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ABSTRACT: A polyurethane consisting of six blocks of polyethylene glycol and five blocks of hexamethylene
diisocyanate was synthesized. The influence of the addition ofR-cyclodextrin (R-CyD) on the lower critical
solution temperature behavior of the polyurethane was investigated by “cloud point” measurements, and the
dependence of the phase state (solution, suspension, and gel) ofR-CyD/polyurethane mixtures on the concentration
of the two components was determined. The results suggest that the polyurethane forms inclusion complexes
with R-CyD and that close to the maximum number ofR-CyDs was included. The associative constant of the
R-CyD/polyurethane inclusion complex was determined by1H NMR shift titration using a modified Benesi-
Hildebrand equation, and the complex was characterized in the solid state by13C cross polarization/magic angle
spinning NMR and X-ray diffraction. These studies showed that the complexes adopted a channel-like structure.
Finally, the morphology ofR-CyD/polyurethane complexes in the solid state was visualized by scanning electron
microscopy and atomic force microscopy (AFM). AFM images of the inclusion complexes spun-cast on to silicon
reveal the existence of ordered domains with heights commensurate with the existence of tetra- and higher-order
R-CyD channels. The height quanta of these well-ordered, discrete plateaus point to the dominating influence of
the size of the polyethylene glycol blocks within the polyurethane and suggest a route to the production of controlled
subnanometer structured surfaces.

Introduction

In recent years, supramolecular chemistry has made great
progress. Its aim is to develop highly complex chemical systems
from components interacting though intermolecular noncovalent
interactions.1 In this respect, the design of self-assembling
systems consisting of cyclodextrin (CyD) and guest molecules
has attracted a lot of attention.2

CyDs are cyclic oligosaccharides comprising 6, 7, and 8
glucose units (R, â, andγ) joined byR-1,4-glycosidic linkages.
The geometry of CyDs is a truncated cone with a hydrophobic
cavity and a hydrophilic exterior.3 Their hollow structure enables
them to host a variety of molecules in the interior.3,4 In 1990,
Harada et al. reported complex formation by the inclusion of
polyethylene oxide (PEO) intoR-CyD.5 The complex is
produced by penetration of the polymer chain into the empty
cavity of the CyD. These types of supramolecular structures
are known as polypseudorotaxanes.6 Since Harada’s report, the
formation of inclusion complexes between CyDs and different
linear homopolymers with polyether,7-9 polyester,10-14 poly-
electrolyte backbone,15,16and some macromolecules with branched
architecture17 has been established.

A recurring subject of investigation remains the mechanism
by which inclusion complexes form and the extent to which
complete or controlled inclusion, of all monomers of a ho-
mopolymer or of all of a particular type of monomer within a
copolymer, can be achieved. The degree of inclusion depends
strongly on the molecular weight of the included polymer,5a

while thermodynamic considerations include hydrophobicity and

the strength of van der Waals interactions between the polymer
and the cavity of the CyD, which in turn tends to correlate with
the degree to which the included polymer fills the CyD.18

Selective threading of CyDs onto part of the polymer chain can
be achieved with block copolymers where one of the blocks
preferentially forms a complex with CyD, and this behavior has
been exploited to reveal details of the mechanism and driving
forces behind inclusion.19-24 This effort has led to the develop-
ment of complexes with useful functionalities; temperature-
responsive polypseudorotaxanes have been synthesized from
R-CyD or â-CyD and PEO-PPO-PEO that can function as a
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Figure 1. Structure (top) and 1H-NMR spectrum (bottom) of poly-
urethane composed of PEO 400 and hexamethylene segments. Labeled
peaks in the spectrum refer to specific protons as identified in the
structure above.
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molecular piston19 or can be used as a controlled release matrix
in protein delivery.20 Another interesting example is the inclu-
sion complex between biodegradable amphiphilic copolymers
and CyDs, which is a novel way to enhance polymer degrad-
ability.21 Studies have been conducted on the behavior of
complexes between CyDs and multiblock copolymers consisting
of hydrophilic and hydrophobic segments22,23 in order to
establish if threading occurs selectively on the hydrophobic
components.

These studies include a report on synthesizing CyD inclusion
complexes with polyurethanes.24 Polyurethanes are multiseg-
mented block copolymers formed from two reagents: a diiso-
cyanate (OCN-R-NCO) and a polyol [HO-(R′-O)n-R′-
OH]. They can be readily tailored to produce materials
consisting of alternating soft/hard25,26or hydrophilic/hydropho-
bic27,28 segments. Because of their superior physical and
mechanical properties, the polyurethanes are used as biomaterials
in many applications such as contact lenses,29 catheters, and
drug delivery systems.30,31However, they are known to induce
thrombogenic reactions when in contact with blood.32,33 An
interesting approach to avoid this problem could be the
penetration of the polyurethane chain into the cavity of the CyD.

In this paper, we have synthesized a water soluble associative
polyurethane which consists of polyethylene oxide (hydrophilic)
blocks and hexamethylene (hydrophobic) blocks. We have
utilized a rational design approach, in which we have taken care
to specify block copolymer components and a target molecular
weight that favor the maximum extent of inclusion withR-CyD,
by choosing components that will give a close fit into the
hydrophobic cavity of the cyclodextrin18 and by targeting a
molecular weight low enough to avoid the onset of kinetic
effects which limit the extent of inclusion.5a Inclusion complex
phenomena betweenR-CyD and the polyurethane were estab-
lished and investigated by phase studies, NMR, and solid-state
characterization techniques. To further characterize the structures
formed by the complexation of CyD with the polyurethane
synthesized here, we have imaged spun-cast thin films of the
polymer and its inclusion complex by atomic force microscopy
(AFM). Previously AFM has been used to image individual
rotaxane complexes34 as well as thin spun-cast films of
polyrotaxanes.35

Experimental Section

Materials. Poly(ethylene glycol) (PEG, Aldrich) with molecular
weight (MW) 400 g mol-1 was dried under vacuum at 100°C.
1,6-diisocyanatohexane (HMDI, Acros Organics), triethylamine
(Acros Organics),R-CyD (Wacker), and all solvents were used as
received.

Synthesis of Polyurethane.Polyurethane was synthesized by
the step-growth polymerization of PEG and HMDI using a mole
ratio of 6:5 (PEG /HMDI) to target a number average molecular
weight (Mn) of ∼3100. The following synthetic procedure was used.

A 100 mL, two-neck round-bottom flask was equipped with a
magnetic stirrer, nitrogen inlet, and thermocontroller.

PEG (55 mmol) and HMDI (46 mmol) were mixed. Then 0.5
mmol of triethylamine was added as a catalyst to the homogenized
mixture. The polymerization process was performed for 16h at
35 °C. The reaction mixture became viscous at the end of the
process. Unreacted species and low molecular weight fractions were
removed from the product by extraction with toluene.

Polyurethane Characterization.Polyurethane was characterized
by 1H NMR and gel permeation chromatography (GPC).

1H NMR. The spectra were taken on a JEOL GX 400 MHz using
DMSO as solvent. The composition of the polyurethane was
estimated from the relative intensities of methylene protons (3.44
ppm) of the ethylene oxide units and methylene protons (1.21 and
1.35 ppm) of the hexamethylene units. The number average
molecular weight of the polymer was estimated from relative
intensities of OH groups (4.57 ppm) of PEG blocks and relative
intensities of the above spectral lines.

GPC. Size exclusion chromatography (SEC) system type (Vis-
cotek) with a triple detector capability in THF solvent was used
for polymer molecular weight determination; the triple detector
SEC3 system includes a four-capillary differential viscometer, a
right-angle laser light scattering detector (RALLS), and a differential
refractometer. Calibration was done with polystyrene standards.

Characterization of R- CyD/Polyurethane Inclusion Complex.
Phase Diagram. Aqueous stock solutions ofR-CyD (12%) or
polyurethane (25%) were prepared and left for one night at 5°C.
They were then used to prepare mixtures with different ratios of
R-CyD/polyurethane and concentrations at room temperature. The
phase transitions that occurred in samples were established visually,
by inverting the glass vessels in which they were contained.

1H NMR Titration. Stock solutions ofR-CyD (2.5%) or poly-
urethane (2.5%) were prepared in D2O and left for one night at
5 °C. Then, they were used to prepare mixtures with different ratios
of R-CyD/polyurethane; the concentration ofR-CyD was constant
(1.25%).

Characterization in the Solid State. To obtain solid materials,
the aqueous mixtures ofR-CyD/polyurethane were dried under
vacuum at room temperature. Solid-state13C cross polarization/
magic angle spinning (CP/MAS) NMR spectra were obtained at
15 kHz on a Bruker DSX 300 MHz NMR spectrometer operating
at 303 K. Micrographs were obtained using a JEOL model JSM-
5600 scanning electron microscope. The X-ray diffraction measure-
ments were performed with a powder diffractometer (Bruker D8
Advanced: Cu KR radiation,λ)1.542 Å).

Atomic Force Microscopy. Atomic force microscopy (AFM) was
performed on samples prepared from aqueous solutions ofR-CyD,
polyurethane, and their mixtures, which were deposited onto silicon
wafers. The deposition of the samples was performed in two
different ways. In the first approach, a drop of a solution was placed
onto a silicon wafer and it was left to dry at room temperature. In
the second approach, a drop of the solution was placed and spin
coated onto the silicon wafer at 3000 rpm over 7 s. Images were
obtained in the intermittent contact mode in air with a Multimode
Nanoscope IIIa (Veeco) using Olympus cantilevers with a nominal
spring constant of 38 N m-1.

Figure 2. Temperature profiles of clouding of 16 mM polyurethane
aqueous solution in the presence of varying amounts ofR-CyD.

Figure 3. Phase diagram of the inclusion complex between polyure-
thane andR-CyD.
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Results and Discussion

The structure of the polyurethane synthesized is shown in
Figure 1. The copolymer is composed of hydrophilic (polyeth-
ylene glycol) and hydrophobic (hexamethylene) segments. The
1H-NMR (Figure 1) and GPC (data not shown) data confirm
that the polyurethane has a molecular weight of 3100; the ratio
of intensities of the major methylene protons in the PEO (3.44
ppm) to the terminal hydroxyl protons (4.57 ppm) was 19.98:
0.1919, or 99.9:1, compared to the expected 96:1 for the
structure with a molecular weight of 3100, and the ratio of
hexamethylene protons (1.21 and 1.35 ppm) to hydroxyl protons
was 4.456:0.1919, or 22.28:1, compared to the expected 20:1.
Such structures can be compared to hydrophobe-modified
ethoxylated urethane (HEUR) polymers, which are well known
for their associative properties27,28,36and lower critical solution
temperature (LCST)36 behavior in water. HEUR polymers are
block copolymer polyurethanes consisting of PEO and alkyl
segments; they are generally far larger than the polyurethane
we have synthesized and exhibit their desired properties only
when terminated by alkyl segments, again in contrast to our
material which is terminated by PEO segments. The aqueous
solutions of the copolymer in this study clouded when heated
to above room temperature.

The cloud point of the polyurethane aqueous solution shifts
to higher temperatures with increasingR-CyD concentration
(Figure 2). A similar influence of CyDs on water solutions of
an elastin-like thermoresponsive polypentapeptide has been
reported by Alonso et al.37 The effect of the CyDs on the thermal
response has been attributed to the formation of an inclusion
complex between the CyD rings and the apolar parts of the
polymer chain upon which intra- and interchain hydrophobic
interactions are hindered, shifting the clouding effect to a higher
temperature.37-39 Binding constants of CyD inclusion complexes
decrease. Some of these complexes even start to decompose
with increasing temperature,40-44 promoting the reappearance
of hydrophobic interactions between the polymer chains. Thus,
the clouding of the polymer/CyD aqueous system occurs at
higher temperatures.

Phase Diagram.In many papers, it has been reported that
after threading of CyD onto the polymer chain the system can
undergo a transition to a two-phase system or gel.5-17 This
behavior has been explained by the formation of hydrogen bonds
between adjacent CyD molecules on the same polymer chain
and critically between CyD molecules on neighboring polymer
chains, which act as physical cross-links causing network
formation.

In Table 1 and Figure 3, the phase states of different mixtures
of the polyurethane and theR-CyD are shown. TheR-CyD/
polyurethane inclusion complex appeared in three different states
depending on the concentration and the ratio of components:
solution, two-phase separation with the lower phase being
mobile or immobile, and gel. The phase diagram clearly shows
the concentration range of each phase state. At lower concentra-
tions of R-CyD (12.9 and 25.7 mM), the inclusion complex
appears as a solution at lowerR-CyD/polyurethane ratios,
presumably because the concentration of threaded CyD rings
on the polymer chains is not enough for aggregation. But in
the same concentration range ofR-CyD, the inclusion complex
undergoes a two-phase separation at the higherR-CyD/poly-
urethane ratios. Apparently, there is a critical concentration of
threaded CyD rings for their interchain aggregation into
microcrystals and hence phase separation. Therefore, in the
higher concentration range ofR-CyD (51.4-102.3 mM), the
inclusion complex appears as a two-phase separation or gel but
not as a solution.17

To make better sense of the phase diagram, the dependence
of changes in the phase state of the inclusion complex on
polymer concentration will be discussed. In the lowest polymer
concentration (1 mM), each of theR-CyD/polyurethane mixtures
undergoes phase separation (Figure 4a). On increasing the
polymer concentration (2 mM), theR-CyD/polyurethane inclu-
sion complex appears in two states: solution at the lowest
R-CyD/polyurethane ratio and gel at higher ratios. The phase
separated state is observed at intermediate ratios (Figure 4b).
The appearance of the solution state is explained, as in the case
discussed above, by the low concentration of threadedR-CyD
rings, whereas the gel formation can be explained by the well-
known overlapping behavior of macromolecules at higher
polymer concentrations. The overlapping effect favors the
interchain aggregation of threaded CyD rings into microcrystals,
which act as “cross-links” to organize the threaded polymer
chains in a network structure throughout the system.23 The
inclusion complex appears phase separated at intermediate
R-CyD/polyurethane ratios, presumably because the concentra-
tion of threadedR-CyD rings on the polymer chains is below
that is needed to form enough cross-links for network formation.
With further increase of the polymer concentration, the phase
separated state disappears in the phase diagram (8.1 and 12.9
mM of polymer). This may be attributed to the dominating
overlapping of macromolecules, which favors interchain ag-
gregates of CyD rings. But the phase separation state again
appears at the highest polymer concentration (16.1 mM),

Table 1. Phase Diagram of the Inclusion Complex between Polyurethane andr-CyD

[polymer], mM

[CyD], mM 1.0 2.0 4.0 8.1 12.9 16.1

12.9 two phases,
lower is immobile
(PU/CDa ) 12.9)

solution
(PU/CD) 6.4)

solution
(PU/CD) 3.2)

solution
(PU/CD) 1.6)

solution
(PU/CD) 1.0)

solution
(PU/CD) 0.8)

25.7 two phases,
lower is mobile
(PU/CD) 25.7)

two phases,
lower is mobile
(PU/CD) 12.7)

two phases,
lower is mobile
(PU/CD) 6.4)

solution
(PU/CD) 3.2)

solution
(PU/CD) 2.0)

solution
(PU/CD) 1.6)

51.4 two phases,
lower is immobile
(PU/CD) 51.4)

two phases,
lower is immobile
(PU/CD) 25.5)

gel
(PU/CD) 12.7)

gel
(PU/CD) 6.4)

gel
(PU/CD) 4.0)

two phases,
lower is immobile
(PU/CD) 3.2)

77.0 two phases,
lower is immobile
(PU/CD) 77.0)

gel
(PU/CD) 38.2)

gel
(PU/CD) 19.1)

gel
(PU/CD) 9.6)

gel
(PU/CD) 6.0)

gel
(PU/CD) 4.8)

102.3 two phases,
lower is immobile
(PU/CD) 102.3)

gel
(PU/CD) 51.0)

gel
(PU/CD) 25.5)

gel
(PU/CD) 12.7)

gel
(PU/CD) 8.0)

gel
(PU/CD) 6.4)

a PU/CD ) mol ratio of polyurethane toR-CyD.
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presumably because the concentration of strungR-CyD rings
is too low to be compensated with the overlapping effect of
polymer chains.

To gain more of an insight into the formation of the inclusion
complex between theR-CyD and the polyurethane, the super-
natants of the phase-separated samples at the lowest polymer
concentration were investigated by1H NMR. The supernatants
of the mixtures with the lower ratios (12.7 and 25.4) contained
bothR-CyD and polyurethane, whereas the supernatants of the
mixtures with higherR-CyD/polyurethane ratios (51.0, 76.5, and
102.0) only containedR-CyD. From these results, information
can be extracted about the stoichiometry of the inclusion

complex betweenR-CyD and polyurethane. It is well known
that the stoichiometry of ethylene oxide monomer units/R-CyD
is 2:1,7 whereas the binding model of hexamethylene units/R-
CyD has a stoichiometry of 1:1.43 Hence, the number ofR-CyD
rings needed for full inclusion of the polyurethane under this
investigation is 32. The estimated value is between the mixture
with a CyD/polyurethane ratio of 25.4, in which the supernatant
contained bothR-CyD and polyurethane, and the mixture with
a CyD/polyurethane ratio of 51.0, where the supernatant
contained only theR-CyD. This suggests that nearly the whole
polymer chain is threaded byR-CyD rings at the higher CyD/
polyurethane ratio, in contrast to the report of Olson et al.23 of
inclusion complex formation betweenR-cyclodextrin and block
copolymers of similar composition but much larger molecular
weight (between 19 and 44 kg/mol), where the stoichiometries
observed were much lower than would be expected for complete
occupancy. This difference may be attributed to the insolubility
in water of the unthreaded polymers in the study by Olson et
al. (in contrast to the solubility demonstrated by our material
in Figure 2) and is consistent with the effect observed by Harada
et al.5a that the degree of polymerization of a given polymer
exerts a strong kinetic effect on the degree of inclusion
complexation.

1H NMR Shift Titration. NMR shift titration is one of the
most frequently used methods to determine associative constants
of guest compounds with host CyDs.44-48 To apply this method,
we investigated aqueousR-CyD/polyurethane mixtures with
different ratios of the components by1H NMR. Our results
showed a continuous change in chemical shifts of innerR-CyD
protons (H3 and H5) with increasingR-CyD concentration
(Figure 5a). A similar mode of chemical shift changes was also
established for the protons of the hexamethylene segments of
the polymer (Figure 5b). But it was impossible to investigate
any chemical shift changes for the peak corresponding to PEO
segments in1H NMR spectra because it was broad and
nonuniform.23

The established chemical shift changes in1H NMR spectra
of R-CyD/polyurethane mixtures clearly indicate the inclusion
of polymer chain in the CyD cavity and demonstrate that the

Figure 4. Photographs of aqueous mixtures contain (1) 1.285, (2) 2.75, (3) 5.139, (4) 7.709, and (5) 10.279 mM ofR-CyD and (a) 0.101 or (b)
0.202 mM of polyurethane.

Figure 5. 1H NMR spectra of R-CyD and R-CyD/polyurethane
mixtures in D2O: (a) the region characteristic of the protons of
cyclodextrin; (b) the region characteristic of the hexamethylene protons.
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system is in a fast exchange regime between free and complex
species.49,51 Therefore, the observed signal is a population
average of their chemical shifts. The equilibrium constant (Kc)
of R-CyD/polyurethane complex was estimated by the modified
Benesi-Hildebrand equation.50-52

where∆δ ) (δhost - δobs), ∆δmax ) (δ host - δHG), G ) guest,
and H ) host. The modified Hildebrand-Benesi equation is
only useful for systems with a 1:1 inclusion complex between
host and guest, which can be represented by:

Another limitation of the Hildebrand-Benesi method is that it
is only valid when one is observing species H in the presence
of a large excess of species G. To adjust our system to
Hildebrand-Benesi conditions, the following assumptions were
made. The polymer chain was divided into 32 equiv “segments”,
which correspond to the number of CyD rings needed to cover
the whole polymer chain. Consequently, the inclusion complex
can be expected at a ratio of 1:1 between theR-CyD and the
equivalent segment, and the concentration of guest segments is
in excess of the concentration of host CyDs.16 Thus, we
overcome both the above mentioned limitations.

In Figure 6, the double reciprocal plot shows a linear
dependence between the chemical shift changes of the inner
H3 proton ofR-CyD and polymer concentration. The equilib-
rium constant (Kc) of R-CyD/polymer equivalent segment was
calculated from the slope of the fitting curve using the above
mentioned modified Hildebrand-Benesi equation. The estimated
Kc was 12.35 M-1 (the linear fit equation is shown on the plot).
As already mentioned, the investigated polyurethane is com-
posed of PEG and hexamethylene blocks that can both form of
inclusion complexes withR-CyD. The published values ofKc

are about 700 M-1 for 1-hexanol43 and 65 M-1 for R,ω-
diaminohexanes,53 highlighting the importance of the end group
in pseudorotaxane formation, whereasKc for hydrophilic PEG54

is about 20 M-1. As mentioned above, the threaded CyD rings
are in a dynamic state, which means they are not settled on one
part of the polymer chain but are able to move along it. Because
the PEO part in the polyurethane is dominant (78 wt % of
polyurethane is PEO), the probability of CyD rings being on
the PEO blocks is higher. Therefore the estimatedKc value of

the polyurethane (12.35 M-1) can be expected to be near to the
Kc of the homopolymer of PEG (about 20 M-1).

Inclusion Complex of R-CyD and Polyurethane in Solid
State.To gain insight into the structure of the inclusion complex
of R-CyD/polyurethane, dried samples were investigated by
X-ray diffraction, solid NMR, and SEM.

Figure 7 gives the X-ray diffraction patterns of theR-CyD/
polyurethane complex for two different ratios of the two
components and the pattern of pureR-CyD. As one can see,
the diffraction patterns of the inclusion complex are very
different to pureR-CyD. It is well known that the peak at 2θ ≈
20° in the diffraction pattern ofR-CyD/polyurethane complex
is characteristic of the channel structure ofR-CyD when
including long guest molecules and polymers, in particular.7,55

The results also clearly show the increasing intensity of the
characteristic peak of inclusion complexes withR-CyD owing
to increasing of the crystal channel structure.

Conformational changes ofR-CyD rings when they include
a polyurethane chain were investigated by solid-state NMR.
Figure 8 shows13C CP/MAS NMR spectra of the freeR-CyD
and inclusionR-CyD/polyurethane complex. TheR-CyD is
known to assume a less symmetrical conformation in the
crystalline uncomplexed state.

In this case, the spectrum shows resolved C-1 and C-4
resonances. Especially, resonances for C-1 and C-4 adjacent to
a single conformational strained glycosidic linkage are observed
in the spectrum. In contrast, the resolved resonances disappear
in the spectra of the inclusion complex and each carbon of the
glucose unit is observed as a single peak.56 The results indicate
that theR-CyD rings in the inclusion complex state adopt a
symmetrical conformation and each glucose unit is in a similar
environment.

Figure 6. A Double reciprocal plot of chemical shift changes,∆δ, of
H3 of R-CyD vs concentration of polymer equivalent “segments” of
polyurethane.

1/∆δ ) 1/(Kc∆δmax[G]o) + 1/∆δmax (1)

[H] + [G] h [HG] andKc ) [HG]/[H] [G] (2)

Figure 7. X-ray powder diffractograms ofR-CyD and dried gels of
R-CyD/polyurethane complex.

Figure 8. 13C CP/MAS NMR spectra ofR-CyD and dried supramo-
lecular gelR-CyD/poly urethane complex.

Macromolecules, Vol. 41, No. 4, 2008 Nanoscale Thin Film Ordering1397



The morphology of the inclusion complex ofR-CyD/
polyurethane was visualized by SEM microscopy. Figure 9
shows SEM images of dried samples obtained from an aqueous
solution of polyurethane and from aqueous mixtures of its
inclusion complex withR-CyD in three different ratios of the
components. The polyurethane film shows a “cerebral-like”
morphology. At the lowerR-CyD/polyurethane ratio, parts of
the polyurethane chain are included in theR-CyD rings, which

act as physical cross-links between polymer chains. As a result,
the observed morphology is more complicated and “wrinklier”
than the former one. But with increasing theR-CyD/polyure-
thane ratio, the inclusion complex transforms to a smooth
morphology, owing to the full inclusion of the polymer chain
in R-CyD rings.

Atomic force microscopy was used to investigate thin films
of the polyurethane and its inclusion complex at various ratios

Figure 9. SEM micrographs of the polyurethane film (a) and the dried supramolecular gels produced from aqueous solutions containing 2 mM of
polyurethane and 51 mM ofR-CyD (b) or 77 mM ofR-CyD (c).

Figure 10. (a) AFM image ofR-CyD and polyurethane complex spun cast on to silicon: image size) 2300× 2300 nm,z-scale) 12 nm. (b)
AFM image of polyurethane obtained under the same conditions as above: image size) 2300× 2300 nm, z-scale) 12 nm. (c) Line trace taken
from Figure 10a showing the heights of the predominant plateaus together with the peak values of Gaussian curves fitted to peaks in the histogram
of heights in Figure 10a. (d) and (e) histograms of the heights in panels a and b of Figure 10, respectively;y-axis are percentages.
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of R-CyD/polyurethane. AFM is a very powerful method for
investigating the nanoscale structure of materials deposited onto
a surface. The accuracy of AFM imaging is dependent on certain
parameters of the investigated material such as thickness,
roughness, etc. These parameters are critically dependent on
the method of sample deposition. Therefore, in one case, the
samples were deposited on the surface by simple evaporation
of water and imaging was carried out by amplitude-modulated
dynamic force microscopy in air. In this case, images of the
resultant films of both the inclusion complex and the polyure-
thane alone resembled those observed below in Figure 10b. On
the other hand, the spin-coating method, which is a well-known
method for preparation of uniform nanoscale films, produced
very different results. Figure 10a depicts a typical view of the
surface structure adopted by theR-CyD/polyurethane inclusion
complexes upon deposition. A striking feature of this image is
the presence of several well-defined plateaus with uniform
heights and discrete boundaries, which are absent from images
of the polyurethane sample prepared in the same way (Figure
10b). Topographical heterogeneity is observed in the images
of the polyurethane on silicon, which may reflect ordering in
the polymer structure on the basis of hydrophobicity, but the
structures formed are ill defined and no peaks in the height
histogram are seen.

A line profile (Figure 10c) through some typical examples
of the plateaus shows their heights above the substrate together
with the results of fitting multiple Gaussian peaks to a histogram
of the heights in a representative image. Panels d and e of Figure
10 show, respectively, histograms of the heights in the images
of the inclusion complex formed byR-CyD and the polyurethane
and the polyurethane alone. Peaks corresponding to the heights
observed in the line trace are prominent features of the inclusion
complex histogram but are absent in the polymer histogram.

The peak values observed for the plateau heights (3.39(
0.22, 4.88( 0.14, 6.37( 0.25, 8.06( 0.46, and 10.13( 0.99
nm) are very close to the values expected of integer multiples
of the ring depths ofR-CyD (0.8 nm), corresponding to 4, 6, 8,
10, and 13R-CyDs, respectively, suggesting that the structure
created by formation of the inclusion complexes is derived from
the order induced by channel formation by the includedR-CyDs.
The PEO moieties of this polymer can accommodate four
R-CyDs which would, if stacked perpendicularly to the surface
with the hexamethylene segments acting as flexible hinges, have
a height of approximately 3.2 nm, corresponding closely to the
height of the first plateau. Such an arrangement implies that
when the rotaxane adopts this structure upon spin coating onto
the substrate the hexamethylene segments of the copolymer are
no longer included (or are only partially included) by cyclo-
dextrin, allowing these segments to act as flexible hinges.

Adding a second and third layer of such structures accounts for
the third and fifth peaks. Alternatively, allowing one or more
of the channel structures to stack horizontally on the first layer
accounts for all subsequent peaks, given the 1.5 nm diameter
of R-CyD. The images do not show plateaus with heights
commensurate with a single, horizontal layer on silicon (i.e., at
1.5 nm). Figure 11 depicts the proposed structures. The
observation of such structuring and its attribution to the
underlying structure of the polyurethane suggest together that
this approach offers a route to creating structures with controlled
subnanometer scale steps.

Conclusions

In summary, we have synthesized a polyurethane consisting
of alternating segments of polyethylene glycol and hexane and
showed that it forms spontaneously an inclusion complex with
R-cyclodextrin. Consideration of the phase diagram of mixtures
of R-CyD and the polyurethane along with1H NMR of the
supernatants in the case of two-phase systems suggests that
nearly all available inclusion sites on both the ethylene oxide
and hexamethylene components of the block copolymer are
occupied, while1H NMR shift titration provides an estimate of
the association constant for the inclusion complex. Characteriza-
tion of this inclusion complex in the solid state by13C CP/
MAS NMR, X-ray diffraction, and AFM demonstrates that the
R-CyDs included in the complex adopt a channel structure. In
particular, the AFM data reveals previously unobserved behavior
when the polyrotaxane is deposited on to silicon by spin coating,
suggesting that the formation ofR-CyD channels in the regular
structures thus formed is regulated by the lengths of the PEO
segments and that the process of spin coating induces a shift
from inclusion of the hexamethylene units to inclusion of the
PEO segments only. Thereby, a route to the noncovalent
synthesis of ordered surface films of well-defined subnanometer
scale with many of the properties attributed to block copolymer
polypseudorotaxanes is created. Future work will explore the
mechanisms governing the self-assembly of these structures and
the limits of this approach.
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