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ABSTRACT: Topological polymer networks with sliding cross-link points, the “sliding gels” (also called slide-

ring gels), are a new class of supramolecular networks based on intermolecularly crossxicy@ddextrins/
poly(ethylene glycol) polyrotaxane precursors. The cross-link points of such networks are not fixed but can slide
along the template chain of the polyrotaxanes. The main parameters governing the sliding gel properties are the
number of cyclodextrins per polyrotaxane, the cross-linking density, and the nature of the swelling solvent. Small-
angle neutron scattering, swelling measurements, and mechanical spectrometry were used to understand the unusual
physical properties and their relation to the molecular structure of the sliding gels. The swelling as well as the
viscoelastic properties are found to be solvent dependent reflecting the structural changes of the network. Indeed,
in water, the number of cross-link points (topological and physical) increases as opposed to dimethyl sulfoxide
(DMSO) leading to higher modulus values, while the persistence length of the sliding gel strands increases in
DMSO as opposed to water leading to a shift of the dapeak, the transition point between the two observed
viscoelastic regimes, toward higher frequencies.

1. Introduction

- . o ;—N Nbu ./\"
Polymer gels are often classified following the type of cross- fﬁﬁ/\/ *—

link points. Until recently only two main classes of polymer
gels have been considered: the one with chemical bonds (perm-
anent cross-link points) and the other with physical bonds
(reversible cross-link points). A novel class of gel materials,
so-called topological network, has been recently proposed by
de Gennésand was characterized by the sliding character of
the cross-link points (also called slide-ring cross-link points).
The topological network architecture is obtained by the inter-
molecular cross-linking reaction of precursor polyrotaxanes.
The main characteristic of the sliding cross-link points is to allow
a sliding motion of the constitutive template network chains
through the figure-of-eight junctions. The sliding network
architecture was, for the first time, experimentally realized by _ - _

the use of high molecular weight polyrotaxanes, with chemical Fl'_gd‘_”e 1 lscgfmagcgepresetntavgn t\f\)/f thecfgollg%lgr arlchuttecture ofa
structures based ancyclodextrin macrocycles¢CDs) threaded Zrlmdmdgiv?ni/l gul?cmz y reaction betweert.bs polyrofaxanes
along a template poly(ethylene glycol) (PE@) and their

intermolecular bridging with a cross-linker through the hydroxyl
groups of thea-CDs, forming thus the cross-linking network

nts in the f i ¢ eight. Fi 1<h h . Three pertinent parameters governing the unusual properties of
points in the form of figure-of-eight. Figure 1 shows schematl- s ho\y class of topological materials are the complexation

cally the molecylgr architecture of t.he studied gels yvhere. only degreeN, defined as the number o-CDs per template PEG
few a-CDs participate to the formation of the cross-link points. chain, the cross-linker fractior. defined as the ratio of the
The sliding gels are expected to have unusual chemical, physical, ’ . ’

mole number of cross-linken. on the mole number af-CDs,

and mechanical properties due to the theoretical ability of the dthe i > b H li | 4 th
cross-linking points to slide along the template polymer chain. "cp @nd the interactions between the swelling solvent and the
constitutive parts of the network.
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10.1021/ma0605043 CCC: $37.00 © 2007 American Chemical Society
Published on Web 01/13/2007



536 Fleury et al. Macromolecules, Vol. 40, No. 3, 2007

small-angle neutron scattering (SANS) and mechanical spec-in distilled water or DMSO during all the experiments in order to

trometry were used. maintain the same state of solvent content in the material, thus
avoiding sample drying and deswelling during the time of the
2. Experimental Section experiments. Mechanical spectrometry was carried out at angular

frequencies from 0.001 up to 100 rad! with a strain amplitude

of 2.5%. A pre-strain of 5% was applied to the sample before the
start of the test in order to ensure that the sample was always in
compression during the experiments.

2.1. Synthesis of the Sliding GelsThe preparation of the
polyrotaxane precursors and the formation of the sliding gels are
reported in the Supporting Information section and have been
extensively described in previous publicatidns.

2.2. Methods and Measurements!H NMR Measurements.

IH NMR spectra were recorded in DMS@-on a Bruker 300 ) ) ) )
Ultrashield 300 MHz with an internal lock on tel-signal of the The physical, chemical and mechanical properties of the
solvent. The complexation degree was determined by comparisontopological networks and their relation to their molecular
of the integrations of the CH-1 signal ofCD at 4.8 ppm to the architecture, which is governed by the complexation degree
signal between 3.4 and 3.9 ppm, which corresponds to CH-3, CH- and the cross-linker fractioK were recognized in an earlier

6, and CH-5 ofo-CD and the CH of the BA-PEG. work® These promising results led us to consider a more

Swelling Measurements.The swelling degreesS| were deter-  gystematic study of the properties and the internal structure of
mined by a gravimetric technique, and the calculations were basedy o gjiging gels as a function of these two relevant parameters.
on the gel weight according to the equation Moreover a third parameter had to be considered in order to

Ws — W, pr_operly appr_ehend the moIe_cuIar mechanisms u_nderpinning the
W X 100 (1) sliding gels in view of their topological architecture: the
b ; : . ;
swelling solvent quality. Hence the swelling behavior of the

whereWs andW, are, respectively, the weights of the swollen and sliding gel as a function of two different kind of swelling
dried gel. solvents (one poor (#D) and one good solvent (DMSO) of the

For SANS study, the swelling volume ratiQfwas determined ~ Polyrotaxane precursors) has been studied to understand the
by a volumetric technique and calculated according to the following nhetwork/solvent interactions and their influence on the molecular
equation: structure of the sliding gel.

For this purpose polyrotaxane precursors with a well-defined
degree of complexatioN have been synthesized according to
the procedure reported previou8lyhese syntheses allowed us
to obtain polyrotaxanes with a controlldtby varying the initial
Vs andVp, are, respectively, the volumes of the swollen and dried ratio Ry between thex-CDs and PEG and the thermal cycle
gel. ) ) o during the complexation process. The complexation delyree

These experiments were realized in distilled water and DMSO f gach polyrotaxanes used in this work was in the range 22
and the swelling capacity of the gels was measured at r00m g 55 reported in the Supporting Information. The intermolecular
temperature (22+ 1 °C). For the weight measurements of cross-linking reaction between the polyrotaxane chains was

completely swollen gels, the excess of water or DMSO on the : . L o
surface of the gel was wiped off with filter papers. The dried gels Carfiéd out with divinyl sulfone (DVS) as cross-linking agent

3. Results

S(%) =

_ Vs
Q—V—D 2

measurements were obtained after 48 h in an oven 4C50 according to the procedure already describdtbre precisely
Small-Angle Neutron Scattering MeasurementsSANS mea-  the topological cross-link points were formed by bridging, via
surements were carried out at the Laboratoiter Brillouin (LLB, the DVS molecule, the hydroxyl groups of tweCDs threaded

CEA, Saclay, France) and at the Institut Laue-Langevin (ILL, CEA, on different polyrotaxanes. This reaction allowed us to synthe-
Grenoble, France). The use of these two diffractometers allows the size swollen topological networks of polyrotaxanes. By control
study of the sliding gels by SANS on a large range of scattering of the cross-linking density, soft to hard sliding gel materials
vectors g. The PAXY instrument was used at the LLB to study the ¢oyd be obtained. The degree of cross-linking density is related

sliding gels structure in the intermediary domain. The sample-to- he cross-linker fractioi defined following th ion
detector distance was fixed & m with a wavelength of = 12 A to the cross er fractiok defined following the equatio

(5x 103A-1 < g <4 x 102A-1). Absolute intensities corrected

for detector sensitivity were obtained by normalization to the K :& ©)
scattering from Plexiglas with reference to the direct beam. For Nep

the sliding gels study at very low g, the D11 diffractometer at the
ILL was used using an incident wavelength bf= 12 A. The
sample-to-detector distance was prone to 36.7 m and the resultin

qgrange explored was 74 104 A1 < q<6.7x 103A-L The " o .
scattered neutron intensity calibration was performed using the All characteristics of the sliding gels prepared for this study

signal fran a 1 mmthick water sample. Heavy water {0) was are reporteq in the Supporting Information. For the rest of this

used as swelling solvent during all the experiments. The sample Study, the sliding gels are denoted byRy, wherex represents

cell for all experiments on the PAXY and D11 diffractometers the complexation degreld andy the volumeV in microliters

consisted of 1 mm thick quartz windows separated by a 2.5 mm of cross-linker incorporated in the pregel solution.

O-ring. Corrections for incoherent background, detector response  3.1. Influence of Cross-Linker Fraction K in Water. In

and cell window scattering were applied to all measurements.  Figure 2, the influence of the cross-linker fraction (32K <
Dynamical Mechanical MeasurementsThe experimental setup g 43) as a function of the swelling degr8@ water of several

used is a Rheometrics-RSA I séralphcontrolled s?fectrometeraThls sliding gels prepared from polyrotaxanes with different com-

RSA Il spectrometer is equipped with one normal force transducer plexation degrees (22 N < 80) is presented. For all the sliding

(1kFRT) that can detect normal forces within the range O-a1 ) ; . .
N. The instrument is equipped with a STD motor having a strain gels, the swelling behavior shows the same tendencies with the

resolution of 0.05im and an angular frequency range betweers10 ~ Cross-linker fractionk. Two swelling regimes appear with
and 100 raes™L. The configuration chosen for mechanical spec- increasing cross-linker fractiof in water. For lowK, a quasi-
trometry was the parallel plates configuration. The samples (typi- linear decrease of the swelling degree is observed. The highest
cally, diameter of 12.75 mm and thickness of 3 mm) were immersed swelling degree for these sliding gels is reached for the GBOR40

wherenc andncp are, respectively, the cross-linker ameCDs
%mole numbers introduced in the pregel solutions.
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Figure 3. Neutron scattering functions and their fitting curves for . . .

sliding gels prepared from a 7@CDs polyrotaxane precursor with F}éggrzzlz.sl\.leutroG%S%ast(t)enng fzj%c?tl(-)ns f‘gstgg%f’ﬁ'*ﬁ% ggqmo
different cross-linker fractiok: (&) G70R45 K = 3.76); (0) G70R50 (K = 3.25); (i) K T )_ e . K=5. A ); (Q
(K = 4.18); 0) G70R60 K = 5.02): (x) GTOR70 K = 5.86): (A) G80R100 K = 8,13). Key: (a)l(q) = f(q); (b) Kratky plotg?l(q) =

G70R100 K = 8.37). f(a).
Table 1. Correlation Lengths, £ and E, for the G70Ry Obtained heterogeneities, the form faCtO'f (eq 4) developgd by Mallam et
from the Form Factor (4) all112 has been adopted. This form factor introduces two
£A) = (A scattering contributions: a Lorentzida(g), comparable to that

of semidilute solutions and a stretched exponential representing

258323 22 ?gg a “solidlike” contribution,ls(q), arising from the static fluctua-
G70R60 58 700 tions due to the structural heterogeneities in the gel.
G70R70 53 675

G70R100 50 610 I

1(@) = I(0) + 1(0) = s exp(GE)™) + —— (4)

gel with Sabout 1200%. For highé€, a quasi-stationary regime 1+a¢
is achieved with a plateau close to 500% for all sliding gel series. \yhere the correlation lengths and = are associated with a

Small-angle neutron scattering (SANS) on the PAXY dif- molecular characteristic correlation length of the topological
fractometer at LLB was performed in a series of the sliding network and a characteristic correlation length related to the
gels with increasing cross-linker fraction. The experiments were heterogeneity size respectively.
done with sliding gels in an isotropic equilibrium swollen state In Table 1, a summary of the fitting of the SANS data is
in D,O as swelling solvent and in @ range visualizing the  presented. The correlation lengihwas found to have values
network mesh size as well as large structural heterogeneities.ranging from 65 to 50 A for the less to the most cross-linked
In Figure 3, the SANS data obtained for sliding gels series gels respectively and is related to the persistence length of the
G70Ry are presented. The scattering intensities of the sliding network. The correlation lengtE also depends clearly on the
gels are clearly dependent on the cross-linker fradtiolVith cross-linker fractiorK. It was found in the range 85610 A
increasingK, the scattering intensities increase. Moreover an for the less to the most cross-linked gels respectively and
excess of scattering intensities is also observed for the lowestcorresponds to the characteristic length scale of the large
g values. This result is attributed to the presence of large structural heterogeneities. It clearly appears that the correlation
heterogeneities: the so-called BéndRicot effectl® The fitting lengths& and = decrease with increasirtg, implying that the
of the scattering intensities with a single squared Lorentzian mesh size as well as the distance between the heterogeneities
function was not possible for the lowegbecause of the excess decreases (i.e., the density of heterogeneities increases) with
scattering, a signature of large structural heterogeneities in thean increase in the cross-linking density of the network.
swollen network. In an attempt to relate the scattering data with  In Figure 4, the SANS data obtained for sliding gels series
the molecular structure of swollen gels with large structural G80Ry in D,O as swelling solvent and in a very logvrange



538 Fleury et al. Macromolecules, Vol. 40, No. 3, 2007

Table 2. Experimental Data for the G80Ry Sliding Gels 10

nec I(g—0) Omax Dapp  Re
(mmol) K Q (cm} A A A

G80R40 0.4 325 1290 3.92 2.2910°% 4480 2240
G80R50 0.5 4.07 1097 3.03 21073 4120 2060
G80R70 0.68 569 9.08 221 1.8610° 3830 1915
G8OR100 095 813 755 166 1.%110° 3350 1875

PRI

1(0) [cm]

1.61
la—=0)~Q
(7.4x 10*4A~1 < q<6.7x 103 A1) are presented. For the ]
highest scattering vector region (Figure 4a), the scattering
intensity increases with increasing, a similar behavior
observed with the series of G79Bels. In this very lonq range o ' _
a crossover in the scattering intensities with a value clogg to ) 1'0 100
= 1.7 x 1073 A~1 was observed. Foq values beyond this Q

crossover point, the tendency of the scattering intensities are

reversed with respect to cross-linking densities of the network Figure 5. Scaling lawl(0) = f(Q) established for G80Rsliding gels.
and the lowest cross-linked system scatters more. This observa-

tion is attributed to the swelling degree evolution with the cross- 2300
linking density of the network. Previously, in the case of *
nontopological swollen gels including heterogeneities, Bastide 2200
et al13 have shown that the scattering intensity tpr— 0 is 2100

directly related to the volume concentration of elementary o<
strands and to the concentration differences between strongly &
cross-linked zones (the heterogeneities named frozen aggregates)
and the homogeneous matrix of the network. Assuming this
treatment is valid in the case of topological swollen gels, we 1900 .
can transpose this analysis to the sliding gels. In topological
networks with heterogeneities, this dilution effect, produced by 1800 ' ' ‘
increasing the swelling degree, leads to an increase of the 6 8 8 12 14
concentration fluctuations between the frozen aggregates and

the homogeneous network matrix. This effect is more pro- Figure 6. Evolution of the particles radRs with the swelling ratioQ
nounced for the low cross-linked sliding gels and explains the for the G80R.

higher level of scattering intensity gt— O for the sliding gels

exhibiting the highest swelling degrees. Moreover a second maximum is due to the presence of heterogeneities in the form
contribution must be taken into account to explain fully the Of particles the size of which decreases with increasing
observed scattering intensities with increasiagt g — 0. At Several previous workets 8 used the Guinier and FourrAgt

low q values, the spatial correlations between the heterogeneitiestnalysis to obtain an indication for the inter-particle distances
become weaker. Thus, the scattering contribution due to the Dappbetween the heterogeneities. Strictly speaking this treatment
heterogeneities in the total scattering intensity is weaker at is only valid for uniform spherical particles on a face-centered
— 0. In order to rationalize these observations, a scaling law cubic lattice. Indeed, the average distance between the centers
(eq 5) was proposed by Bastide ettdhnd Daoud et a4 to of the particles was correlated with thgax position according
correlate the volume concentration of elementarstrands (or  to the equation

the volume swelling rati®) with the scattering intensity fay

2000

o: D= 1.22( 2”) ©)
Oma;
I(q—0)0¢ '0Q 5)
whereDqpp is the average distance between the centers of the
where l(g — 0) is the experimental scattering intensity for particles.
q— 0. A reasonable approximation in estimating the radii of the

In Table 2, the summary of the experimental data for the particlesRe, is to consider them being equallgyg2. In Table
sliding gel series of G80RIs presented, and Figure 5 shows 2 are reported the results obtained according to the approxima-
the correlation between the scattering intensityder- O and tion above. The values d®» indicate the presence of clusters
the swelling ratioQ. The exponent of the scaling law is of highly physically cross-linked polyrotaxane chain stacks
comparable to that observed before for chemical cross-linked formed via the hydrogen bonds between th€Ds. The size
gel system® and corresponds fairly well with the theoretical of these clusters is directly related to the increase of the cross-
exponent value of 5/3 predicted by Daoud et*alhe high value linker fraction which prevents the swelling of these clusters by
of this exponent reveals the dilution effects for gels with a high the solvent. These arguments can be confirmed by the results
swelling capacity. In Figure 4b a treatment of the scattering presented in Figure 6, where the variatiorRefvith the swelling
data for the gel series of G89fn the Kratky representation is  ratio Q of the studied sliding gels clearly shows the cross-linker
presented. A correlation peak is observed for a scattering vectorfraction effect on the swelling ability of the heterogeneities.
value gmax Which is attributed to a characteristic correlation Indeed, the higheK is, the lower the swelling rati® of the
length related to the density fluctuations in the sliding gel. The sliding gel.
position of the correlation peak has an obvious relationship with  The mechanical spectrometry in compression was performed
the cross-linker fractiofk. With decreasind, the correlation in order to evaluate the cross-linker fraction influence on the
peak is shifted toward the log values. In fact the observed viscoelastic properties of these topological materials. Figure 7
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c
—-F . conformation of the polyrotaxanes and as a consequence also
e E Fal "5 0.8 for the properties of the sliding gels. Assuming that two
”_. monomer units of BA-PEG are covered by omeCD 20 the
E --o- tan(d) i 41 06 complexation degrees for the polyrotaxanes used in this study
= 106 Sevat § are in the range of 10% to 35% with respect to the theoretical
w  veeeeee et A ) full coverage for a template BA-PEG chain of 20 kg miolin
T soeee L 104 fact, the increasing complexation degrisgplays a considerable
R L e Lty role in the conformation evolution of the polyrotaxane precursor
J 10.2 chain going from a Gaussian chain behavior (Iddy with
Jorresa excluded volume to a rodlike chain (higN) with a high
105 : : : : persistence lengthlt should be expected that sliding networks
108 102 1gEra dls}OO 101 102 synthesized with polyrotaxane precursor chains with various
_ o _ complexation degrees will lead to topological network materials
Figure 7. Frequency sweep tests for the G80Rding gels in water.  with different viscoelastic properties and various swelling

(@) E' vs w: (<) GBOR60; (1) GBORS80; (O) GBOR100. (b) tany) vs : ; : :
w: (©) G8OR60; 0) G8OR8O0; ©) GBOR100. (c) Viscoelastic spectra ?Eha_IVIO(r;._Hgv;Igvefr tr:]e SV\lle”mg degrS,elf)or al.gLV?ndwelghé
of GBORSO0: ®) E'; () E": (1) tan(). raction® = 0.15 of the gel, appears to be slightly dependent

on the complexation degred as shown in Figure 8. This

shows the viscoelastic spectra for the G88Rding gels series. unexpected result can be attributed to the high level of cross-
With increasingK, the elastic and loss moduli increase but the linking density of the series of gels studied in this work which
frequency dependence of the moduli appears more complex. Inhave been designed for viscoelastic characterization experiments.
Figure 7c, the&e' andE" do not show a unique plateau but rather The high level of cross-linking density seems to overshadow
two corresponding to two different viscoelastic regimes. The the influence of the complexation degree on the swelling
transition between these regimes is clearly observable with thebehavior of the sliding gels.
loss angled evolution with a pronounced tad) peak at the The influence of the complexation degree on the sliding gels
transition region (see Figure 7b). It can be noticed that, with an viscoelastic properties was also explored by mechanical spec-
increase in the cross-linker fractihand thus the cross-linking  trometry. Dynamical frequency sweep experiments in compres-
density, the transition shifts from a low to a higher frequency sion were carried out in order to evaluate Eigaxang) Which
even though the global moduli values are higher. These was defined as the elastic moduli value at the damdeak.
experimental observations have been found on all the testedE'maxang)) iS related to a specific dynamic state of the sliding
sliding gels whatever the polyrotaxane complexation defjree  network and allows to describe the same state of relaxation for
was. all sliding gels studied. Figure 9 Shows maxgang)) VS the

3.2. Influence of the Complexation DegreeéN in Water. complexation degrel for six sliding gels prepared with a cross-
The complexation degre®l is another parameter for the linker mole numbenc = 0.7 mmol. TheE naxtang)) Values at
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Figure 10. Swelling degre&evolution with regard to the cross-linker
fractionK for the G80Ry in water @) and DMSO #).

constant cross-linker mole number do not follow a monotonous
dependence with the complexation degkeeAn experimental
minimum was observed for a complexation degiee 67 and
is attributed to two antagonist effects. With increashgthe
number of topological cross-link points decrease due to more
probable intramolecular bridging between theDs threaded
on a same polyrotaxane while the persistence length of the
network strands increases due to the formation of molecular
channels promoted by this intermolecular chemical bridging and
the physical interactions between theCDs belonging to the
same template chain. Thus, on one hand the average number
of the cross-link points is higher at low complexation degree
leading to high moduli levels. On the other hand, the formation
of o-CD tubes around the template chains is promoted with
the increase oN, leading to an increase of the rigidity of the
elementary elastic strands of the sliding network, resulting to
higher moduli levels.

3.3. Influence of the Cross-Linker FractionK in DMSO.
The influence of solvent on the polyrotaxanes conformation is
also noticeable. Karino et & have shown that the conformation
of the same polyrotaxane in sodium deuteroxide (NaOD) is
characterized by a Gaussian conformation with excluded volume
while in DMSO-Js the polyrotaxane chain adopts a more rigid
rodlike conformation. This difference was rationalized by the
fact that the electrostatic repulsions between charg€tDs
present in NaOD prevent thus the attractive interactions and as
a consequence hinder the establishment-GDs transient tubes
around the template chain. It should be expected that this
polyrotaxane conformation could be preserved on the sliding
gels synthesized with the same polyrotaxane precursor chains
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When svvpllen in different Solver)ts having each a different Figure 11. Frequency sweep tests for the G§Giding gels in DMSO.
quality with the polyrotaxane chain. (@) E' vs w: (<) GBOR60; (1) GBORSO; ) GBOR100. (b) tany) vs
Figure 10 shows the swelling degréef the G8OR/ sliding w: (©) GBOR60; [0) GBOR80; O) GBOR100. (c) Viscoelastic spectra
gels series for variouk in distilled water and in DMSO. The  of GBOR80: ®) E'; (a) E"; (O) tan().
swelling degre&s appears higher in DMSO than in water and
reaches values almost twice as high in the region of tow law dependence is close to the value 1, characteristic of low
sliding gels. Two viscoelastic regimes, separated with a transi- Viscous dissipations.
tion marked by tanf) peak, are observed in DMSO as well
(Figure 11). Furthermore, increasing the cross-linker fraction
K leads to the same tendencies as in water: (i) an increase of The internal structure of the sliding gels, characterized with
the complex moduli; (ii) a shift of the taff peak toward the SANS, is complex with molecular and supramolecular organiza-
highest frequencies. Nevertheless, as compared to measurement®n length scales. At the molecular level, a correlation length
in water, the behavior in DMSO has shown much lower moduli close to 50 A was measured and was assigned to a characteristic
and a tang) peak shift toward the lower frequencies. The two correlation length of the sliding network strands. At the
viscoelastic regimes found in DMSO are characterized by two submicroscopic scale, non-homogeneous huge aggregates of
plateaus forE' as already observed in water. However, as about 0.1um have been evidenced as a consequence of a
opposed toE" behavior observed in wate” increases statistical cross-linking reactiofi. These heterogeneous ag-
monotonically in DMSO at low frequecies until a maximum gregates, composed essentially from stacks of hydrogen-bonded
corresponding to the transition between the two viscoelastic a-CDs threaded on PEG segments, are due to the collapse of
regimes. This original behavior, as previously repoffdd, more the polyrotaxane network strands in water. The size and the
pronounced for the less cross-linked gels whereBhg@ower density of the aggregates depend on the quality of the swelling

4, Discussion and Conclusion
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b) c) d) e)

Figure 12. (a) Schematic view of the sliding gel at the molecular level
showing: (b) chemically bonded-CD tube, (c) physically bonded
o-CD tube, (d) chemical cross-link betweerCDs, and (e) physical
cross-link betweem-CDs.

solvent. Indeed, an opaque sliding gel in water becomes
translucent when it is swollen in DMSO. Thus, the swelling
solvent has a considerable influence on the internal structure
of the sliding gels, particularly on the heterogeneities. The use
of DMSO as swelling solvent, due to its better affinity with the
polyrotaxane network strands, helps to swell the collapsed part
of the network and prevents the stacks of hydrogen-bonded
o-CDs and consequently the establishment of extra intermo- b)
lecular hydrogen bond bridges between the polyrotaxane chains. o - ) e )
Consequently, the heterogeneities fade out leading to a morei':r:%ﬁ;eslsm es‘;g?\gﬂi'?o"r'e(‘;")Cl’gwecrs(')gs'”?mgé'ra#:gt%%'r"?t;')ulfgrsr‘]"i’gg'”g
hqmogeneous gel where the lntermoleqular hydrF’ge,'? bond K. The dashed lines highlight the aggregates which are favored at
bridges between the polyrotaxane chains are significantly nigh k.
attenuated. However, the intramolecular hydrogen bond interac-
tions between the-CDs belonging on the same polyrotaxane network strands is possible, while, at higher frequencies, this
chain are always effective both in water and DM3&and lead relaxation is slowed down due to the presence€D tubes
to the formation of-CDs transient molecular tubes. Figure 12 increasing the persistence length of the strands and thus leading
shows a molecular model for the internal structure of the sliding to the higher modulus plateau. The explanation of thedjan(
gels where both chemical and physical intramolecular bonds peak shift toward the higher frequencies with increasfngs
are considered as cross-link points betweern#f@Ds belonging less obvious at first sight. This shift can be rationalized as
to the same or to different polyrotaxane network strands. Also, follows (see Figure 13). For the low cross-linker fraction (Figure
the presence af-CDs molecular tubes around the polyrotaxane 13a), the attractive hydrogen bond interactions between the intra-
network strands, due to the physical or chemical bonding polyrotaxanea-CDs lead to the formation of transieatCD
between intra-polyrotaxane--CDs, is also envisaged. The tubes around the polyrotaxane network strands. Thus, the
number, the nature and the ratio between all these types of bondsietwork strands exhibit a high persistence length which
considered above depend strongly on the cross-linker fraction,contributes unfavorably to the relaxation processes while the
the swelling solvent and the complexation degree. establishment of low number of cross-link points results in low
The proposed molecular model of the sliding gels (Figure moduli levels. For the high cross-linker fraction (Figure 13b),
12) allows to explain their specific viscoelastic properties as a the hydrogen bonding interactions between the intra-polyrotax-
function of the cross-linker fraction. The viscoelastic charac- aneo-CDs are prevented due to the modification of the hydroxyl
terization of the sliding gels swollen in water or DMSO has functions with the cross-linker molecules. This chemical
led to two main observations: with increasikgthe modulus modification produces polyrotaxane strands with a lower
levels increase and the ta)(peak related to the transition persistence length contributing favorably to the relaxation
between the twd' plateaus shifts toward the highest frequen- processes. As already pointed out by SANS experiments, a high
cies. The observed transition between the two plateaus is similarcross-linker fraction introduces a high number of aggregates

to a rubber-glass transition of elastomeric materi&sThis and cross-link points which lead to high moduli levels.
behavior is also known for end-linked stgsolymer structure’ The proposed molecular model of the sliding gels also allows
and multicomponent associative polymer netwdfkét the to explain the difference of swelling behavior between the two

molecular level, this transition corresponds to a mobility solvents (water and DMSO). The swelling behavior of the
decrease of the constitutive strands of the network with the sliding gels studied in water and DMSO have led to two main
increase of the frequency. This transition is attributed to different observations: (i) the presence of different hydrogen-bonding
strand dynamics of the sliding gel network as a function of the density and intramolecular/intermolecular hydrogen-bonding
frequency. At low frequencies, an efficient relaxation of the ratio in DMSO and water, and (i) the sliding gels had a more
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pronounced ability to swell in DMSO, as opposed to water, a) 107
leading to a network expansion. These observations are related
to the different solvent interactions of the polyrotaxane chains
in DMSO and water. Indeed the establishment of the hydrogen
bonding interactions between inter-polyrotaxan€Ds is more
favorable in water inducing a collapse of the polyrotaxane
network resulting in large heterogeneities which can explain
the different swelling behavior of the sliding gels in the two
solvents. The DMSO, as a better solvent than water for the
polyrotaxane precursors, is more able to swell the heterogeneities
as can be indirectly seen by the quasi-linear decrease of the
swelling degree with increasirtg (see Figure 10). In the case 1044 5 6 Z 8 9
of water, however, a plateau is obtained for the higtkedue K

to the lesser ability for this solvent to swell the cross-linked

aggregates. These aggregates were certainly present at the timé) 100 .
of dissolution of the polyrotaxane precursors in sodium hy- A g
droxide solution, just before the cross-linking reaction step for
the preparation of the sliding gels. The use of a dissociating
solvent such as DMSO or DMACI/LIH, as reported by Araki et
al28 for the high molecular weight polyrotaxanes, during the
cross-linking reaction step should prevent the aggregate forma-
tion in the sliding gels.

The viscoelastic properties are also dependent on the swelling
solvent. In DMSO viscoelastic measurements at low frequencies o
have shown foE'" a power law dependence close to 1 &hd 0-14 "5', p 7 p o
higher thanE". It results a dominant elastic response over the K
viscous component at low frequencies. This peculiar behavior Figure 14. Evolution of E' maxtang) andwmaxgangy for the G8ORy sliding
can be attributed to the sliding motions @fCDs cross-link gels. (8)E'max(aney VS K: (®) E'maxgang) in DMSO; (&) E'maxgangy in
points. In fact in DMSO, sliding motions @f-CDs are favored ~ Water. (0)wmaxangy VS K: (®) @maxtang) in DMSO; (&) @maxane) in
in comparison to water since hydrogen bonds betwe&Ds Wét‘_sr' . .
belonging to two different polyrotaxanes mostly vanish in Slding network. The SANS study reported in this paper has
DMSO. Consequently in this swelling solvent the network flr.mlly established tht=T heterogeneous structure in W?ter of the
expansion as well as the sliding motioncefCDs are enhanced. sliding gels as prevmu_sly observzed by Karino et’and
The effective sliding motion is overshadowed in water where recently reported by Shinohara et élAg_gregates Of p_olyro-
the chains collapse due to the formation of numerous hydrogent,ax"?‘ne netvv.ork.stran(_js are form_ed durln_g the §tat|st|cal Cross-
bonds. Frozen aggregates are formed slowing down the SlidingIlnklng reaction in sodium hydroxide solution which mostly are
motion. To have more insight into the different viscoelastic promoted by the_stacks Of hydrpgen bondedDs. These
behavior of the sliding gels in water and DMSO, the dependence aggregates are dispersed in a diluted network matrix. It was
of the E'maxangy and the position of tan) peak in the frequency demonstrated that the presence of the heterogeneities is greatly
range as a function of the cross-linker fractkmor the G80R/ dependent on Fhe swelling soIvenF. In DMSO, a good solvent,
sliding gels both in water and DMSO were analyzed (Figure the heterogene|_t|e_s fade out _render_lng the ge_l more h(_)mogeneous
14). The dependence Bfmaxang) With K follows an exponential and then the sliding cross-link points contribute mainly to the
law for both swelling solvents. The absolute values of the moduli p(.ac.ullar V|§coelast|c properties O.f the sliding gels. Thus, the
are higher in water than in DMSO for all the sliding gels. For sI|d|_ng motion of the cross-ll_nk pomts along the template _chaln
high K, E'maxgangy) in Water and DMSO seem to converge to a particularly at low frequencies in DMSO revealed the sliding
same value. ThUE maxangy does not depend on the swelling characteristics of the topological networks. This sliding char-
solvent for the highedt, which is due to the fact that the high acteristic motion is a unique signature of the mollecullar. dynamics
density of cross-links prevents all motions and overshadows thee_ncour_ﬂered " top_o!oglcal pOIymer networks_W|th sI|(_:i|ng cross-
sliding mobility in the topological network. For a given gel, link points. This sliding motion is expressed in the viscoelastic

the tan) transition shifts toward the lowest frequencies in gffgg;;\l?er rgéxvgﬁgl:] ;:Zﬁﬁ:ﬁisd:solﬁazﬂ%nngcvdgg'snsm(% rt:]aete\r/ii\ ?é
DMSO as opposed to water. Indeed in water, the network )

collapse increases the probability of intermolecular hydrogen the “sliding gels”.
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