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Abstract In this work, the inclusion between methyl
substitute f-cyclodextrin and some linear macromolecule
in supercritical carbon dioxide medium was investigated.
The contributions from several factors were studied; such
as the hydrogen bonding interaction between the host and
guest, the hydrogen bonding interaction between the
neighborhood cyclodextrin rims threaded on the polymer
chain, and the matching between the host cavity and the
size of the polymer axis.
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Introduction

In the last 20 years, the polyrotaxane has attracted much
attention due to its potential application in electronics,
biomedical engineering and polymer processing. When
several macrocyclic molecules are threaded on a single
linear polymer chain, the pseudo-polyrotaxane is formed.
The complex provides an opportunity for studying the
behavior of the single polymer chain; and at the same time,
it can help us to further understand the mechanism of the
molecular recognition. The inclusion complex between
cyclodextrin and linear polymer is one of these pseudo-
polyrotaxanes.
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In most cases, the inclusion between cyclodextrin and
polymer in aqueous solution was investigated [1-10],
recently this investigation was focused on the selective
inclusion between cyclodextrin and some block polymers
[11-20]. In aqueous solution, the hydrophobic interaction
between the cyclodextrin cavity and the hydrophobic part
of the polymer chain is the main driving force; the
molecular recognition between the host and the guest
determined the extent of the complex; and the length of the
polymer dominated the fraction of coverage for the poly-
mer by the cyclodextrin rings in the complex.

There were some studies for this inclusion in other
solvent. Shin et al. compared the products between some
cyclodextrin and linear polymer from aqueous solution and
from chloroform [21]. Jazkewitsch et al. [22] got some
partial include product from dimethylformamide solution.
In these organic solvent, the hydrophobic interaction
between the host and the guest was eliminated and the
solvent competition may interrupt the desired inclusion.
There were also some studies for this inclusion in solvent-
free condition. Liu et al. [23] observed that part polymer
chains could thread into the cyclodextrin cavities after
grinding without any solvent for some time. And Balik and
co-workers found that: the crystalline structure of native
a-cyclodextrin could spontaneously transform from cage
stack to column stack to some extent after mixed with
liquid polyethylene glycol (PEG 200 or 400) and left in
static [24, 25]. In these situations, the hydrogen bonding
interaction or the van der Waals interaction between
cyclodextrin and the polymer was the main driving force
for the inclusion. But the limited mobility of the macro-
cyclic molecules in solid state may restrict the inclusion, as
the cyclodextrin must undergo a phase transform from cage
or amorphous structure to column structure to accommo-
date the polymer chain [25].
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Supercritical carbon dioxide (scCO,), a clear medium
and weak solvent compared to general organic solvent, has
been successfully used in the inclusion between cyclo-
dextrin and some small molecule compound (see Refs.
[26-30]); but has not been used in the inclusion between
macrocyclic molecule and linear polymer now, due to the
low solubility of normal polymer and the inflexibility of
some cyclodextrin matrix in this medium [31-33].

Yet it was reported in literature that: the glass transition
temperature of methyl-f-cyclodextrin (MBCD,
Tg = 180-182 °C) could be remarkably depressed in
scCO, medium [34]; the scCO, could dissolve in some
solid polymer, swell the matrix and depress the glass
transition temperature of the polymer [35, 36]. And we also
found that the liquefaction of MBCD provided some new
approach for the inclusion between cyclodextrin and some
small molecule compounds [26-28]. In scCO, medium,
while the steric hindrance for substituted benzene and
coumarin was strong for hydroxypropyl-fS-cyclodextrin
(HPBCD) in solid state, the steric effect was weak for
MBCD due to the soft of this host [29, 30]. Thus for the
inclusion between methyl substituted cyclodextrin and
some linear macromolecule in supercritical carbon dioxide
medium, the competition from the carbon dioxide mole-
cules is weak, the host matrix is flexible, and the interac-
tions between the polymer chains themselves can be
reduced remarkably. As a result, the effect of the hydrogen
bonding interaction or the van der Waals interaction on this
inclusion can be demonstrated sufficiently.

Thus in this work, the inclusion between methyl
substituted f-cyclodextrin and some linear macromolecules
in scCO, medium was studied. Comparing the inclusion for
MBCD-poly (propylene glycol) (PPO M,, ~ 1,000) with
the inclusion for MBCD—-poly (ethylene glycol) (PEO
M, = 950-1,050), the selectivity of the cyclodextrin cav-
ity for the size of the guest molecule axis was discussed.
Comparing the inclusion for MBCD-poly (propylene gly-
col) (PPO M,, ~ 425) with the inclusion for MBCD-
hexatriacontane (HTC), the contribution from the hydrogen
bonding interaction between the host and guest was esti-
mated. Comparing the inclusion for MBCD-guest with the
inclusion for heptakis (2,3,6-tri-O-methyl)--cyclodextrin
(TMBCD)-guest, the effect of the hydrogen bonding
interaction between the neighborhood cyclodextrin rings
was derived.

Materials
Methyl-f-cyclodextrin (1.6-2.0 methyl groups per glucose
unit), TMBCD (>98.0%), poly (propylene glycol) (M,, ~ 425

and M,, ~ 1,000), poly (ethylene glycol) (M,, = 950-1,050),
were purchased from Sigma-Aldrich-Fluka. HTC, AR Grade,
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was obtained from Aladdin-Reagent. Carbon dioxide with a
purity of 99.95% was supplied by Beijing Analytical Instru-
ment Factory.

Methods
Preparation of the physical mixture

According to the desired ratio for the molar number of
methyl substitute f-cyclodextrin (methyl substituted BCD)
to the molar number of repeated unit in the linear macro-
molecule (for example: —-CH,— for HTC, -CH,—CH,-O-
for PEO, and —CH,—CH(CH3;)-O- for PPO), the methyl
substituted BCD and linear macromolecule compound
were weighted, mixed and ground in a mortar with a pestle
for 3 min, then the physical mixture was obtained.

Inclusion in scCO, medium

100 mg of the physical mixture was put into a 10 mL
stainless-steel vessel; then the vessel was sealed and heated
to the desired temperature; after thermal equilibrium, car-
bon dioxide was pumped into the vessel to the desired
pressure. The content was left at the desired temperature
and pressure in static for 20 h; then the carbon dioxide was
rapidly discharged from the reactor within 2 min and the
products in the vessel were collected. Except for some
TMBCD-PEO products, the other product was directly in
solid state after decompressing.

Characterization of the product
XRD characterization

The product was characterized by XRD spectrum with a
RIGAKU D/MAX 2500 X-ray diffractometer, Cu K,
radiation (40 kV, 200 mA), 3-60° scan rang, 8§°/min scan
rate. The XRD pattern of the product was compared with
that of the inclusion complex reported in literature to look
for the diffraction peaks from the column stack MBCD or
TMBCD.

Thermal analysis characterization

The physical mixture and the product of MBCD-crystalline
guest, the physical mixture and the product of TMBCD-
guest, were analysis by a Perkin Elmer Diamond DSC from
25 to 200 °C with 10 °C/min heating rate and 20 mL/min
nitrogen flow. The heat of melting for the crystal HTC or
unbound TMBCD in the sample was determined.
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Nuclear magnetic resonance ( "H NMR ) characterization
for MBCD-HTC

The MBCD-HTC physical mixture at 4:1 molar ratio, the
corresponding  MBCD-HTC product made in 90 °C
10 MPa scCO, and the sample washed with cyclohexane,
were characterized by "H NMR spectra with a Brucker
Avance 400 NMR spectrometer at room temperature in
CDCl;. The chemical shifts were referenced to external
standard TMS.

The MBCD-HTC sample washed with cyclohexane was
obtained through the following treatments: 50 mg product
made in 90 °C 10 MPa scCO, was dispersed in 1 mL
cyclohexane, ultra-sounded for 10 s, and centrifuged for
5 min at 3,000 rpm. The cyclohexane was draw out using
an injector, the left solid was dry in air and later heated at
80 °C for 2 h.

Quantitative characterization

For MBCD-hexatriacontane (HTC), the XRD result was
coupled with the DSC analysis result for the same product,
while the original HTC is in crystalline state. At first, the
XRD spectrum of the physical mixture and some products
were determined at the same condition; the intensity of the
peak mainly from the channel structure MBCD at 17.7°
relative to that from the amorphous structure MBCD at 23°
in the same spectrum (I{; ;/I5;) was calculated. Then, the
above physical mixture and the products were measured by
DSC analysis. The heat for the melting of HTC in per gram
of the physical mixture or the product was determined. The
quantity of crystal HTC in per gram of product could be
calculated. Due to the quite low solubility of MBCD and
HTC in scCO, [33], the total composition of the product
should be the same with that of corresponding physical
mixture. Thus, the amount of dispersed HTC in per gram of
the product could be derived. Let’s hypothesized that the
dispersed HTC molecules were all included in the MBCD
cavities and the molar ratio of MBCD to —CH,— unit in
HTC molecule in the inclusion complex was 1:9, then the
amount of complex MBCD in per gram product could be
estimated and the fraction of complex MBCD relative to
the total MBCD in the product (x) could be calculated.

With this fraction of MBCD in the corresponding product,
the (I7;,/I5;) in the XRD spectrum of the product was
calibrated. Then Eq. 1 was obtained from the correlation
between the XRD determination and the DSC analysis
results for several products. The data used for this corre-
lation was list in Table 1.

Y, 7 /15, =291 40.884 - [x/(1 —x)] (1)

For the other MBCD-guest product, the (I3, 5/15;) in the
same spectrum was calculated. Latter, the fraction of
channel structure MBCD relative to the total MBCD in the
same product (x) was derived from this relative intensity by
using Eq. 1. On the assumption that the total composition
of the product was the same with the corresponding
physical mixture and the polymer in the complex was fully
covered with the cyclodextrin rings, the complex fraction
for the polymer was also estimated.

For TMBCD-guest product, the heat for the melting of
crystal TMBCD in per gram physical mixture or product
was directly measured by the DSC analysis, the quantity of
unbound TMBCD in per gram product was calculated. Due
to the low solubility of TMBCD and the guest in scCO,
medium [31-33], the total composition of the product
should be the same with the corresponding physical mix-
ture, thus the fraction of complex TMBCD relative to total
TMBCD in the product could be derived.

From these qualitative and quantitative analysis results,
the inclusion between methyl substituted f-cyclodextrin
and some linear macro-molecules in supercritical carbon
dioxide medium was discussed.

Results and discussion

The 'H NMR spectrum, XRD patterns and DSC grams of
the product were displayed in Figs. 1,2, 3,4,5,6,7, 8 and
9, and the quantitative analysis results were list in Tables 2,
3 and 4.

Examination for the quantitative characterization

In the "H NMR spectrum of MBCD-HTC physical mixture
at 4:1 molar ratio (corresponding to 1:9 ratio for the molar

Table 1 Data used in correlation the DSC analysis result and XRD result for MBCD-HTC products at 1:9 reactant ratio

Sample AH,, (HTC)* (J/g) Fraction of crystal HTC® Fraction of complex MBCD® I, 1/135
25.0 °C 0.1 MPa 21.1 1.00 0.00

100.0 °C 0.1 MPa 19.2 0.91 0.09 3.0
90.0 °C 10.0 MPa 6.9 0.33 0.67 4.7

* The heat for the melting of HTC crystalline in per gram product
" The fraction of crystalline HTC relative to total HTC in the product

¢ The fraction of complex MBCD relative to total MBCD in the product
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Fig. 1 "HNMR spectrum of MBCD-HTC: (¢) MBCD-HTC physical
mixture 1:9, (b)) MBCD-HTC sample washed with cyclohexane
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Fig. 2 XRD spectrum of MBCD-PPO (PPO 425) and MBCD-PPO
(PPO 1,000): (¢) MBCD, (b) MBCD-PPO (PPO 425) 1:2 90 °C
0.1 MPa, (¢) MBCD-PPO (PPO 425) 1:2 90°C 10.0 MPa,
(d) MBCD-PPO (PPO 1,000) 1:2 90 °C 0.1 MPa, (¢) MBCD-PPO
(PPO 1,000) 1:2 90 °C 10.0 MPa

number of MBCD to the molar number of —-CH,— unit in
HTC) (Fig. 1), the resonance at chemical shift (6) 0.87 and
1.24 was respectively belong to CH3- and —CH,-group in
HTC molecule, the resonance around 6 4.9-5.0 was from
C(1)H and O(3)H in MBCD [5]; the integral of the peak for
the —CH,— is 1.68 times of that for the C(1)H and O(3)H,
thus some of the H on O(3) in MBCD molecule was
substituted by methyl group. In the spectrum of the original
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Fig. 3 XRD spectrum for MBCD-HTC: (a) MBCD, (b) HTC 90 °C
0.1 MPa, (¢) MBCD-HTC 1:9 90 °C 0.1 MPa, (d) MBCD-HTC 1:9
100 °C 0.1 MPa, (¢) MBCD-HTC 1:9 90 °C 10.0 MPa
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Fig. 4 DSC grams for MBCD-HTC: (a¢) MBCD-HTC 1:9 mix,
(b)) MBCD-HTC 1:9 100 °C 0.1 MPa, (¢) MBCD-HTC 1:9 90 °C
10.0 MPa

MBCD-HTC product made in 90 °C 10 MPa scCO, at 1:9
reactant ratio, the integral of the peak for -CH,— in HTC is
1.71 times of that for C(1)H and O(3)H in MBCD, thus the
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Fig. 5 XRD spectrum of MBCD-PEO (PEO 1,000): (@) MBCD-  Fig. 7 XRD spectrum for TMBCD—PEO (PEO 1,000): (a) TMBCD-
PEO 1:2 50 °C 10.0 MPa, () MBCD-PEO 1:2 90 °C 0.1 MPa,  PEO 1:3 mix, (b) TMBCD-PEO 1:3 50 °C 0.1 MPa, (¢) TMBCD-

(¢) MBCD-PEO 1:2 90 °C 7.0 MPa, (d) MBCD-PEO 1:4 90 °C  PEO 1:3 90 °C 0.1 MPa, (d) TMBCD-PEO 1:3 90 °C 7.0 MPa
0.1 MPa
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Fig. 6 XRD spectrum for MBCD-PEO with cage crystalline MBCD:
(a) MBCD-PPO (PPO 1,000) 1:2 110 °C 12.0 MPa, (b) MBCD-PEO Fig. 8 XRD spectrum for TMBCD-HTC: (a) TMBCD orig.,
(PEO 1,000) 1:2 90 °C 10.0 MPa, (¢) MBCD-PEO (PEO 1,000) 1:4 (b)) TMBCD-HTC 1:9 90 °C 0.1 MPa, (¢) TMBCD-HTC 1:9
90 °C 7.0 MPa, (d) MBCD-PEO (PEO 1,000) 1:4 90 °C 10.0 MPa 90 °C 10.0 MPa
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Fig. 9 DSC grams for TMBCD-HTC: (a¢) TMBCD-HTC 1:9 mix,
(b) TMBCD-HTC 1:9 90 °C 0.1 MPa, (¢) TMBCD-HTC 1:9 90 °C
10.0 MPa

composition of the product was indeed the same with the
corresponding physical mixture.

The dissolution of HTC in cyclohexane was test. 5.0 mg
HTC solid was put in 0.5 mL cyclohexane and ultra-
sounded for 2-3 s, the solid was all dissolved; even after
centrifuged for 5 min at 3,000 rpm, no solid was found. In
our previous work, the MBCD was not dissolved in
cyclohexane [26-29]. Thus during the washing process, the
unbound HTC in the above product should all be dissolved
in the cyclohexane and be removed from the sample, the
unbound MBCD and the complex was left. In the '"H NMR
spectrum of the sample washed with cyclohexane, the
resonance at 0 1.42 was from the cyclohexane residue, the
integral of the peak for -CH,— in HTC is 1.16 times of that
for C()H and O(3)H in MBCD, thus about 70% HTC in
the original product was complex with MBCD molecule.
And from the DSC analysis results show in Table 1, about
67% HTC in the original product was dispersed; thus in the
original product, the dispersed HTC was all included in the
MBCD cavity.

The above results strongly supported the assumptions in
the quantitative characterization. In the ideal inclusion
complex of «CD-PEO, the ratio between the molar number
of aCD to the molar number of -CH,~CH,—O- unit in PEO
chain should be 1:2; but due to the delocalization for
cyclodextrin ring on the polymer chain, this ratio may
range from 1:2.2 to 1:2.7 [9]. On the average, the molar
ratio for aCD ring to PEO repeated unit in the real
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Table 2 Estimated fraction of column structure MBCD relative to
total MBCD in MBCD-line macromolecule product

MO]MBCD:MOlguest unit T (OC) P (MPa) 1|7.7O/123O X y

in reactants

MBCD-PPO (PPO M,, = 425)

1.00:2.00 50 0.1 3.8 05 0.6
1.00:2.00 50 7.0 4.9 0.69 0.86
1.00:2.00 50  10.0 4.8 0.68 0.85
1.00:2.00 90 0.1 3.8 05 0.6
1.00:2.00 90 7.0 4.6 0.66 0.83
1.00:2.00 90  10.0 4.8 0.68 0.85
1.00:4.00 90 0.1 54 074 0.46
1.00:4.00 90 7.0 5.7 0.76  0.48
1.00:4.00 90  10.0 5.1 071 0.44

MBCD-PPO (PPO M,, = 1,000)
1.00:2.00 50 0.1 2.8 0 0
1.00:2.00 50 7.0 3.1 02 02
1.00:2.00 50  10.0 3.1 02 02
1.00:2.00 90 0.1 35 04 05
1.00:2.00 90 7.0 37 05 0.6
1.00:2.00 90  10.0 4.0 05 07
1.00:2.00 110 0.1 4.2 06 07
1.00:2.00 110 7.0 4.2 0.6 07
1.00:3.00 90 0.1 4.4 0.63 0.53
1.00:3.00 90 7.0 5.7 0.76  0.63
1.00:3.00 90  10.0 6.5 0.80 0.67
1.00:4.00 90 0.1 6.6 0.81 0.50
1.00:4.00 90 7.0 5.9 0.77 0.48
1.00:4.00 90  10.0 6.0 0.78  0.49

MBCD-HTC
1.00:9.00 90 0.1 2.6 0 0
1.00:9.00 90 7.0 2.7 0 0
1.00:9.00 90  10.0 47 0.67 0.67
1.00:9.00 100 0.1 3.0 01 0.1
1.00:9.00 100 7.0 45 0.65 0.65
1.00:9.00 100 10.0 4.8 0.68 0.68

MBCD-PEO (PEO M,, = 1,000)
1.00:2.00 50 0.1 2.7 0 0
1.00:2.00 50 7.0 3.1 02 02
1.00:2.00 50 100 2.7 0 0
1.00:2.00 90 0.1 3.6 04 05
1.00:2.00 90 7.0 3.8 05 0.6
1.00:3.00 90 0.1 3.9 05 04
1.00:3.00 90 7.0 4.1 06 05
1.00:4.00 90 0.1 3.4 04 02

x: estimated fraction of MBCD in column structure relative to total
MBCD in the product

y: estimated fraction of included guest relative to total guest in the
product

% The deviation for typical experiments is within 10% of the deter-
mined one



J Incl Phenom Macrocycl Chem (2012) 73:237-246

243

Table 3 The XRD intensity of cage and column structure MBCD in
product

Molycp:Molyoly unie in teactant T (°C) P (MPa)  1194° /Ioo°
MBCD-PPO (PPO M,, = 725)
1.00:2.00 110 10.0 0.62
1.00:2.00 110 12.0 0.95
MBCD-PPO (PPO M,, = 1,000)
1.00:2.00 110 10.0 0.66
1.00:2.00 110 12.0 0.67
MBCD-PEO (PEO M,, = 1,000)
1.00:2.00 90 10.0 0.54
1.00:4.00 90 7.0 0.45
1.00:4.00 90 10.0 1.35

o«CD-PEO inclusion complex is about 1:2.5. Estimated
from this value, 1 MBCD ring should include 7.5 —CH,—
unit in MBCD-HTC complex. As the interaction between
MBCD and HTC is weak than the interaction between oCD
and PEO, the shift distance of the delocalization for MBCD
ring on the HTC chain may be longer. Thus the hypothesis
that the ratio for the molar number of MBCD to the molar
number of —CH,— unit in HTC molecule is 1:9 for the
MBCD-HTC complex is reasonable.

Inclusion of MBCD-PPO (PPO M,, ~ 425)
and inclusion of MBCD-HTC

The pure MBCD has an amorphous structure even after
treated in scCO, medium [26-30] and PPO was a thick or
viscous liquid. The crystal diffraction at 9.1°, 11.6° and
17.7° could clearly be observed for MBCD-PPO (PPO
M, ~ 425) product (Fig. 2), the position and the pattern
of these three peaks were the same with those of the
channel structure inclusion complex between 2,6-dimethyl-
p-cyclodextrin (2,6-DMBCD) and poly (tetrahydrofuran)
[5]. As 2,6-DMBCD was the main composition in random

already formed between the host and the guest in our
product. At 1:2 molar ratio between MBCD and PPO
repeat unit (reactant ratio), the complex fraction was low in
0.1 MPa air. After some carbon dioxide was added into the
reactor, the inclusion was somewhat improved. As some
PPO (M, ~ 425) molecules may dissolve in scCO,
medium [31, 32] and not contacted with the MBCD matrix,
the real reactant ratio may be lower for the inclusion at 1:2
initial ratio. At 1:4 reactant ratio, more than 70% MBCD
was threaded onto the polymer chain in the product
(Table 2). While excess amount of PPO exist, the complex
fraction or MBCD-PPO (PPO M,, ~ 425) was approxi-
mate to that for MBCD-PPO (PPO M,, ~ 725) in our
previous work.

In the XRD diffraction pattern of MBCD-HTC product
at 90 °C 0.1 MPa (Fig. 3), the crystalline peak at 21.7° and
24.0° from the free HTC was strong and the crystal dif-
fraction from the column stack MBCD was not found. As
the reaction temperature was raised, the diffraction from
free HTC was a little reduced and the diffraction from
column stack MBCD appeared. After carbon dioxide was
introduced in the reactor up to 10 MPa, the diffraction from
free HTC was almost cut down and the diffraction from
column stack MBCD was evidently sharpen for the prod-
uct. In addition to this, there was also some evidence from
the DSC analysis for the inclusion between MBCD and
HTC in the product (Fig. 4). In the DSC gram, a couple of
peak was observed at 74-76 °C due to the melting of free
HTC in the product [37, 38]. After treated in scCO,
medium, the heat for the melting of free HTC in per gram
sample was evidently decreased (Table 4). As the solu-
bility of MBCD and HTC in scCO, medium was quite low
[33], the total composition of the product was the same
with that of the corresponding physical mixture. In dry air,
the inclusion between MBCD and HTC was quite weak;
this was the same with the phenomena reported in literature
[25]. In scCO, medium, the complex fraction for MBCD-
HTC at 90-100 °C was lower than the complex fraction for

substituted MBCD [27], thus some column inclusion was ~ MBCD-PPO (PPO M, ~ 425) at 90 °C. In HTC
Table 4 DSC analysis results - . 5 .
for crystal HTC or TMBCD in ?ﬁiﬁ;ﬁ f;ivblgum repeat unit 7¢O P (MPa) (4}7';2\(HTC) (A;I';'b(TMBCD) z;agzgl
modified BCD-HTC & &
MBCD-HTC

* The heat for the melting of 1.00:9.00 25 0.1 21.1 1.00
HTC crystalline in per gram 1.00:9.00 100 0.1 19.2 0.91
froiuc; o the mmelting of 1.00:9.00 90 10.0 6.9 033

The heat for the melting o
TMBCD crystalline in per gram TMBCD-HTC
product 1.00:9.00 25 0.1 41.8 1.00
¢ The fraction of crystal HTC to 1.00:9.00 90 0.1 36.9 0.88
total HTC in the product or the 1.00:9.00 90 7.0 36.1 0.86
fraction of crystal TMBCD to 1.00:9.00 90 10.0 31.6 0.76

total TMBCD in the product
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molecule, there was no oxygen atom, therefore no hydro-
gen bonding between the host and the guest; in PPO
molecule, there was some oxygen atom linked in the chain,
there must be some hydrogen bonding interaction between
cyclic MBCD rims and PPO chain threaded in the MBCD
cavity. Thus the hydrogen bonding interaction between the
host and the guest must have an important contribution to
the inclusion in scCO, medium, as the complex fraction
was much higher for MBCD-PPO than for MBCD-HTC at
the same condition.

Inclusion of MBCD-PPO (PPO M,, ~ 1,000)
and inclusion of MBCD-PEO (PEO M,, ~ 1,000)

The sharp diffractions from the column stack MBCD was
also observed in the XRD pattern of MBCD-PPO (PPO
M,, = 1,000) product prepared at temperature down to
90 °C (Fig. 2). At 50 °C, the complex fraction was low; as
the reaction temperature was raised, the inclusion was
improved. For reaction at 90 °C and 1:2-1:3 reactant ratio,
introducing carbon dioxide into the reactor promoted the
inclusion. While the initial reactant ratio was adjusted to
1:4, the inclusion for MBCD was remarkably enhanced. In
the product, the MBCD ring threaded on the polymer chain
could be 80% of the total MBCD; and 70% polymer chain
could be included in the MBCD cavity, on the assumption
that the molar ratio between MBCD and PPO repeat unit in
the inclusion complex was 1:2.5 [9].

The crystal diffraction from the column stack MBCD
was also observed for MBCD-PEO product (Fig. 5). The
peak was broaden at 50 °C and was sharpen at higher
temperature or higher reactant ratio. At 1:2 reactant ratio,
the complex fraction for MBCD-PEO was closed to that
for MBCD-PPO with similar length. At 1:3 reactant ratio,
the fractional conversion of MBCD from amorphous state
to column structure could be 0.5-0.6 for MBCD-PEO;
which was lower than that for MBCD-PPO at corre-
sponding condition. Adding some carbon dioxide to the
reactor or adjusting the reactant ratio to 1:4 has slight
influence on the inclusion. Thus in scCO, medium, while
polymer existed in slightly excess amount, MBCD could
include both PPO chain and PEO chain; but a little prefer
PPO chain to PEO chain with similar length, due to the
matching between the MBCD cavity and the diameter of
the polymer axis.

Harada et al. has ever studied the inclusion of methyl
substituted BCD-PPO and the inclusion of methyl substi-
tuted BCD-PEO in aqueous solution [4]. Methy] substituted
BCD could form stable inclusion complex with PPO and the
complex could precipitate from the solution; but the inclu-
sion between methyl substituted BCD and PEO was not
found, and no solid complex was obtained. Comparing the
results in aqueous solution and in scCO, medium, the
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selectivity of methyl substituted BCD for the guest in
aqueous solution was not from the choice of the host cavities
to the size of the guest axis, but was mainly from the dif-
ference on the hydrophobic property of the guests.

New crystal diffractions appeared at 10.4° and 12.4° for
MBCD-PPO (PPO M,, ~ 1,000) product (Fig. 6) obtained
at 110 °C and carbon dioxide pressure down to 10 MPa,
which was from the cage structure crystalline of the free
2,6-DMBCD [5]. This phenomena was also observed for
MBCD-PPO (PPO M,, ~ 725) product treated in scCO,
medium, because 2,6-DMBCD was the main composition in
the MBCD [27] and the unbound 2,6-DMBCD in the product
could crystallize by using the column stack structure of the
inclusion complex as the template [39]. This crystalline was
also formed in MBCD-PEO product obtained even at lower
temperature and lower carbon dioxide pressure (90 °C,
7.0 MPa); at 1:4 reactant ratio, the intensity of these dif-
fractions were further increased, and this was opposite to the
tendency for MBCD-PPO (PPO M,, ~ 725). The intensity
for diffraction at 10.4° from the cage structure of the free
MBCD relative to that at 9.0° from the column structure of
the complex MBCD was summarized in Table 3. As the cage
stack structure may compete with the column stack structure
for MBCD rings, the crystalline of free MBCD into cage
structure may interrupt the desired inclusion between MBCD
and the polymer.

Inclusion of TMBCD-PEO (PEO M,, ~ 1,000)
and inclusion of TMBCD-HTC

In contrast with MBCD, the pure TMBCD was a crystalline
with a melting point at about 170 °C; in its molecule, the
hydroxyl groups in f-cyclodextrin were almost all replaced
by the methoxyl group. The inclusion of TMBCD-PEO
(at 1:3 molar ratio for TMBCD: —CH,—CH,—O- unit) and
the inclusion of TMBCD-HTC (at 1:9 molar ratio for
TMBCD: —CH,— unit) was test in scCO, medium.

After heated at 50 °C for 20 h, the crystalline structure of
TMBCD in the TMBCD-PEO product was the same with
that in the physical mixture, thus there was no interaction
between the host and guest in this situation. When the
reaction temperature was raise to 90 °C, two new crystal
diffractions appeared and the relative intensity of the original
diffractions was totally altered (Fig. 7). After left in
7.0-10.0 MPa carbon dioxide for 20 h, then the carbon
dioxide was discharged, the product was in liquid state. Later
the product was solidified after natural cooling. In the XRD
pattern of these solidified product, no crystal diffraction was
found, thus the product was fully amorphous.

After heated in air or scCO, medium, there was only
two crystal XRD diffraction respectively at 21.7° and 24.0°
for pure HTC. Similar to that for TMBCD-PEO product at
90 °C 0.1 MPa, new peaks and the relative intensity
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changes were also found in the XRD spectrum of TMBCD-
HTC product; the diffraction peaks were even broaden for
product obtained in 10 MPa scCO, medium (Fig. 8). And
the XRD patterns of our product was also different from that
of the solid inclusion complex between TMBCD and poly
(tetrahydrofuran) (PTHF); in the spectrum of that inclusion
complex, there was only one sharp and strong crystal dif-
fraction at about 8° [4, 5]. In the DSC gram, the original
TMBCD has a melting peak at 160 °C. After treated in
scCO, medium, the melting point for TMBCD in the product
was shift down to 156 °C and the peak was remarkably
broaden (Fig. 9). Moribe et al. ever studied the inclusion
between TMBCD and flurbiprofen in scCO, medium [40];
the melting peak around 150-160 °C belonged to the
unbound TMBCD and a new melting peak appeared at
170-180 °C for the inclusion complex. If TMBCD rings
were threaded on the polymer chain and re-crystallized into
column stack structure, the crystallinity of the product should
be reinforced and the melting point of the inclusion complex
should be higher than that of the original TMBCD. Thus the
melting peak at 156 °C in the DSC gram of the product also
belonged to the unbound TMBCD crystal. The quantitative
result was summarized in Table 4; more than 75% TMBCD
in the products was unbound, although the XRD pattern of
the TMBCD-HTC product was remarkably different from
that of the physical mixture.

Harada et al. investigated the interaction between methyl
substituted cyclodextrin and some polymer in aqueous
solution. Under the driving of the hydrophobic interaction
between the cyclodextrin and the polymer chain, DMBCD
could increase the aqueous solubility of poly (tetrahydrofu-
ran) (PTHF) or PPG diamine and formed solid inclusion
complexes; TMBCD only formed solid inclusion complex
with PTHF [4, 5]. Takata and co-workers investigated the
inclusion between TM-CD and some linear polymers under
continue grinding without solvent [23]. TM-aCD could
partly form inclusion complex with PTHF, and TM-fCD
formed partial inclusion complex with PTHF or PEO with
low efficiency, even under the action of external mechanical
press. In scCO, medium, DMBCD formed column inclusion
complex with the linear macromolecules, TMBCD-PEO
was totally amorphous and most TMBCD was left free in the
TMBCD-HTC products. Thus in non-aqueous medium,
without the assistant of the hydrogen bonding interaction
between the neighborhood cyclodextrin rims, the cyclo-
dextrin rings was difficult to thread onto the linear macro-
molecule chain by themselves.

Conclusions

In scCO, medium, the inclusion between methyl substi-
tuted f-cyclodextrins and some linear macromolecules

were investigated. While polymer existed in slightly excess
amount, MBCD could include both PPO chain and PEO
chain; but a little prefer PPO chain to PEO chain with
similar chain length, due to the matching between the
MBCD cavity and the diameter of the polymer axis. As the
complex fraction was much higher for MBCD-PPO (PPO
M, ~ 425) than that for MBCD-HTC at the same con-
dition, the hydrogen bonding interaction between the host
and the guest molecule has an important contribution to the
inclusion. While DMBCD could form column inclusion
complex with the linear macromolecule chain, TMBCD-
PEO product was totally amorphous and most TMBCD
was left free in the TMBCD-HTC products; thus the
hydrogen bonding interaction between the neighborhood
cyclodextrin rims threaded on the polymer chain was the
key factor to stabilize the inclusion complex.

Acknowledgments The authors thanks for the support of the
Molecular Science Center of Institute of Chemistry, the Chinese
Academy of Science.

References

1. Kildemark, N., Larsen, K.L., Zimmermann, W.: Complex for-
mation of unsaturated cyclodextrin solutions with various solu-
tions. J. Incl. Phenom. Mol. Recognit. Chem. 25, 89-92 (1996)

2. Harada, A.: Construction of supramolecular structures from
cyclodextrins and polymers. Carbohydr. Polym. 34, 183-188
(1997)

3. Harada, A., Okada, M., Kawaguchi, Y., Kamachi, M.: Macro-
molecular recognition: new cyclodextrin polyrotaxanes and
molecular tubes. Polym. Adv. Technol. 10, 3—-12 (1999)

4. Okada, M., Kamachi, M., Harada, A.: Preparation and charac-
terization of inclusion complexes of poly (propylene glycol) with
methylated cyclodextrins. J. Phys. Chem. B 103, 2607-2613
(1999)

5. Okada, M., Kamachi, M., Harada, A.: Preparation and charac-
terization of inclusion complexes between methylated cyclodex-
trins and poly (tetrahydrofuran). Macromolecules 32, 7202-7207
(1999)

6. Li, J.Y., Yan, D.Y.: Preparation and characterization of the
crystalline inclusion complex between f-cyclodextrin and poly
(neopentyl glycol). Macromol. Chem. Phys. 203, 155-158
(2002)

7. Li, J.Y., Mai, Y.Y., Yan, D.Y., Chen, Q.: Preparation and char-
acterization of the crystalline inclusion complexes of o- and -
cyclodextrins with poly (butylene carbonate). Colloid Polym. Sci.
281, 267-274 (2003)

8. Girardeau, T.E., Zhao, T.J., Leisen, J., Beckham, H.-W., Bucknall,
D.G.: Solid inclusion complexes of a-cyclodextrin and perdeu-
terated poly (oxyethylene). Macromolecules 38, 2261-2270
(2005)

9. Horsky, J., Porsch, B.: Binding delocalization in polymer inclu-
sion complexes of ring molecules: pseudopolyrotaxanes of «-
cyclodextrin and poly (ethylene glycol). J. Incl. Phenom. Mac-
rocycl. Chem. 53, 97-102 (2005)

10. Tto, A., Ooya, T., Yui, N.: Preparation of polypseudorotaxane
consisting of fluorescent molecule-modified f-cyclodextrins and
biotin-terminated poly (propylene glycol) with high fraction.
J. Incl. Phenom. Macrocycl. Chem. 57, 233-236 (2007)

@ Springer



246

J Incl Phenom Macrocycl Chem (2012) 73:237-246

11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Fujita, H., Ooya, T., Yui, N.: Synthesis and characterization of a
polyrotaxane consisting of f-cyclodextrins and a poly (ethylene
glycol)-poly (propylene glycol) triblock copolymer. Macromol.
Chem. Phys. 200, 706-713 (1999)

Li, J., Ni, X.P., Leong, K.: Block-selected molecular recognition
and formation of polypseudorotaxanes between poly (propylene
oxide)-poly (ethylene oxide)-poly (propylene oxide) triblock
copolymers and a-cyclodextrin. Angew. Chem. Int. Ed. 42, 69-72
(2003)

. Li, J., Ni, X.P., Zhou, Z.H., Leong, K.: Preparation and charac-

terization of polypseudorotaxanes based on block-selected
inclusion complexation between poly (propylene oxide)-poly
(ethylene oxide)-poly (propylene oxide) triblock copolymers and
a-cyclodextrin. J. Am. Chem. Soc. 125, 1788-1795 (2003)

Liu, K.L., Goh, S.H., Li, J.: Threading a-cyclodextrin through
poly [(R, S)-3-hydroxybutyrate] in poly[(R, S)-3-hydroxybuty-
rate]-poly(ethylene  glycol)-poly[(R,  S)-3-hydroxybutyrate]
triblock copolymers: formation of block-selected polypseudoro-
taxanes. Macromolecules 41, 6027-6034 (2008)

Yang, C., Ni, X.P., Li, J.: Synthesis of polyrotaxanes consisting
of multiple o-cyclodextrin rings threaded on reverse pluronic
PPO-PEO-PPO triblock copolymers based on block-selected
inclusion complexation. Eur. Polym. J. 45, 1570-1579 (2009)
Tu, C.W., Kuo, S.W., Chang, F.C.: Supramolecular self-assembly
through inclusion complex formation between poly(ethylene
oxide-b-N-isopropylacrylamide) block copolymer and a-cyclo-
dextrin. Polymer 50, 2958-2966 (2009)

Yang, C., Ni, X.P., Li, J.: Synthesis of polypseudorotaxanes and
polyrotaxanes with multiple o- and y-cyclodextrins co-threaded
over poly [(ethylene oxide)-ran-(propylene oxide)]. Polymer 50,
4496-4504 (2009)

Sui, K.Y., Shan, X., Gao, S., Xia, Y.Z., Zheng, Q., Xie, D.: Dual-
responsive supramolecular inclusion complexes of block
copolymer poly (ethylene glycol)- block- poly[(2-dimethyl-
amino) ethyl methacrylate] with a-cyclodextrin. J. Polym. Sci. A
48, 2143-2153 (2010)

Wang, J., Gao, P., Ye, L., Zhang, A.Y., Feng, Z.G.: Solvent and
thermoresponsive polyrotaxanes with f-cyclodextrin dispersed/
aggregated structures on a pluronic F127 backbone. J. Phys.
Chem. B 114, 5342-5349 (2010)

Tsai, C.C., Leng, S.W., Jeong, K.U., Van Horn, R.M., Wang,
C.L., Zhang, W.B., Graham, M.J., Huang, J., Ho, R.M., Chen,
Y.M., Lotz, B., Cheng, S.Z.D.: Supramolecular structure of
p-cyclodextrin and poly (ethylene oxide)-block-poly (propylene
oxide)-block-poly(ethylene oxide) inclusion complexes. Macro-
molecules 43, 9454-9461 (2010)

Shin, K.M., Dong, T., Yazawa, K., Im, S.S., Inoue, Y.: Solvent-
dependent formation of inclusion complexes between methylated
cyclodextrins and biodegradable polymers. J. Polym. Sci. B 46,
879-891 (2008)

Jazkewitsch, O., Ritter, H.: Formation and characterization of
inclusion complexes of alkyne functionalized poly(e-caprolac-
tone) with f-cyclodextrin pseudo-polyrotaxane-based supramo-
lecular organogels. Macromolecules (2011). doi:10.1021/ma1024
56n

Liu, R.T., Maeda, T., Kihara, N., Harada, A., Takata, T.: Solvent-
free synthesis of pseudopolyrotaxane and polyrotaxane: efficient
threading complexation of a cyclodextrin wheel and a linear
polymer axle to yield pseudopolyrotaxane and its fixation to
polyrotaxane by the direct grinding of a solid mixture. J. Polym.
Sci. A 45, 1571-1574 (2007)

Peet, J., Rusa, C.C., Hunt, M.A., Tonelli, A.E., Balik, C.M.:
Solid-state complexation of poly (ethylene glycol) with a-
cyclodextrin. Macromolecules 38, 537-541 (2005)

@ Springer

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Hunt, M.A., Tonelli, A.E., Balik, C.M.: The effect of water and
guest hydrophobicity on the complexation of oligomers with solid
o-cyclodextrin. Polymer 49, 985-991 (2008)

He, J.: Complex of shikonin and f-cyclodextrins by using
supercritical carbon dioxide. J. Incl. Phenom. Macrocycl. Chem.
63, 249-255 (2009)

He, J., Li, W.J.: Complex formation of cinnamaldehyde-methyl-
p-cyclodextrin and muscone-methyl- fS-cyclodextrin by super-
critical carbon dioxide processing and sealed heating method.
J. Incl. Phenom. Macrocycl. Chem. 63, 61-68 (2009)

He, J., Li, W.J.: Preparation of borneol-methyl-fS-cyclodextrin
inclusion complex by supercritical carbon dioxide processing.
J. Incl. Phenom. Macrocycl. Chem. 65, 249-256 (2009)

He, J.: Complex between modified f-cyclodextrins and three
components of traditional Chinese medicine in supercritical car-
bon dioxide medium. J. Incl. Phenom. Macrocycl. Chem. 68,
399-410 (2010)

He, J.: Complex between methyl-f-cyclodextrin and some effi-
cacious components of plants in supercritical carbon dioxide. In:
Oral Presentation, 15th International Cyclodextrin Symposium, 5,
Vienna, 2010

O’Neill, M.L., Cao, Q., Fang, M., Johnston, K.P., Wilkinson,
S.P., Smith, C.D., Kerschner, J.L., Jureller, S.H.: Solubility of
homopolymers and copolymers in carbon dioxide. Ind. Eng.
Chem. Res. 37, 3067-3079 (1998)

Stoychev, 1., Galy, J., Fournel, B., Desmazes, P.L., Kleiner, M.,
Sadowski, G.: Modeling the phase behavior of PEO-PPO-PEO
surfactants in carbon dioxide using the PC-SAFT equation of
state: application to dry decontamination of solid substrates.
J. Chem. Eng. Data 54, 1551-1559 (2009)

Kumar, S., Madras, G.: Modeling the solubilities of high
molecular weight n-alkanes in supercritical carbon dioxide. Fluid
Phase Equilib 225, 59-62 (2004)

Charoenchaitrakool, M., Dehghani, F., Foster, N.R.: Utilization
of supercritical carbon dioxide for complex formation of ibu-
profen and methyl-cyclodextrin. Int. J. Pharm. 239, 103-112
(2002)

Sato, Y., Takikawa, T., Yamane, M., Takishima, S., Masuoka, H.:
Solubility of carbon dioxide in PPO and PPO/PS blends. Fluid
Phase Equilib 194-197, 847-858 (2002)

He, J., Wang, B.: Acetone influence on glass transition of poly-
methyl-methacrylate and poly-styrene in compressed carbon
dioxide. Ind. Eng. Chem. Res. 48, 5093-5097 (2009)

Mina, F., Asano, T., Mondieig, D., Wurflinger, A., Josefiak, C.:
Thermal and X-ray measurements on n-hexatriacontane (C3gH74).
J. Phys. IV France 113, 35-38 (2004)

Wang, L., Tan, Z.C., Meng, S.H., Liang, D.B.: Low-temperature
heat capacity and phase transition of n-hexatriacontane. Ther-
mochim Acta 342, 59-65 (1999)

Topchieva, LN., Tonelli, A.E., Panova, 1.G., Matuchina, E.V.,
Kalashnikov, F.A., Gerasimov, V.I., Rusa, C.C., Rusa, M., Hunt,
M.A.: Two-phase channel structures based on w«-cyclodextrin-
polyethylene glycol inclusion complexes. Langmuir 20,
9036-9043 (2004)

Moribe, K., Fujito, T., Yuichi, A., Tozuka, E., Yamamoto, K.:
Solubility-dependent complexation of active pharmaceutical
ingredients with trimethyl-b-cyclodextrin under supercritical fluid
condition. J. Incl. Phenom. Macrocycl. Chem. 57, 289-295
(2007)


http://dx.doi.org/10.1021/ma102456n
http://dx.doi.org/10.1021/ma102456n

	Effects of several inter-molecular interactions on the inclusion between methyl substituted beta -cyclodextrin and some linear macromolecule in supercritical carbon dioxide medium
	Abstract
	Introduction
	Materials
	Methods
	Preparation of the physical mixture
	Inclusion in scCO2 medium
	Characterization of the product
	XRD characterization
	Thermal analysis characterization
	Nuclear magnetic resonance (1H NMR) characterization for MBCD--HTC
	Quantitative characterization


	Results and discussion
	Examination for the quantitative characterization
	Inclusion of MBCD--PPO (PPO Mw sim 425) and inclusion of MBCD--HTC
	Inclusion of MBCD--PPO (PPO Mw sim 1,000) and inclusion of MBCD--PEO (PEO Mw sim 1,000)
	Inclusion of TMBCD--PEO (PEO Mw sim 1,000) and inclusion of TMBCD--HTC

	Conclusions
	Acknowledgments
	References


