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Force Spectroscopy of Metal-Crown Ether Multivalency: Effect of
Local Environments on Energy Landscape and Sensing Kinetics**

Ting-Yang Kuo, Wei-Hsiang Tseng, and Chun-hsien Chen*

Abstract: Sandwich complexation involving alkali or alkaline-
earth metals, multivalency, and effects associated with local
environments is widely encountered in biological and synthetic
systems yet the mechanic properties remain unexplored.
Herein, AFM (atomic force microscopy)-based single-mole-
cule force spectroscopy is employed to investigate a classical
model of M"*[15C5],, a metal cation hosted jointly by two 15-
crown-5 moieties immobilized on both the substrate and the
AFM tip. Factors reportedly promoting the recognition per-
formance are examined. The rupture force required to break
apart M"[15C5], is found to be in the order of tens of pico-
Newton, e.g., fy=31pN for K*[15C5],. The presence of
a second functional group, carboxylate, confers K'[15C5],
with a longer lifetime (from 13 to 16 ms), faster association
(from 0.4 to 1.3x 10°m~'s™'), and slower dissociation (from 77
to 62s7!). The effect of local environments is significant on
association yet less critical on dissociation pathways.

M olecular recognition through reversible noncovalent and
multivalent interactions operating collectively with neighbor-
ing functionalities is one of the most significant features of
chemical and biological systems. Among the sensing elements
and synergistically acting components, moieties of crown
ethers!'" have long been acknowledged and are still actively
involved in contemporary challenges; to name a few: ion-
channel transport,”® modulating protein surface proper-
ties,”) monitoring the motion of a guest molecule on a multi-
topic host,®’! template-assisted synthesis,>'*'¥ switchable
performance in  catalysis!*" and in  molecular
machines,'>'31%171 and energy storage.'¥ To achieve these
tasks effectively and repeatedly, reversible dissociation that
restores the host configuration is as important as the step of
associative recognition. However, the mechanical nature to
evaluate the reversibility for metal-crown ether complexes
has yet been reported. Further surprisingly, literature work on
thermodynamic and kinetic parameters in the solution
phase'” is scarce for the famous sandwich complexes,
M"*[crown],, that have been utilized in many phenomenal
sensing applications.”” Taking advantage of AFM-based
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(atomic force microscopy) single-molecule force spectrosco-
py.” ™ we will quantitatively show here the mechanic
strengths, free-energy landscapes, and the kinetic parameters
of the dissociation of metal-crown ether complexes.

The model system is M"*[15C5], and the experimental
concept is illustrated in Figure 1 A with moieties of 15-crown-
5 ether immobilized on Au substrate by sulfur—gold (RS-Au)
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Figure 1. Single-molecule force spectroscopy for crown—-metal—crown
complexations. A) Presentation of AFM-based measurements. The
illustration is not drawn to scale. Typical force traces and correspond-
ing histograms of unbinding forces obtained in aqueous solutions of
B) blank, C,D) 0.5 mmK", and E,F) 0.5 mm Pb**. The grey and black
traces indicate the directions of tip approaching toward and retracting
from the substrate, respectively. To prepare panels D and F, acquired
for each case are 1000 force—distance traces in which 226 traces
exhibit rupture forces for the former and 203 traces for the latter. The
solid curves are Gaussian fitting from which the peak positions were
determined. The bin width of unbinding forces in the histograms is

5 pN. Force measurements were performed with a loading rate of
10.5 nN's™" (with an apparent spring constant of 0.035 nNnm™~' and
a retraction velocity of 300 nms™).
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adsorption and on the Si;N, AFM tip by the covalent carbon—
silicon (RC-OSi) bond through a polyethylene glycol (PEG)
chain.?!l The PEG chain is a flexible spacer and is introduced
to differentiate specific crown-metal-crown (M""[15C5],)
interactions from the nonspecific ones arising from substrate—
tip physisorption. Examples for the latter are displayed in
Figure 1B, in which the force—distance traces are obtained
from a blank solution free of metal cations. Nonspecific
physisorption is located around zero extension of the
z-piezoelectrics and is characterized as an attractive force.
The bottom trace in Figure 1 B manifests force curves that
bear insignificant nonspecific adhesion. Such features are
observed quite often (~ 60 % ) and are strongly dependent on
local environments because, under the conditions of blank
tests, the discrepancy among different sampling locations
appears drastic.

With the presence of metal cations, the approaching of the
tip toward the substrate may lead to complexation of one
metal cation sandwiched by two 15C5 moieties (Figure 1 A).
The subsequent tip retraction would result in observable
rupture forces. For example, panels C and E are obtained in
solutions containing K" and Pb*', respectively. In addition to
the physisorption signature, the retraction traces exhibit
rupture events corresponding to the breaking of the sandwich
complexes. The rupture force takes place at a larger piezo
extension due to the incorporation of the stretchy PEG chain.
Panels D and F summarize the force distributions with the
most probable peaks at 41(+7) pN and 70(+ 14) pN, respec-
tively. The values are two orders of magnitude weaker than
those required to disrupt the linkers of crown moieties from
the tip or substrate. Specifically, it takes about 3.0 nN to break
a Si—O bond,” and ca. 0.5-1.5nN to remove thiols from
a gold surface.”*?* Therefore, the rupture forces in Figure 1D
and F are attributed to those of the multivalent crown-metal—
crown interactions.

The same procedures are carried out for alkali and
alkaline earth metals (Figure S2). For the cases of Na® and
Mg*", no apparent rupture force can be determined. It is
known that crown—cation complexation is sensitive to d,,../
d owns the Tatio of cation diameters® to the size of 15-crown-5
cavity (~0.202 nm).”" Indeed, the rupture force correlates
strongly with the size ratio (Figure 2). Only with d,,, larger
than d.,, can the rupture force be found, consistent with the
criteria for the formation of sandwich complexes.*"* The
ratio of ca. 1.2 confers the largest rupture force. A bigger
cation deviates the crown moiety from the optimal chelating
conformation and reduces the required rupture force. In
addition, divalent cations, e.g., Pb>" and Ba®", exhibit stronger
rupture forces than the monovalent ones.

It is well known that the formation constants of crown—
metal complexes in organic solvents are orders of magnitude
higher than those in aqueous solutions because of the
uncomplimentary conformation developed for the latter.
Accordingly, this study examines the dependence of rupture
forces on solvent polarity for sandwich complexes of K" and
Pb*" (Figure S3). The obtained values for K are 41(+7),
45(£ 8), and 46(=+ 10) pN in water, methanol, and acetonitrile,
respectively, whereas the values for Pb*" are 70(+ 14), 72(+
15), 70(£21) pN, respectively. The rupture force and thus the
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Figure 2. Rupture force plotted against the size ratio of the metal
cation and the crown cavity. The rupture forces for Na™ and Mg®" are
unobservable. All experiments were conducted in aqueous solutions
containing chloride salt of the corresponding analyte cation (0.5 mm).
The values of rupture force for K*, Rb*, Cs*, Ca®", Sr**, Ba®", and Pb*"
are 41(£7), 38(£9), 34(£7), 33(7), 40(£10), 52(+£11), and
70(£14) pN, respectively. Other conditions are the same as those of
Figure 1.
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Figure 3. A) Illustration for the crown moiety preorganized due to the
repulsion from neighboring carboxylate groups. B) Isotherms of bind-
ing probability (P,) for K*[15C5], sandwich interactions on substrate
modified by 15C5-C,-SH only (dot curve, open circles) and co-
assembled with thioctic acid (solid curve and circles). The curves
show data fitting to the model of Langmuir isotherm. Other conditions
are the same as those of Figure 1.

strength of metal-crown ether coordination are essentially
independent on solvent polarity.

To further explore the effect of local environments, 15C5-
C,-SH and thioctic acid (TA) are co-assembled on gold
substrate (Figure 3 A). The experiments are designed accord-
ing to our previous studies™~"! of nanoparticle-based colori-
metric sensing in which aggregation of 15C5-modified nano-
particles is triggered by sandwiched K*[15C5],.”¥ The sensing
performance is significantly improved by the presence of TA,
ascribed to 1) an increased local concentration of K* attracted
electrostatically by the carboxylates and 2) preorganized
crown moieties due to the electrostatic repulsion between
the oxygen atoms and the neighboring carboxylates.** In the
present study, Figure 3B shows that the introduction of TA
(solid circles) raises the binding probability of rupture events.
The probability appears unaffected by ionic strength. Specif-
ically, for cases with a fixed concentration of K* at 62.5 um, Py,
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remains nominally at 15% when the solution contains
additional NaCl ranging from 0 to 0.43 mwm (Figure S4).

Both cases, with and without the co-assembled TA, show
the behavior of binding saturation. Hence, Figure 3 presents
isotherms of binding probability (P,) fitted to the Langmuir-
type model for specific binding.***

P, KJK] KT K "
Ph.max 1 + KA[K+] (1/KA) + [K+] KD + [K+]

in which Py, is the maximum (i.e., saturated) binding
probability and K, (Kp) is the apparent association (disso-
ciation) constant. The values of K (Table 1) are thus deduced
from the fitting. For substrates with co-presence of 15C5 and
TA, K, is 20.9(£4.3)x10°m ™", about four times that with
15C5 alone. The superior affinity for the former is consistent
with the aforementioned models proposing that carboxylates
of TA attract K* electrostatically or facilitate the formation of
preorganized crown moieties.

Gibbs free energy for the dissociation of the K*[15C5],
sandwich complex is estimated by AG=—RTInK;. The
results show that AG for K*[15C5], being dissociated from
the co-assembled environment takes 24.7kJmol™' and
21.3kJmol' from substrate modified by crown only
(Figure 5), demonstrating that the co-presence of carboxy-
lates stabilizes the sandwich complexes. Also displayed for
comparison is an unstressed AG of 32.2 kJmol™, deduced
from an ab initio computational study.“"

Note that the rupture force (F;), instead of being a con-
stant value, is logarithmically dependent on the velocity of tip
retraction (vy;,) and thus the loading rate (7, PN/S; 7y =
(apparent spring constant) X vy,). ', corresponds to the force
applied within a certain timespan.*” A larger r,,, skews the
Gibbs free-energy landscape more significantly, leading to
a shorter lifetime and a larger rupture force.[***! To learn the
dissociation pathway for K*[15C5], without being subject to
the external mechanical stress (hereafter referred to as “at
zero force”), dynamic force spectroscopy was carried out
(Figure 4). Based on the Bell-Evans approach,*"***l the
F,—r,,, correlation can be formulated by Equation (2).

Fr (rappl) = fﬁln(rappl/rl)appl) = fﬁln(rappl)7fﬁln(rl)appl) (2)

The semi-logarithmic plot gives the slope (f;) and the
intercept (). Both f; and #°,, are associated with the
properties at zero force. Explicitly, f; is termed thermal
fluctuation force to describe what is required to dissociate
K*[15Cs], at zero force. Derived from Epemma = kg T = fix;, the
width of the energy barrier (x;, see Figure 5) further elabo-
rates the free-energy landscape for the complex going from

Figure 4. Dynamic force spectroscopy on substrates modified by 15C5-
C,-SH alone (blue) and co-assembled with TA (red). The histograms of
rupture forces are plotted against the loading rates and yield slopes
(fg) with essentially the same values (31 pN). The loading rates range
from 5.8 to 125 nN's™". To plot the histograms, utilized traces are
limited to those with single polymeric molecule force traces screened
by the worm-like chain model®*¥ (see the Supporting Information for
details).
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Figure 5. lllustration of the energy landscapes for K*[15C5],. x; is
found 0.13 nm for cases with and without co-assembly of TA. AG for
the dissociation of K*[15C5], a) from substrate modified by crown only
is 21.3 k) mol™', b) from substrate co-assembled with TA is

24.7 kJmol ™", and c) from simulated result“" is 32.2 k) mol~". The
values of k. are summarized in Table 1. For better comparison of the
free energies, the minima of the potential wells are aligned for clarity.

the equilibrium position of the complex to the transition state.
Similarly, at zero force, roappl is equivalent to the loading rate
driven by the environmental thermal energy. By taking
advantage of the correlation of the loading rate with lifetime
(°, 14 = kgT/7%) and dissociation rate (ko kog=1/7"), the
values of 7° and k;; for K'[15C5], at zero force can be found
(Table 1).

Figure 4 shows the F,—In(r,,,) plot across three orders of
magnitude. The extracted parameters are summarized in

Table 1: Effect of local environments on equilibrium and kinetic parameters for K*[15C5], sandwich interactions.

Local environment Ky [um]? K, [x10° m '] £, [pN]®! R Poop [PN 57T 7% [ms]d kot [s79 kon [x10° M "5
crown alone 186(445) 5.4(+1.3) 31.2(£1.1)  1.32(4+0.04) 2397 13.0(+£0.5) 77.0(£2.7) 0.41(£0.10)
crown +TA 47.8(£9.8)  20.9(£4.3)  30.5(:£1.6) 1.35(£0.07) 1897 16.1(£0.8)  62.2(+3.3) 1.30(+0.27)

[a] K5 and K, are derived from isotherms of binding probability (Figure 3) and are multiplicative inverses of each other. [b] f; and 1°,,,, are calculated
from the plots of loading rate against rupture force (Figure 4). x; is obtained by Eyema = ks T =fx;. [] Lifetime (z°) and dissociate rate (k) are derived
from 1, (5o =Sip/T° = (ks T) ko) and are reciprocals. k,, is obtained by Ky=kq,/k,.
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Table 1 and Figure 5. For both conditions, without or with the
co-assembly of TA, the properties associated with mechanical
rupturing are essentially the same, such as thermally induced
/i and x;. The derived barrier width, x; (~0.13 nm), is on the
same order of magnitude as the simulated K™-O distance
(0.183 nm) for K*[15C5], reported in a DFT study.*”!

The presence of TA enables K*[15C5], one-quarter
extension in lifetime (7°), three-fold acceleration in the
formation rate (k,,), and a decrease in the dissociation rate
(ko). The seemingly rapid k. of 62.2 and 77.0 s ! is in fact
comparable to that of supramolecular complexes (e.g., 7.6—
50s~! for the urea—aminotriazine pair®-'!) and that of cell
adhesion proteins (7-200s7").">*" The values of k. for
K*[15C5], are actually orders of magnitude lower than those
of 1-to-1 M™[crown] complexation (10>-107 s™").2%>>3¢1 The
slow ko of K*[15C5], is attributed to the sandwich config-
uration in which two halves of concaved 15C5 moieties
enclose K* through multivalent binding. For the dissociation
of K*'[15C5],, such conformation impedes the access of
solvent molecules to interact with the crown-coordinated
metal center and diminishes the influence from proximal
environments. Therefore, under external mechanical stress,
the rupture force is independent of solvent polarity (Fig-
ure S3) and f; is essentially the same for 15C5-modified
substrate with and without TA (i.e., the slope of dynamic
force spectroscopy, Figure 4). The results show quantitatively
that the effect of local environments is significant on
association kinetics yet less critical on dissociation reactions.

In conclusion, the mechanical strength of multivalent
crown-metal interactions is determined quantitatively by
single-molecule force spectroscopy. Regarding the dissocia-
tion reaction, the external force required to break apart the
sandwich complexes has the following features. The magni-
tude is 1) on the order of tens of pN, comparable to that of
carbohydrate-receptor pairs (e.g., lactose-IgGP"! or ganglio-
side Gy —cholera toxin BP*'), 2) dependent on the oxidation
number and the size ratio of the metal diameter to the crown
cavity, and 3)independent of solvent polarity. Through
isotherms of binding probability and dynamic force spectros-
copy, the free-energy landscapes and kinetic parameters for
the dissociation of K*[15C5], are derived based on the Bell-
Evans model. For 15C5-modified substrate with and without
co-assembled carboxylate groups, the values of rupturing
force (f) are similar under external mechanical stress. The
one-quarter difference in loading rate (r’,,,) and lifetime (z°)
can only be apparent at zero force. Regarding the association
reaction, the presence of carboxylates accelerates the com-
plexation, attributed to the development of electrostatic
attractions toward K* and/or conformational pre-organiza-
tion of neighboring crown moieties. The rates of association
and dissociation are, respectively, 3-fold faster and one-
quarter-slower than those with 15C5 alone. These findings
provide mechanical and kinetic information on the mecha-
nism of sandwich complexations. The quantitative results
elucidate the importance of local environments on recogni-
tion and sensing performance for the design of reaction
schemes.
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