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ABSTRACT: The concentration-induced conformational change in hydroxypropylated polyrotaxane (H-PR)
composed of poly(ethylene glycol) (PEG) and hydroxypropylated o-cyclodextrins (CDs) was investigated at various
concentrations from the overlap concentration ¢* to the semidilute regime by using the small-angle neutron
scattering technique. We employed the generalized Zimm plot with the wormlike chain model to analyze the
scattering functions of H-PR since they deviated from the Ornstein—Zernike equation particularly in the high-Q
range. It was found that the persistence length of H-PR decreased with increasing polymer concentration cp,
while those of PEG remained unchanged in the same molar concentration regime. This unusual concentration
dependence of polymer conformation for H-PR may indicate that CDs in H-PR could slide freely and rapidly
over the whole range of PEG chains in the neighborhood of ¢*, but their mobility was suppressed as ¢, increased

due to some molecular interaction among CDs.
1. Introduction

Supramolecules with topologically interlocked structures have
attracted a great interest' * because they have the degree of
freedom of movement with topological restrictions. A typical
example is provided by polyrotaxane (PR) in which a number
of cyclic molecules are threaded onto a linear polymer and are
trapped by capping the chain with bulky end groups.””® The
cyclic molecules in PR can slide and rotate on the polymer
chain. The unique structure and dynamics of PR enable the
application of various molecular devices in nanoscale: molecular
tubes, '© insulated molecular wires,'"'? molecular shuttles,’ drug
delivery systems,'? and multivalent ligand systems.'* Recently,
PR consisting of poly(ethylene glycol) (PEG) as a linear axis
polymer and a-cyclodextrin (CD) as a cyclic molecule has been
applied to producing a novel kind of gel called “slide-ring (SR)
gel” by cross-linking CDs on different PRs.'> SR gels demon-
strate remarkable properties such as high extensibility and a
great degree of swelling.'>"'® These macroscopic features of SR
gels are derived from the nanoscale sliding motion of cyclic
molecules: double-looped cross-links can move along polymer
chains to minimize the local strain in the network just like
pulleys. In order to confirm this pulley effect, the static structure
of the SR gels under uniaxial deformation has been investigated
by using the small-angle neutron scattering (SANS) and X-ray
scattering (SAXS) techniques.'”'® The results indicate that the
spatial inhomogeneities in SR gels do not increase by stretching
due to the pulley effect, while chemical gels increase the
inhomogeneities by stretching.

In order to develop these unique materials made from PR
and elucidate their properties, it is important to understand the
dynamics and structure of PR in solution. The dynamic behavior
of PR has been investigated by using the nuclear magnetic
resonance spectroscopy (NMR)?*?! and dynamic light scattering
(DLS) technique.?* DLS probes the concentration fluctuation
that originates from the sliding motion of CDs in a semidilute
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solution. On the other hand, the static structure of PR has been
observed using the SANS measurement.”® > The single-chain
conformation of PR in a dilute solution changes with the number
of CDs threaded on the PEG chains.>* As the number of CDs
increases, the PEG chain extends and the conformation changes
from a Gaussian chain to a rodlike structure. In the semidilute
regime, the scattering function for PR in deuterated dimethyl
sulfoxide (DMSO-dg) cannot be described by a Lorentz-type
function, which is used to analyze the scattering functions of
the usual polymers in semidilute solutions.*?

In this work, we investigate the concentration dependence
of the conformation of PR by using SANS, in comparison with
the structure of the template PEG chain in the same molar
concentration range. Recently, the generalized Zimm plot*
allowed us to obtain detailed information on the conformation
of a single polymer chain in the semidilute regime. In this study,
we have attempted to apply this new analysis method to the
scattering function of PR. We use hydroxypropylated polyro-
taxane (H-PR) composed of PEG and hydroxypropylated
o-cyclodextrins instead of PR without any modifications. The
hydroxypropylation of PR weakens the hydrogen bonds between
CDs and disperses CDs on the PEG chain, which considerably
improves the solubility of PR in solutions, especially in an
aqueous solution.?’*3

2. Experimental Section

2.1. Materials. Poly(ethylene glycol) (PEG) was purchased from
Fluka. The weight-average molecular weight of PEG was 3.5 x
104, and the polydispersity was 1.1. Polyrotaxane (PR), consisting
of PEG, o-cyclodextrin (CD), and adamantanamine, was prepared
by a previously reported method.?’ The average number of CDs
per chain was determined to be 100 by 'H NMR analysis,
corresponding to 26% coverage of the PEG chains with CDs,
assuming that a CD molecule can cover two PEG monomer units.
Some hydroxyl groups on the CD molecules were substituted by
hydroxypropyl groups by using propylene oxide.?”-*® The average
number of hydroxypropyl groups per CD molecule was determined
to be 7.2 by the 'H NMR measurement from the comparison
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Table 1. Molecular Weights, Mass Densities, Molecular Volumes,
and Scattering Length Densities of the Polymers and Solvent
Used in This Study

scattering
molecular mass molecular length
weight density d volume Vi, density
sample (gmol™) (gmL™) (em>mol™!)  p (100 cm™2)
PEG 3.5 x 10* 1.14 3.1 x 10* 0.65
H-PR 1.8 x 10° 1.35 1.3 x 10° 1.2
DMSO-dg 84 1.19 71 53

between the CHj3 protons of the hydroxypropyl groups and the other
ones.

In the SANS experiments, we used DMSO-ds as the solvent.
Table 1 shows the characteristics of PEG, H-PR, and DMSO-dj:
their molecular weights, mass densities, molecular volumes, and
scattering length densities. The mass densities were evaluated by
using a DMA 5000 density meter (Anton Paar, Graz, Austria). The
molecular weights of H-PR were estimated from the average
numbers of CDs per PEG chain and hydroxypropyl groups per CD,
which were determined by the 'H NMR results.

In order to compare between H-PR and the template PEG, H-PR
and PEG solutions in DMSO-ds were prepared in the same molar
concentration regime. We performed the SANS experiments of PEG
solutions at the polymer concentrations of 0.17, 0.34, 0.85, and
1.7 umol/mL (6.0, 12, 30, and 59 mg/mL) and those of H-PR
solutions at 0.067, 0.33, and 0.69 umol/mL (12, 59, and 123 mg/
mL). The molar concentrations were calculated by using the
molecular weight given in Table 1.

2.2. Small-Angle Neutron Scattering. Small-angle neutron
scattering (SANS) experiments were performed using the SANS-U
spectrometer of the Institute for Solid State Physics, the University
of Tokyo, located at the JRR-3M research reactor of Japan Atomic
Energy Agency in Tokai, Japan.*' The neutron wavelength 1 was
7.0 A with AA//A = 10% full width at half-maximum, and the
sample-to-detector distances were 4 and 1 m. This setup resulted
in an experimental Q range of 0.01—0.3 A~l. Here, Q is the
magnitude of the scattering vector:

0=l
where 6 is the scattering angle. The scattered neutrons were
collected with a two-dimensional detector (model 2660N, Ordela),
and then the necessary corrections were made, such as air scattering
and cell scattering subtraction. After these corrections, the scattered
intensity was normalized to the absolute intensity in terms of the
scattering intensity from a standard sample. Data reduction was
carried out by the circular averaging of the two-dimensional
intensity data, followed by the incoherent scattering subtraction.*?
The temperature of the sample was regulated to be 25 °C by a
water-circulating bath controlled with a Neslab RTE-111 thermo-
controller with a precision of £0.1 °C.

3. Results and Discussion

3.1. Ornstein—Zernike Equation. Figure 1 shows the
scattering functions of PEG and H-PR solutions in DMSO-de
at various concentrations. The scattering function /(Q) of
polymer chains in a semidilute solution is usually analyzed by
using the Ornstein—Zernike (OZ) equation™

1(0)
1+Q2§2
where § is the correlation length. The solid curves in Figure 1
show the best-fitting results of eq 2. It was clear that the
scattering functions for PEG in DMSO-ds were well fitted with
eq 2. Figure 2 shows the concentration dependence of /(0) for
PEG in DMSO-ds. The 1(0) of PEG increased proportionally
with polymer concentration ¢, below 0.34 ymol/mL (12 mg/
mL); however, it deviated from the proportional increase above

Q)= @
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Figure 1. Scattering intensity vs scattering vector Q for (a) PEG
solutions and (b) H-PR solutions. The solid curves represent the fitting
results with the Ornstein—Zernike equation.
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Figure 2. Plot of /(0) as a function of polymer concentration ¢, for
PEG. The solid line shows that /(0) for PEG in the low-concentration
regime is proportional to c,.

the concentration of 0.34 ymol/mL due to the excluded volume
effect.® This suggested that the crossover or overlap concentra-
tion ¢* was around 0.34 umol/mL. This suggestion was
supported by the double-logarithmic plot of & against ¢, given
in Figure 3. It was observed that £ was independent of ¢;, in the
dilute regime and decreased with increasing c, above 0.34 ymol/
mL. On the other hand, the scattering functions for H-PR were
not fitted well with eq 2, especially in the high-Q range, as
clearly shown in Figure 1b. This was mainly because the
persistence length [, and diameter R of H-PR were considerably
larger than those of the template PEG due to the inclusion
complex formation with CDs.>* The difference in /, and R
between PEG and H-PR in the nanometer scale should appear
definitely in the high-Q range. Moreover, the 1(0) of H-PR
decreased drastically with increasing c;,, as shown in Figure 1b.
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Figure 3. Double-logarithmic plot of & as a function of ¢, for PEG.

Since the OZ function is derived from the mean-field theory,
it is difficult to be applied to the semidilute polymer solution
near c* due to the large density fluctuations. On the other hand,
it is to be noted that the analysis using the OZ equation can
provide a rough classification of polymer solutions, i.e., whether
the solution is in the dilute, semidilute, or concentrated region,
as mentioned above.

3.2. Generalized Zimm Plot. In order to study the molecular
conformation and interaction of PEG and H-PR in DMSO-dg,
we employed the generalized Zimm plot, which has been applied
to semidilute as well as dilute solutions,?® given by

(op — ps)° o1 — D)
Ny 1V P(Q) + 24

Q)= 3

(0]

2,app

Here, N4 is the Avogadro constant, ppss the scattering length
density of the polymer/solvent, @ the volume fraction of the
polymer, V,, the weight-average molecular volume, P(Q) the
form factor that describes the molecular architecture of the poly-
mer, and A» ,p, the apparent second virial coefficient. A ., can
be expanded in the powers of ¢, as follows™

Ay pp =Art %A3cp Foe @
where A, and Aj are the second and third virial coefficients,
respectively. The generalized Zimm analysis is based on the
single-contact approximation, which is more valid in the
concentration regime from the dilute regime to the semidilute
regime around c¢* than the mean-field approximation.

We adopted the scattering function of a wormlike chain as
the form factor P(Q), which would represent the various possible
chain conformations from flexible chains like PEG to more rigid
ones like PR. Yoshizaki and Yamakawa derived the scattering
function of the wormlike chains®® to be

Pyp(Q) = Py(Q:L) I'(Q;L) 3)

where L is the length of the polymer chain. In this case, L was
evaluated to be 2.8 x 103 A from the monomer length of PEG,
3.5 A, and T(Q;L) in eq 5 is the sum of additive factors
calculated by Yoshizaki and Yamakawa.*® Py(Q;L) is given by

Py(Q:L) = [1 = (Q:0)]Ppeyy(Q:L) + x(Q:L) Proy(Q:L) (6)

where Ppepye(Q;L) is the Debye scattering function for a random
coil given by

Ppop,(Q:L)=2u (e " +u—1) (7)

with u = R,>Q?. Here R, is the mean-square radius of gyration
for the wormlike chain, derived by Benoit and Doty>® as
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21, 21t
R 2T _ lp2 + TP - L_I;(l - exp(_L/lP)) (8)

On the other hand, P;.q in eq 6 represents the scattering function
for a infinitely thin rod with a length L, written as

P Qi) = 57 SiQD) —sin’( 5] ©

where Si(x) is the sine integral. Moreover, the factor y(Q;L) in
eq 6 is given by

2 =exp(—(wR,'Q12L) ) (10)

When P(Q) in eq 3 was given by the wormlike chain model,
we had two adjustable parameters, A 5pp and [, and the other
parameters were fixed for the analysis of the scattering data.
Ajapp and [, determined the initial scattering intensity /(0) and
the crossover Q from a Guinier regime to a power-law regime
of the scattering curve, respectively. The scattering functions
for PEG solutions were fitted well with eqs 3 and 5; however,
those for H-PR deviated from the wormlike chain model at high
Q, as shown by the dashed lines in Figure 4b. This was because
H-PR had a larger diameter than the PEG chain due to the
inclusion of CD molecules with the radius of about 7 A.3°
Therefore, for fitting the experimental data of H-PR, we used
the scattering function for the cylinder Pcy(Q;L;R) instead of
Proq in eq 6
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Figure 4. Fitting results of the experimental data to the generalized
Zimm plot. The dashed and solid curves are derived from eq 3 with
the form factor for the wormlike chain model and for the modified
wormlike chain model taking account of the polymer radius, respec-
tively.
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where R is the radius of the cylinder, Ji(x) is the first-order
cylindrical Bessel function, and /3 sin o da in eq 11 represents
the random orientation of the cylinders. R influences the high-Q
behavior of the scattering function as clearly shown in Figure
5. When R is zero, the I(Q) in the high-Q regime behaves as
I(Q) ~ O, corresponding to the form factor of the rod with
the persistence length /,. As R increases, /(Q) crosses over from
the scattering function of the rod in the lower Q range to that
of the disk with the radius R in the higher Q range, deviating
from I(Q) ~ Q~'. The scattering curves of H-PR were well
described by this modified wormlike chain model with R fixed
at the radius of CD, 7 A, as shown by the solid curves in Figure
4b. The fitting parameters obtained are summarized in Table 2.

3.3. Characteristic Features of H-PR. Figure 6 shows the
comparison of Ay 4y, between PEG and H-PR in DMSO-ds. With
eq 4, A, and Aj are evaluated from the intercept and the initial
slope of a plot of Aj .y, against the polymer concentration cp.
Whereas As ,pp in the PEG solutions was almost independent
of cp, that in the H-PR solutions increased with ¢, in the same
molar concentration regime, corresponding to the concentration
dependence of 1(0) shown in Figure 1b. This indicates that A3
of H-PR was larger than that of PEG, which is consistent with
the experimental results that As increases with molecular
weight.*® Incidentally, H-PR including many CDs had the
molecular weight of 1.8 x 10°, which was considerably larger
than that of PEG before complexation with CDs.

Figure 7 shows that the persistence length [, of H-PR was
also considerably longer than that of PEG. The inclusion
complex formation with CDs stretched the PEG chain, as
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Figure 5. Scattering curves calculated from eq 3 with the modified
wormlike chain model. The radius R was varied from 0 to 10 A with
the other parameters fixed: p, = 1.2, p; = 5.3, ® = 0.01, V,, = 1.3 x
105 cm?® mol™!, L = 2.8 x 10° A, [, = 50 A, and A5 = 0.002 cm?
mol g72.

Table 2. Summary of the Fitting Results with the Generalized
Zimm Plot for PEG and H-PR in DMSO-d,

concn A2 app IJ’

sample (umol mL™!, mg mL™") (1073 cm? mol g72) (A)
PEG/DMSO-ds 0.17,6.0 2.8 11
0.34, 12 2.3 11

0.85, 30 2.7 9

1.7,59 2.7 11

H-PR/DMSO-ds 0.067, 12 1.9 44
0.33, 59 2.4 33

0.69, 123 3.1 30
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Figure 6. Plot of A, as a function of ¢, for H-PR (®) and PEG (O).
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Figure 8. Double-logarithmic plot of R, calculated from eq 8 as a
function of cy/c*.

reported in the previous works.>* In addition, the concentration
dependence of [, of H-PR differed from that of the /, of PEG:
I, of H-PR decreased with an increase of ¢, from 0.05 to 1 gmol/
mL, while that of PEG remained almost constant in the same
molar concentration range. The decrease in [, with increasing
¢p in H-PR may be due to the suppression of the mobility of
CD in H-PR caused by increasing c;,. The free and rapid sliding
of CDs along PEG should extend H-PR to rigid conformation,
leading to an increase in /,. On the other hand, if CDs are fixed
at PEG without free sliding in H-PR, [, ought to decrease to an
average value between PEG and CD, depending on the filling
ratio. Consequently, the peculiar concentration dependence of
I, decreasing with increasing ¢, in H-PR supported the conclu-
sion that the mobility of CDs in H-PR was suppressed by the
increasing cp.
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Figure 9. Schematic diagram of PR including CDs sparsely (a) in dilute solution and (b) in semidilute solution. The diffusive force from CDs
confined in PR stretches the PEG chain of PR in the dilute regime, while it disappears since CDs are dispersed homogeneously in the semidilute

solution.

We calculated the radius of gyration R, from the persistence
length [, by using eq 8. Figure 8 is a double-logarithmic plot of
R, for PEG and H-PR as a function of ¢p/c*, where the overlap
concentration c* is defined by

M N,
oF = ——= (12)
(4/3)7R,]

If the R,s of H-PR and PEG at the lowest concentration (12
mg/mL for H-PR and 6.0 mg/mL for PEG) could be regarded
as the coiled radius in a dilute solution, the overlap concentra-
tions would be c*gpr = 10 mg/mL for H-PR, which was almost
equal to the lowest concentration (12 mg/mL) of H-PR, and
c*peg = 13 mg/mL for PEG. Figure 8 indicated that the radius
R, of PEG remained unchanged in the semidilute regime near
c* (1 < c/c* < 4), while Ry of H-PR decreased continuously
with increasing ¢, for c¢/c* > 1. This unique concentration
dependence of R, for H-PR, which was different from that of
PEG, comes from that of /, and hence may be attributed to some
molecular interaction, such as the steric constraint between CDs,
reducing the mobility of CDs in H-PR as mentioned before.
Incidentally, the mobility of CDs in PR should inherently yield
the dependence of the polymer conformation on ¢, from the
entropic point of view. In the dilute regime, CDs localized within
the PEG chains by bulky end-caps, as illustrated in Figure 9a,
tend to diffuse to the outer region, away from H-PR, by thermal
agitation in order to reduce the concentration difference of CDs
between the inside and the outside of R, of H-PR if they move
freely along PEG in H-PR. The sliding behavior of CDs trapped
on PEG chains by bulky end-caps would stretch the PEG chains,
as the gas pressure in a piston expands the volume. On the other
hand, CDs are distributed homogeneously in the semidilute
solution, as shown schematically in Figure 9b. As a result, a
drastic decrease in R, would be caused by not only the screening
of excluded volume effects but also vanishing the internal
pressure of CDs in H-PR mentioned above. This phenomenon
seems analogous to the conformational change in polyelectro-
lytes in solutions, where the PEG chain and CDs trapped on
PEG topologically by the end-capping with bulky groups
correspond to a polyion and counterions bound to the polyion
by the Coulombic interaction, respectively.

4. Conclusion

Small-angle neutron scattering (SANS) experiments were
carried out to investigate the conformation of hydroxypropylated

polyrotaxane (H-PR), consisting of hydroxypropylated o-cy-
clodextrins (CDs) and poly(ethylene glycol) (PEG), in deuterated
dimethyl sulfoxide (DMSO-ds) in the semidilute regime near
the overlap concentration c*, and compared it to that of the
template PEG. The following facts were disclosed.

(1) The scattering functions of H-PR deviated from the
Ornstein—Zernike function in the high-Q range, while those of
PEG were fitted with it. The high-Q behavior in the scattering
functions of H-PR reflected the local molecular conformation
such as the persistence length /, and radius R of H-PR. The
difference in the scattering functions between H-PR and PEG
in the high-Q range indicated that H-PR had /, and R that were
considerably larger than those of the template PEG chain due
to the threading of CDs on the PEG in H-PR.

(2) The generalized Zimm plot with the form factor derived
from a wormlike chain model provided information on the
molecular conformation and interaction in the semidilute
solutions such as R, [, and the apparent second virial coefficient
Ajapp- As a result, the following findings were obtained. First,
the scattering functions of H-PR were fitted well with R fixed
at the radius of CD, 7 A. Second, the A 4pp of H-PR increased
with ¢, while that of PEG remained unchanged in the same
molar concentration regime. This was ascribed to the third virial
coefficient A3 of H-PR that was considerably larger than that
of PEG since H-PR has a greater molecular weight than PEG.
Finally, the /, and the radius of gyration Ry, estimated from [,
of H-PR decreased with increasing c;, in the semidilute regime
near c*, whereas those of PEG remained almost constant. This
unusual concentration dependence of polymer conformation for
H-PR may suggest that CDs in H-PR could slide freely and
rapidly on the whole range of PEG chains in the neighborhood
of ¢*, but their mobility was suppressed as ¢, increased by some
molecular interaction among CDs such as the steric constraint
between CDs. The experimental results of the molecular
conformation and interaction of H-PR were quite important for
us to understand the various properties of the polymeric
materials made from PR such as the slide ring gels.
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