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We examine the effect of alpha-cyclodextrin («CD)
on the crystallization of poly(ethylene glycol) (PEG) [poly-
(ethylene oxide), PEO] in low-molar-mass polymers, with M,, =
1000, 3000, or 6000 g mol~!. Differential scanning calorimetry
(DSC) and simultaneous synchrotron small-/wide-angle X-ray
scattering (SAXS/WAXS) show that crystallization of PEG is
suppressed by aCD, provided that the cyclodextrin content is
sufficient. The PEG crystal structure is replaced by a hexagonal
mesophase of aCD-threaded polymer chains. The aCD threading
reduces the conformational flexibility of PEG and, hence,
suppresses crystallization. These findings point to the use of

PEG + Ol-cyclodextrin
SAXS/ WAXS

q N7q'

\3q' \ 3q
|
15

.

0 5 20

q/nm’

cyclodextrin additives as a powerful means to tune the crystallization of PEG (PEO), which, in turn, will impact bulk properties

including biodegradability.

crystallization, cyclodextrins, rotaxanes, SAXS/WAXS, poly(ethylene glycol), DSC

Control of self-assembly through judicious use of noncovalent
interactions is an important theme in contemporary materials
chemistry research." Cyclodextrins are cyclic oligosaccharides
with 6, 7, and 8 linked sugars in aCD, BCD, and yCD,
respectively, that form inclusion complexes with polymers due
to threading of the rotaxane molecules on the polymer chains.”
Cyclodextrins are generally inexpensive, plant-derived com-
pounds (obtained from starch) of interest as additives in the
development of renewable materials such as metal—organic
frameworks (MOFs).”™ They can be modified with hydro-
phobic substituents to enable complexation with hydrophobic
molecules and such derivatives are used for example to extract
cholesterol from cells.”® Cyclodextrins have been widely
explored for applications in pharmaceutics since they can be
used to create water-soluble complexes with hydrophobic
drugs.”~'* Many other potential uses arising from host—guest
interactions have been demonstrated based on supramolecular
polymer or amphiphile formation."”'*™*° Among cyclo-
dextrins, aCD contains six glucose-derived saccharides and
contains a small cavity, which can thread around polymers
including polyethylene glycol (PEG),”'~** due to hydrogen
bonding interactions with the ether oxygen atoms.
Cyclodextrins have been investigated as additives to tune
polymer crystallization. The addition of aCD to polymers can
enhance crystallization from the melt, i.e., the aCD acts as a
nucleating agent,25 due to the formation of inclusion
complexes. This has been reported for poly(3-hydroxybuty-
rate).”””” The formation of inclusion complexes of @CD has
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also been reported for polymers including polyesters such as
poly(e-caprolactone) [PCL],*® polyethers such as poly-
(ethylene glycol) PEG [i.e., hydroxyl-terminated poly(ethylene
oxide), PEO]*"*”*" and block copolymers such as oligomeric
copolymers containing PEO®' and/or PCL.**** Inclusion
complexes are formed by polyolefins such as poly(isobutylene)
with SCD and yCD.>** Other studies on the inclusion
complex formation of polymers with cyclodextrins have been
reviewed.” Addition of inclusion complexes (not just the «CD
itself) accelerates the nucleation and crystallization of several
polymers including PCL, poly(butylene succinate), and PEG
(M,, = 20,000 g mol™*).>**” In contrast, «CD forms inclusion
complexes with aliphatic polyesters poly(3-hydroxypropio-
nate), poly(4-hydroxybutyrate), and PCL which leads to
suppression of crystallization, as revealed by DSC and wide-
angle XRD.*® However, to date, the effect on the crystallization
of polyethers such as PEG of aCD itself (not preformed
inclusion complexes) has not been examined. Since the
enzymatic degradation of polymers can be enhanced by
reducing crystallinity,””~**
resulting from the complexation of certain polymers with

methods to suppress crystallization
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Figure 1. DSC data (endo down) measured for PEG1000 with (a) 0, (b) 0.03 wt %, (c) 1.6 wt %, (d) 3.6 wt %, (e) 8 wt %, and (f) 13 wt % aCD.
The first heating ramp is from —40 to 120 °C and the second cooling ramp is from 120 to —40 °C.

specific cyclodextrins, can be used to improve polymer
biodegradation,”** a very important societal challenge.

Here, we report on an investigation of the influence of aCD
on the crystallization behavior of low-molar-mass PEG (three
molar masses). DSC and simultaneous SAXS/WAXS were
used to investigate the behavior of dry/melt samples, and heat/
cool experiments revealed the unexpected suppression of PEG
crystallization in complexes with sufficiently high aCD
content. Instead, the PEG/aCD complexes form a hexagonal
structure, as revealed by analysis of combined SAXS/WAXS
data over an extended g range. These observations are
rationalized based on the effect of @CD threaded onto PEG
chains in restricting the conformational flexibility of the

polymer.

Samples of PEG1000, PEG3000, PEG6000, and a-cyclodextrin
(aCD) were obtained from Sigma-Aldrich (U.K.) and are USP
reference grade products. PEG1000 has stated molar mass M,, = 950—
1050 g mol ™", while for PEG3000 M,, = 2959 g mol ™", for PEG6000,
it is quoted as M,, = 6000 g mol™".

Table SI lists wt % concentrations and molar ratios for the samples
studied in this work.

The wt % PEG in binary samples was calculated according to wt %
PEG = 100 X [weightpgq/ (weight,cp, + weightppg + weight,..) ] The
corresponding molar concentration of PEG was calculated using only
weightpgg and the volume of water equivalent to that of weight, ...
An equivalent method was used to calculate the wt % and molar
concentration of aCD in binary samples (Table S1).

To prepare the samples, convenient weighed amounts of #CD and
water were placed in a vial. The aCD was dissolved using ultrasound
and vortexing for 10 min. The transparent CD solution was then
used to dissolve a convenient weighed amount of PEG. As with the
previous step, the PEG was dissolved using ultrasound and vortexing
for another 10 min. The resulting CD/PEG solution was allowed to
rest for 24 h and then dried on a glass slide for 24 h. The dried
powder was recovered from the glass slide by scratching with a scalpel.
Samples were then stored under vacuum before being studied by X-

ray scattering or DSC.

Experiments were performed by using a TA-Q200 DSC instrument.
Samples were prepared as detailed in the Materials and Sample
Preparation section, and the resulting powder was loaded into sealed
DSC pans. Temperature ramps were performed in the range 19 °C —
—40 °C = 120 °C —» —40 °C with a cool/heat rate of 10 °C/min.
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Simultaneous SAXS/WAXS experiments were carried out at DUBBLE
(BM26)* at the ESRF (Grenoble, France) using an X-ray beam with
a wavelength of 12 keV. Samples were prepared as detailed in the
Materials and Sample Preparation section, and the resulting powder
was loaded in sealed DSC pans with mica windows.

The WAXS signal was acquired with a Pilatus 300 K—W (1472 X
195 pixels) detector that is characterized by a pixel size of 172 ym X
172 pm, while the SAXS signal was recorded with a Pilatus 1 M with a
detector size (981 X 1043) with a pixel size of 172 ym X 172 ym at a
sample to detector distance of ca. 1.45 m. Alumina (@-AL,O;) was
employed to calibrate the wavenumber (q = 4zsing/4) scale for the
WAXS and AgBe for the SAXS scale. The SAXS data was corrected
for the background of an empty DSC pan. Both SAXS and WAXS
data were corrected for transmission before being integrated into 1D
intensity profiles using the software Bubble*” and both are expressed
in arbitrary units.

Differential scanning calorimetry (DSC) was first used to
identify phase transitions associated with PEG melting and
crystallization and the influence of a-cyclodextrin (a¢CD) on
this in blends with varying aCD content. Figure 1 shows DSC
thermograms obtained for PEG1000 and blends with varying
aCD content. The data for PEG1000 alone in Figure 1a show
a melting endotherm with a peak at T, = 37.8 °C and a
crystallization exotherm maximum at T, = 33.2 °C for the
second cooling ramp. Upon incorporation of 0.03 wt % aCD,
the melting endotherm (Table 1) and crystallization exotherm

Table 1. Melting and Crystallization Temperatures and
Melting Enthalpy Values from DSC Data in Figures 1, S2,
and S3

T,, (°C) T. (°C) AH,

sample (peak) (onset) g g_T)
PEG1000 37.8 33.7 145.4
PEGI1000 + 0.03 wt % aCD 38.1 18.0 140.8
PEGI1000 + 1.6 wt % aCD 33.8 16.3 27.8
PEGI1000 + 3.6 wt % aCD 33.8 10.0 15.6
PEG3000 57.9 38.0 165.1
PEG3000 + 0.1 wt % aCD 57.3 28.8 170.3
PEG3000 + 5 wt % aCD 558.3 229 9.9
PEG6000 60.6 41.8 183.3
PEG6000 + 0.2 wt % aCD 59.5 35.4 140.3
PEG6000 + S wt % aCD 519 21.0 7.3

are retained (Figure 1b), although in the latter case, there is
greater undercooling (hysteresis) than for the PEG1000, and
there is evidence for fractionated crystallization. The melting/
crystallization peaks are greatly reduced but still present in the
complexes with 1.6 and 3.6 wt % aCD (Figure lc,d).
Crystallization occurs with peaks at T, = 14.0 °C (1.6 wt %
aCD) and T, = 7.9 °C (3.6 wt % aCD). In contrast to these
results, there is no evidence for PEG melting/crystallization
peaks in the DSC data (Figure 1d,e) for samples containing 8
or 13 wt % aCD which, as for aCD itself (SI Figure S1), just
show a broad peak on heating due to water loss, starting at 70
°C. DSC data for PEG3000 and blends with @CD are shown in
SI Figure S2, and for PEG6000 and blends with aCD in SI
Figure S3. For PEG3000, the DSC data show that
crystallization is suppressed in the blend with 10 wt % aCD
and is almost absent in the blend with 5 wt % aCD, and for
PEG6000, there is no recrystallization exotherm for samples

with 7 wt % aCD or more (and it is only weakly present for
the S wt % aCD blend). The values of melting temperature
(T,,), crystallization temperature (T.), and melting enthalpy
AH,, for all studied blends (and the polymers without aCD)
are listed in Table 1 which shows the general trend for a given
PEG molar mass for T, T, and AH,, to all reduce upon
addition of aCD until melting (crystallization) is completely
suppressed. The DSC data for all three PEG samples thus
indicate that PEG crystallization is suppressed in blends
containing sufficient aCD.

The versatile method of simultaneous synchrotron SAXS/
WAXS* was used to examine structural features of ordering
including PEG crystallization in the PEG/aCD blends across
length scales associated with superstructure formation (SAXS)
and local ordering extending down to the atomic level
(WAXS). We first consider measurements for PEG1000 before
briefly discussing data for PEG3000 and PEG6000 which
present features similar to those for the lowest molar mass
PEG studied. The WAXS data for PEG1000 (Figure 2a) show
the disappearance of PEG crystal reflections on heating and
reversible reappearance on cooling, and remelting on second
heating (the temperature profile is shown in Figure 2c). The
WAXS data for the crystalline PEG (Figure 2d) were indexed
using the published unit cell data for PEG (SI Figure S4) 920
The SAXS data in Figure 2b show reversible changes in the
scattering peak centered at ¢* = 0.89 nm™~" (Figure 2e), which
is due to the formation of PEG lamellae upon crystallization.
There is also a weak broad shoulder peak centered at g = 1.03
nm~' due to a secondary population of crystalline lamellae.
The principal peak is accompanied by higher-order reflections
at 2¢* and 3q* (SI Figure SS) confirming a lamellar structure
with a spacing d = 7.06 nm. This is comparable to the
estimated length of PEG1000 in an extended conformation,
approximated as lppg/nm = 0.095 zg, where z; is the number of
chain atoms (C and O),>" which for PEG1000 gives Ly =
6.47 nm. The slight discrepancy is ascribed to an under-
estimated average degree of polymerization in the sample. The
observed d-spacing implies that PEG crystallizes as an
extended chain crystal.

We next consider the SAXS/WAXS data for PEG1000 in the
blends with aCD. Similar behavior was observed to that
observed for PEG1000 alone; ie., WAXS peaks for crystalline
PEG and reversible melting/crystallization were noted for a
blend with low aCD content (0.003 wt %) as shown in SI
Figure S6. In this and subsequent plots of SAXS/WAXS data,
the temperature ramp profiles are omitted since they are the
same as those in Figure 2c (except for PEG3000, where the
maximum temperature was 120 °C to check for any possible
higher temperature melting, which was not observed).
However, a very distinct behavior was noted for blends with
high aCD content for which DSC indicated the suppression of
PEG crystallization. Figure 3 shows simultaneous SAXS/
WAXS data for PEG1000 with 8 wt % aCD. The WAXS data
in Figure 3a,c show the absence of reflections due to PEG
crystallization, and no significant temperature dependence is
observed across the heat—cool cycles. Importantly, the WAXS
data corresponds to neither that of CD alone nor PEG1000
(SI Figure S7). These points to the formation of a distinct
aCD-PEG inclusion complex structure, to be discussed shortly.
The SAXS data in Figure 3b,d show the absence of features
from PEG crystal lamellae, and no temperature dependence,
further confirming that the addition of @CD has suppressed
PEG crystallization. Blends containing intermediate aCD
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Figure 2. SAXS/WAXS data for PEG1000 during a heat/cool/heat cycle at 5 °C/min (a) WAXS data heatmap (intensity for each frame stacked
vertically), (b) SAXS data heatmap, (c) temp ramp profile corresponding to the heatmaps in (a, b), (d) selected frames of WAXS data at the
temperatures indicated—cyan: —20 °C (start), orange: 100 °C (first heat), blue —20 °C (second cool), and red 100 °C (second heat) (the peak
near g = 24 nm™' is due to a reflection from the mica window), and (e) selected frames of SAXS data (same color scheme as for WAXS).
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Figure 3. SAXS/WAXS data for PEG1000 + 8 wt % aCD during a heat/cool/heat cycle at 5 °C/min (a) WAXS data heatmap (intensity for each

frame stacked vertically), (b) SAXS data heatmap, (c) selected frames

of WAXS data at the temperatures indicated—cyan: —20 °C (start), orange:

100 °C (first heat), blue —20 °C (second cool), red 100 °C (second heat), (d) selected frames of SAXS data (same color scheme as for WAXS).

content (1.6 or 3.6 wt %) show features of PEG crystallization
in the SAXS/WAXS data shown in SI Figures S8 and S9
(especially in the WAXS data) although new WAXS peaks
arise, in particular sharp temperature-independent peaks
including a primary peak at ¢ = 14.2 nm™" (d = 0.44 nm).
These peaks are due to the formation of inclusion complexes
with aCD (to be discussed in detail below). SAXS/WAXS data
for PEG3000 and blends with aCD shown in SI Figures S10—
S13 show similar features, i.e., WAXS peaks from PEG crystals
for pure PEG3000 and the blend with aCD = 0.1 wt %,

whereas the high aCD content blends (a¢CD = S or 10 wt %)
show WAXS patterns dominated by peaks arising from aCD
inclusion complex formation (for the 5 wt % blend) or
exclusively these features (for the 10 wt % blend). The SAXS
data for PEG3000 and blends does not show well-defined
peaks from crystal lamellae, although there are some
temperature-dependent broad features evident in the heat
map WAXS data in SI Figures S10c and S1lc.

For PEG6000 (and blends of this polymer with low aCD
content), the WAXS data in SI Figures S14a,c and S15a,c show
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the features of PEG melting and crystallization similar to that
observed for PEG1000 and PEG3000. The WAXS data shown
in SI Figures S16a,c and S17a show that PEG crystal peaks are
suppressed largely or entirely in the blends with S or 7 wt %
aCD, respectively, consistent with the DSC data in SI Figure
S3. For this polymer and the aCD = 0.2 wt % blend, the SAXS
data shown in SI Figures S14d and S15d show for the low
temperature crystal phase a broad peak centered at g = 0.47
nm~' (d = 13.4 nm) which may be compared to reported
crystal lamellar spacings d = 19.6 nm and d = 39.8 nm for
PEO6000 dimethyl ether, correszponding to once folded or
unfolded extended PEO chains.”” The observed peak in our
data is most likely the third-order reflection from unfolded
PEO6000 lamellae. This peak is observed to reversibly melt on
heating (SI Figures S14b and S15b).

The SAXS/WAXS data for all three samples thus show
features consistent with the DSC data, i.e., the suppression of
PEG crystallization in blends with sufficiently high aCD
content. The combination of SAXS/WAXS data in fact
provides unique information on the formation of inclusion
complexes, and this is now analyzed. SAXS/WAXS data are
plotted together for PEG1000 mixtures with high aCD content
in Figure 4. Similar features were observed for high aCD

—— SAXS/WAXS 8 wt% aCD
—— SAXS/WAXS 3.6 wt% aCD
SAXS/WAXS 1.6 wt% aCD
—— SAXS/WAXS PEG1000
\7q'
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Figure 4. Combined SAXS/WAXS data (at —20 °C, first cooling) for
PEG1000 mixtures with aCD content as indicated and PEG1000
alone for comparison. The WAXS data intensity has been scaled to be
at approximately the same level of that of the SAXS data, and data is
offset for ease of visualization. Peaks due to PEG/aCD complex
formation are indicated in black, with the main hexagonal lattice peaks
indexed with q' notation. Peaks due to PEG crystallization are
highlighted with green arrows.

content PEG3000 and PEG6000 mixtures (SI Figures S18 and
$19). At lower aCD content, some signature peaks from PEG
crystallization were retained, as indicated in SI Figure S19.
The SAXS data at high g reveal peaks for the blends
containing high aCD content, in particular, there is a sharp
peak at g = 5.37 nm™~’, marked as q’ in Figures 4, S18, and S19.
The peak is absent for aCD alone (Figure S20), therefore it is
due to the complexation of aCD with PEG. The combination
of SAXS and WAXS in fact provides unique insight into the
noncrystalline ordering in the complexes at high aCD content.
The stronger peaks in the data in Figures 4, S18, and S19 can
be indexed to a hexagonal lattice structure with reflections at
q, \/gq*, ﬁq’, and 3 q’. The ﬁq’ peak at g = 14.2 nm™! is
enhanced because the correspondin§ d-spacing (d = 0.44 nm)
is close to the @CD inner diameter.”” The expected hexagonal
lattice reflection at 2q’ is absent due to the degeneracy in
hexagonal lattice orientation (0 and 30° rotation). The

hexagonal lattice parameter from these reflections is a = 1.35
nm. The additional broader set of peaks present in the data in
Figures 4, S18, and S19 arise from the ordering out of the
plane of the hexagonal lattice including peaks arising from the
spacing of the cyclodextrin rings along the ¢ axis of the unit
cell. The reflections were indexed (SI Table S2) based on a
pseudohexagonal lattice with 4 = b = 1.31 nm, ¢ = 1.51 nm, and
an angle y* = 116° slightly distorted from hexagonal (y* =
120°). The hexagonal lattice parameters differ slightly from
those based on analysis of the stronger hexagonal lattice peaks
only (which yielded a = 1.35 nm) when accounting for the
other broader peaks in a least-squares indexation of the
observed peak positions. In fact this indexation is complicated
by the probable presence of mixed order due to two possible
stackings of the aCD molecules:*” head-to-tail or head-to-head
(i.e., ordering into dimers) of which the latter is predominant,
since it gives rise to a spacing approximately twice the height of
an aCD molecule (0.79 nm),” which is close to the length of
the ¢ axis of the indexed unit cell. The data in Figure 4 show
the coexistence of SAXS peaks for the lower two aCD content
blends arising from the hexagonal and crystalline structures.
This was not observed for the PEG3000 and PEG6000 blends
(SI Figures S18 and S19). It indicates a less strong propensity
for hexagonal phase formation in the PEG1000 blends with
low aCD content. The structure deduced from the SAXS/
WAXS data for the PEG/high aCD blends is sketched in
Figure S which shows the two stacking modes.

(a) (b)

Figure 5. Scheme showing aCD wrapping PEG in complexes,
forming a hexagonal lattice (not to scale). (a) Predominant head-to-
head (dimer) stacking and (b) Minor head-to-tail stacking.

Complex formation between PEG1000 and aCD leading to a
channel-like crystal structure of ®CD-threaded PEG chains was
reported in 1990,”" although no detailed structure analysis was
performed. Here a detailed analysis of the influence of CD on
the crystallization of low-molar-mass PEG (PEG1000,
PEG3000, and PEG6000) is provided, and the suppression
of PEG crystallization at sufficient aCD loading is demon-
strated, which is due to threading of cyclodextrin molecules on
the polymer chains. This is shown to lead to a structure
comprising a hexagonal array of PEG chains bearing aCD. The
hexagonal lattice parameters are similar to those previously
reported for a PEG1500/aCD blend based on XRD, although
we did not find a notable peak corresponding to d = 0.743 nm
discussed by Topchieva et al.,” which they assign to the head-
to-tail stacking (nondimers) of @CD; however, a minor peak
with d = 0.724 was recorded, which can be indexed based on
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the hexagonal unit cell (SI Table $2).* The threading of aCD
presumably leads to greatly restricted conformational freedom
of the polymer, thus preventing PEG from adopting the
extended helical structure characteristic of the crystal state,*
but instead the aCD-threaded PEG forms a hexagonal
structure with additional ordering of the aCD along the ¢
axis of the unit cell.

In contrast to our findings showing suppression of polymer
crystallization at high aCD content, it has previously been
reported that addition of nonstoichiometric amounts of aCD
to polymers, which causes complex formation, can enhance
crystallization from the melt (i.e., the aCD acts as nucleating
agent),” as exemplified by reports on poly(3-hydroxybuty-
rate)**”” and on inclusion complexes of aCD with poly(e-
caprolactone), po}))f(butylene succinate) and PEG (M, =
20,000 g mol™).>**” In low molar mass PEG it seems that
aCD does not act as a nucleating agent; instead, we propose
that it hinders conformational rearrangements of PEG chains
preventing crystallization.

For the PEG polymers themselves or low aCD content
blends, PEG crystallization was observed. The crystal lamellar
d-spacing for PEG1000 measured here (d = 7.06 nm) is in
excellent agreement with that previously reported for linear
poly(oxyethylene) dimethyl ether with molar mass 1000 g
mol™, d = 7.0 nm.>* For comparison to PEG6000, Cooke et al.
reported crystal lamellar spacings d = 19.6 and d = 39.8 nm for
PEO6000 dimethyl ether, corresponding to once folded or
unfolded extended PEO chains.>”

Our results show that cyclodextrins are potentially valuable
additives to tune polymer crystallization. In the case of PEG
(PEO) and likely other crystalline polyethers and related
compounds, it can be used to suppress crystallization even at a
rather low content of the widely available and inexpensive a-
cyclodextrin. Other types of cyclodextrins (e.g, those with
different ring sizes or with hydrophobic or other modifica-
tions) as well as other rotaxanes are able to thread other classes
of polymers and are likely to modulate crystallization behavior,
an intriguing subject for further research. Since the enzymatic
degradation of polymers is enhanced by reducing polymer
crystallinity, cyclodextrin addition, and inclusion complex
formation can be used to enhance the biodegradation of
polymers.**

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acspolymersau.4c00024.

Experimental methods, DSC data, additional SAXS/
WAXS data, tables of studies sample compositions, and
SAXS/WAXS data peak indexation (PDF)

Ian W. Hamley — School of Chemistry, Food Biosciences and

Pharmacy, University of Reading, Reading RG6 6AD, UK,;

orcid.org/0000-0002-4549-0926; Email: LW.Hamley@
reading.ac.uk

Valeria Castelletto — School of Chemistry, Food Biosciences
and Pharmacy, University of Reading, Reading RG6 6AD,
UK,; ® orcid.org/0000-0002-3705-0162

Complete contact information is available at:
https://pubs.acs.org/10.1021/acspolymersau.4c00024

The authors declare no competing financial interest.

This work was supported by EPSRC Fellowship grant
(reference EP/V053396/1) to IWH. We thank the ESRF for
beamtime on BM29 (ref SC-5482) and Martin Rosenthal and
Daniel Hermida-Merino for support on the beamline. We
acknowledge the use of facilities in the Chemical Analysis
Facility (CAF) at the University of Reading.

(1) Aida, T.; Meijer, E. W.; Stupp, S. L. Functional Supramolecular
Polymers. Science 2012, 335 (6070), 813—817.

(2) Wenz, G.; Han, B. H.; Muller, A. Cyclodextrin rotaxanes and
polyrotaxanes. Chem. Rev. 2006, 106 (3), 782—817.

(3) Hartlieb, K. J.; Holcroft, J. M.; Moghadam, P. Z.; Vermeulen, N.
A.; Algaradah, M. M,; Nassar, M. S,; Botros, Y. Y,; Snurr, R. Q;
Stoddart, J. F. CD-MOF: A Versatile Separation Medium. J. Am.
Chem. Soc. 2016, 138 (7), 2292—2301.

(4) Nadar, S. S.; Vaidya, L.; Maurya, S.; Rathod, V. K.
Polysaccharide based metal organic frameworks (polysaccharide-
MOF): A review. Coord. Chem. Rev. 2019, 396, 1-21.

(5) Roy, 1; Stoddart, J. F. Cyclodextrin Metal-Organic Frameworks
and Their Applications. Acc. Chem. Res. 2021, 54 (6), 1440—1453.

(6) Kilsdonk, E. P. C.; Yancey, P. G.; Stoudt, G. W.; Bangerter, F.
W.; Johnson, W. J; Phillips, M. C.; Rothblat, G. H. Cellular
Cholesterol Efflux Mediated by Cyclodextrins. J. Biol. Chem. 1995,
270 (29), 17250—17256.

(7) Veatch, S. L.; Keller, S. L. Separation of liquid phases in giant
vesicles of ternary mixtures of phospholipids and cholesterol. Biophys.
J. 2003, 85 (5), 3074—3083.

(8) Zidovetzki, R.; Levitan, I. Use of cyclodextrins to manipulate
plasma membrane cholesterol content: Evidence, misconceptions and
control strategies. Biochim. Biophys. Acta, Biomembr. 2007, 1768 (6),
1311—-1324.

(9) Loftsson, T.; Brewster, M. E. Pharmaceutical applications of
cyclodextrins 0.1. Drug solubilization and stabilization. J. Pharm. Sci.
1996, 85 (10), 1017—1025.

(10) Uekama, K.; Hirayama, F.; Irie, T. Cyclodextrin drug carrier
systems. Chem. Rev. 1998, 98 (5), 2045—2076.

(11) Davis, M. E.; Brewster, M. E. Cyclodextrin-based pharmaceu-
tics: Past, present and future. Nat. Rev. Drug Discovery 2004, 3 (12),
1023—-103S.

(12) Del Valle, E. M. M. Cyclodextrins and their uses: a review.
Process Biochemistry 2004, 39 (9), 1033—1046.

(13) Brewster, M. E.; Loftsson, T. Cyclodextrins as pharmaccutical
solubilizers. Adv. Drug Delivery Rev. 2007, 59 (7), 645—666.

(14) Loftsson, T.; Duchene, D. Cyclodextrins and their pharma-
ceutical applications. Int. J. Pharm. 2007, 329 (1-2), 1-11.

(15) Wenz, G. Cyclodextrins as Building-Blocks for Supramolecular
Structures and Functional Units. Angew. Chem., Int. Ed. Engl. 1994, 33
(8), 803—822.

(16) Nepogodiev, S. A.; Stoddart, J. F. Cyclodextrin-based catenanes
and rotaxanes. Chem. Rev. 1998, 98 (5), 1959—1976.

(17) Chen, G.; Jiang, M. Cyclodextrin-based inclusion complexation
bridging supramolecular chemistry and macromolecular self-assembly.
Chem. Soc. Rev. 2011, 40 (5), 2254—2266.

(18) Appel, E. A,; del Barrio, J; Loh, X. J; Scherman, O. A.
Supramolecular polymeric hydrogels. Chem. Soc. Rev. 2012, 41 (18),
6195—6214.

(19) Harada, A,; Takashima, Y.; Nakahata, M. Supramolecular
Polymeric Materials via Cyclodextrin-Guest Interactions. Acc. Chem.
Res. 2014, 47 (7), 2128—2140.

https://doi.org/10.1021/acspolymersau.4c00024
ACS Polym. Au XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acspolymersau.4c00024/suppl_file/lg4c00024_si_001.pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.4c00024?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acspolymersau.4c00024/suppl_file/lg4c00024_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ian+W.+Hamley"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4549-0926
https://orcid.org/0000-0002-4549-0926
mailto:I.W.Hamley@reading.ac.uk
mailto:I.W.Hamley@reading.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Valeria+Castelletto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3705-0162
https://pubs.acs.org/doi/10.1021/acspolymersau.4c00024?ref=pdf
https://doi.org/10.1126/science.1205962
https://doi.org/10.1126/science.1205962
https://doi.org/10.1021/cr970027+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr970027+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b12860?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ccr.2019.05.011
https://doi.org/10.1016/j.ccr.2019.05.011
https://doi.org/10.1021/acs.accounts.0c00695?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.0c00695?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1074/jbc.270.29.17250
https://doi.org/10.1074/jbc.270.29.17250
https://doi.org/10.1016/S0006-3495(03)74726-2
https://doi.org/10.1016/S0006-3495(03)74726-2
https://doi.org/10.1016/j.bbamem.2007.03.026
https://doi.org/10.1016/j.bbamem.2007.03.026
https://doi.org/10.1016/j.bbamem.2007.03.026
https://doi.org/10.1021/js950534b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/js950534b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr970025p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr970025p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nrd1576
https://doi.org/10.1038/nrd1576
https://doi.org/10.1016/S0032-9592(03)00258-9
https://doi.org/10.1016/j.addr.2007.05.012
https://doi.org/10.1016/j.addr.2007.05.012
https://doi.org/10.1016/j.ijpharm.2006.10.044
https://doi.org/10.1016/j.ijpharm.2006.10.044
https://doi.org/10.1002/anie.199408031
https://doi.org/10.1002/anie.199408031
https://doi.org/10.1021/cr970049w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr970049w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C0CS00153H
https://doi.org/10.1039/C0CS00153H
https://doi.org/10.1039/c2cs35264h
https://doi.org/10.1021/ar500109h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar500109h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/polymerau?ref=pdf
https://doi.org/10.1021/acspolymersau.4c00024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

(20) Yu, G. C; Jie, K. C.; Huang, F. H. Supramolecular Amphiphiles
Based on Host-Guest Molecular Recognition Motifs. Chem. Rev.
20185, 115 (15), 7240—7303.

(21) Harada, A; Kamachi, M. Complex-Formation between
Poly(Ethylene Glycol) and Alpha-Cyclodextrin. Macromolecules
1990, 23 (10), 2821—2823.

(22) Harada, A; Li, J.; Kamachi, M. The Molecular Necklace - a
Rotaxane Containing Many Threaded Alpha-Cyclodextrins. Nature
1992, 356 (6367), 325—327.

(23) Yamada, S.; Sanada, Y.; Tamura, A.; Yui, N.; Sakurai, K. Chain
architecture and flexibility of alpha-cyclodextrin/PEG polyrotaxanes
in dilute solutions. Polym. J. 2015, 47 (6), 464—467.

(24) Uenuma, S.; Maeda, R.; Yokoyama, H.; Ito, K. Formation of
Isolated Pseudo-Polyrotaxane Nanosheet Consisting of alpha-Cyclo-
dextrin and Poly(ethylene glycol). Macromolecules 2019, S2 (10),
3881—3887.

(25) Tonelli A. E. Molecular Processing of Polymers with
Cyclodextrins. In Inclusion Polymers, Wenz, G., Ed.; 2009; Vol. 222,
pp. 115—166.

(26) He, Y.; Inoue, Y. alpha-Cyclodextrin-enhanced crystallization of
poly(3-hydroxybutyrate). Biomacromolecules 2003, 4 (6), 1865—1867.

(27) Vogel, R; Tandler, B.; Haussler, L.; Jehnichen, D.; Brunig, H.
Melt spinning of poly(3-hydroxybutyrate) fibers for tissue engineering
using alpha-cyclodextrin/polymer inclusion complexes as the
nucleation agent. Macromol. Biosci. 2006, 6 (9), 730—736.

(28) Kawaguchi, Y.; Nishiyama, T.; Okada, M.; Kamachi, M,;
Harada, A. Complex formation of poly(e-caprolactone) with cyclo-
dextrins. Macromolecules 2000, 33 (12), 4472—4477.

(29) Topchieva, I. N.; Tonelli, A. E; Panova, L. G.; Matuchina, E. V,;
Kalashnikov, F. A.; Gerasimov, V. L; Rusa, C. C.; Rusa, M.; Hunt, M.
A. Two-phase channel structures based on alpha-cyclodextrin-
polyethylene glycol inclusion complexes. Langmuir 2004, 20 (21),
9036—9043.

(30) Hunt, M. A,; Tonelli, A. E.; Balik, C. M. The effect of water and
guest hydrophobicity on the complexation of oligomers with solid a-
cyclodextrin. Polymer 2008, 49 (4), 985—991.

(31) Olson, K; Chen, Y. Y.; Baker, G. L. Inclusion complexes of a-
cyclodextrin and (AB), block copolymers. J. Polym. Sci,, Part A: Polym.
Chem. 2001, 39 (16), 2731-2739.

(32) Ly, J.; Shin, I. D.; Nojima, S.; Tonelli, A. E. Formation and
characterization of the inclusion compounds between poly(e-
caprolactone)-poly(ethylene oxide)-poly(e-caprolactone) triblock co-
polymer and a- and y-cyclodextrin. Polymer 2000, 41 (15), 5871—
5883.

(33) Tonelli, A. E. Nanostructuring and functionalizing polymers
with cyclodextrins. Polymer 2008, 49 (7), 1725—1736.

(34) Harada, A.; Suzuki, S.; Okada, M.; Kamachi, M. Preparation
and characterization of inclusion complexes of polyisobutylene with
cyclodextrins. Macromolecules 1996, 29 (17), 5611—5614.

(3S) 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 2005, 38 (2), 537—541.

(36) Dong, T.; He, Y,; Zhu, B.; Shin, K. M.; Inoue, Y. Nucleation
mechanism of alpha-cyclodextrin-enhanced crystallization of some
semicrystalline aliphatic polymers. Macromolecules 2005, 38 (18),
7736—7744.

(37) Dong, T, Shin, K. M; Zhu, B; Inoue, Y. Nucleation and
crystallization behavior of poly(butylene succinate) induced by its
alpha-cyclodextrin inclusion complex: Effect of stoichiometry. Macro-
molecules 2006, 39 (6), 2427—2428.

(38) Shin, K; Dong, T.; He, Y.; Taguchi, Y.; Oishi, A.; Nishida, H.;
Inoue, Y. Inclusion complex formation between a-cyclodextrin and
biodegradable aliphatic polyesters. Macromol. Biosci. 2004, 4 (12),
1075—1083.

(39) Reeve, M. S.; McCarthy, S. P.; Downey, M. J.; Gross, R. A.
Polylactide Stereochemistry - Effect on Enzymatic Degradability.
Macromolecules 1994, 27 (3), 825—831.

(40) Tserki, V.; Matzinos, P.; Pavlidou, E.; Vachliotis, D.;
Panayiotou, C. Biodegradable aliphatic polyesters.: Part L.: Properties

and biodegradation of poly(butylene succinate-co-butylene adipate).
Polym. Degrad. Stab. 2006, 91 (2), 367—376.

(41) Artham, T.; Doble, M. Biodegradation of aliphatic and aromatic
polycarbonates. Macromol. Biosci. 2008, 8 (1), 14—24.

(42) Tokiwa, Y.; Calabia, B. P; Ugwu, C. U, Aiba, S.
Biodegradability of Plastics. Int. J. Mol. Sci. 2009, 10 (9), 3722—3742.

(43) Restrepo-Flérez, J. M.; Bassi, A.; Thompson, M. R. Microbial
degradation and deterioration of polyethylene - A review. Int.
Biodeterior. Biodegrad. 2014, 88, 83—90.

(44) Mohanan, N.; Montazer, Z.; Sharma, P. K; Levin, D. B.
Microbial and Enzymatic Degradation of Synthetic Plastics. Front.
Microbiol. 2020, 11, No. 580709, DOI: 10.3389/fmicb.2020.580709.

(45) Wei, M.; Shuai, X. T.; Tonelli, A. E. Melting and crystallization
behaviors of biodegradable polymers enzymatically coalesced from
their cyclodextrin inclusion complexes. Biomacromolecules 2003, 4 (3),
783—792.

(46) Portale, G.; Cavallo, D.; Alfonso, G. C.; Hermida-Merino, D.;
van Drongelen, M.; Balzano, L.; Peters, G. W. M.; Goossens, J. G. P,;
Bras, W. Polymer crystallization studies under processing-relevant
conditions at the SAXS/WAXS DUBBLE beamline at the ESRF. J.
Appl. Crystallogr. 2013, 46, 1681—1689.

(47) Dyadkin, V.; Pattison, P.; Dmitriev, V.; Chernyshov, D. A new
multipurpose diffractometer PILATUS@SNBL. J. Synchrotron Radiat.
2016, 23, 825—829.

(48) Hamley, I. W. Small-Angle Scattering: Theory, Instrumentation,
Data and Applications; Wiley: Chichester, 2021.

(49) Takahashi, Y.; Tadokoro, H. Structural studies of polyethers,
(-(CH,)y-0-),.X. Crystal structure of poly(ethylene oxide). Macro-
molecules 1973, 6, 672—675.

(50) Hamley, I. W.; Krysmann, M. J. Effect of PEG Crystallization
on the Self-Assembly of PEG/Peptide Copolymers Containing
Amyloid Peptide Fragments. Langmuir 2008, 24, 8210—8214.

(51) Mai, S.-M.; Fairclough, J. P. A.; Viras, K.; Gorry, P. A.; Hamley,
I. W,; Ryan, A. J; Booth, C. Chain folding in semi-crystalline
oxyethylene/oxybutylene diblock copolymers. Macromolecules 1997,
30, 8392—8400.

(52) Cooke, J.; Viras, K; Yu, G. E.; Sun, T.; Yonemitsu, T.; Ryan, A.
J; Price, C.; Booth, C. Large cyclic poly(oxyethylene)s: Chain folding
in the crystalline state studied by Raman spectroscopy, X-ray
scattering, and differential scanning calorimetry. Macromolecules
1998, 31 (9), 3030—3039.

(53) Huang, L.; Tonelli, A. E. Polymer inclusion compounds. J.
Macromol. Sci. Rev. Macromol. Chem. Phys. 1998, C38 (4), 781—837.

(54) Yu, G. E; Sun, T.; Yan, Z. G.; Price, C.; Booth, C.; Cook, J.;
Ryan, A. J; Viras, K. Low-molar-mass cyclic poly(oxyethylene)s
studied by Raman spectroscopy, X-ray scattering and differential
scanning calorimetry. Polymer 1997, 38 (1), 35—42.

https://doi.org/10.1021/acspolymersau.4c00024
ACS Polym. Au XXXX, XXX, XXX—XXX


https://doi.org/10.1021/cr5005315?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr5005315?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma00212a039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma00212a039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/356325a0
https://doi.org/10.1038/356325a0
https://doi.org/10.1038/pj.2015.18
https://doi.org/10.1038/pj.2015.18
https://doi.org/10.1038/pj.2015.18
https://doi.org/10.1021/acs.macromol.9b00491?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.9b00491?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.9b00491?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm034260v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm034260v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/mabi.200600116
https://doi.org/10.1002/mabi.200600116
https://doi.org/10.1002/mabi.200600116
https://doi.org/10.1021/ma992103b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma992103b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la048970d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la048970d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.polymer.2008.01.007
https://doi.org/10.1016/j.polymer.2008.01.007
https://doi.org/10.1016/j.polymer.2008.01.007
https://doi.org/10.1002/pola.1251
https://doi.org/10.1002/pola.1251
https://doi.org/10.1016/S0032-3861(99)00773-9
https://doi.org/10.1016/S0032-3861(99)00773-9
https://doi.org/10.1016/S0032-3861(99)00773-9
https://doi.org/10.1016/S0032-3861(99)00773-9
https://doi.org/10.1016/j.polymer.2007.12.003
https://doi.org/10.1016/j.polymer.2007.12.003
https://doi.org/10.1021/ma960428b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma960428b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma960428b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma048103f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma050826r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma050826r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma050826r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma052687j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma052687j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma052687j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/mabi.200400118
https://doi.org/10.1002/mabi.200400118
https://doi.org/10.1021/ma00081a030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.polymdegradstab.2005.04.035
https://doi.org/10.1016/j.polymdegradstab.2005.04.035
https://doi.org/10.1002/mabi.200700106
https://doi.org/10.1002/mabi.200700106
https://doi.org/10.3390/ijms10093722
https://doi.org/10.1016/j.ibiod.2013.12.014
https://doi.org/10.1016/j.ibiod.2013.12.014
https://doi.org/10.3389/fmicb.2020.580709
https://doi.org/10.3389/fmicb.2020.580709?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm034078u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm034078u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm034078u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1107/S0021889813027076
https://doi.org/10.1107/S0021889813027076
https://doi.org/10.1107/S1600577516002411
https://doi.org/10.1107/S1600577516002411
https://doi.org/10.1021/ma60035a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma60035a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la8005426?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la8005426?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la8005426?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma971158f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma971158f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma9717909?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma9717909?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma9717909?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/15583729808546037
https://doi.org/10.1016/S0032-3861(96)00485-5
https://doi.org/10.1016/S0032-3861(96)00485-5
https://doi.org/10.1016/S0032-3861(96)00485-5
pubs.acs.org/polymerau?ref=pdf
https://doi.org/10.1021/acspolymersau.4c00024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

