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Abstract

Cucurbit[8]uril (CB[8]) heteroternary complexes display certain characteristics making
them well-suited for molecular level adhesives. In particular, careful choice of host-
guest binding pairs enables specific, fully reversible adhesion. Understanding the effect
of the environment is also critical when developing new molecular level adhesives.
Here we explore the binding forces involved in the methyl viologen - CBJ[8] - naphthol
heteroternary complex using single-molecule force spectroscopy (SMFS) under a variety

of conditions. From SMFS, the interaction of a single ternary complex was found to



be in the region of 140 pN. Additionally, a number of surface interactions could be
readily differentiated using the SMFS technique allowing for a deeper understanding

of the dynamic heteroternary CB[8] system on the single-molecule scale.

Introduction

Materials that display reversible or controllable adhesion have gained a large amount of at-
tention in recent years.'™ Such materials are of particular interest in the development of
responsive systems, sensors, molecular electronics, biomedicine and biomimetics.?*® Nev-
ertheless, their behavior in response to external stimuli is not fully understood and, thus,
limits wider application. %"

Recent literature has shown that cucurbit[njurils (CB[n]) and cyclodextrins (CD) are
applicable in the development of controllable adhesive surfaces on account of their ionic
strength, voltage, temperature, pH and light controlled interactions with a variety of different
guests. 128719 Recent work on the development of responsive surfaces include examples of
colloid-colloid, colloid-surface, cell-surface, gel-gel and surface-surface adhesion mediated
through CB[n] or CD interactions. %20

Important factors in the development of such materials are the adhesive forces of each
complex on the interacting surfaces, how individual interactions contribute to bulk adhesion
and how they behave relative to their environment over time. Despite these important fac-
tors, relatively few reports discuss the interactions on the single molecule level. Yet, it is
these single molecule interactions that largely affect the bulk behavior of such adhesive mate-
rials.?® Within this developing field of supramolecular adhesive materials, the cucurbit|n]uril
family of macrocycles, in particular cucurbit[8Juril (CBI[8]), show significant promise. The
ability of CBI8] to simultaneously encapsulate two guests in its cavity gives this macrocyclic
host an unprecedented level of responsiveness to a variety of external stimuli. This responsive
behavior also provides the complex with a high level of reversibility making it an appropriate

choice for materials requiring repetitive adhesive interactions. While the adhesive behavior



at the single-molecule level has previously been discussed for CB[6], CB[7] and 5-CD, as yet
only the bulk adhesive properties of CB[8] complexes have been examined in recent litera-
ture.?223 For example, the adhesion of single colloids or nanoparticles to surfaces through
simple CB[8] ternary complexes or catenated structures has been reported.?* Interactions
at surfaces can also be controlled by photochemical stimuli, for example the modulation of
surface adhesion through the isomerization of azobenzene derivatives, however, until now no
single molecule adhesion behavior has been reported. 12

Unlike binary CB|n] host-guest systems exploiting smaller CB homologs, the dynamic
nature of CBJ[8] heteroternary complexes coupled with the conformational switching behav-
ior of azobenzenes make such photo-switchable systems inherently difficult to study at the
single-molecule level. Therefore, as an initial study the methyl viologen - CBI[8] - naph-
thol system, which, although reversible, does not undergo conformation changes, will be
examined in order to simplify the output from single-molecular experiments. Basic under-
standing of heteroternary complexation from this initial study will aid the development of
more complex CB[8]-based adhesive systems and allow for straightforward characterization
and quantification.

Atomic force microscopy (AFM)-based single-molecule force spectroscopy (SMFS) allows
for the precise measurement of minute forces at a single-molecule level. This technique not
only allows interactions to be directly measured?® but also provides new physical insight
into the interactions within polymer chains?” or dsDNA.?® Here we explore the adhesive
properties of CBI[8] ternary complexes and quantify them at the single-molecule scale by
SMF'S. Figure 1, shows a pictoral overview of the experimental system.

Poly(dimethylacrylamide) (PDMA) chains of varying lengths were synthesized by re-
versible addition-fragmentation chain transfer (RAFT) polymerization and used to separate
a gold-coated AFM tip from the naphthol second guest in order to eliminate non-specific in-
teractions. Detailed studies on the effect of polymer chain length, macrocyclic host molecule

(CB[8] or CBJ7] as a control) and the electrochemical potential led to the elucidation of
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Figure 1: Schematic representation of the functionalization of the surface and AFM tip and
subsequent pulling experiments.

three different interactions at the surface enabling quantification of their relative interaction
forces, which are discussed in detail in the following sections. The binding force of the het-
eroternary complex in CB[8] was found to be approx. 140-160 pN, a value that is in good
agreement with other CB[n] binding forces quantified by force spectroscopy reported in the

literature, for example, the CB[6]-spermine binary complex (approx. 120 pN).?3

Experimental Procedures

Single-molecule force spectroscopy (SMFS) experiments All single-molecule force
spectroscopy experiments were carried out on an MFP3D atomic force microscope (Asylum
Research, Santa Barbara, CA, USA) using TR400PB probes (Olympus, Tokyo, Japan),
which are coated on both sides with a thin gold layer. Probes were either used untreated
or functionalized according to the procedure described in the following section. All SMFS
experiments were carried out on freshly cleaved and UV-plasma treated mica (Elektron
Technologies, Stansted, UK) or surfaces that had been functionalized with a methyl viologen

silane (see below) and stored in air-tight containers before use. Experiments to determine the



force of interaction of second guests in the CBI8] ternary complex on the mica surface were
carried out in an aqueous solution of 0.1 mM cucurbit[8]uril (CB[8]). Control experiments
were carried out in solutions of either 0.1 mM cucurbit|[7]uril (CB[7]) or purified water.
Reduction experiments were carried out in a 33 mM solution of sodium dithionite Na,S,0,

purchased from Sigma Aldrich Chemical (Shanghai, China).

Preparation and functionalization of poly(dimethylacrylamide) Firstly, a hydrox-
ylated chain transfer agent (CTA-OH) was prepared according to a procedure described by
Biedermann et al..?® Subsequently, CTA-OH (130 mg, 0.5 mmol), N, N -dimethyl acrylamide
(1.5 g, 1.56 mL, 15 mmol) and ACPA (13 mg, 0.05 mmol) were dissolved in 1,4-dioxane
(7 mL). The solution was bubbled with nitrogen for 1 h, then heated to 70 °C for 6 h. The
solution was then quenched in liquid N, and precipitated into cold diethyl ether. The diethyl
ether was decanted off and the residual polymer dissolved in THF. The polymer was isolated
under reduced pressure as a yellow solid (0.92 g). The degree of polymerization (DP) was
determined by NMR end group analysis to be 8.9. The number average molecular weight
(M,,), the weight average molecular weight (M,,) and the polydispersity index (PDI) were
determined to be 2500 g/mol, 3000 g/mol and 1.2, respectively, as determined by GPC with
THEF as eluent. When targeting other DPs the above procedure was followed with the ex-
ception that higher ratios of CTA-OH and ACPA were used, resulting in increased M,, and
M,, as shown in Table 1. The quantities of the CTA-OH and ACPA along with the resultant
M,,, M,, and PDI are shown in Table 1.

Polymers were then denoted DMA, where z = 5k, 12k or 19k, roughly the M,, values for

each of the synthesized polymers.

End-group functionalization DMA, and naphthol-isocyanate were dissolved, in the con-
centrations shown in Table 2, in DCM (5-10 mL) followed by the addition of 1 drop of
dibutyltindilaurate.

The mixture was stirred overnight. The solvent was then partially evaporated under



Table 1: Quantities of CTA-OH and ACPA used to synthesize longer spacer chains along
with the resultant M,,, M,, and PDI

Sample | CTA-OH, mmol | ACPA, mmol | M, g/mol | M,,, g/mol | PDI
DMA;; 0.23 (60 mg) 0.02 (6 mg) 4900 6300 1.3
DMA 1, | 0.076 (19.6 mg) | 0.007 (2 mg) 11900 13900 1.2
DMAy, | 00151 (4 mg) | 0.0014 (0.4 mg) | 19500 23800 1.2

Table 2: Concentrations and ratios of DMA, and naphthol-isocyanate (Np-NCO) used for
end-group functionalization

Sample | DMA,, mg | DMA,, mmol | Np-NCO, mg | Np-NCO, mmol
DMA;; 200 0.04 25 0.147
DMA 5 200 0.017 10 0.059
DMA 1gx 200 0.01 6 0.035

reduced pressure and the crude mixture precipitated from cold diethyl-ether. The isolated
polymer was then re-dissolved, filtered and re-precipitated. These functionalized polymers
were then denoted Np-DMA,. The unfunctionalized DMA, consists of a methoxyphenyl end
group as a result of the CTA-OH unit. As this unit has a K, value with MV?* . CBJ8] at
least two orders of magnitude lower than that of the naphthol unit,? this chain was used as

the negative control for the procedure and denoted Pm-DMA,,.

Isothiocyanate cleavage Polymer was dissolved in 4.5 mL of methanol such that the
concentration of polymer was between 0.6 and 1 pmol (4-25 mg depending on the M,, of
the polymer). To this solution was added 0.5 mL of concentrated HCIl and the mixture

was heated to reflux under inert atmosphere for 4-5 h. The resulting cleavage solution was



refrigerated until required for tip functionalization.

Functionalization of AFM tips Use of the cleaved polymer directly after cleavage re-
sulted in a significantly higher number of polymer chains attached to the tip than the required
single unit.?! A 33 mM solution of mercaptohexanol in ethanol was then prepared. Prior to
functionalization the AFM tips were washed in ethanol and then immersed in the mercap-
tohexanol solution for 20 min. After 20 min the cleaved polymer solution was added in a
1:1000 ratio with the mercaptohexanol solution. The volume of addition was varied to keep
the molar ratio consistent between all functional polymers. The functional polymer was al-
lowed to remain in solution with the AFM tip for 10 min before the AFM tips were removed
and washed thoroughly with ethanol and then water. The tips were then generally used
immediately following functionalization up to a maximum of 5 days post-functionalization

in order to maintain the reproducibility of our results by limiting tip contamination.

Functionalization of the mica surfaces Mica surfaces were functionalized with a methyl
viologen silane prepared according to the procedure previously described by this group, with
the exception that the methyl viologen contained only one silane functionality per molecule.??
The surface counterion was changed by immersing the surfaces in a concentrated solution
of ammonium tetrafluoroborate or sodium chloride overnight as required. Functionalized
surfaces were characterized prior to SMFS experiments using contact angle measurements
(see ESI, Figure S1) to determine if the surface functionalization had been successful. This
was carried out on an FTA2000 optical contact angle instrument (First Ten Angstroms,

Portsmouth, VA, USA) using dynamic contact angle measurements.

Verification of interaction of ternary complex To validate association/dissociation
constant data of the ternary complexes obtained by SMF'S, solution-based studies were also
carried out using isothermal titration calorimetry (ITC) on a Nano-ITC system from TA

Instruments (Elstree, UK) with a 1 mL cell volume and deionized water from a Milli-Q



water purification system as the reference liquid. Due to solubility issues of the Np-DMA,,
in water at the concentrations required for ITC, the Np-DMA, was replaced for this analysis

with Np-PEGsy,, synthesized from a procedure described by Rauwaldet al.3?

Results and Discussion

In order to understand the interaction behavior of a CB[8] ternary complex at the single
molecule scale, and its effect on adhesion, a well-understood system was chosen. Therefore,
the system could be better controlled with the resulting behavior more easily understood.
The system studied consisted of methyl viologen (MV?* 2(X~), 15 guest), 2-naphthol-
terminated PDMA (Np-DMA,, 2"¢ guest), and CB[8], shown in Figure 1, and has been
described in the literature many times. The polymeric linker is not expected to play a role
in the specific interactions of the system; its role is to ensure a significant distance between
the napthol unit, and thereby the ternary complex, from the AFM tip to ensure no tip-surface

interactions affect the behavior of the ternary complex.

The effect of the polymer linker in the system Several preliminary SMFS experiments
were carried out with a naphthol silane directly attached to the AFM tip, however the
resulting spectra were so complicated to analyse it was clear that ternary complex formation
was not the only process observed in the experiment. It is likely that a variety of tip-surface
interactions were being probed simultaneously and the interaction of the gold-coated tip with
the highly charged MV?* surface and the portals of the CB[8] were dominating the spectra
making interpretation of any ternary complex interaction forces impossible. It was decided
that a polymer linker should be introduced into the system to separate the tip significantly
from the ternary complex so that no tip-surface interactions would be visible in the resulting
SMFS data. It was unclear how long the required linker should be in order to sufficiently
separate the tip from the rest of the system, thus three PDMA polymers of DMA5,, DMA 5,

and DMA g, were synthesized and functionalized with a 2-naphthol moiety.



In order to understand the effect of the linker in the system a series of cantilevers were
functionalized, using the procedure described in the experimental section, with each of the
three different Np-terminated PDMA linkers. Using the standard MV** 2(BF;~) surfaces
a series of SMF'S experiments were performed under the same conditions of approach speed
(500 nm/s) and dwell time (1 s) in water both in the presence and absence of CB[8]. Rep-
resentative histograms showing the frequency of the different interaction forces for each of
the three Np-DMA polymers are shown in Figure 2. Histograms showing the distribution
of interaction lengths for Np-DMAbSk, Np-DMA12k and Np-DMA19k, as well as control ex-
periments for the system are shown in the ESI (Figure S2 and S5). Interaction forces are
calculated by subtracting the baseline of the force spectra from the average height of the
plateau or the apex of a peak or plateau-peak, examples of raw data are shown in Figure

S4, as well as Figure 4.
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Figure 2: Histograms showing the distribution of interaction forces for (a) Np-DMAgy, (b)
Np-DMA 5, and (¢) Np-DMA gy

Looking first at Figure 2a and the corresponding length histogram, Figure Sba, the
data for the interactions between the MV** 2(BF,~) - CB[8] surface with the Np-DMAj;
polymer functionalized AFM tip are shown. In SMFS, a specific binding event is defined
as any peaks observed in the spectrum well resolved from the initial surface contact peak,
that is, the non-specific binding interaction. From the individual spectra (example shown in
ESI, Figure S4a), it is clear that it is difficult to differentiate the binding event (secondary

peaks and plateau, which are discussed in more detail in a later section) from the non-



specific interactions (large peak), this is likely due to the short length of the polymer. As
the polymer is short and the non-specific interactions are large, the non-specific interactions
dominate the spectra and can skew the determined interaction forces and length. This effect
can be seen in both Figure 2a and Figure Sha. A clear bimodal distribution exists centered
at approximately 80 pN but the stronger interactions have a wide distribution up to 250 pN
with no clear center. The bimodal distribution indicates the relative frequency of non-
specific hydrophobic interactions (peak centered below 100 pN) to specific ternary complex
or partial ternary complex interactions (peak centered above 100 pN), the data was fitted
using a Gaussian peak fitting model. Figure Sha shows that the interaction length is long
and disperse, ranging from 150 to 450 nm, giving no clear indication of the apparent polymer
length. Comparing the information from the histograms with the representative spectra, it
can clearly be seen in the case of the Np-DMAj,. polymer that the non-specific interactions
dominate the spectra. From a total of 744 recorded interactions in 1024 experiments, 290
appear to be specific interactions at the portal of the CBI[8] (28%). It is thus likely that
the 5 kDa polymer chain is too short to fully separate bulk tip-surface interactions from
the interactions of the single molecules on the AFM tip and the surface forming host-guest
complexes, and the result is a complicated data set from which accurate data is difficult to
obtain.

Increasing the polymer length will increase the interaction time the naphthol moiety has
with the CBJ[8] on the surface during retraction, which allows for easier differentiation be-
tween specific and non-specific interactions. Examining the individual force spectra (ESI,
Figure S4b), the various interaction events are well separated from the non-specific interac-
tion peak. Effective separation of the specific and non-specific events allows more accurate
characterization of the single molecule interactions. Figure 2b shows the distribution of inter-
action forces obtained from a polymer linker of M,,=12k, Np-DMA 5. Again there appears
to be a bimodal distribution of interaction forces with one peak centered at approximately

80 pN and a second at approximately 140 pN. With the increased chain length, 48% of
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recorded interactions (515 in 1024) appear to be specific interactions at the CB[8] portal.
Here the distribution is far more clearly seen due to the increased frequency of events with
this longer polymer chain. It is also worth noting that, despite the clarity of the spectra,
the specific interaction peak is more disperse than that of the non-specific interaction peak.
As the hydrophobic interactions are static, one can expect the recorded pull-off force to be
almost the same on each occasion, hence the narrow distribution of recorded forces. In the
case of specific and partial ternary complex formation, the recorded forces cover a wider
range. These differences are likely due to the dynamic nature of the ternary complex. It
has been reported that the CB[8] ternary complex is not static but that the CB[8] shuttles
back and forth over the two guest units inside the cavity.?* This would mean that the force
required to remove the second guest at any given moment may be different depending on
the location of the host unit with respect to the guests, resulting in a larger dispersion of
ternary complex interaction forces, compared to interaction forces observed for static, non-
specific interactions.The increased polymer chain length increases the distance between the
functional group and the AFM tip. Additionally, within the timescale of the force measure-
ment, the naphthol moiety spends more time near the CB|[8] functionalized surface resulting
in an increased likelihood of a specific interaction event. As the specific and non-specific
interactions of the system are well separated from one another the interaction length is more
clearly defined, centered at approximately 100 nm (Figure S5b). The data suggests that the
polymer extends approximately 100 nm before the interaction with the surface is terminated
and the tip moves to another location. A value of 100 nm correlates is quite a lot longer than
the calculated contour length of PDMA with a DP of 120, which should be approx. 30 nm.
Further study is required to determine the reliability of polymer length characterization for
this system using SMFS.

Increasing the polymer linker length further to an M, value of 19 kDa, Np-DMA g,
does not yield better resolution between specific and non-specific peaks. In fact, multiple

peaks and hydrophobic interactions occur simultaneously or in such quick succession as to
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make interpretation of the spectra more complicated. This can be seen in the representa-
tive spectrum shown in Figure S4c. Estimation of the number of different peak types was
complicated and it is unclear if the resulting frequency count is an accurate representation
of the surface interactions as only 68 events were recorded in 1024 attempts, of which only
15 (1.5%) appear to be interactions at the portal (Figure 2c). Likely the polymeric linker is
now so long that it is capable of forming multiple interactions during tip retraction. It is im-
portant for the analysis of the data that the tip and linker are completely retracted from the
surface once during each pull-off event otherwise the output of the force of interaction can be
misinterpreted. While the characteristic bimodal distribution is again present (Figure 2c),
the number of occurrences is relatively low (22% of 68 events) compared to that (48%) for
the Np-DMA 9, polymer. Here, the interaction length is centered at approximately 60 nm
(Figure Shc) much closer to the calculated value of 50 nm for PDMA with DP of 196, how-
ever the number of occurrences are too low to be reliable. A shorter interaction length for a
longer polymer chain suggests that either the polymer is not fully removed from the surface
during retraction or that the polymer is not completely extended during interaction with
the surface, but rather entangled or wrapped around the cantilever. Any of these scenar-
ios presents complications in the interpretation of the data (clearly seen in Figure 2¢) and,
therefore, it was determined that Np-DMA g, as well as Np-DMAj5, were unsuitable for the
progression of this study.

It has been previously reported that a theoretical ‘sweet spot’ exists for linker lengths
in SMFS experiments depending on the force of interaction at the surface, the surface cov-
erage, and the dwell time. This is primarily in relation to the use of poly(ethylene glycol)
(PEG) linkers, most commonly used in SMFS experiments. While PEG chains of 25-50 nm
are most commonly used,*3? it has also been shown that using shorter PEG chains of
approximately 800 Da (8-10 nm) can significantly improve resolution of peaks in SMFS.4°
Calculated contour lengths of the three different Np-DMA, polymers were 12 nm, 30 nm

and 50 nm, respectively. With its suitable length, the DMA;9; linker was chosen for all
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further experiments. The fact that a medium linker (30 nm), rather than a short one, is
required to fully separate the tip and surface when using PDMA relative to PEG may be
due to the increased hydrophobicity of the PDMA, as chains may not fully extend into the
aqueous medium into which they are immersed, thus polymers with a longer contour length
are required to achieve the level of resolution that may be achieved with a shorter PEG

linker.

Understanding the effect of the counterion in the solution state Many publications
report various phenomena related to the use of different counterions on the MV?* first guest,
several of these refer to the fact that the specific counterion under investigation aids or hinders
the formation of the ternary complex. Preliminary experiments suggested that adhesion is
enhanced in the presence of a Cl~ counterion compared to BF,~. This observation has been
inferred previously in the literature but not studied in detail at the single-molecule level.

Methyl viologen with BF,~, Cl7, and Br~ counterions was prepared and isothermal
titration calorimetry (ITC) was used to determine if these different counterions would have an
effect on the association, K,, and dissociation, K4, constants for the MV?* 2(X~) - CBJ[8] - Np
system. While bulk or solution behavior is not necessarily representative of the behavior of
a single molecule system, due to competitive and complementary interactions, it provides a
useful starting point in understanding environmental effects on the formation of the ternary
complex.

For solution based tests Np-DMA, was replaced with Np-PEGs;, on account of solubility
issues in water. This change of polymer system was deemed to be insignificant as the PEGs;
simply acts to increase solubility of the Np moiety in water and the DMA only serves to
remove tip-surface interactions, therefore, neither polymer plays a role in specific binding.
Using this modified system, the K, and K, values of the binding of the Np unit into the
MV?* . CBI[8] binary complex with the three different counterions were obtained and the

data are presented in Table 3.
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Table 3: Effect of MV?2* counterions on K, and K; measured by ITC

Complex K, (M) K, (M)

MV2t 2(BF,~) - CB[8] - Np-PEGs; | 5.420 x 10* | 1.845 x 1075
MV2t 2(Cl7) - CB[8] - Np-PEGs, | 6.802 x 10* | 1.470 x 1075

MV2+ 2(Br~) - CB[8] - Np-PEGs; | 5.629 x 10% | 1.776 x 1075

As can be seen in Table 3, no significant difference exists between the K, and Ky values
for each of the three systems, suggesting there is no macroscopic difference between them
in solution. The enhanced adhesive effect is therefore likely to be a result of the reduced

dimensions of the environment and the effect on single interactions.

Varying the counterion on the surface To probe this effect in more detail the BF,~ and
Cl™ systems were chosen for further study. Experiments were carried out with Np-DMA 15,
functionalized tips as used in the previous section in the presence of water to determine the
baseline interactions of both systems (ESI Figure S3). Detailed pull-off experiments in the
presence of CBI[8] were repeated at a pulling speed of 500 nm/s and a dwell time of 1 s for
a total of 1024 sampling locations approximately 50 nm from each other. A histogram of
interaction force distributions of the MV*™ 2(CI™) system can be seen in Figure 3.

The information in Figure 2b and Figure S7 shows the data obtained from the BF,~
surface for comparison with the C1~ surfaces. The interaction of MV?* 2(BF,~) - CB[8] with
the Np-DMA 5, shows two distinct interaction forces at approximately 80 pN and 140 pN
and an interaction length of approximately 90 nm. Comparing this with the data obtained
for the C1~ surface (Figure 3 and Figure S6 shows the same pattern of interactions but the
values of these interactions are increased to approximately 90 pN and 160 pN, although the
interaction length remains roughly the same. The non-specific interaction peaks in both

systems (ESI, Figure S7a,b) shows that on average the non-specific interaction in the BF4~
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system is on the order of 1 nN, while in the Cl~ system that value increases to approximately
1.5 nN.

From previous work we have estimated the MV surface density to be 50-300 nm?, this
variation in coverage depends on the counterions used in the functionalization procedure.3?4!
In general larger counterions result in lower surface density such that the BF,~ system has a
spacing of 300 nm while the C1™ are only 50 nm apart. Taken together the increased values
of both the specific and non-specific interactions, coupled with the higher surface density of

MV?2* moieties with C1~ counterions explains the increased adhesive properties of the Cl~

system.

Understanding the various peak formations (manipulation of the surface) Through-
out this work, all of the interaction force histograms have displayed distinctly bimodal distri-
butions. Looking more closely at the histograms and the respective spectra, three different
spectral patterns emerged. The lower interaction force region is the easiest to interpret as
only one spectral pattern coincides with this interaction force. This specific pattern can be
seen in Figure 4b and will be referred to as a plateau.

The plateau likely corresponds to hydrophobic interactions between the functionalized
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Figure 4: Representative SMFS spectra of the MV?* 2(BF,) - CBJ[8] - Np-DMA 4, ex-
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in the SMF'S experiments (c¢) a graphical representation of the the orientation of complexing
units resulting in peaks and plateau-peaks in the spectral data and (d) examples of peaks
and plateau-peaks observed in the SMFS experiments

polymer chain and the surface, and is a result of the polymer chains ‘lying’ on the functional
surface as depicted in Figure 4a. Due to the weak interaction a strong pull is not required
from the AFM tip to terminate it, and therefore no change occurs in the interaction force until
pull-off. The stronger interaction forces were more difficult to determine as they produced
two different interaction patterns within roughly the same pull-off force. These two different
interaction patterns are referred to as peaks and plateau-peaks and are shown in Figure 4c
and 4d, a pictoral representation and the spectral pattern, respectively. The peak pattern,
as would be expected, is characterized by a sharp increase at the end of a plateau with an
interaction force in the region of 140 pN. This is force of the ternary complex interaction
between the naphthol on the AFM tip and the MV?T . CBJ[8] complex on the mica surface.

The plateau-peak on the other hand is characterized by a curved, often flattened peak at

16



the end of the plateau indicated with blue diamonds in Figure 4c. This plateau-peak has
an interaction force in the region of 130 pN but was overall a rather rare occurrence in
the course of these experiments, less than 10% of all observed interactions; nevertheless, it
was important to find its source. It was hypothesized that the plateau-peak was related to
incomplete complexation of the naphthol remaining at the portal of the CBJ[8].

To test this hypothesis, sodium thiosulfate Na,S,0, was added to CBI8] surrounding the
tip and surface, in order to reduce the MV?* to its radical cation (MV™'"), eliminating ternary
complexation of the naphthol. Upon addition of the Na,S,0, the surface was analyzed and
the occurrence of the plateau-peak greatly increased, in fact only plateau and plateau-peaks
were observed with the viologen in its radical cation state. As the liquid cell of the AFM is
not closed, oxygen is able to freely interact with liquid within the cell. Approximately half
way through the surface scan, the occurrence of the plateau-peaks again became a rarity
concomitant with the return of peaks attributed to ternary complexation. During the exper-
iment the reduced MV™- was oxidized back to its MV?" state leading to the reappearance
of the sharp peaks and a reduction in the appearance of the plateau-peak. Observation of
the oxidation-dependent peaks over time confirmed our hypothesis that the plateau-peak is
related to portal interactions of the Np moiety with the CB[8], not full ternary complex-
ation. This observation is also supported by control experiments using CBI[7] in place of
CBJ[8], which show a rather high occurrence of plateau-peaks versus sharp peaks, further

confirmation of portal interactions (see ESI, Figure S8).

Other binders and controls To examine the widespread application of this SMFS method
for understanding interactions between molecules in a ternary complex, or to answer the ques-
tion ‘do these molecules form a ternary complex in CB[8]?", PDMAy; was functionalized
with a methoxy phenyl end group, denoted Pm-DMA5;,. The K, value for the methoxy
phenyl moiety with MV?T . CB[8] is approximately two orders of magnitude lower than

that of naphthol.?" Thus, it should be possible to observe a reduced interaction force for the
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methoxy phenyl end group compared to Np-DMA 15, by SMFS. The results of this experiment

are shown in Figure 5.
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Figure 5: Histogram showing the distribution of interaction forces for Pm-DMA 5

The weaker binder led to a reduction in peak heights complicating differentiation be-
tween plateau and peaks, as a result, the bimodal distribution seen previously is almost
non-existent (Figure 5). The peaks are approximately 90 pN, only slightly higher an inter-
action force than the plateau, which remains in the region of 80 pN. It is therefore possible
to determine the difference between second guests in a heteroternary CBI[8] complex us-
ing SMFS. Furthermore, the changes observed in the interaction forces correlates with the
changes in association constant of these second guests. More investigation is required to de-
termine if a direct correlation between interaction force and association constant can indeed

be determined from this method.

18



Conclusion

Understanding complex formation on the single-molecule scale is key to discerning the link
between molecular and macroscale behavior of supramolecular systems. Dynamic systems
such as CBI[8] ternary complexes have immense applicability in biomedicine, sensors, ad-
hesives, drug delivery, and bioelectronics, to name a few but the link between behavior at
different length scales needs to be more fully understood before control and manipulation of
the systems can be exploited in myriad applications. This work has led to the quantification
of the interaction force between methyl viologen - CBI[8] and naphthol, yielding a ternary
complex. Moreover, it was possible to observe two additional interaction forces, hydrophobic
and portal interactions, the interaction forces of which were also quantified. We also gained
a better understanding of the role of spacers and counterions in the potential interactions of
the ternary complex, providing a greater understanding of the role of counterions in adhesive
behavior. Such information brings us closer to a full understanding of complex formation in

host-guest supramolecular systems on a variety of length scales.
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This paper describes the use of single molecule force spectroscopy to
estimate the binding interactions of cucurbit[8]uril ternary complexes on
surfaces for further application in adhesive materials.
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