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High-yield one-pot synthesis of polyrotaxanes with
tunable well-defined threading ratios over a wide
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In this work, we report a high-yield one-pot synthesis of polyrotaxane (PR), composed of (2-
hydroxypropyl)-a-cyclodextrin (hpCD) and polyethylene glycol (PEG), with well-defined hpCD threading
ratios controllable across a wide range from 0.64% to 10%. In hpCD/PEG aqueous solutions, hpCDs are
well dispersed and threaded spontaneously into hpCDs to form a pseudo-PR (pPR) structure. The
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homogeneous dispersion of hpCDs results in a well-defined threading ratio of hpCDs on PEG, which is

suggested by the fact that the dispersity of the molecular weight distribution of PR is almost the same as
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1. Introduction

Cyclodextrins (CDs) spontaneously include various guest
molecules to form host-guest supramolecular complexes.* For
small guest molecules, the host-guest ratios are well defined by
the molecular recognition of the CDs. Harada et al. reported
that a-CDs form pseudo-polyrotaxanes (pPRs) with polyethylene
glycol (PEG) in water.? By end-capping the PEG of the pPRs, they
successfully synthesised polyrotaxane (PR-CD),* in which a-CDs
are threaded on PEG. PR-CDs have attracted considerable
attention*® because the sliding dynamics of the rings along the
polymer axis facilitate various unique applications, such as
molecular shuttles,”® drug delivery systems,” and tough poly-
meric materials with slidable cross-links."*™* A key parameter
for the sliding behaviour of PRs is the threading ratio of the
rings on the polymer chain."*** Hence, controlling the thread-
ing ratio of PRs is necessary for further progress in their
applications. The average CD threading ratio of the PR-CDs can
be changed by the end-modification of PEG," extension of PEG
chain length,” and tuning of CD/PEG concentration, solvent,
and temperature during pPR formation.'*** Recently, Jiang
et al. reported a high-yield one-pot synthesis method for PR with
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that of pure PEG. The well-defined hpCD threading ratio of the PRs can be controlled over a wide range
by tuning the hpCD concentration in the pPR solutions.

a low CD threading ratio of 2% from hydroxypropylated CDs
(hpCDs) and PEG, PR-hpCD.**

In contrast to the uniform host-guest ratios of the supra-
molecular complexes with small molecules, the threading ratio
of a-CD on a PEG chain in PR-CD is not homogeneous, but has
a distribution, because there are many inclusion sites on PEG.
The inhomogeneous threading ratio of PR-CD is suggested by
the wider GPC molecular weight distribution of PR-CD than
that of pure PEG.'>'”*! Precise control of the threading ratio for
PR with crown ethers and the other rings has been achieved by
cyclic redox-driven processes® and polymerisation of pseudo
rotaxanes composed of a ring and short axis.**** However, the
synthesis procedure is multistep and complicated for large-
scale and low-cost production of PR.

In this study, we focused on the one-pot synthesis of PR~
hpCD in hpCD/PEG aqueous solutions (Fig. 1). We have
discovered that the dispersity of the molecular weight distri-
bution of PR-hpCD was almost the same as that of pure PEG,
indicating a homogeneous and well-defined threading ratio of
hpCDs on PEG. We systematically changed the hpCD/PEG
concentration and temperature during pPR formation in
homogeneous aqueous solutions and studied the effect of the
synthesis conditions on the hpCD threading ratios of the PR-
hpCDs. The threading ratio of the PR-hpCDs increased with
increasing hpCD concentration but was independent of the PEG
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Fig.1 One-pot synthesis scheme of PR-hpCD.
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concentration and temperature. Based on the synthesis results
and X-ray scattering data of the pPR solutions, we discuss the
driving force for pPR-hpCD formation and the mechanism of
the well-defined threading ratio of PR-hpCD. This study
provides a one-pot synthesis method for the precise control of
the threading ratios of PRs over a wide range by tuning hpCD
concentration in the pPR formation process.

2. Experimental section
2.1 Materials

All the reagents for the synthesis of PR were used as received.
The amino-terminated poly(ethylene glycol) (M,, ~ 30 000 680
monomer units), phosphate buffer solution (PBS, 0.1 mol L™,
pH 8.0), (2-hydroxypropyl)-a-cyclodextrin (hpCD, M,, ~ 1180)
and a-cyclodextrin (CD, M,, = 973) were purchased from NOF
corporation, Sigma-Aldrich, NTHON SHOKUHIN KAKO Corpo-
ration, LTD and Wako, respectively. The 3-hydroxy-1-
adamantanecarboxylic acid (OH-Ada-COOH) and 4-(4,6-
dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride
(DMTMM) were purchased from Tokyo Chemical Industry
Corporation.

2.2 Synthesis of PR

2.2.1 Synthesis of PR-hpCD at various hpCD concentra-
tions. hpCD was dissolved at various concentrations (0.063 to
0.65 mol L") in 1 mL PBS (0.1 mol L', pH 8.0). The hpCD
concentration could not be increased from 0.65 mol L™ " owing
to the high viscosity of the pPR-hpCD solution. PEG was added
in the solution at room temperature (PEG concentration 3.8-
4.9 mmol L%, Table 1). The pPR-hpCD solution was left in
refrigerator at 277 K for more than 2 days, after which OH-Ada-
COOH (30 mg) and DMTMM (66 mg) were added to the mixture
for end-capping. The solution was stirred for 1 day at room
temperature, and DMTMM (66 mg) was added again. The
reaction continued at room temperature for another day. The
mixture was dialysed (MWCO: 12 000-14 000) for 2 days to
remove free hpCD and freeze-dried to obtain the final product,
PR-hpCDs. The synthesis scheme is illustrated in Fig. 1.
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2.2.2 Synthesis of PR-hpCD at various PEG concentrations.
hpCD and PEG were dissolved in 1 mL PBS (0.1 mol L™, pH 8.0)
at room temperature. The hpCD concentration was kept at
0.44 mol L™, and PEG concentration was varied from 1.1 to
4.5 mmol L', The PEG concentration could not be increased
from the maximum concentration of 4.5 mmol L™ due to the
high viscosity of the pPR-hpCD solution. The remainder of the
synthesis procedure was the same as that described above.

2.2.3 Synthesis of PR-hpCD at various temperatures. hpCD
and PEG were dissolved in 1 mL PBS (0.1 mol L™, pH 8.0) at
four different inclusion temperatures (277, 298, 333, and 353 K).
The hpCD and PEG concentrations were 0.44 mol L' and
4.5 mmol L, respectively. The mixture was left at each inclu-
sion temperature for more than 48 hours, after which OH-Ada-
COOH (30 mg) and DMTMM (66 mg) were added to the mixture
for the end-capping reaction. The solution was stirred for 1 day
at each inclusion temperature, and DMTMM (66 mg) was added
again. The reaction was performed at each inclusion reaction
temperature for another day. The mixture was dialysed (MWCO:
12 000-14 000) for 2 days to remove free hpCD and freeze-dried
to obtain the final product.

2.2.4 Synthesis of PR-CD. Native o-CD (1 g) and PEG (0.2 g)
were dissolved in PBS (5 mL), and the mixture was left in
refrigerator for more than 24 h to obtain the polypseudortaxane,
pPR-CD. OH-Ada-COOH (30 mg) and DMTMM (33 mg) were
dissolved in 2 mL of PBS, and the solution was added to the
pPR-CD mixture for the end-capping reaction. The mixture was
stirred for 1 day, and DMTMM (33 mg) was added again. The
reaction continued at room temperature for another day. The
mixture was dissolved in dimethyl sulfoxide (DMSO), precipi-
tated in water to remove free CD and PEG, and freeze-dried to
obtain the final product, PR-CD.

2.3 Characterization of PR

2.3.1 NMR measurements. 'H-NMR spectra of PR-hpCD
and PR-CD dg-DMSO solutions were recorded at 400 MHz on
a JEOL JNM-AL400 spectrometer at 353 K.

2.3.2 Gel permeation chromatography (GPC) measure-
ments. Gel permeation chromatography (GPC) measurements

Table 1 Synthesis of PR-CD and PR—-hpCD at various hpCD concentrations (277 K)

PEG hpCD

Sample (x107%) [mol CD [mol Threading ratio®  Threading number of CD per PEG M, M, M,/  Yield
name [mol L™ L™ L] [%)] Nep” [x10*]  [x10"1Y M, [%]
PEG — — — — — 3.18 2.99 1.06 —
PR-hpCD2 4.9 0.063 — 0.64 2.2 3.69 3.44 1.07  96.5
PR-hpCD4 4.7 0.12 — 1.09 3.7 3.85 3.63 1.06 98.5
PR-hpCD7 4.3 0.2 — 2.05 7 4.08 3.82 1.07 97.6
PR-hpCD11 4.5 0.3 — 3.09 10.5 4.45 4.17 1.07 929
PR-hpCD16 4.5 0.44 — 4.81 16.4 5.04 4.68 1.08 98.9
PR-hpCD21 4.5 0.53 — 6.03 20.6 5.69 5.2 1.09 99.6
PR-hpCD34 3.8 0.65 — 10 34.2 6.88 6.28 1.09 96
PR-CD87 1.11 — 0.21 25.5 86.7 13.3 11.7 113  72.7

@ Measured by 'H NMR. ? Measured by 'H NMR. ¢ Weight average molecular weight determined by GPC. ¢ Number average molecular weight

determined by GPC.
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to measure the molecular weight of the obtained PR were per-
formed on HLC-8220 (TOSOH) with 10 mmol L' LiBr/DMSO
solution as eluent. The PR-hpCD and PR-CD solutions were
filtered using a hydrophobic filter (pore size: 0.2 pum). The
molecular weight of the PR was estimated using the elution
time of PEG standards.

2.4 Small-angle and wide-angle X-ray scattering (SAXS and
WAXS) measurements of pPR solutions

Small-angle and wide-angle X-ray scattering (SAXS and WAXS)
measurements of the hpCD, CD, pPR-hpCD and pPR-CD
solutions were performed at room temperature to observe the
spatial distribution of the hpCD/CD molecules using Nanopix
(Rigaku Corporation, Japan). The sample-to-detector distances
of SAXS and WAXS were 1300 and 170 mm, respectively, and the
two-dimensional scattering patterns were recorded using HyPix-
6000. The X-ray wavelength was 1.5 A. The exposure time was
240-14 400 seconds.

3. Results and discussion

Table 1 summarises the characterisation results of the obtained
PR-CD and PR-hpCDs prepared at various hpCD concentra-
tions ranging from 0.063 to 0.65 mol L™". The threading ratios
and average number of hpCD (CD) per PEG, N, were evaluated
by 'H NMR measurements based on the previous work.™ The
theoretical maximum number of hpCDs on the PEG chain is
340. The "H NMR spectra of PR-hpCD and PR-CD were shown
in Fig. S1-S8.7 The threading ratios calculated from the NMR
results were consistent with those estimated using TG-DTA
(Fig. S9 and Table S1%). With increasing hpCD concentration
in the pPR solutions, the threading ratio of PR-hpCD increased
from 0.64% to 10%. The PRs were named PR-hpCD N¢p (Ncp =
2.2-34). The yields of all PR-hpCDs were over 90%.
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—— PR-hpCD7
— PR-hpCD11
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— PR-hpCD21
—— PR-hpCD34

— PR-hpCD2

PR-hpCD4
—— PR-hpCD7 0.8}
—— PR-hpCD11

PR-pCD16
—— PR-hpCD21

— PR-NpCD34 081

Rl intensity
RI intensity

041

0.2

0.0

RI intensity
Rl intensity

:I-I‘JE!B‘ 2 3 4 5
1
MW/Mw

Fig.2 Distribution of (a) molecular weight MW and (b) MW normalized
by average molecular weight M, for PEG, PR—hpCD, and PR-CD.
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Fig. 2(a) shows the molecular weight (MW) distributions of
PR-hpCD and pure PEG. With increasing the threading ratio
and N¢p, the MW distribution profile was shifted in parallel to
a higher molecular weight regime. The MW distribution of the
PR-hpCDs reflects the distribution of the hpCD threading ratio
and Ncp. Interestingly, as shown in Fig. 2(b), the MW distri-
butions normalised by the average molecular weight M,, almost
overlapped with each other for all the PR-hpCDs and pure PEG,
indicating that the Ncp and hpCD threading ratios of PR-hpCD
were almost uniform. In contrast, the MW distribution of PR-
CD prepared from native CDs and PEG was wider than that of
PEG (Fig. 2(c) and (d)), indicating a broad distribution of the
threading ratio and N¢p of PR-CD.

To determine the main factors influencing the Ncp and
threading ratio, PR-hpCD was synthesised at different PEG
concentrations and temperatures in pPR solutions. The
details of the synthesised PR-hpCDs are summarized in
Tables S2 and S3.1 As shown in Fig. S9 and S10,7 the nor-
malised molecular weight distribution, MW/M,, of all the PR-
hpCDs almost overlapped with that of the pure PEG, sug-
gesting well-defined threading ratios of the PR-hpCDs. As
indicated in Table 1, the threading ratio of PR-hpCD
increased with increasing hpCD concentration (Fig. 3(a)), but
was independent of the PEG concentration and inclusion
temperature (Fig. 3(b) and (c)). These results suggest that the
threading ratio of PR-hpCD is dominated by the hpCD
concentration during the pPR formation process. As shown
in Table S2,1 the molar ratio of CD to PEG in the pPR solu-
tions was varied from 98 to 400, which is much larger than
the number of hpCDs in a PR-hpCD, N¢p = 15-19. Therefore,

(a)

-
o
°

threading ratio [%]
(%)
=

o
F
°

00 02 04 06 08
hpCD [mol/L]

(b)

threading ratio [%]

1 2 3 4 5
PEG (x 10°%) [mol/L]

(c)

threading ratio [%]

300 320 340 360

Temperature [K]

280

Fig. 3 Plot of threading ratio of PR—hpCD against (a) hpCD concen-
tration, (b) PEG concentration, and (c) inclusion temperature in pPR
solution.
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Fig. 4 (a) Scattering profiles of CD, hpCD, pPR-CD, and pPR-hpCD7

solutions measured by SAXS and WAXS. Schematic illustrations of pPR
and PR prepared from (b) CD/PEG and (c) hpCD/PEG solutions.

the threading ratio and Ncp were independent of PEG
concentration.

The temperature-independence of the hpCD threading ratio
indicated that the inclusion complexation of hpCD and PEG in
water was driven by enthalpic interactions. The spatial distri-
bution of hpCDs in pPR solutions was measured using SAXS
and WAXS (Fig. 4(a) and S12-S177). As shown in Fig. 4(a), the
scattering profile of the pPR-hpCD7 solution was close to that
of the hpCD solution with the same hpCD concentration. This
suggests that the hpCDs in the pPR solution were homoge-
neously dispersed, similar to the hpCD solution (Fig. 4(b)).
From the fact that the spatial distribution of hpCD and PEG
conformation were not changed by the pPR formation (Fig. 4(a)
and S187), the entropic penalty by the inclusion complexation
of hpCD and PEG can be negligible. In contrast, as shown in
Fig. 4(a), the pPR-CD solution exhibited diffraction peaks and
an increase in low-g intensity attributed to the crystallisation of
native CDs (Fig. 4(c)).>* The hydrogen bonding between native
CDs in the crystal structure plays an important role in the
inclusion complexation of the CD/PEG system.'>** However, the
heterogeneous aggregation of CDs caused an inhomogeneous
CD threading ratio of PR-CD (Fig. 4(c)). In the case of the hpCD/
PEG systems, the hydroxypropyl group on hpCD weakened the
attractive interaction between hpCDs and prevented the crys-
tallisation of hpCD. The homogeneous dispersion of hpCD in
the pPR-hpCD solutions resulted in the well-defined threading
ratio of PR-hpCD (Fig. 4(b)). The driving force of the pPR-hpCD
formation is the enthalpic benefit originated from the molec-
ular interaction between the inside of the hpCD and the PEG
axis.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusion

In conclusion, we established a simple synthesis strategy to
control PR threading ratios over a wide range. Native CDs form
crystallised domains in pPR-CD solutions, resulting in the
inhomogeneous CD threading ratio of PR-CD. Hydroxypropyl
modification of CDs prevented hydrogen bonding between the
CDs, generating well-dispersed hpCDs in the pPR-hpCD solu-
tions. The pPR formation of hpCD and PEG in water was driven
by enthalpic interactions between the inside of the hpCD and
PEG. The threading ratio of PR-hpCD increased with hpCD
concentration in pPR solutions but was independent of the PEG
concentration. Surprisingly, the dispersity of the molecular
weight distribution of PR-hpCDs with various hpCD threading
ratios was almost the same as that of PEG. This indicates that
the threading ratio of PR-hpCDs was well-defined, which was
related to the homogeneous dispersion of hpCDs in the pPR
solutions. This work enables the high-yield one-pot synthesis of
PRs with various well-defined threading ratios by tuning the
hpCD concentration, which is expected to facilitate the indus-
trial use of PRs for functional devices and materials.
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