to determine the ratio between
the N-methylated catenanes are significant different from each phenyl ¢ = 7.47, 7.45, 7.43 ppm) and phend € 7.11, 7.09
other (one has both macrocycles encapsulating the alkyl chainppm;d = 6.71, 6.69 ppm) chain ends, giving phenol:phenyl

of the other ring; the other has one macrocycle wrapped aroundg g7 confirming that the most abundant chain ends were of

(22) Yamada, T.; Goto, K.; Mitsuda, Y.; Tsuji, Jetrahedron Lett1987, 28,
4557-4560.
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(a) (b)

Figure 3. X-ray crystal structures of octd-methyl [2]catenane (&) and (b) the bi-allyl derivative of1. Crystals grown from slow infusion of water
into solutions in dimethylformamide.
Scheme 2. Synthesis of Polycarbonate Bisphenol A Copolymers with (i) Catenane 1, (ii) Macrocycle 2, and (iii) Fluorene Bisphenol 6
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the chain end stoichiometry and enable molecular weight build- important advantage: upon crystallization, most defects
up of the copolymers. including catenane and chain endxe rejected in the amor-

A 10, 20, or 30% (w/w) amount of catenah@®r 10% (w/w) phous phase. Catenanes and chain ends are therefore in close
of macrocycle2 (Scheme 2) and polycarbonate oligomers were proximity and can react together more easily. Furthermore, the
copolymerized by solid-state polymerization (SSP) after solution reaction conditions are much milder than melt polycondensation,
blending. The reaction was performed under vacuum (approxi- thus minimizing the chance of catenane degradation.
mately 6x 10°2 mbar) by applying an increasing temperature o ;antitative Monomer Incorporation. SEC was used to
program from 190 to 213C for approximately 28 h total (details  pecy that all the catenane monomer had been incorporated into
included as Supporting Information). We confirmed that this the polymer. Samples coming out of SSP are highly crystalline
program does not Ie_ad to IO.SS O.f catenane monomer from theand are often difficult to solubilize. Therefore, crystallinity was
mixture by evaporation/sublimation by a variety of methods. first eliminated by a quick heatingcooling cycle before

since zgzlzd-state po_Iymenzatlon requires  crystaline P dissolution in dichloromethane. Figure 4 shows SEC chromato-
cursors®>—24we crystallized the blend under acetone vapors prior - .
grams of the oligomer blend containing 20% (w/w) catenane

to SSP. In this case, crystallinity of the blends offers an and of copolymers containing 10 and 20% (w/w) of catenane.

(23) Medellin-Rodrigez F. J.; Lopez-Guillen R.; Waldo-Mendoza MJAAppI. The catenane monomer peak (around 25.3 min) completely
Polym. Sci200Q 75, 78-86. i i afi

(24) Gross, S. M Roberts, G. W.: Kiserow, D. J: DeSimone, J. M. dlsqp_pears after polym_erlzatlon._We know that t_he catenane has
Macromolecule00Q 33, 40-45. sufficient thermal stability to survive polymerization (from DSC

J. AM. CHEM. SOC. = VOL. 125, NO. 8, 2003 2203
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Figure 4. SEC (CHCI,) of the PC oligomerscatenanel blend and of 7
copolymers containing 10 and 20% (w/w) catendne g
Table 1. Molecular Weights and Polydispersity of Copolymers 7o 5o Yy 30
Containing 10, 20, and 30% (w/w) of Catenane 1, 10% (w/w) of ’ 6.0 ppm™ : -

Macrocycle 2, and 10 % (w/w) of Fluorene 6 Obtained by SEC

) 1 . .
Viscosity in CH2Cl, Figure 6. Contour plot,'H NMR coupled to SEC, of the intensity of PC

and catenane signals according to elution time for PC copolymer containing

My My PDI 20% (w/w) catenanéd.
PC-cat. at 10% 40 100 15900 2.5 . o _ _
PC-cat. at 20% 41 400 9900 4.2 shown (the aromatic region is dominated by the bisphenol A
PC-cat. at 30% 38 900 8100 4.8 carbonate units). The spectra of the catenane monomer and the
PC-Mac 10% 18 000 6 500 2.8 | diff iy | s f e th
PC-fluorene 10% 11 580 4700 24 copolymer are different in several respects; for example, the

broad signals observed around 0.5 ppm in the case of the
catenane are replaced by well-resolved peaks at 0.86 and 0.67
ppm in the copolymer. To understand these changes, we
e PC synthesizedl, phenyl chloroformate, B, CH,Cl,, 17 h, 83%)
u PC-Cat20% the phenol carbonate model compoumavhich mimicks the
repeat unit of the catenane upon incorporation into polycarbon-
ate. The!H NMR spectrum of5 (Figure 5) is almost identical
to the spectrum of the copolymer, proving that catenbhas
indeed been incorporated into polycarbonate as a comonomer.
Homogeneity and Linearity of the Copolymer.A shoulder
L is clearly visible on the left-hand side (high MW) of the 20%
copolymer chromatogram presented in Figure 4. This shoulder
is observed for copolymers containing 20 and 30% catenane
Catenane 1 but not for the 10% copolymer and provides evidence of some
k degree of heterogeneity in the polymerization process. Three
possible origins of heterogeneity can be considered in such a
reaction: (i) a composition heterogeneity of the copolymer
across the molecular weight distribution, i.e., a change in average
catenane concentration as a function of the polymer chain length,
(ii) the presence of branched chains which are known to broaden
molecular weight distributions and sometimes arise upon melt
studies and see also the discussion of the NMR spectra below) polymerization of polycarbonat& or (iii) heterogeneities in the
and, since it could not escape from the reacting mixture by polymerization kinetics due, for example, to local differences
evaporation and since the total sample was injected in the SECin the diffusion kinetics of volatile reaction products (i.e.
columns, all the catenane must be incorporated and no freephenol).
catenane remains after SSP. By use of a polycarbonate-based SEC coupled to'H NMR was performed to check for
universal calibration (see below), absolute molecular weights homogeneity of the catenane concentration across the molecular
of the different copolymers were calculated (Table 1). weight distribution. Figure 6 shows a contour plot, in the elution
High-temperature (105C) 'H NMR spectra in tetrachloro-  region of the copolymer, summarizing the results. The peaks
ethane of the catenarieand the copolymer containing 20% corresponding to the catenane methyl groug3 ppm, the most
(w/w) catenane are shown in Figure 5. TH¢ NMR spectra intense signal of the catenane) are approximately centered, with
recorded at elevated temperatures to ensure any dynamic effectsespect to the elution time scale, around the same time as the
in the molecule, including spinning of the macrocyclic rings
and rotamerization of the tertiary amide groups, were fast on (25) (a) Schnell, HChemistry and Physics of Polycarbongtéiley: New York,

N X . X . i 1964. (b) Oba, K.; Ishida, Y.; Ohtani, H.; Tsuge Maacromolecule2000
the NMR time scale. For clarity, only the aliphatic region is 33, 8173-8183.

aMolecular weight expressed in polycarbonate equivalent.

Model Compound 5

PR S SR
2.0 1.0 0.0

ppm
Figure 5. Aliphatic proton region ofH NMR spectra ofL. of PC copolymer

containing 20% (w/w) catenang and of the model compoun8 in
tetrachloroethand, at 105°C.

L
o

P
5 0 3.0
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Table 2. Measured Glass Transition Temperatures for Pure PC
02 —pC and Different Copolymers Compared to a Calculated Ty Using
--- PCCat10%  0.=0.64 Equation 5 and Considering the Copolymers as Pure PC
rrrrrrrrr PC-Cat20%  o=0.59 e
00k PC-Cat30%  a.=055 e T (°C)
measd calcd
= 0% PCP 149 148
=3 PCZ 132 135
S 04 PC-cat. 10% 150 150
PC-cat. 20% 150 150
06k PC-cat. 30% 149 150
PC-Mac 10% 131 143
PC-fluorene 10% 149 137
0.8}
2Ty measured upon heating after crystallinity has been removed by a
L . L . ‘ . : first heating-cooling cycle.? M, = 30 700I.¢ My, = 10 400.
38 40 42 44 46 48 50 52 5.4
Log(M)
) - - Mark—Houwink—Sakurada coefficients found in the literatifre
Figure 7. Viscosity laws of PC and copolymers containing 10, 20, and . .
30% (w/w) catenand obtained from viscosimetrySEC coupling. ([n] = KM* with a = 0.8,K = 0.0119 mL/g). This PC-based

universal calibration was applied to the copolymers to convert
7.1 ppm peak corresponding to the phenyl rings of the retention times into molecular weights. An important observation
polycarbonate. The catenane signals are only visible in theis the linearity of the viscosity law in loglog scale for the
central part of the copolymer distribution and not over the whole copolymers over the molecular weight range where the viscosity
elution range because the copolymer concentration is too low signal is sufficiently linear (except perhaps for a small inflection
at the tails of the distribution. Since the catenane and polycar- around 70 000 for the 20% copolymer). This confirms the
bonate peaks are centered at the same position, it is reasonablgompositional homogeneity determined by the SEC NMR
to conclude that the catenane is homogeneously distributedcoupled experiments. Moreover, a constant power viscosity law

throughout and that the shoulder observed on the chromatogramgrécludes branching over the measured molecular weight range.
is not linked to a composition change. The concentration of branched chains has to be vanishingly

small at the low end of the measured rafyand their presence
§t the high end of the range should therefore become visible by
a slope reduction on the legog scale. The shoulder observed

Closer inspection of théH NMR spectra of the copolymer
reveals the presence of small peaks at 3.26, 2.09, 1.56, and 1.1

Fi 5 iated with 2leTh I . . . .
ppm (Figure 5) associated with macrocy2leThe macrocycle in the SEC chromatograms (Figure 4) is therefore most likely

is not present in its free form since there is no corresponding linked to heterogenaity in polvmerization kinetics. vieldin
peak on the chromatograms (Figure 4), so it must be present as 9 ty In poly Y Y

. . _different populations of molecular weight distributions. The

macrocycle end-capping, probably produced by a thermal ring . .
) . . . small inflection observed for the 20% copolymer may be
opening-ring closure mechanism (we have, indeed, observed :

. indicative of a small amount of branching.
that a small amount of macrocycle is produced when catenane Solid-State Properties Differential scanning calorimetry was
1 is heated for several hours at 2P& under vacuum). P ' 9 Y

. used to determine the influence of catenane incorporation on
Alternatively, the macrocycle could also be produced by .
) ) the glass transition temperature of the polycarbonate copolymers.
exchange reactions between catenane amide groups and carboq.— . .
Y . . . able 2 shows th@jy values obtained for various copolymers
ate moieties. It is known that during melt blending of polycar-
. . . . and pure PC. These values are compared to a calculgted
bonate with polyamide, exchange reactions can occur to give

. assimilating the copolymers to pure PC of the same molecular
ester and carbamate growi§2’ The same reaction could occur . g POYT P
) . . weight using the equatiéh
in the present system, which would cause one catenane ring to
open. In this case, the polymer would end up with a chain end-
capped by one macrocycle and another chain containing a

branching point. No direct evidence of the branching point can o -~ )
be obtained from théH NMR spectra in Figure 5, but the whose validity has been verified for available PC standards.

Molecular weights given in Table 1 were used for these
calculations. By this method the effect of catenane or macrocycle
incorporation on copolymefy can be estimated without the
perturbing influence of molecular weigliy values of copoly-
mers containing catenane units are identical to those of pure
bisphenol A PC at the same molecular weight, even at a catenane
concentration as high as 30% (w/w). Although the exact equality
is something of a coincidence, the main conclusion is that the
catenane comonomer mobility is comparable to that of bisphenol
A carbonate units, which in turn is very suggestive of remarkable

T,=155— 2.1x 10°M,, (5)

chemical shifts for the opened macrocycle would probably be
very similar to the closed one. The amount of macrocycle
present as endgroups is typicatyl3% by integration.

Since the presence of macrocycles in the copolymers points
to the possibility of chain branching, intrinsic viscosity measure-
ments coupled to SEC were performed to clarify the situation.
Figure 7 shows the evolution of intrinsic viscosity] [vs
molecular weight for the three catenane copolymers and a
bisphenol A polycarbonate (PC) standard used as a reference
A universal calibration curve f]M = f(elution time)) was built
using the measured intrinsic viscosity for PC and corresponding (28) Berry, G. C.; Nomura, H.; Mayhan, K. G. Polym. Sci., Polym. Phys. Ed.

1967 5, 1-21.
(29) Hagenaars, A. C.; Pesce, J. J.; Bailly, C.; Wolf, BPalymer2001, 42,
(26) Gattiglia, E.; Turturro, A.; Lamantia, F. P.; Valenza, A.Appl. Polym. 7653-7661.
Sci. 1992 46, 1887-1897. (30) Jordan T. C.; Richards D. R. Polycarbonate melt rheologyddndbook
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Figure 8. DMA spectra of the PC copolymer containing 20% (w/w)
catenanel.

ring flexibility and mobility in the melt. For comparison, a PC
copolymer containing 10% (w/w) of a very rigid monomer,
fluorene bisphenob, was prepared following the same pro-

motions of the polycarbonate. This is understandable for the
long, pure PC blocks but somewhat surprising for the catenane-
rich blocks of the copolymer. While we cannot assign a precise
motion to this new transition, the temperature where the
transition occurs and the fact that the related motion is not
coupled to the motion of PC segments both suggest that the
motion is linked to a relatively large amplitude rearrangement
of part of the catenane, such as a conformational change of the
alkyl chains or (partial) rotation of the rings. Further work to
elucidate the details of this process is ongoing.

Conclusions

The synthesis of [2]catenane-containing polycarbonates, the
first mechanically linked analogues of a commerical polymer,
has been achieved by solid-state copolymerization. This con-
venient method, involving solution blending of the comonomers,
crystallization of the blend, and prolonged heating under
vacuum, has been shown to quantitatively incorporate the
catenane into bisphenol A polycarbonate. The catenane comono-

cedure as that described for the catenane and macrocycld"er is homogeneously distributed across the molecular weight

copolymers. In this case, thg, increase vs pure PC is very
large, about 12C.

The situation is very different for the copolymer containing
10% (w/w) macrocycle. In this casely drops by about 12C
vs pure PC at the same molecular weight, which is probably
linked to the free volume increase resulting from the presence

of macrocycle at the chain ends. The macrocycles are rather

large, and it is known that chain ends have a strong impact on
free volume and hence diy.3* From the copolymeM, (Table

1), we calculate that about half of the chain ends in the polymer
are macrocycles and half “ordinary” (i.e. phenyl carbonate and
bisphenol A monocarbonate). By combining this information
with eq 5 (and takindgvl, ~ 2.5V, as a reasonable approxima-
tion for bisphenol A PC), we can roughly estimate the relative
effect of macrocycle chain ends compared to ordinary (phenol/
phenyl) ones orly. The calculation shows that macrocycles

reduceTy about 2.6 times more than standard chain ends at the

same molar concentration.

To further investigate the influence of the catenane on
polymer properties, dynamic mechanical analysis (DMA) was
performed on thin films{40um) of the copolymer containing
20% (w/w) catenané. The DMA spectrum recorded at 1 Hz
is shown in Figure 8. Three transitions are clearly visible around
—100,—6, and+80°C. The first and third peaks, usually called

distribution (intermolecular homogeneity), but heterogeneity of
polymerization kinetics probably occurs at high catenane
content. The unexpectedly small influence of the catenane on
Ty is suggestive of considerable internal mobility/flexibility of
the catenane, certainly when compared to the strong influence
of very rigid comonomers such as fluorene bisphenol. DMA
on a copolymer thin film shows a new transition aroun@l°C
linked to catenane ring or chain movements. Remarkably, the
motions of the PC and catenane segments are not coupled, even
in the catenane-rich blocks of the copolymer. Overall the studies
reveal some of the first examples of the effects on structure
and properties of incorporating mechanical linkages into a
polymer backbone.

Experimental Section

Measurements.Thermal analyses were performed on a Perkin-Elmer
DSC 7 at a heating rate of T&/min.*H NMR spectra were recorded
on a Bruker Avance 500 MHz spectrometer, using 1,1,2,2-tetra-
chloroethanet; as solvent and as internal standard at a temperature of
105 °C or on a Bruker Avance 400 MHz spectrometer using other
solvents and temperatures. Size exclusion chromatography was carried
out on a Waters system equipped with a Waters 410 differential
refractometer and three (100, 1000, and 10000 A pore sizgsh 5
PLgel columns from Polymer Laboratories. Dichloromethane was used
as solvent, and the flow rate was set to 1 mL/min. Before solubilization

y and j transitions, are well-known transitions characteristic 2/l SSP samples were dried under vacuum at@@or 24 h and then
of pure polycarbonate segments associated with cooperativeheatEd at 280C for 1 min under dry nitrogen and quickly cooled to

motions of several repeat units of #@nd defects or constraints

in the film 33 respectively. The peak at6 °C, however, is not
observed in a DMA spectrum of pure polycarbonate and can
be linked to motions related to catenanes. Phieansition of

the PC is unchanged, and the DMA spectrum in Figure 8 is
virtually a superposition of a PC spectrum with a new transition
at—6 °C. This is the signature of noncoupled or weakly coupled

room temperature to obtain amorphous samples. On-line viscosimetric
measurements were performed on a Waters Alliance GPCV 2000
system equipped with the same three columns and using the same
conditions as for SEC. The on-line SEC/NMR system consisted of a
JEOL Eclipse 500 MHz instrument as the detector and a Polymer
Laboratories PLgel &xm mixed-D SEC column. Deuteriochloroform
was used as the mobile phase (and internal lock) and was pumped
(Gilson 305) at a flow rate of 0.7 mL/min. A commercially available

segmental motions as demonstrated on studies on different PQlow cell (JEOL UK) was employed as the NMR observation cell. A

copolymersi?341n other words, the incorporation of catenane
into PC does not distinctively alter the inherent segmental

(31) Fox, T. G.; Flory, P. JJ. Appl. Phys195Q 21, 581-591.

(32) Jho, J. Y.; Yee, A. AMlacromolecules1991, 24, 1905-1913.

(33) Li, L.; Yee, A. F.Macromolecule002 35, 425-432.

(34) Liu, J.; Goetz, J. M.; Schaefer, J.; Yee, A. F.; LiNlacromolecule2001,
34, 2559-2568.
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typical sample of 20@L (approximately 5% (w/v)) was injected onto
the column. A 458 pulse angle and a repetition time of 0.3 s was used
for the NMR data acquisition. Each spectrum obtained consisted of
four scans of NMR data per increment, each spectrum consisting of
32K data points over a spectral width of 5000 Hz. DMA experiments
were performed on a DMA 2980 from TA instruments used in tensile
mode at a frequency of 1 Hz. Temperature was ramped frda0 to
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160 °C at a heating rate of 3C/min. Samples were prepared by copolymers) and X-ray crystallographic details of catenane
spreading a 5% (w/w) copolymer solution in dichloromethane onto a (andbis-O-allyl-protectedl), catenan® (andbis-O-hydroxyl-
glass slide. The samples were left foh atroom temperature for the ethyl 3), and macrocyclet. This material is available free of
solvent to evaporate, and the resulting films were held for a further 12 o i .
h at 50°C under vacuum to remove remaining solvent and moisture. charge via the Internet at http://pubs.acs.org. Crystallographic
Typical sample size was 15 mm 6 mm x 40 um. data for each structure (excluding structure factors) have been
deposited with the Cambridge Crystallographic Data Centre as
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