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Abstract

Water-soluble shape-persistent cyclodextrin (CD) polymers with amino-functionalized end groups were prepared starting from
diacetylene-modified cyclodextrin monomers by a combined Glaser coupling/click chemistry approach. Structural perfection of the
neutral CD polymers and inclusion complex formation with ditopic and monotopic guest molecules were proven by MALDI-TOF
and UV—vis measurements. Small-angle neutron and X-ray (SANS/SAXS) scattering experiments confirm the stiffness of the
polymer chains with an apparent contour length of about 130 A. Surface modification of planar silicon wafers as well as AFM tips
was realized by covalent bound formation between the terminal amino groups of the CD polymer and a reactive
isothiocyanate—silane monolayer. Atomic force measurements of CD polymer decorated surfaces show enhanced supramolecular
interaction energies which can be attributed to multiple inclusion complexes based on the rigidity of the polymer backbone and the
regular configuration of the CD moieties. Depending on the geometrical configuration of attachment anisotropic adhesion charac-

teristics of the polymer system can be distinguished between a peeling and a shearing mechanism.
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Introduction

Shape-persistence is an important key feature in self-organisa-
tion strategies of supramolecular building blocks resulting in
high structural perfection of the obtained molecular assemblies
[1], such as shape persistent macrocycles, cage compounds or
rotaxanes [2-4]. Especially shape-persistent polymers are of sig-
nificant scientific interest as their defined structural characteris-
tics offer various applications as sensor materials, biomimetic
filaments or organic electronics [5-7]. Furthermore, compared
to polymers with flexible chains, shape persistent macromole-
cules with high structural rigidity are able to form stable aggre-
gates based on multiple supramolecular interactions, which can
be detected and quantified without the presence of side effects,
such as self-passivation or coiling processes. Dendrimers, nano-
particles and shape-persistent polymers had been previously
discussed as scaffolds for the design of multiple ligands of high
affinity [8]. Nevertheless, well-defined model systems in which
the influence of rigidity and regularity on cooperativity of
binding was systematically investigated have not been reported
so far.

Rigid linear polymers have been considered as suitable scaf-
folds for the design of supramolecular systems showing
multiple interactions. A high rigidity of the macromolecule is
maintained by rigid, linear repeat units, such as trans-etheny-
lene, ethynylene, or p-phenylene moieties. The observed persis-
tence lengths of polyconjugated polymers ranged from 6 to
16 nm, depending on the side groups and the method of deter-
mination [9-11].

Figure 1: Interaction of a shape-persistent CD polymer with ditopic guests.

Beilstein J. Org. Chem. 2017, 13, 938-951.

Among many supramolecular interactions, such as hydrogen
bonding, n—z-interactions or hydrophobic host—guest interac-
tions [12-16], the interactions of cyclodextrins (CDs) with
hydrophobic guest molecules are of special interest, since CDs
are readily available bio-based materials and interactions take
place under physiological conditions [17]. CDs are ideal candi-
dates for the investigation of multivalent interactions as they
combine high affinities with a versatile integrability in macro-
molecular systems [18]. CDs have already been employed for
the construction of supramolecular polymers [19-21], supramo-
lecular hydrogels [22,23], molecular printboards [24,25] or
multivalent interfaces [26-28] with tunable chemical and physi-
cal properties. Herein, for the first time, we present studies con-
cerning the synthesis of shape-persistent CD polymers to inves-
tigate multivalent binding with ditopic guest molecules on the
molecular level (Figure 1). The ditopic guest (shown in red
colour) should act as a connector between opposing CD
moieties.

Only a few examples of shape-persistent CD polymers have
been reported so far, including CD-modified conjugated
oligomers and polymers composed of rigid phenylene ethynyl-
ene (PPE) structure units which are able to form self-inclusion
complexes with tunable electrochemical properties [29-35]. The
synthesis of PPE, in which two B-CD rings were attached to
every second phenylene group, was described by Ogoshi et al.
[36] using a Sonogashira—Hagiwara coupling. We preferred a
poly-phenylene-butadiynylene backbone, synthesized by a
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Glaser—Eglington coupling, since the repeating unit is long
enough (/ = 0.944 nm) to allow the connection of one CD
moiety at each phenylene unit. Based on the stiffness of the
polymer chain self-passivation of CD polymer modified sur-
faces is reduced to a minimum. Furthermore, the ethynyl end
groups are easily functionalized by click chemistry.

Isothermal titration calorimetry (ITC), fluorescence spectrosco-
py, quartz crystal microbalance (QCM), surface plasmon reso-
nance (SPR) and atomic force microscopy (AFM) have been
employed to quantify the strength of the multivalent interac-
tions [8]. Because binding affinities can be very high for multi-
valent supramolecular systems, the constituents are commonly
used in low equilibrium concentrations. Since AFM even allows
the investigation of single molecules, such as DNA [37,38] or
molecular self-assembling based on “Dip-Pen” nanolithogra-
phy [39], it was chosen as the most reliable technique to probe
highly cooperative recognition processes.

The investigation of cooperativity of multiple host—guest inter-
actions using AFM has been reported by several groups [40-45].
Huskens and co-workers measured the supramolecular interac-
tions between a B-CD-modified planar surface and mono-, di-
and trivalent adamantane guest molecules attached to an AFM
tip and found enhancement factors up to 2, depending on the

Beilstein J. Org. Chem. 2017, 13, 938-951.

force loading rate [46]. We have previously explored the adhe-
sion characteristics of dense CD layers on an AFM tip and a
planar silicon surface connected by various ditopic linker mole-
cules. In this system we were able to switch adhesion and fric-
tion by applying external stimuli onto the responsive ditopic
linkers [47-49]. In contrast to previous work our molecular
toolkit, based on ditopic connector molecules, allows the inde-
pendent determination of unspecific interactions between CD
polymers at tip and planar surface as well as the specific inter-
actions to ditopic connector molecules. In the following, we
describe the first example of multivalent interaction of ditopic
guest molecules with shape-persistent CD polymers covalently
attached to an AFM tip and a planar surface. Nano force mea-
surements between CD and CD polymer, CD polymer and CD,
and CD and CD at the tip and the planar surface, respectively,
exerted by the adamantane ditopic connector molecules were
systematically investigated. All four configurations are
schematically depicted in Figure 2.

Results and Discussion

Synthesis of the shape-persistent CD
polymer

Our synthetic approach for the preparation of modified
poly(phenylene butadiynylene)s bearing one CD molecule per
repeat unit started from 2,5-dibromo-4-methylbenzoic acid (2)

- =

CD-CD

polymer-CD

CD-polymer

polymer-polymer

Figure 2: Schematic representation of tip and surface modifications realized in this study (bottom). Blue lines symbolize the CD polymers, red circles

the complexed ditopic linkers.
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[50,51], which was esterified to 3 with tert-butanol catalyzed by
H,SO4 (Scheme 1). The TMS-protected diacetylene derivative
4 was prepared by Sonogashira reaction of 3 with trimethyl-
silylacetylene. Subsequent deprotection of the TMS groups
using tetra-n-butylammonium fluoride and saponification of the
tert-butyl ester with trifluoroacetic acid resulted in the corre-
sponding benzoic acid 6. The latter was coupled to
6-monoamino-6-deoxy-pf-CD [52] using N,N’-dicyclohexyl-
carbodiimide (DCC) and 1-hydroxybenzotriazole (HOBt)
applying a procedure known for terephthalic acid [53]. The re-
sulting product, monomer 7, was easily isolated due to its low
solubility in water which was attributed to self-inclusion be-
tween hydrophobic phenyl moieties and $-CD rings leading to
daisy chains [54].

The polymerization of 7 was performed through Glaser cou-
pling in pyridine catalyzed by Cu(I)/Cu(Il). After removal of
low molecular weight material by ultrafiltration polymer 8 was
isolated as a light orange solid in 91% yield. Polyrotaxane

Beilstein J. Org. Chem. 2017, 13, 938-951.

formation, which might prevent the accessibility of the
CD-moieties located on the polymer backbone, was avoided by
the presence of pyridine as a non-polar solvent. Both NOESY
NMR experiments and circular dichroism (results not shown)
do not indicate any significant interaction of the CDs and the ar-
omatic backbone. Compared to monomer 7, peak broadening
and the disappearance of the 'H NMR signals of the acetylene
protons at 4.54 and 4.36 ppm indicate the formation of polymer
8. The presence of the conjugated backbone was confirmed by
UV-vis and fluorescence measurements in water. Compared to
7, a characteristic bathochromic shift could be observed both in
the absorption and emission spectra of polymer 8 (Figure 3)
showing the presence of the extended polyconjugated m-system.

Quantitative information about the molecular weight distribu-
tion of 8 was obtained by MALDI-TOF measurements using an
ionic liquid matrix (HABA/TMG;) [55]. A representative
MALDI spectrum, shown in Figure 4, exhibits a wide range of
broad signals starting from the signal of the dimer at

Scheme 1: Synthesis of the CD polymer. a) conc. HNOg, reflux, 6 d; b) tert-butanol, cat. HSO4, MgSQy4, CHCly, rt, sealed vessel, 4 d; c) TMSA,
PdCI; (10 mol %), Cul (5 mol %), PPh3 (0.5 equiv), Et3N, 80 °C, 48 h; d) TBAF, THF, —20 °C, 30 min; e) TFA, CHyCly, rt, 18 h; f) 6-monoamino-6-
deoxy-R-CD, DCC, HOBt, DMF, rt, 8 d; g) cat. CuCl, cat. Cu(OAc),, pyridine, 60 °C, 24 h.
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Figure 3: Absorption spectra of monomer 7 (solid red line) and
polymer 8 (solid blue line) in water. Emission spectra of monomer 7
(dotted red line) and polymer 8 (dotted blue line) in water excited at
290 nm and 335 nm, respectively.

m/z 2,621.33 Da detected as [M + Na]" and ending at the 38mer
at m/z 48,196.23 Da for a S/N ratio >3, with an average
1297.4 mass units shift corresponding to one additional
repeating unit. Among each discrete envelope, one to three
supplementary ions, have been detected with a constant
165.2 mass unit shift, revealing the presence of small quantities

All species are noted as (n ; n,), with :

Beilstein J. Org. Chem. 2017, 13, 938-951.

of the repeat unit originating from unmodified benzoic acid de-
rivative 6, e.g., at 2,621.33 and 2,786.52 Da (Figure 4). The MS
analysis reveals the high structural perfection of the polymer 8
where at most one CD entity per polymer molecule is missing.
Integration of the relative distribution of the most intense ions
of each population allowed to estimate both the number aver-
age molecular weight, M, and the mass average molecular
weight, My, of 8,765.77 Da, and 22,023.56 Da, respectively.
These values result in a polydispersity index PDI = M,/M,, of
2.59 typical for normal distributions. From the value of My, an
average contour length L = 17 nm of the macromolecule was
calculated. A more detailed analysis of the MS data is provided
in Supporting Information File 1.

SANS and SAXS measurements of the CD
polymer

Structural characteristics of the CD polymer 8 have been inves-
tigated by small-angle neutron and X-ray scattering experi-
ments (SANS/SAXS). SANS data (KWS-1, JCNS at Heinz
Maier-Leibnitz Zentrum [56]) for a polymer concentration
range from 0.005 to 0.03 g/cm? are presented in Figure 5.
SANS intensities are normalized to polymer concentration and
therefore scattering intensities depend on polymer chain mass
(or mass of chain aggregates), square of scattering contrast,
conformation of polymer chain, and interaction between the

ny = number of B-CD M@q05+Na]* [Ms0.34+Na]* [Mss5:56)+NaJ*
n, = number of monomer 31329.59 37816.68 44303.75
; [Ms.26)+ Na]* ; [M@1.32*Na]* ; [M36.37*Na]*
i 32627.00 1 3911410 ! 45601.19
E : M 27+ NaJ* ' : [M(32;33+Na]* ' i [M(37,38tNa]*
oo 339244 | I 40411.55 | ! 46898.46
| : : [M27,26+Na]* : i [M33.34+Na]*! : ; Moo . +Nal*
R T R Tt A R M
100 ; : | E Mg 29+ Najt 3 : [Ms565*Nal* E !
90 b P 3651924 | 4300636 i [
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10405.92 ; 19653.86 | |
0 — - . . )
I ]
900 10720 20540 30360 ZoT80 “50000
Mass (m/z)

Figure 4: Positive linear MALDI-TOF spectrum of polymer 8 using HABA/TMG, matrix.
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chains (aggregates). There are only minor differences in scat-
tering for concentrations up to 0.02 g/cm? indicating no signifi-
cant aggregation between polymer chains with increasing con-
centration which would lead to highly ordered polymer species.
The decrease of scattering intensity for the highest concentra-
tion of 0.03 g/cm? can be attributed to interaction of polymer
chains. The SAXS curve measured at 0.03 g/mL shows a simi-
lar shape as the neutron data (Supporting Information File 1,
Figure S1).
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Figure 5: SANS data for polymer 8 and fit by cylindrical model (solid
line).

The low-g range of scattering data has been analyzed with a
Debye function. The apparent radius of gyration Rg 55, and the
scattering at “zero angle”, 1(0), were obtained by fitting the
scattering data for ¢ < 0.02 A~! [57]:

IDebye (x) = 2(e_x—1+x)/x2, 1)

where x= ¢° Rg,app2. The scattering intensity is given by

I(q)/c = 1(0) fDebye (x) = MappDrszDebye (x), (2)

Beilstein J. Org. Chem. 2017, 13, 938-951.

where the apparent molar weight, My, is connected with the
real molar weight, M, via a structure factor S(0) (interaction
among polymer chains) as M x S(0) = M,pp, and Apyy, is the
difference in neutron scattering length density between polymer
and solvent normalized to the density of polymer. The local
structure of the polymer cylindrical cross-section was extracted
by applying indirect Fourier transformation (IFT) [58] to the ex-
perimental data from the high-q range. Detailed information
applying this method is presented in Supporting Information
File 1. The resulting parameters for the concentration depen-
dence of /(0), scattering at “zero angle” of a cylindrical cross-
section of polymer /cs(0), radius of gyration Ry ,p,p, and radius
of gyration of a cylindrical cross-section Ry cs are presented in
Table 1. The ratio between /(0) and /cg(0) provides the apparent
contour length of the polymer chain. SAXS and SANS indicate
a contour length of 130160 A, i.e., 15 monomer units with the
length of one unit of Ly, = 9.2 A and the chemical composi-
tion Cs4H75NO3s (molecular weight 1298.17 g/mol). Ry cs has
been used to calculate the cross-section diameter of the homo-
geneous cylinder to be 30 A.

Scattering intensities do not change significantly with concen-
tration indicating that the value of S(0) is close to 1. We
consider the values for Lyp, and My, as lower limits. They are
probably affected by the inexact determination of the scattering
contrast.

The apparent mass and contour length of polymer 8 with values
of about 18 kDa and 130-160 A are in the same range as those
obtained by MALDI measurements (M, = 22 kDa, L = 170 A)
and confirm the structural characteristics of the stiff CD

polymer.

The flexibility of chains of polymer 8 was determined by means
of a Holtzer plot [59]. Detailed information and the correspond-
ing data are presented in Supporting Information File 1. The
absence of a characteristic inflection point, where the scattering
intensity changes from ¢! as for rigid cylinder to g2 (or to

¢~>"3 when self-avoidance is important) as for flexible chains,

Table 1: Structural parameters of polymer 8 (apparent radius of gyration, scattering at zero angle, radius of gyration of polymer cross-section, scat-
tering at zero angle of polymer cross-section, apparent contour length obtained from the ratio between /(0) and /cs(0), and calculated apparent mass
of polymer 8, obtained from the length of monomer unit Mapp = Mmon % Lapp/Lmon)-

Conc, g/mL Rg.app A 1(0), cm2-g™" Rgcs A
0.03 (SAXS)  38.0%15 680+ 10au. 10.2+0.5
0.005 37.4+35 16.2+0.3 9.8+0.5
0.01 31.6+25 15.0+0.2 9.7+05
0.02 327+16 14.9+0.2 95+0.5
0.03 346+15 13.0 £ 0.1 94+05

Ics(0), A=1-em2-g™1 Lapp, A Mspp, kDa
5.23 +0.05 a.u. 130 18
0.099 + 0.002 164 23
0.119 + 0.002 126 18
0.117 + 0.002 127 18
0.100 + 0.002 130 18
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indicates that polymer chains are short and rigid, i.e., that the
persistence length is of the same order as the contour length of

the polymer.

The SAXS data has been analyzed by models representing the
expected shape of polymers. It was assumed that there is no
interaction between aggregates, which means that the scattering
intensities depend only on the size and shape of the aggregates

[60]. Details are shown in Supporting Information File 1.

The scattering data could be described (Figure 5 above and
Figure S1 in Supporting Information File 1) by a population of
rigid cylinders of length 110 + 5 A and radius of cross-section
of 12 + 2 A. Neglecting the interaction between polymer chains
in the model leads to the slightly lower length values.

Complexation of monotopic and ditopic

guests

In contrast to monomer 7, polymer 8 was soluble in water up to
a concentration of 0.15 mM (based on the repeating unit). This
allows the investigation of the complexation of ditopic and
monotopic guests, 9 and 10, respectively. The solubility of the
host polymer 8 as a function of the concentration of both guests
9 and 10 (Scheme 2) was determined by UV—vis spectroscopy
using the extinction coefficient € of 8 (14,800 M lem™) at
425 nm. A more detailed description of the solubility measure-

ments is presented in Supporting Information File 1.

Addition of hydrophilic guest 10 caused an increase in solu-
bility of host polymer 8 in water (Figure 6). The surprisingly
steep initial slope of the phase solubility diagram, m = 1.4
(repeating unit/guest) could be well represented by a model
where every second CD moiety has to be complexed by the
hydrophilic guest to significantly improve the solubility in
water. Binding constants of about 40,000 ML, which were in
the same range as literature values for the incorporation of
adamantane derivatives into $-CD, [61] were obtained using

©
®

|
\_/ \_/ AV

Scheme 2: Ditopic and monotopic guest molecules.

Beilstein J. Org. Chem. 2017, 13, 938-951.

ITC measurements considering a two-step sequential complex-
ation with guest 10. Further information is provided in Support-
ing Information File 1. Incomplete complexation with cationic
guest molecules is indicated by a significant lower binding con-
stant of 670 M™! for the second binding complexation step,
which is strongly inhibited as a result of the electronic repul-
sion of charged guest molecules in close proximity to each
other. In contrast, a pronounced reduction of the solubility of
CD polymer 8 was observed in the presence of ditopic guest 9,
which was attributed to the interconnection of polymer chains
through the complexation of the ditopic guest. The very low
concentration of connector 9 necessary for the almost complete
precipitation of the host polymer 8 can be explained by the high
integrability of the host—guest system based on the shape-persis-
tence of the polyconjugated polymer backbone of 8.

ditopic guest 9 in H,0

3000 — guest 10 in HZO
7
2500 d &
e
/
—. 2000 4 // 150
= 4 —
= /,/- 5
© 1500 - e = 100
@ ¥ F
3 / € s
- 1000 - S 3
Q. /
//i [} =
400 800
5009 ~ guest [UM]
o m. . -I - T - T - T - T
0 400 800 1200 1600 2000
guest [uM]

Figure 6: Solubility of polymer 8 in the presence of ditopic connector 9
(black graph) and 1-aminoadamantane hydrochloride 10 (red graph),
respectively in water at 25 °C.

Attachment of polymer 8 to silicon surfaces
Planar silicon wafers, as well as the silicon AFM tip, were first
functionalized by a polysiloxane monolayer bearing isothio-

NH? a®

10
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cyanate groups, which smoothly react with amines forming
stable thiourea links [48]. Monolayers of B-CD or B-CD-
polymer were obtained by attachment of monoamino -CD or
amino-modified CD polymer 12, synthesized from polymer 8
(Scheme 3) through Cu(I)-catalyzed azide—alkyne cycloaddi-
tion (CuAAC) with the triethylene glycol linker 11 (N3-TEG-
NH;) which had been prepared in a five-step procedure [62,63].

Probing multivalent interactions by AFM

The adhesive forces of 12, due to supramolecular interactions
with ditopic guest 9, between a planar silicon surface and an
AFM tip both modified with the CD polymer 12 or
6-monoamino-6-deoxy-B-CD were systematically investigated
by AFM. While adhesion was very weak in pure water, signifi-
cant adhesion took place over a wide range of distances in a
10 uM solution of ditopic guest 9 (Figure 7a—d). For compari-
son, we also investigated the adhesion forces between CD and
12, 12 and CD, and CD and CD at the tip and the planar sur-
face, respectively, caused by the adamantane connector 9.
Adhesive forces were recorded as function of the tip—surface
distance upon retracting of the tip from the surface for all four
configurations. The pull-off force required to detach the tip
from the surface in the presence of connector molecules was of
the order of 500 pN for the CD—CD configuration and about
1 nN for all configurations involving CD polymers (12). These
values are significantly higher than the pull-off forces of about
250 pN measured in control experiments for all configurations.
The graphical summary in Figure 7a suggests that the pull-off
forces for the 12—12 configuration are slightly higher than for
the 12—-CD and for the CD-12 configuration.

Beilstein J. Org. Chem. 2017, 13, 938-951.

While the pull-off force is similar, the overall appearance of the
force curves differs for the three polymer configurations. The
interaction distance varies significantly for the different config-
urations. The CD-CD configuration has the shortest and the
polymer—polymer configuration the longest range of interac-
tions. The interaction range can be quantified by the tip—sur-
face distance at which the last rupture occurs, referred to as
maximum rupture length. The histograms of the maximum rup-
ture length for all four configurations are presented in Figure 7.
For the CD-CD configuration, the most probable maximum
rupture length of 5 nm corresponds to the combined height of
the monolayers on tip and surface, each of about 2.5 nm. The
typical rupture length for the CD—-12 configuration is 10 nm,
while it is 29 nm for the 12—CD configuration. The difference in
maximum rupture length indicates a difference in the detach-
ment mechanism. In the CD-12 configuration, the polymers
bind to the sloped facets of the asperity of the AFM tip. Upon
pulling, the polymers are sheared from the tip apex by rupturing
all bonds simultaneously leading to one large rupture peak at a
small tip—surface distance. For the 12—CD configuration, a force
plateau observed in the force-distance curve in Figure 7c
reveals the peeling of a polymer chain from the CD-coated sur-
face resulting in a rupture length similar to the length of the
polymer chains.

For the 12-12 configuration, many additional small detachment
events lead to a broadening of the pull-off curve and reveal the
rupture of bonds for tip—surface distances as large as 110 nm in
Figure 7d. The broad distribution of rupture length, which
extends to roughly the double of that of the 12-CD configura-

11 (N5-TEG-NHy)

HzN\/\O/\/O\/\'Tj N2 {_ /}—\\ _-‘ o

Polymer 8
Cu*

N:N

0]

Scheme 3: Synthesis of amino functionalized polymer 12.
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Figure 7: Characteristic force curves recorded during retraction of the AFM tip from the surface. Four functionalizations are compared: (a) cyclo-

dextrin (CD) layers on tip and surface, (b) CD layer on the tip and polymers (12) on the surface, (c) polymers (12) on the tip and CD layer on the sur-
face, and (d) polymers (12) on tip and surface. Black curves represent control experiments in pure water, red curves experiments in solution contain-
ing ditopic connector 9. The maximum negative force is referred to as the pull-off force. The histograms summarize the distribution of maximum rup-

ture length for every configuration.

tion, indicates that individual long polymer chains interlock,
explaining also the characteristic stretching events in the force-
distance curve. The most probable maximum rupture length for
the 12—12 system is 38 nm, which is double of the average
polymer length of 17 nm predicted from the MALDI-TOF and
SANS/SAXS results. The agreement confirms the picture that

the maximum rupture length reflects the final detachment of
supramolecular bonds at the end of stretched polymer chains at-
tached to AFM tip and surface.

The higher sensitivity of our AFM set up compared to the
MALDI-TOF instrument allowed us to even detect single rup-
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ture events at a distance up to 250 nm, which proved that some
individual chains had a length of at least 125 nm. Compared to
MALDI-TOF measurements in which the small number of high
molecular weight polymer chains are hardly detectable, AFM
experiments overemphasize the few longest polymer chains
probing the interactions of the regularly spaced CDs in CD
polymer 12 and ditopic connector molecules. Due to this obser-
vation AFM is an excellent detection tool for analysing cooper-

ative effects in ordered supramolecular systems.

The differences between the four configurations of functionali-
zation can be further quantified by integration of the force
curves, resulting in the work of separation which has been em-
ployed before as a suitable parameter for the quantification of
polymer detachment [45]. In line with the characteristic shape
of the example force curves, the work of separation increased
significantly in the order CD-CD, CD-12, 12-CD and 12-12
configuration (Figure 8). The relative increase in the work of
adhesion from control experiments to measurements of the spe-
cific interactions caused by the connector molecule 9 was even
higher than the respective increase in pull-off force due to the
very short range of the non-specific adhesive interactions.

The significant difference in the interaction range and thus in
the work of separation between CD—-12 and 12—CD configura-
tion can be explained by the asymmetry between curved tip and
flat surface and the resulting difference in the detachment mech-
anism. Polymers attached to the surface bind to the side faces of
the tip with its nanometer-scale apex radius. Upon retraction,
the force acts along the polymer and shears the polymer off the
tip, with all bonds rupturing more or less simultaneously. In
contrast, polymers attached to the tip bind to the flat surface
such that upon retraction the polymer is peeled from the sur-
face by the orthogonal force, one bond breaking after another.
The different detachment scenarios are depicted in the

—
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©
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water
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schematic drawings in Figure 2. The shearing configuration
(CD-12) leads to simultaneous rupture of all bonds, while the
peeling configuration (12-CD) involves bending of the polymer
and consecutive rupture. The strongest adhesion is offered by
the supramolecular interlocking of polymers attached to tip and
surface. Supramolecular interconnection between two CD
polymer 12 molecules through the ditopic guest 9 is expected to
be superior to the one between CD polymer 12 and CD because
of the higher regularity of the CD spacing at the polymer com-
pared to the spacing within the CD monolayer. We conclude
that the regularity of the CD polymer 12 allows to establish a
much higher number of supramolecular bonds with the
connector 9 giving rise to about a fivefold enhancement of the

work of separation.

Many force curves exhibit a well-defined last rupture event. A
representative example is shown in Figure 9a, where the force
drops from around 63 pN to zero at a distance of 110 nm. The
distribution of rupture forces for the last rupture events, shown
in Figure 9b, has a clear maximum at 63 pN, determined by a
Gaussian fit to the distribution, and a weak second maximum at

about double this value.

We conclude that 63 £ 10 pN is the rupture force for a single
bond between our supramolecular polymers 12 established by
the ditopic guest 9. The value agrees with rupture force
measured for adamantane—-CD complexes with CD molecules in
the surface layers when the stiffness of the AFM cantilever is
taken into account [64].

Force curves like those shown in Figure 7 can be repeated on
the same spot of one sample many times with very similar
results. The repeatability confirms the reversibility of the under-
lying interactions. It is difficult to estimate the number of supra-
molecular bonds contributing to pull-off forces of 1 nN in

(b)
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CD-CD CD-Poly Poly-CD Poly-Poly

Figure 8: Graphical summary of experimental results for the four configurations of CD attachment introduced in Figure 2: (a) pull-off forces,
(b) work of separation. The error bars indicate standard deviations for averages over different lateral positions on the functionalized surface.
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Figure 9: (a) Detail of the end of a force curve for a polymer-functionalized tip retracted from a polymer-functionalized surface. This is the last
unbinding event which occurs at a tip—surface distance of about 110 nm, indicating the possible range of interaction for polymer functionalization of tip
and surface. (b) Distribution of force drops for the last unbinding event with a maximum at 63 pN and a possible second maximum at about double

this value.

Figure 7. Based on the single bond rupture force one could
assume contributions by 16 supramolecular bonds or even more
since it is unlikely that all bonds are loaded to their rupture
force. As long as we have no experimental means to exactly de-
termine the number of polymers molecules involved we cannot
evaluate the number of interconnections per polymer. Since a
significant number of single rupture events at large tip—surface
distances require forces of around 200-250 pN (Figure 7d) up
to four bonds per polymer pair appear reasonable.

Probing multivalent interactions by friction
AFM

Finally, friction force experiments have been performed for the
12-CD configuration. The tip of the AFM slides in contact
across the surface, where polymers attached to the tip may
interact with the CD layer on the surface. A characteristic result
is presented in Figure 10. The average friction force increases
by a factor of 2.5 due to the supramolecular interactions in com-
parison with control experiments in water. The friction force
curve exhibit peculiar spikes when adamantane connector mole-
cules are present. These spikes represent an irregular stick-slip
motion of the tip. When one or several polymers are bound to
the surface, the tip is stuck and the increasing force leads to
torsion of the cantilever until the force is large enough to detach
the polymers and drag them further across the surface. The
highest friction force spikes of the 12—CD configuration exhibit
a force drop of 2 nN, similar to the highest pull-off forces for
the same system. Shearing of a series of bonds, as described for
adhesion in the CD-12 configuration, is also the mechanism
underlying friction in the 12-CD configuration. Stick spike
forces of 2 nN are enhanced by at least a factor of 3 compared

to the one for the CD-CD system previously described [48].
This spike force may be enhanced by the multivalency effects
discussed above, but its strength indicates that more than one
polymer molecule might be involved.

T T T T T T
3+ i
Z
C 2+ _
R
QO 1+ -
o
0 -
e,
T 1 1
| -
QL |
C_U 3 —— control
e adamantane
0 100 200 300 400 500

position [nm]

Figure 10: Characteristic result of a friction experiment for a polymer-
functionalized tip sliding on a surface carrying a CD layer. Lateral
forces are plotted as a function of lateral tip position when sliding

500 nm back and forth with a velocity of 45 nm/s.

Conclusion

In conclusion, regular water-soluble shape-persistent CD poly-
mers based on poly(phenylene butadiynylene) were prepared by
a straightforward Glaser coupling/click chemistry approach,
which can be attached to planar silicon surfaces as well as AFM

tips. Structural perfection of the resulted polymers was con-
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firmed by MALDI-TOF measurements revealing the presence
of high molecular weight materials with up to 38 repeat units.
High integrability of the scaffold was proven by UV—vis sup-
ported solubility measurements upon addition of ditopic
adamantane connectors. Small-angle neutron scattering and
X-ray experiments reveal the presence of stiff cylindrical
polymer chains with contour lengths of about 13—16 nm, which
corresponds to the values obtained by MALDI and AFM mea-
surements. Hard substrates with the shape-persistent polymers
and interconnected by ditopic guest molecules require about
five times higher separation energies than those functionalized
with conventional CD monolayers. This significant enhance-
ment of adhesion can be attributed to a strong cooperative effect
favored by the rigidity of the polymer backbone and the regular
spacing of the CD moieties. The range of adhesive interactions
could be extended from 5 to 38 nm, which will also allow the
interconnection of surfaces with higher roughness. The stiff
polymers exhibit a clear contrast between shearing and peeling
mechanisms, depending on the geometrical configuration of
attachment. The distribution of the maximum rupture lengths in
the force microscopy experiments confirms the molecular
weight distribution of the CD polymers estimated by
MALDI-TOF and the average contour length determined by
SANS/SAXS. In addition, force microscopy experiments em-
phasize the longest polymer chains and their maximum length.

Supporting Information
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Experimental procedures, MALDI-TOF spectra, details on
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[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-13-95-S1.pdf]

Acknowledgements

The authors thank Annegret Engelke and Blandine Bossmann
for performing UV and fluorescence measurements. Devid Hero
is gratefully acknowledged for the synthetic support preparing
the modified CD starting materials. Neutron scattering experi-
ments performed at the KWS-1 instrument operated by the
Jiilich Centre for Neutron Science (JCNS) at the Heinz Maier-
Leibnitz Zentrum (MLZ), Garching, Germany. The support of
Clement Blanchet (EMBL) is kindly acknowledged. This work
benefited from the use of the SasView application, originally
developed under NSF award DMR-0520547.

This work was supported by the Volkswagen Foundation
through the program Integration of Molecular Components in

Functional Macroscopic Systems.

Beilstein J. Org. Chem. 2017, 13, 938-951.

References

1. Wegner, G. Macromol. Symp. 2003, 201, 1-9.
doi:10.1002/masy.200351101

2. Hoger, S. Chem. — Eur. J. 2004, 10, 1320-1329.
doi:10.1002/chem.200305496

3. Schweez, C.; Shushkov, P.; Grimme, S.; Hoger, S.
Angew. Chem., Int. Ed. 2016, 55, 3328-3333.
doi:10.1002/anie.201509702
Angew. Chem. 2016, 128, 3389-3394. doi:10.1002/ange.201509702

4. Zhang, G.; Mastalerz, M. Chem. Soc. Rev. 2014, 43, 1934-1947.
doi:10.1039/C3CS60358J

5. Yang, J.-S.; Swager, T. M. J. Am. Chem. Soc. 1998, 120, 5321-5322.
doi:10.1021/ja9742996

6. Aida, T.; Mejer, E. W.; Stupp, S. |. Science 2012, 335, 813-817.
doi:10.1126/science.1205962

7. Facchetti, A. Chem. Mater. 2011, 23, 733-758.
doi:10.1021/cm102419z

8. Fasting, C.; Schalley, C. A.; Weber, M.; Seitz, O.; Hecht, S.;
Koksch, B.; Dernedde, J.; Graf, C.; Knapp, E.-W.; Haag, R.
Angew. Chem. 2012, 124, 10622—10650. doi:10.1002/ange.201201114
Angew. Chem. Int. Ed. 2012, 51, 10472—-10498.
doi:10.1002/anie.201201114

9. Choudhury, P. K.; Bagchi, D.; Menon, R. J. Phys.: Condens. Matter
2009, 27, 195801. doi:10.1088/0953-8984/21/19/195801

10. Jeschke, G.; Sajid, M.; Schulte, M.; Ramezanian, N.; Volkov, A.;
Zimmermann, H.; Godt, A. J. Am. Chem. Soc. 2010, 132,
10107-10117. doi:10.1021/ja102983b

11.Harre, K.; Wegner, G. Polymer 2006, 47, 7312-7317.
doi:10.1016/j.polymer.2006.05.067

12.Ahn, Y,; Jang, Y.; Selvapalam, N.; Yun, G.; Kim, K.
Angew. Chem., Int. Ed. 2013, 52, 3140-3144.
doi:10.1002/anie.201209382

13.Anderson, C. A.; Jones, A. R.; Briggs, E. M.; Novitsky, E. J.;
Kuykendall, D. W.; Sottos, N. R.; Zimmerman, S. C. J. Am. Chem. Soc.
2013, 135, 7288-7295. doi:10.1021/ja4005283

14.Reczek, J. J.; Kennedy, A. A.; Halbert, B. T.; Urbach, A. R.
J. Am. Chem. Soc. 2009, 131, 2408-2415. doi:10.1021/ja808936y

15.Harada, A.; Takashima, Y.; Nakahata, M. Acc. Chem. Res. 2014, 47,
2128-2140. doi:10.1021/ar500109h

16.Mei, J.; Leung, N. L. C.; Kwok, R. T. K.; Lam, J. W. Y.; Tang, B. Z.
Chem. Rev. 2015, 115, 11718-11940.
doi:10.1021/acs.chemrev.5b00263

17.Wenz, G. Angew. Chem., Int. Ed. 1994, 33, 803-822.
doi:10.1002/anie.199408031

18.Wenz, G. Adv. Polym. Sci. 2009, 222, 204-254.
doi:10.1007/12_2008_13

19.Yang, L.; Tan, X.; Wang, Z.; Zhang, X. Chem. Rev. 2015, 115,
7196-7239. doi:10.1021/cr500633b

20.Du, X.; Zhou, J.; Shi, J.; Xu, B. Chem. Rev. 2015, 115, 13165-13307.
doi:10.1021/acs.chemrev.5b00299

21.Krieg, E.; Bastings, M. M. C.; Besenius, P.; Rybtchinski, B. Chem. Rev.
2016, 116, 2414-2472. doi:10.1021/acs.chemrev.5b00369

22.Weickenmeier, M.; Wenz, G.; Huff, J. Macromol. Rapid Commun.
1997, 18, 1117-1123. doi:10.1002/marc.1997.030181216

23.Nakahata, M.; Takashima, Y.; Harada, A. Macromol. Rapid Commun.
2016, 37, 86—92. doi:10.1002/marc.201500473

24.Ludden, M. J. W.; Reinhoudt, D. N.; Huskens, J. Chem. Soc. Rev.
2006, 35, 1122—1134. doi:10.1039/b600093m

949


http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-13-95-S1.pdf
http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-13-95-S1.pdf
https://doi.org/10.1002%2Fmasy.200351101
https://doi.org/10.1002%2Fchem.200305496
https://doi.org/10.1002%2Fanie.201509702
https://doi.org/10.1002%2Fange.201509702
https://doi.org/10.1039%2FC3CS60358J
https://doi.org/10.1021%2Fja9742996
https://doi.org/10.1126%2Fscience.1205962
https://doi.org/10.1021%2Fcm102419z
https://doi.org/10.1002%2Fange.201201114
https://doi.org/10.1002%2Fanie.201201114
https://doi.org/10.1088%2F0953-8984%2F21%2F19%2F195801
https://doi.org/10.1021%2Fja102983b
https://doi.org/10.1016%2Fj.polymer.2006.05.067
https://doi.org/10.1002%2Fanie.201209382
https://doi.org/10.1021%2Fja4005283
https://doi.org/10.1021%2Fja808936y
https://doi.org/10.1021%2Far500109h
https://doi.org/10.1021%2Facs.chemrev.5b00263
https://doi.org/10.1002%2Fanie.199408031
https://doi.org/10.1007%2F12_2008_13
https://doi.org/10.1021%2Fcr500633b
https://doi.org/10.1021%2Facs.chemrev.5b00299
https://doi.org/10.1021%2Facs.chemrev.5b00369
https://doi.org/10.1002%2Fmarc.1997.030181216
https://doi.org/10.1002%2Fmarc.201500473
https://doi.org/10.1039%2Fb600093m

25.Ludden, M. J. W,; Ling, X. Y.; Gang, T.; Bula, W. P,;
Gardeniers, H. J. G. E.; Reinhoudt, D. N.; Huskens, J. Chem. — Eur. J.
2008, 74, 136—142. doi:10.1002/chem.200701250

26.Hsu, S.-H.; Yilmaz, M. D.; Reinhoudt, D. N.; Velders, A. H.; Huskens, J.

Angew. Chem. 2013, 125, 742—747. doi:10.1002/ange.201207647
Angew. Chem. Int. Ed. 2013, 52, 714-719.
doi:10.1002/anie.201207647

27.Perl, A.; Gomez-Casado, A.; Thompson, D.; Dam, H. H.; Jonkheijm, P;
Reinhoudt, D. N.; Huskens, J. Nat. Chem. 2011, 3, 317-322.
doi:10.1038/nchem.1005

28.Ludden, M. J. W.; Mulder, A.; Tampé, R.; Reinhoudt, D. N;
Huskens, J. Angew. Chem. 2007, 119, 4182—4185.
doi:10.1002/ange.200605104
Angew. Chem. Int. Ed. 2007, 46, 4104—4107.
doi:10.1002/anie.200605104

29.Terao, J.; Homma, K.; Konoshima, Y.; Imoto, R.; Masai, H.;
Matsuda, W.; Seki, S.; Fujihara, T.; Tsuji, Y. Chem. Commun. 2014,
50, 658—660. doi:10.1039/C3CC47105E

30.Terao, J. Chem. Rec. 2011, 11, 269-283. doi:10.1002/tcr.201100009

31.Terao, J.; Tsuda, S.; Tanaka, Y.; Okoshi, K.; Fujihara, T.; Tsuiji, Y.;
Kambe, N. J. Am. Chem. Soc. 2008, 131, 16004—16005.
doi:10.1021/ja9074437

32.Masai, H.; Terao, J.; Makuta, S.; Tachibana, Y.; Fujihara, T.; Tsuiji, Y.
J. Am. Chem. Soc. 2014, 136, 14714-14717. doi:10.1021/ja508636z

33.Masai, H.; Terao, J.; Seki, S.; Nakashima, S.; Kiguchi, M.; Okoshi, K.;
Fujihara, T.; Tsuji, Y. J. Am. Chem. Soc. 2014, 136, 1742-1745.
doi:10.1021/ja411665k

34.Terao, J.; Tanaka, Y.; Tsuda, S.; Kambe, N.; Taniguchi, M.; Kawai, T.;
Saeki, A.; Seki, S. J. Am. Chem. Soc. 2009, 131, 18046—18047.
doi:10.1021/ja908783f

35.Terao, J.; Kimura, K.; Seki, S.; Fujihara, T.; Tsuji, Y. Chem. Commun.
2012, 48, 1577-1579. doi:10.1039/C1CC13012A

36. Ogoshi, T.; Takashima, Y.; Yamaguchi, H.; Harada, A.
Chem. Commun. 2006, 3702—-3704. doi:10.1039/b605804c

37.Rief, M.; Clausen-Schaumann, H.; Gaub, H. E. Nat. Struct. Biol. 1999,
6, 346—349. doi:10.1038/7582

38.Kufer, S. K.; Puchner, E. M.; Gumpp, H.; Liedl, T.; Gaub, H. E. Science
2008, 379, 594-596. doi:10.1126/science.1151424

39.Piner, R. D.; Zhu, J.; Xu, F.; Hong, S.; Mirkin, C. A. Science 1999, 283,
661-663. doi:10.1126/science.283.5402.661

40.Bacharouche, J.; Degardin, M.; Jierry, L.; Carteret, C.; Lavalle, P.;

Hemmerlé, J.; Senger, B.; Auzély-Velty, R.; Boulmedais, F.;

Boturyn, D.; Coche-Guérente, L.; Schaaf, P.; Francius, G.

J. Mater. Chem. B 2015, 3, 1801-1812. doi:10.1039/C4TB01261E

.Kaftan, O.; Tumbiolo, S.; Dubreuil, F.; Auzély-Velty, R.; Fery, A.;

Papastavrou, G. J. Phys. Chem. B 2011, 115, 7726-7735.

doi:10.1021/jp110939c

42.Han, X;; Qin, M.; Pan, H.; Cao, Y.; Wang, W. Langmuir 2012, 28,
10020-10025. doi:10.1021/1a301903z

43.Pussak, D.; Ponader, D.; Mosca, S.; Pompe, T.; Hartmann, L.;
Schmidt, S. Langmuir 2014, 30, 6142-6150. doi:10.1021/1a5010006

44.Zhang, Y.; Yu, Y.; Jiang, Z.; Xu, H.; Wang, Z.; Zhang, X.; Oda, M.;
Ishizuka, T.; Jiang, D.; Chi, L.; Fuchs, H. Langmuir 2009, 25,
6627-6632. doi:10.1021/1a901360c

45.Ratto, T. V.; Rudd, R. E.; Langry, K. C.; Balhorn, R. L.;
McElfresh, M. C. Langmuir 2006, 22, 1749-1757.
doi:10.1021/1a052087d

46.Gomez-Casado, A.; Dam, H. H.; Yilmaz, M. D.; Florea, D.;
Jonkheijm, P.; Huskens, J. J. Am. Chem. Soc. 2011, 133,
10849-10857. doi:10.1021/ja2016125

4

N

47.

48.

49.

50.

5

a

52.

53.

54,

55.

56.

57.

58.

59.

60.

6

=

62.

63.

64.

Beilstein J. Org. Chem. 2017, 13, 938-951.

Bozna, B. L.; Blass, J.; Albrecht, M.; Hausen, F.; Wenz, G.;
Bennewitz, R. Langmuir 2015, 31, 10708—-10716.
doi:10.1021/acs.langmuir.5b03026

Blass, J.; Albrecht, M.; Bozna, B. L.; Wenz, G.; Bennewitz, R.
Nanoscale 2015, 7, 7674—7681. doi:10.1039/C5NR00329F
Blass, J.; Bozna, B. L.; Albrecht, M.; Krings, J. A.; Ravoo, B. J,;
Wenz, G.; Bennewitz, R. Chem. Commun. 2015, 51, 1830-1833.
doi:10.1039/C4CC09204J

Bonifacio, M. C.; Robertson, C. R.; Jung, J.-Y.; King, B. T.

J. Org. Chem. 2005, 70, 8522—-8526. doi:10.1021/jo0514180

.Cocherel, N.; Poriel, C.; Rault-Berthelot, C.; Barriére, F.;

Audebrand, N.; Slawin, A. M. Z.; Vignau, L. Chem. — Eur. J. 2008, 14,
11328-11342. doi:10.1002/chem.200801428

Wenz, G.; Strassnig, C.; Thiele, C.; Engelke, A.; Morgenstern, B.;
Hegetschweiler, K. Chem. — Eur. J. 2008, 14, 7202-7211.
doi:10.1002/chem.200800295

Kretschmann, O.; Choi, S. W.; Miyauchi, M.; Tomatsu, |.; Harada, A.;
Ritter, H. Angew. Chem. 2006, 118, 4468—4472.
doi:10.1002/ange.200504539

Angew. Chem. Int. Ed. 2006, 45, 4361-4365.
doi:10.1002/anie.200504539

Wenz, G.; Han, B.-H.; Mller, A. Chem. Rev. 2006, 106, 782-817.
doi:10.1021/cr970027+

Przybylski, C.; Blin, F.; Jarroux, N. Macromolecules 2011, 44,
1821-1830. doi:10.1021/ma102641q

Feoktystov, A. V.; Frielinghaus, H.; Di, Z.; Jaksch, S.; Pipich, V;
Appavou, M.-S.; Babcock, E.; Hanslik, R.; Engels, R.; Kemmerling, G.;
Kleines, H.; loffe, A.; Richter, D.; Bruckel, T. J. Appl. Crystallogr. 2015,
48, 61-70. doi:10.1107/S1600576714025977

Debye, P. J. Phys. Colloid Chem. 1947, 51, 18-32.
doi:10.1021/j150451a002

Glatter, O. J. Appl. Crystallogr. 1977, 10, 415-421.
doi:10.1107/S0021889877013879

Denkinger, P.; Burchard, W. J. Polym. Sci., Part B: Polym. Phys. 1991,
29, 589-600. doi:10.1002/polb.1991.090290508

Pedersen, J. S. Adv. Colloid Interface Sci. 1997, 70, 171-210.
doi:10.1016/S0001-8686(97)00312-6

.Rekharsky, M. V.; Inoue, Y. Chem. Rev. 1998, 98, 1875-1918.

doi:10.1021/cr9700150

Deng, L.; Norberg, O.; Uppalapat, S.; Yan, M.; Ramstrém, O.

Org. Biomol. Chem. 2011, 9, 3188-3198. doi:10.1039/c10b05040k
Schmidt, G.; Timm, C.; Grube, A.; Volk, C. A.; Kéck, M. Chem. — Eur. J.
2012, 18, 8180-8189. doi:10.1002/chem.201101362

Blass, J.; Albrecht, M.; Wenz, G.; Zang, Y. N.; Bennewitz, R.

Phys. Chem. Chem. Phys. 2017, 19, 5239-5245.
doi:10.1039/C6CP07532K

950


https://doi.org/10.1002%2Fchem.200701250
https://doi.org/10.1002%2Fange.201207647
https://doi.org/10.1002%2Fanie.201207647
https://doi.org/10.1038%2Fnchem.1005
https://doi.org/10.1002%2Fange.200605104
https://doi.org/10.1002%2Fanie.200605104
https://doi.org/10.1039%2FC3CC47105E
https://doi.org/10.1002%2Ftcr.201100009
https://doi.org/10.1021%2Fja9074437
https://doi.org/10.1021%2Fja508636z
https://doi.org/10.1021%2Fja411665k
https://doi.org/10.1021%2Fja908783f
https://doi.org/10.1039%2FC1CC13012A
https://doi.org/10.1039%2Fb605804c
https://doi.org/10.1038%2F7582
https://doi.org/10.1126%2Fscience.1151424
https://doi.org/10.1126%2Fscience.283.5402.661
https://doi.org/10.1039%2FC4TB01261E
https://doi.org/10.1021%2Fjp110939c
https://doi.org/10.1021%2Fla301903z
https://doi.org/10.1021%2Fla5010006
https://doi.org/10.1021%2Fla901360c
https://doi.org/10.1021%2Fla052087d
https://doi.org/10.1021%2Fja2016125
https://doi.org/10.1021%2Facs.langmuir.5b03026
https://doi.org/10.1039%2FC5NR00329F
https://doi.org/10.1039%2FC4CC09204J
https://doi.org/10.1021%2Fjo051418o
https://doi.org/10.1002%2Fchem.200801428
https://doi.org/10.1002%2Fchem.200800295
https://doi.org/10.1002%2Fange.200504539
https://doi.org/10.1002%2Fanie.200504539
https://doi.org/10.1021%2Fcr970027%2B
https://doi.org/10.1021%2Fma102641q
https://doi.org/10.1107%2FS1600576714025977
https://doi.org/10.1021%2Fj150451a002
https://doi.org/10.1107%2FS0021889877013879
https://doi.org/10.1002%2Fpolb.1991.090290508
https://doi.org/10.1016%2FS0001-8686%2897%2900312-6
https://doi.org/10.1021%2Fcr970015o
https://doi.org/10.1039%2Fc1ob05040k
https://doi.org/10.1002%2Fchem.201101362
https://doi.org/10.1039%2FC6CP07532K

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of Organic
Chemistry terms and conditions:
(http://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjoc.13.95

Beilstein J. Org. Chem. 2017, 13, 938-951.

951


http://creativecommons.org/licenses/by/4.0
http://www.beilstein-journals.org/bjoc
https://doi.org/10.3762%2Fbjoc.13.95

	Abstract
	Introduction
	Results and Discussion
	Synthesis of the shape-persistent CD polymer
	SANS and SAXS measurements of the CD polymer
	Complexation of monotopic and ditopic guests
	Attachment of polymer 8 to silicon surfaces
	Probing multivalent interactions by AFM
	Probing multivalent interactions by friction AFM

	Conclusion
	Supporting Information
	Acknowledgements
	References

