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ABSTRACT: Poly(urethane/crown ether rotaxane)s 7c—g were prepared from bis(p-tert-butylphenyl)-
bis[p-(2-(2'-hydroxyethoxy)ethoxy)phenyllmethane (diol BG 4), tetrakis(ethylene glycol) (5) and 4,4'-
methylenebis(phenyl isocyanate) (MDI) (6) using 30-crown-10 (30C10) as solvent. It was found that
threading efficiencies (m/n value, average number of cyclics per repeat unit) of 7c—g increased with the
feed proportion of diol BG 4. Compared to poly(ester rotaxane)s in which the crown ethers can freely
move along the backbone, the dethreading rate during polymerization is slow due to the H-bonds between
in-chain NH groups and threaded crown ethers. In poly(urethane rotaxane)s, crown ethers are localized
at the NH sites by H-bonding in chloroform, locked translationally and perhaps rotationally, to afford a
well-defined microstructure. However, the cyclics tend to be in the vicinity of BG units in DMSO, which
disrupts the H-bonding. Induction of shuttling between the two sites is caused by the use of mixtures of
DMSO and CHCI;. Therefore, 7c—g are considered to be the first polymeric molecular switches reported
so far. Threaded 30C10 has much shorter relaxation time than its free counterpart; this is a novel and
easy method to characterize the formation of polyrotaxanes. The glass transition temperatures of 7c—g
increase with the amount of BG units in the polymers, an easy approach to adjust T4's of polyurethanes.

Introduction

Polyrotaxanes consisting of linear backbone and cy-
clics, in which these two components are mechanically
linked with each other, are formed by threading mac-
rocycles onto polymeric chains for main chain polyro-
taxanes or side chains for side chain polyrotaxanes.1—?
There are three types of main chain polyrotaxanes
(Scheme 1) including polypseudorotaxane 2, in which
the cyclics can slip off the backbone, and true polyro-
taxanes 1 and 3, in which the cyclics are confined
between blocking groups (BG) and are thus thermally
stable. Two general methods are used for preparation
of these materials: threading the cyclics onto preformed
polymers (approach I, Scheme 2)1=45¢5010 or threading
during polymerization using the cyclics as solvent
(approach 11, Scheme 2).1527¢.6=8 |n poth 1 and 2, the
cyclics can translate along the backbone to form a
separate phase if there is no strong backbone/cyclic
interaction, e.g., poly(ester rotaxane)s,>¢>d while cyclics
in 3 are separated by BG and have a diminished ability
to aggregate and crystallize.®d It was found that deth-
reading occurs during the preparation of poly(ester
rotaxane)s because the ester linkage can not retain
threaded cyclics at the stage of low MW; the use of
difunctional BG mechanically prevented dethreading,
thus increasing the m/n value 13-fold compared to that
without BG.527¢ Since the crown ethers can H-bond
with NH groups,®? the threaded crown ethers should
not dethread or do so only to a limitted extent with
polyurethane or polyamide backbones. In addition, in
low polarity media the crown ethers could be localized
at the NH sites by H-bonding to afford a well-defined
microstructure. We tested this idea by the preparation
of poly(urethane/crown ether rotaxane)s and report the
results here.
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Scheme 1. Various Main Chain Polyrotaxanes
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1. main chain polyrotaxane with
monofunctional blocking groups (BG)
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2. main chain polyrotaxane without BGs
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3. main chain polyrotaxane with difunctional BGs

Where :) = threaded cyclics; ~ = polymer chain;

Q: blocking group

Results and Discussion

I. Synthesis of Model Polyurethanes 7a,b and
Poly(urethane rotaxane)s 7c—g. High molecular
weight model homopolyurethane 7a was prepared from
glycol 5 and MDI (6), and copolyurethane 7b from diol
BG 4, 5, and MDI by solution polymerization using DMF
as solvent (Scheme 3) at 95 °C for 7 h (Tables 1 and 2).
The same polymerization conditions were applied for the
syntheses of poly(urethane rotaxane)s 7c—g except that
30C10 was used as solvent instead of DMF. Un-
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Scheme 2. Preparation Methods for Main Chain
Polyrotaxanes

Approach 1
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l

Polypseudorotaxane 2
wAnn polymer, e.g., poly(ethylene oxide)

O : macrocycle, e.g., cyclodextrin

Approach IT

X—R—X + Y—R-Y + O + Blocking Group
(BG)

i. Polymerization
ii. purification

Polyrotaxane of type 1 without BG

Polyrotaxane of type 2 with monofunctional BG

Polyrotaxane of type 3 with difunctional BG

X and Y: reactive groups, e.g., X = OH, Y = COCl

O : macrocycle, e.g., crown ether

threaded 30C10 was removed by precipitation from
DMF into methanol, a good solvent for 30C10 but a poor
solvent for the backbone.>¢

Il. Characterization of Polyrotaxanes. The for-
mation of poly(urethane rotaxane)s was proven by
procedures well-established with the poly(ester
rotaxane)s.®2=¢ First, the removal of free 30C10 was
confirmed by both GPC® and proton NMR. The free
30C10 peak was absent in the GPC traces of polyrotax-
anes 7c—g. In'H NMR spectra of 7c—f the integrations
of the ethyleneoxy protons (a—d) and benzylic proton
(p) were in proper proportion to the aromatic signals
(e—h, I, m) (Figure 1), confirming the absence of the free
30C10 (3.67 ppm). Likewise this signal was clearly
absent in the proton NMR spectrum of 7g (Figure 2d).
Compared to that (Figure 1b) of model polymer 7b, the
spectrum (Figure 1a) of the corresponding polyrotaxane
7e has a new signal at 3.50 ppm which is due to
threaded 30C10, consistent with the formation of the
polyrotaxane.

I11. Microstructures of Polyrotaxanes 7c—g. For
copoly(ester rotaxane)s made from diol BG 4, 1,10-
decanediol, and sebacoyl chloride, threaded 30C10 had
a range of chemical shifts in CDCI3,% while in copoly-
(urethane rotaxane)s 7d—f it has only one signal in the
same solvent (Figure 2). What causes the different
proton NMR observations between these two polyrotax-
anes? In the polyesters, threaded 30C10 is shielded by
the phenyl groups of the BG units. It displays different
time-averaged chemical shifts corresponding to the
various sequence structures in which it is constrained;
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Scheme 3. Preparation of Model Polyurethanes 7a,b
and Poly(urethane rotaxane)s 7c—g

HO”Q OH + HOROH + OCN-R'-NCO
4

5 6

0-1 eqv. 1-0 eqv. Teqv.

95°C
30C10"
3eqv.

*O-—Q*OOCNH—R’— NHCO+ ORO —OCNH—R'—NHC!
1-x]

X
m

n

7a: x=0, m/n=0

7b: x =040, m/n=0

7c¢: x=0, m/n=0032
7d: x=0,10, m/n = 0.036
7e: x =0.40, m/n = 0.040
7f x =0.70, m/n = 0.045
7g: x =1.00, m/n=0.049

—@_ "‘CHZCHZO’2<OCHZCH2>2— "30c10= Q
@ CH,CHOM1o

R = (CH,CH,0);CH,CH,- R= —@—Cﬂz—@
Table 1. Feed Compositions and Polymerization
Conditions for Polyurethanes 7a,b and Poly(urethane
rotaxane)s 7c—g2

BG diol 4 glycol 5 MDI 6 30C10
product (mg/mmol) (mg/mmol) (mg/mmol) (g/mmol)
7a 0/0 194.2/1.000 250.3/1.000 0P

b 255.5/0.400 116.5/0.600 250.3/1.000 0P

7c 0/0 194.2/1.000 250.3/1.000 1.321/3.000
7d 63.9/0.100  174.8/0.900 250.3/1.000 1.321/3.000
Te 255.5/0.400 116.5/0.600 250.3/1.000 1.321/3.000
7f 447.2/0.700 58.3/0.300  250.3/1.000 1.321/3.000
79 638.8/1.000 0/0 250.3/1.000 1.321/3.000

a Temperature, 96 °C; time, 7 h. ® DMF as solvent (2 mL).

in the sequences with longer distances between the BG
units, the crown ether is less shielded.5® With polyure-
thane as the backbone, however, H-bonding between the
in-chain NH groups and the crown ethers is known to
take place.8® Such H-bonding induces a well-defined
polymer microstructure 8 (Scheme 4), in which 30C10
is confined near the phenyl groups of MDI units and
thus the upfield shift for threaded 30C10 in the poly-
urethanes is caused by these phenyl rings. Therefore,
in CDClI3 threaded 30C10 in 7d—g displays the same
chemical shift even in different sequence structures. In
fact the chemical shifts and breadths of the signals for
the threaded crown ethers were insensitive to an
increase of temperature up to 60 °C, indicating that the
H-bonding is rather strong.

To confirm the above hypothesis, proton NMR studies
of poly(urethane rotaxane)s 7d—g were also performed
using DMSO-ds as solvent. As shown in Figure 3,
threaded 30C10 in copolyurethanes 7d—f indeed dis-
plays a range of chemical shifts from 3.33 to 3.38 ppm,
while free 30C10 and the threaded 30C10 in 7c appear
at 3.52 ppm. DMSO is a very good solvent for disrup-
tion of H-bonding between the NH groups and the crown
ethers’® and thus the macrocycles in the polyurethane
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Table 2. Threading Efficiencies, Dethreading Degrees, GPC and DSC Results for Polyurethanes 7a—g
% BG molar ratio dethreading? Mn/MyP Tg®
product diol 4 (30C10/diol) m/n degree (%) (x1073%) (°C)
7a 0 0 0 - 16.8/30.0 54.0
7b 40 0 0 - 13.9/24.0 80.9
7c 0 3 0.032 34.7 17.8/31.0 56.0
7d 10 3 0.036 26.5 22.6/39.4 65.4
7e 40 3 0.040 18.4 12.4/18.0 80.6
7f 70 3 0.045 8.16 18.7/52.9 101.7
79 100 3 0.049 0 23.4/37.8 125.3

a Degree of dethreading (%) = {[(M/N)max — (M/N)co))/(M/N)max} x 100. (M/N)max: threading efficiency of diol BG-based homopoly(urethane
rotaxane) 7g. (m/n): threading efficiency of poly(urethane rotaxane)s 7c—g. ® Measured by GPC with universal calibration in NMP at

60 °C. ¢ Measured by DSC at scan rate 10 °C/min.
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Figure 1. 400 MHz proton NMR spectra of (a) polyrotaxane 7e and (b) model polymer 7b in CDCI; at 30 °C.

rotaxanes are located in the vicinity of the BG units
(Scheme 4) and the 30C10 signal is shifted upfield as
noted above for polyesters.5® Since the copolyurethanes
have different sequence structures with different lengths
between the BG units, a range of chemical shifts for
threaded 30C10 was observed (Figure 3).

All the above observations are supported by the
measurements of spin-lattice relaxation times (T3).
Threaded 30C10 in 7g in chloroform and DMSO has T,
values of 0.178 and 0.542 s, respectively; the smaller
T in chloroform confirms the restriction of ring move-
ment (both translation and rotation) because of H-
bonding (8), while the larger T; in DMSO indicates the
relatively free movement of macrocycle, i.e., translation
and rotation. The macrocycle in 7g is still restricted
even in DMSO to a large extent since its T; is small
compared to that (1.78 s) of unthreaded 30C10. The
large T, differences between threaded and unthreaded
macrocycles provide an additional novel, easy and
reliable method for characterization of the formation of
polyrotaxanes, augmenting chemical shift changes and
nuclear Overhauser effects.62—¢

Since the solvent has a large effect on the locus of
the rings in these polyrotaxanes, as shown in Figures 2
and 3, manipulation of the solvent should allow control

30C10
30C10

00CNH—R}-NHCOON

30C10

b)
30C10

c)

30C10, relaxation time=0.180 sec.

M N

] I i T I T T T T T
4.4 4.2 4.0 38 3.6

)

ppm

Figure 2. Expanded aliphatic region of the 400 MHz proton
NMR spectra of poly(urethane rotaxane)s (a) 7d, (b) 7e, (c) 7f
and (d) 7g in CDCl3 at 30 °C.
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Scheme 4. Solvent-Induced Switching of Crown
Ether in Polyrotaxanes 7c—g
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H,0
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time:0.542 sec.
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43 4.1 3.9 37 35 33 3.1 ppm

Figure 3. Expanded aliphatic region of the 400 MHz proton
NMR spectra of poly(urethane rotaxane)s (a) 7d, (b) 7e, (c) 7f
and (d) 7g in DMSO-ds at 30 °C

30C10

N

32%

3.5 3.4 3.3 ppm
b: 7f

Figure 4. Effect of incremental addition of DMSO-dg to CDCl;
solutions of polyrotaxanes (a) 7e and (b) 7f on the position and
shape of the 400 MHz *H NMR signal for threaded 30C10
(%DMSO by volume).

over the microstructure. Indeed, as shown in Figure 4,
incremental addition of DMSO to CDCI3 solutions of
polyrotaxanes 7e and 7f results in (1) incremental
upfield shifts based on the solvent induced displacement
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Figure 5. Dependence of dethreading degree on the feed
percentage of diol BG 4 (a) for poly(urethane rotaxane)s and
(b) for poly(ester rotaxane)s.®®

of the crown ethers away from the NH groups and
nearer to the blocking groups and (2) the appearance
of several signals due to the sensitivity of the degree of
shift to the sequence length between blocking groups
with the most upfield signals arising from units having
homopolymer 7g units. In the mixed solvent systems,
then, the signals are time averaged because the rings
are indeed shuttling between the two types of sites.

IV. Threading and Dethreading. The threading
efficiencies of polyrotaxanes 7c—g were measured by the
integrals of 30C10 signals vs the backbone protons.52—¢
It was found that m/n values decreased with decreasing
feed percentage of diol BG 4 (Table 2). However,
compared to that during the preparation of poly(ester
rotaxane)s (Figure 5b),%° the extent of dethreading
during the preparation of poly(urethane rotaxane)s was
small (Figure 5a). It is believed that the decreased
dethreading is due to the introduction of in-chain NH
groups (Scheme 5). In the polyurethane, as soon as the
crown ether is threaded, with formation of structures
16 and 17 by an endo reaction (taking place through
the cavity of the cyclic), it will H-bond with the —NH
groups. Thus dethreading, leading to structures 14 and
15 plus free macrocycles, occurs at a slower rate than
that in the polyester because the ester linkage has no
strong retaining force.%2b< In other words K; and Ky’
are larger for the polyurethanes than for the polyesters.
The difference between K; and Ky’ will be smaller than
that with polyester backbone. This means the depen-
dence of m/n on %BG is less for poly(urethane rotax-
ane)s. Therefore, higher m/n can simply be achieved
by choosing the proper backbone and using larger crown
ethers even without any BG. Theoretically, the method
is also applicable for other polyrotaxanes with similar
in-chain functional groups, i.e., polyamides.

V. DSC Analyses. Model polyurethanes 7a,b and
poly(urethane rotaxane)s 7c—g are transparent and
amorphous. They each display a single glass transition
temperature (Tg) and thus are believed to be single
phase materials. The Ty's of model polymers 7a and
7b are almost identical to those of corresponding poly-
rotaxanes 7c and 7e (Table 2), probably because of the
low loading of 30C10. The T4 does change with the
amount of BG units; the more BG moieties, the higher
is Tg. This is because of the bulkiness and rigidity of
the BG linkage.

Conclusions

Crown ether-based poly(urethane rotaxane)s were
prepared by solution polymerization using 30C10 as
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Scheme 5. Threading and Dethreading Mechanisms
in the Formation of Poly(urethane rotaxane)s 7c—g

R——0OH R—O
10 O K
_— 12
13

11
endo reaction

diisocyanate exo reaction

diisocyanate diisocyanate

arnannmnannOOCNHAA —I‘(é WOOC@M
14 O 16
;. K, ” .
OOCNHM —_ ooc@—
15 17
MM@WOOC@WNHCOO Q
7c-g

Where ) = threaded 30C10; O = unthreaded 30C10;

wasas = polymer chain; Q: biocking group

solvent. The extent of dethreading during their prepa-
ration is less than that with polyesters because of
H-bonding of the NH groups with the threaded crown
ethers. In these polyrotaxanes, the crown ethers are
localized at NH sites in chloroform to give a well-defined
polymeric microstructure, but they tend to be in the
vicinity of the BG moiety in DMSO; these are the first
solvent-responsive polymeric molecular switches re-
ported. The glass transition temperatures of the poly-
urethanes depend on the amount of BG units. The
measurement of spin—lattice relaxation times provides
an easy and effective method for characterization of the
formation of polyrotaxanes; the threaded cyclic has a
much shorter T, than its free counterpart.

Experimental Section

Chemical Reagents and Measurements. All chemicals
were reagent grade and used directly as received from Aldrich
unless otherwise specified. All solvents were HPLC or GC
grade. 30C10'! and diol BG 4% were prepared by well-
established procedures. Proton NMR spectra, reported in ppm,
were obtained on a 400 MHz Varian spectrometer using CDCl;
solutions or DMSO-ds with Me,Si as an internal standard. The
relaxation times (T1) were measured by standard 180—7—90—
acquisition techniques. The absolute molecular weights of the
polymers were measured by GPC analyses with a Waters 150C
ALC/GPC chromatograph equipped with a differential refrac-
tometer detector and an on-line differential viscometric detec-
tor (Viscotek 150R) coupled in parallel and the universal
calibration was used. Ty's were measured with a Perkin-Elmer
thermal analysis system at a rate of 10 °C/min for both heating
and cooling; all reported values were the centers of transitions
from second heatings.

Model Polyurethanes 7a,b. To a 10 mL flask were added
tetrakis(ethylene glycol) (5) (194.2 mg, 1.000 mmol) (oven dried
at 100 °C), freshly distilled MDI (6) (250.3 mg, 1.000 mmol)
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for 7a or diol BG 4 (255.5 mg, 0.400 mmol), 5 (116.5 mg, 0.600
mmol), and MDI (6) (250.3 mg, 1.000 mmol) for 7b in DMF (2
mL). The solution was heated at 96 °C in an oil bath under
N for 7 h. The product was precipitated into MeOH to give a
transparent material. *H NMR (DMSO-ds) for 7a: 9.66 (s,
2H), 7.38 (d, 4H, J = 8.3), 7.10 (d, J = 8.3, 4H), 4.19 (s br,
4H), 3.79 (s, 2H), 3.62 (s br, 4H), 3.51 (s br, 8H). *H NMR
(CDClg) for 7b: 7.19—7.31 (m, 5.6H plus CHCls), 7.03—7.05
(m, 7.2H), 6.74 (d, J = 8.4, 1.6H), 4.25—4.30 (m br, 4H), 4.07
(s br, 1.6H), 3.3.78—2.80 (m br, 5.2H), 3.61—3.67 (m br, 7.2H),
1.27 (s, 7.2H).

General Procedure for Poly(urethane rotaxane)s 7c—
g. Diols (4 plus 5, total 1 mmol) (Table 1) were dissolved in
30C10 (3 mmol) at 96 °C. After the solution had been stirred
for 0.5 h at this temperature, MDI (6) (1 mmol) was added
slowly and polymerization proceeded for 7 h under N,. The
reaction product was dissolved in DMF and precipitated into
MeOH (five times) to remove free 30C10. *H NMR (DMSO-
de) for 7c: 9.66 (s, 2H), 7.38 (d, 4H, J =8.3), 7.10 (d, J = 8.3,
4H), 4.19 (s br, 4H), 3.79 (s, 2H), 3.62 (s br, 4H), 3.51—3.50 (s
br, 8H plus 30C10). *H NMR (CDCls) for 7d: 7.19—7.31 (m,
4.4H plus CHClIs), 7.03—7.05 (m, 4.8H), 6.74 (s br, 0.4H), 4.25—
4.30 (m br, 4H), 4.07 (s br, 0.4H), 3.78—3.80 (m br, 2.8H), 3.61—
3.67 (m br, 12.8H), 3.50 (s br, variable), 1.27 (s, 1.8H). 'H NMR
(CDCls) for 7e: 7.19—7.31 (m, 5.6H plus CHCIs), 7.03—7.05
(m, 7.2H), 6.74 (d br, 1.6H), 4.25—4.30 (m br, 4H), 4.07 (s br,
1.6H), 3.3.78—2.80 (m br, 5.2H), 3.61—3.67 (m br, 7.2H), 3.50
(s br, variable) 1.27 (s, 7.2H). 'H NMR (CDCls) for 7f: 7.19—
7.31 (m, 6.8H plus CHCl3), 7.03—7.05 (m, 9.6H), 6.74 (d br,
2.8H), 4.25—4.30 (m br, 4H), 4.07 (s br, 2.8H), 3.3.78—2.80 (m
br, 7.6H), 3.61-3.67 (m br, 3.6H), 3.50 (s br, variable), 1.27
(s, 12.6H).
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