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Abstract Epoxy-terminated polydimethylsiloxanes of

two molecular weights (Mn about 1,250 and 2,100) were

proved to undergo inclusion complexation into the inner

cavity of c-cyclodextrin, thus resulting in formation of

polyrotaxanes. The supramolecular assembling, the struc-

ture, the morphology, and the thermal properties of

polyrotaxanes were shown to depend on the polymer

molecular weight, the molar ratio between the components,

and the presence of free c-cyclodextrin.

Keywords Polyrotaxanes � c-Cyclodextrin �
Polydimethylsiloxane

Introduction

Polyrotaxanes (PRots) are supramolecular inclusion com-

plexes, which are composed of macrocycles (the host

molecules) threaded onto linear macromolecules (the guest

molecules) [1, 2]. To build PRot inclusion complexes,

cyclodextrins (CDs) are often used as the host molecules.

The CD molecules are cyclic oligosaccharides having a

truncated cylindrical cavity with a depth of ca. 7.9 Å
´

. The

inner hydrophobic cavity of CD molecule is capable to

accommodate reagents of appropriate size and functional-

ity, while the hydrophilic external surface confers aqueous

solubility on the resulting inclusion complex. The internal

diameter of the CD cavity varies from 5.7 to 9.5 Å
´

,

depending on the number of structural units in the mac-

rocycle (6, 7, and 8 units for the first three members of the

homologue series, i.e. a-, b-, and c-CDs) [3]. Linear

components used to form PRots with CD usually have two

hydrophilic end groups and a hydrophobic middle part.

When both components of PRots are introduced in water,

the hydrophobic parts of the linear polymer chains insert

inside the CD cavity, while the hydrophilic parts stay

outside the cyclic component. Thus, a driving force of the

complexation here is the hydrophobic interaction between

atoms in the polymer chain and the inner cavity of CD.

PRots are known to be perspective materials for their use

in different technical applications, such as controlled

molecular switchers [4], templates for generation of porous

silica materials whose pore diameter depends on the pH

values of the medium [5], oral drug delivery systems [6], etc.

PRots can also be used for designing nanoscopic analogs of

bearings, joints, motors, rotors, pistons, and macroscopic

assemblies composed of interlocked mechanical parts [4].

Besides, PRots have also been proposed as ‘smart’ materials

for sensors [7] and in data storage applications [8, 9].

The PRots synthesis based on the interaction of CDs and

polydimethylsiloxane (PDMS) was first reported by Harada

et al. [10, 11]. As the inner diameter of a-CD is too small

(5.7 Å
´

), this lowest homologue does not allow the insertion

of PDMS chains due to their large cross-section diameter.
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However, b-CD was found to form inclusion complexes

with PDMS of low molecular weight (Mn \ 700), while

c-CD was used to accommodate PDMS of Mn \ 3,300. A

maximum inclusion ratio of one CD molecule per 1.5

siloxane structural unit has also been established [10, 11].

In our previous publications [12, 13] we reported on the

complexation of functionalized PDMS, namely glycidoxy-

propyl-terminated PDMS (E-PDMS), with b-CD. Polymers

of two different molecular weights were checked and PRots

containing b-CD molecules disposed only on the end

organic moieties of the siloxane chains were obtained,

denoting a difficult slipping of this macrocycle along the

bulky siloxane chain. The structure, the morphology, and

the thermal properties of those PRots were found to depend

on PDMS molecular weight and on the content of free b-CD.

This paper gives a further insight in the structure-mor-

phology-property relationship characterizing E-PDMS/CD

inclusion complex by replacing the b-CD guest molecules

with those of its higher homologue, c-CD. Using the NMR

spectra, we will give here the structural characterization of

the obtained PRots. As the crystalline structure of c-CD

causes crystalline arrangement of the complexes, the WAXS

method will be used to elucidate the type of the crystalline

lattices of PRots. The expected dependence of PRot thermal

behavior on the polymer molecular weight and on the

presence of non-complexed c-CD molecules will be proved

by DSC method. The results on morphology investigation

with SEM will be also presented. These data seem to be

important since, next to chemical composition and reci-

procal spatial arrangement of both polymer chains and CD

molecules, the arrangement of supermolecular entities, i.e.

morphology, is a key factor for understanding the material

properties and functionality. Moreover, the comparison of

these experimental findings with those obtained for PRots

composed of PDMS and b-CD will evidence the influence of

the structure of guest molecules on the morphology of

inclusion complexes under investigation.

Experimental

Materials

Octamethylcyclotetrasiloxane (D4), 1,1,3,3-tetrame-

thyldisiloxane (TMDS), and allyl glycidyl ether (AGE)

(Aldrich) were used as received. Hexachloroplatinic acid

(Aldrich) catalyst was used as 2% solution in isopropyl

alcohol. Toluene, the hydrosilation solvent, was dried on

calcium hydride and distilled before using. c-CD (Aldrich)

was dried under vacuum at 100 �C for 48 h. 4-amin-

ophenyltriphenylmethane (APhTPhM), a bulky blocker of

the PRot end groups, was prepared through the alkylation of

acetanilide with triphenylmethane chloride, the separation

of the para–isomer through thin film chromatography, and

the acid catalyzed hydrolysis of acetamide groups, follow-

ing a procedure described in Ref. [14]. The solid yellowish

product was purified by crystallization from methanol.

Synthesis of a,x-bis(3-glycidoxypropyl)-

polydimethylsiloxanes (E-PDMSs)

Linear polymers, E-PDMSs, of two molecular weights

were prepared through cationic equilibration of D4 with

1,1,3,3-tetramethyldisiloxane (TMDS), followed by the

hydrosilation of the obtained Si–H terminated poly-

dimethylsiloxane (H-PDMS) with AGE in the presence of

hexachloroplatinic acid catalyst, according to a method

previously described [15]. The characteristics of polysi-

loxane precursors are presented in Table 1.
1H-NMR, (CDCl3), d (ppm): -0.04 (s, CH3Si end); -0.02

and 0.00 (two s, CH3Si chain); 0.42–0.48 (m, CH2CH2Si;

b adduct); 0.93 (d, CH3–CHSi; a adduct); 1.10 (q, CH3–

CHSi; a adduct); 1.49–1.58 (m, CH2CH2Si; b adduct); 2.45–

2.47 and 2.63–2.65 (dd, CH2 epoxy); 2.99–3.00 (m, CH

epoxy); 3.24–3.40 and 3.56–3.59 (dd, O–CH2-epoxy and m,

O–CH2CH2CH2Si).

PRots preparation

Saturated solutions of c-CD in dimethylformamide (DMF)

were mixed under vigorous stirring with E-PDMS at 65 �C

till the solution become turbid (for about 72 h). The epoxy

groups located at the ends of siloxane chains were then

reacted with APhTPhM (saturated solution in isopropanol)

(amino groups/epoxy groups = 1/1 molar ratio) for 8 h to

create PRot structures. The obtained slurry solution was

poured in cold water. The precipitate was filtrated, washed

quickly with ethanol, dried (8 h at 40 �C), suspended

overnight in diethyl ether to remove unreacted E-PDMS,

filtered, and dried again for 8 h at 40 �C. The resulted

crude samples (PRotc) contained a significant amount of

free c-CD. To completely remove the non-complexed c-CD

(c-CD/siloxane ratio remained unchanged, as determined

from 1H-NMR spectrum), twice precipitation from DMF/

water system was required. Purified samples (PRotp) were

obtained in quite high yields (more than 75%).

Characterization

1H-NMR spectra of the intermediates and of PRots were

obtained by using a Bruker DRX 400 MHz spectrometer

with DMSO-d6 as a solvent. The molecular weights and

the polydispersity indexes of E-PDMSs and of PRots were

determined by size exclusion chromatography (SEC) in

chloroform and DMF, respectively, on a Water Associates
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440 instrument; polystyrene and polyethylene oxide stan-

dards were used for calibration curves. Wide angle X-ray

diffraction (WAXD) analysis of c-CD and PRots was

performed on a DRON-3 diffractometer (Burevestnik

Research and Production Association, Russia) at scattering

angles varying from 3 to 40� (CuK a-radiation, Ni filter).

The thermal properties of the samples were studied on a

DSM 2 M calorimeter (Specialized Design Office for

Instruments Production, Pushchino, Russia) at a scanning

rate of 16 �C min-1. The morphology of the samples was

observed by using a Akashi MINI-SEM-V scanning elec-

tron microscope (Japan).

Results and discussion

Synthesis of E-PDMS and PRots

E-PDMSs with quite narrow molecular weight distributions

were obtained by cationic equilibration of D4 with TMDS,

followed by the hydrosilation of the Si–H terminated pre-

cursors with AGE, according to a procedure described

previously [15] (see Scheme 1). The 1H-NMR spectra of E-

PDMSs indicated that the hydrosilation undergoes mainly

through the formation of b-adduct and only traces of a-

adduct were observed in the analyzed samples. To inves-

tigate the influence of the polymer chain length on the

properties of the inclusion complexes, polymers of two

different molecular weights, Mn about 1,250 and 2,100,

were prepared (Table 1). The molecular weights of silox-

ane prepolymers were determined from 1H-NMR spectra,

chemical analysis, and SEC. As follows from Table 1, a

good agreement between the results obtained by these

methods was evidenced.

PRots containing c-CD threaded onto polysiloxane

chains were obtained by mixing large excess of c-CD with

E-PDMSs in DMF, in a first step, and by stabilizing the

formed pseudorotaxanes through the reaction of epoxy end

groups with a bulky reagent, in a second step. The blocking

reaction takes place in the colloidal dispersion of the

pseudorotaxane. Both steps are shown in Scheme 1.

E-PDMS of both molecular weights, Mn about 1,250 and

2,100, were proved to undergo complexation with c-CD.

To determine the maximum inclusion ratio, a large excess

of c-CD was used for the preparation of the PRot samples.

The precipitation of the reaction mixture and the extraction

of the non-complexed polysiloxane in a selective solvent

were performed to obtain the crude products (PRotc).

Further, the crude products were carefully purified by twice

reprecipitation of their DMF solutions in cold water (till no

difference between c-CD/SiO ratios was detected from 1H-

NMR spectra of the resulted purified PRotp samples). The

yields registered for purified complexes were higher than

75%, as calculated against the initial amount of E-PDMS.

Details on the synthesis and the composition of both crude

and purified PRot samples are presented in Table 2.

NMR data

The structure and the composition of both crude and puri-

fied PRots were determined by NMR spectroscopy.

Figure 1 presents the 1H-NMR spectra of E-PDMS2 and of

PRotp-2100. In PRotp-2100, the methyl protons linked to

the silicon atoms show quite different resonance peaks

around 0 ppm as compared to the corresponding signals in

the non-complexed E-PDMS precursor. The signal of the

methyl protons linked to the end silicon atoms, appearing at

-0.04 ppm in E-PDMS is shifted in a larger signal to lower

magnetic field, at 0.05 ppm in PRot, while the methyl

protons belonging to chain siloxane units are slightly up

field to -0.07 ppm. The methylene protons linked in PRotp-

2100 in a- and b-positions to the silicon end atoms show

less resolved and larger peaks as compared to the non-

complexed siloxane. Moreover, the H1 proton is moved

from 4.85 ppm in native c-CD to 4.90–4.98 ppm in PRots.

All these experimental findings evidence the inclusion of

siloxane chain into c-CD cavity. In the 1H-NMR spectrum

of PRotp-2100, the peaks corresponding to the epoxy groups

at 2.45–2.47, 2.63–2.65 and 2.99–3.00 ppm disappeared

due to the ring opening reaction with APhTPhM end

blocker. The newly formed CH2–NH and CH–OH groups

give in the 1H-NMR spectrum of PRot quite not resolved

Table 1 Characteristics of H-PDMS and E-PDMS

Sample code Polymerisation degree

of H-PDMS precursora
Epoxy-groups

contentb (mol g-1)

Mn Mw/Mn

Chemical analysis SECc SEC

E-PDMS1 14.2 0.156 1,280 1,250 1.4

E-PDMS2 23.3 0.110 1,940 2,100 1.5

a Calculated from the integrals of the characteristic peaks for Si–H and Si–CH3 groups at d = 4.7 and 0.1 ppm in 1H-NMR spectra
b Determined by potentiometric titration of epoxy groups with p-toluene sulfonic acid
c Solvent: CHCl3
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peaks at around 3.16 and 3.72 ppm, respectively, while both

doublets at 6.46–6.48 and 6.75–6.77 ppm and the multiplet

between 7.05 and 7.35 ppm are belonging to the aromatic

protons of the end blocker. As in the region 3.3–3.6 ppm the

CH2–O–CH2 signals are superposed on those of CH2-6 of

the macrocyle, the ratio between c-CD and siloxane units

Scheme 1 Synthesis of c-CD/E-PDMS inclusion complexes

Table 2 Synthesisa and characterization of PRot samples

Reaction feed PRots

Sample

code

c-CD/SiOb (molar

ratio)

Sample

codec
Sample content c-CD content Yielde (%)

c-CD/SiOb

(molar ratio)

Free c-CDd

(%)

E-PDMS1 1.8 PRotc-1250 c-CD/E-PDMS1 = 9/1 (PRot ? free c-CD) 1/1.6 38 –

1.8 PRotp-1250 c-CD/E-PDMS2 = 5/1 (purified PRot) 1/2.8 0 81

E-PDMS2 1.8 PRotc-2100 c-CD/E-PDMS2 = 15/1 (PRot ? free c-CD) 1/1.6 46 –

1.8 PRotp-2100 c-CD/E-PDMS2 = 7/1 (purified PRot) 1/3.3 0 75

a Reaction conditions: (1) Pseudorotaxanes: stirring of c-CD saturated solution in DMF with E-PDMS for about 72 h at 65 �C; (2) PRots:

blocking with 4-aminophenyltriphenylmethane, NH2/epoxy = 1/1 molar ratio, 8 h at 65 �C
b Determined from 1H-NMR spectra; SiO is dimethylsiloxane structural unit
c Purification conditions: PRotc-1250 and PRotc-2100 crude samples containing free c-CD were obtained by precipitation of complexes in DMF/

cold water system followed by washing with diethyl ether; PRotp-1250 and PRotp-2100 samples, containing pure PRots were obtained from

crude samples by twice re-precipitation from DMF/water system
d Calculated considering c-CD/polymer chain = 5/1 (PRotp-1250) and 7/1 (PRotp-2100)
e Calculated based on initial E-PDMS amount
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was calculated using the integral of the H1 proton of c-CD

signal at 4.90–4.98 ppm and the sum of the integrals of the

methyl-silicon signals around 0 ppm.

The calculation of the c-CD content in the purified

samples, PRotp-1250 and PRotp-2100, gives in average five

and seven c-CD molecules threaded onto each polymer

chain, respectively, meaning a c-CD/siloxane unit molar

ratio of about 1/3 (Table 2). This is consistent with the idea

that c-CD, contrary to our previous findings for b-CD [12,

13], is able to undergo the threading not only on the end

organic moiety, but also on the siloxane chains. The lower

inclusion ratio as compared to the results of Harada et al.

[10] could be explained by the partial dethreading of c-CD

molecules during the blocking reaction and/or by the PRot

precipitation before accomplishing the maximum ratio of

complexation. The last argument is also supported by the

lower c-CD/SiO molar ratio registered for PRot of higher

siloxane molecular weight whose separation from the

solution is expected to undergo more quickly.

To establish the influence of the polymer molecular

weight, of c-CD content in PRots, and of the presence of

free c-CD on the solid state behavior of PRots, both crude

and purified samples with characteristics collected in

Table 2 were further analyzed by using WAXS, DSC, and

SEM methods.

WAXD data

WAXD patterns of c-CD and PRots are shown in Fig. 2.

All the patterns demonstrate tiny reflexes of different

intensities; i.e. these samples have highly crystalline

structures. The interplanar distances of the investigated

samples are collected in Table 3.

The data obtained correlate with the results published in

Refs. [16–21] where c-CD [16–18] and the inclusion com-

plexes of c-CD with aromatic linear polymers [18], a

biodegradable polymer [21], polyethylene oxide [19], and

polyvinyl chloride [17] were studied. Following Refs. [16–

18] one can conclude that c-CD (Fig. 2, a) corresponds to

the cage-type packing arrangement. Oppositely to c-CD, all

the PRot samples exhibit a characteristic peak at 2h & 7.5�
(Fig. 2, b–e) indicating the formation of a crystalline

inclusion complex of a channel structure, typical for other

inclusion complexes [16–21]. The interplanar distances for

PRotc-1250 and PRotp-1250 (see Table 3) are in agreement

with the data published in Ref. [19] corresponding to the

channel structure with a tetragonal packing. However,

Fig. 2, d and e, related to PRotc-2100 and PRotp-2100

seems to be different from Fig. 2, b and c. Following the

method published in Ref. [22], we found that PRotp-2100

has the cubic crystalline lattice with the unit cell parameters

a = b = c = 14.8 Å
´

(see Table 3), though the PRotc-1250

structure is formed by a mixture of both tetragonal and

cubic crystals.

Thus, the crystalline structure of PRots is predetermined

by the crystalline structure of c-CD, though the types of the

crystalline arrangements in c-CD and PRots are different:

cage and channel types, respectively. The molecular weight

of the polymer, the molar ratio between the components,

and the presence of non-complexed c-CD is shown to

influence the crystalline lattice packing in PRots: cubic or

tetragonal.

DSC data

The influence of the polymer molecular weight and of the

presence of non-complexed c-CD on the thermal behavior

of the PRots was investigated with the DSC method. Fig-

ure 3 presents the DSC curves related to c-CD and PRot

samples in air atmosphere. The thermogram of the pure c-

CD sample (Fig. 3, a) demonstrates a wide endo-thermal

peak in the range of 50–170 �C with the maximum at

103 �C and with a low-temperature shoulder at 80 �C. The

obtained result is in an agreement with the data published

in Refs. [19, 20]. The main peak seems to be related to the

evaporation of the complexed water, whereas the shoulder

should rather be connected with the evaporation of the non-

complexed water. At the second heating scan, this endo-

thermal peak disappears. At higher temperature (about

280 �C), c-CD melts and decomposes simultaneously.

A similar behavior (two endo-thermal effects) is typical

for the PRot complexes of both molecular weights (Fig. 3,

b–e). Their thermograms exhibit wide endo-thermal peaks

in the range of 50–150 �C having a maximum value at

about 100 �C. Above 270 �C, the PRot samples melt and

decompose. The enthalpy values and the dehydratation

temperature maximum are listed in Table 4.

As follows from Table 4, the dehydration enthalpy

values for the crude samples containing non-complexed c-

CD seem to be higher than those for purified PRots because

of water excess. Yet, the maximum enthalpy value is typ-

ical for c-CD with maximum water content.

SEM data

The SEM-images of c-CD and PRots are presented in

Fig. 4. As can be seen from Fig. 4a (low magnification),

the morphology of c-CD is formed by crystalline aggre-

gates of irregular shape. Their length varies from 3 to

45 lm, whereas their width varies from 2 to 12 lm. In the

micrograph, crystals of different modifications, rod-like

crystalline grains and plate-like rhombic aggregates, can be

recognized. At a higher magnification (Fig. 4b), a layered

morphology of the main population of crystalline grains

can be seen. The results of statistical analysis of the crystal
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Fig. 1 1H-NMR spectra of (a)

E-PDMS and (b) PRotp-2100
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size are presented in Fig. 5a and b, in the form of histo-

grams described afterwards with the model of reversible

aggregation [23, 24]. The mean grain length was estimated

from the distribution curve as 21 lm (Fig. 5a), whereas the

mean grain width was found to be 5.8 lm (Fig. 5b).

The morphology of the PRotc-1250 sample displays

densely packed small aggregates of particles in the form of

tetragonal parallelepipeds of both rectangular and square

shapes (Fig. 4c), whereas the crystals of the PRotp-1250

sample have a plate-like lamellar morphology with a small

number of rhombic crystals (Fig. 4d). At higher magnifi-

cation, the stacked lamellae can be recognized.

The morphology of the PRotc-2100 sample is formed by

large perfect cubic crystals (Fig. 4e). The statistical

analysis of the crystal edge size is presented in Fig. 5c. The

mean edge of the cubes was estimated as 21 lm. Finally,

the micrograph of the PRotp-2100 sample is presented in

Fig. 4g and h. Its morphology is formed by crystalline

Fig. 2 WAXS patterns of (a) c-CD, (b) PRotc-1250, (c) PRotp-1250,

(d) PRotc-2100, and (e) PRotp-2100

Table 3 Interplanar distances

for c-CD and PRots
Sample code Interplanar distance (Å

´
)

c-CD (experimental) 17.1 14.4 11.6 9.40 8.66 7.75 7.14 6.31 5.73 5.46 4.97

4.73 4.27 4.10 3.87 3.59

PRotc-1250 (experimental) 11.8 7.46 5.97 5.62 5.34 4.64 4.36 4.09 3.77 3.36

PRotp-1250 (experimental) 15.3 12.0 7.66 6.13 5.79 5.48 4.54 4.18 3.84 3.42 3.22

PRotc-2100 (experimental) 15.0 11.6 7.59 6.02 5.58 5.29 4.59 4.36 4.13 3.78 3.38

PRotp-2100 (experimental) 14.8 10.6 7.18 5.98 5.28 4.02

PRotp-2100 (calculated) 14.8 10.5 7.40 6.04 5.23 4.10

Fig. 3 DSC data for (a) c-CD, (b) PRotc-1250, (c) PRotp-1250, (d)

PRotc-2100, and (e) PRotp-2100

Table 4 DSC data for c-CD and PRot samples

Sample code Tmax (�C) DH (J/g)

c-CD 103 237.5

PRotc-1250 90 224.1

PRotp-1250 95 160.0

PRotc-2100 100 206.9

PRotp-2100 85 156.0
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cubes of regular shape; a mean edge of these crystals

(Fig. 5d) was found to be as large as 65 lm.

Thus, a correlation between the crystalline lattice

packing of PRots and their morphology was evidenced by

comparing WAXS, SEM, and statistical analysis data. Both

molecular weight of the polymer and the presence of free

c-CD influence the morphology of the PRot samples.

We should note here that in our previous investigation of

b-CD/E-PDMS complexes [12, 13], we observed quite

different crystalline arrangements, e.g., rod-like crystals,

stacked lamellae, and even amorphous structures. We can

therefore conclude that the host molecule’s structure also

influences the PRot morphology.

Conclusions

Glycidoxypropyl-terminated polysiloxanes of two molecu-

lar weights, 1,250 and 2,100, are shown to form inclusion

complexes with c-CD. As much as five to seven c-CD

molecules are proved to thread onto each polymer chain,

respectively, giving an average c-CD/siloxane structural

unit molar ratio of about 1/3. The influence of both the

length of the polymer chain and the c-CD content on the

morphology and the thermal behavior of the obtained

inclusion complexes was sequentially analyzed. Moreover,

a comparison with results obtained for PRots based on b-CD

allowed establishing the correlations between structural,

Fig. 4 SEM images of (a, b) c-CD, (c) PRotc-1250, (d) PRotp-1250, (e, f) PRotc-2100, and (g, h) PRotp-2100

362 J Incl Phenom Macrocycl Chem (2009) 63:355–364
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microscopic, and thermal properties of E-PDMS/CD

inclusion complexes.
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