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ABSTRACT: The single-molecule force spectroscopy of a
prototypical class of hydrogen-bonded complexes is computa-
tionally investigated. The complexes consist of derivatives of a
barbituric acid and a Hamilton receptor that can form up to six
simultaneous hydrogen bonds. The force−extension (F−L)
isotherms of the host−guest complexes are simulated using
classical molecular dynamics and the MM3 force field, for
which a refined set of hydrogen bond parameters was
developed from MP2 ab initio computations. The F−L curves
exhibit peaks that signal conformational changes during elongation, the most prominent of which is in the 60−180 pN range and
corresponds to the force required to break the hydrogen bonds. These peaks in the F−L curves are shown to be sensitive to
relatively small changes in the chemical structure of the host molecule. Thermodynamic insights into the supramolecular
assembly were obtained by reconstructing, from the force measurements, the Helmholtz free energy profile along the extension
coordinate and decomposing it into energetic and entropic contributions. The complexation is found to be energetically driven
and entropically penalized, with the energy contributions overcoming the entropy penalty and driving molecular recognition.
Further, the molecular nanoconfinement introduced by the macroscopic surfaces in this class of experiments is shown to
significantly accentuate the mechanical and energetic stability of the hydrogen-bonded complexes, thus enhancing the ability of
the force spectroscopy to probe this type of molecular recognition events.

■ INTRODUCTION
In recent years, a number of techniques have been developed
that allow us to access the properties of single molecules.1−10

These windows into the single-molecule world are teaching us
how molecules behave with unprecedented detail, including
how they move,1 their mechanical behavior,2−5 their con-
ductance,6,7 reactivity,8,9 and optical properties.10 While
measurements made on bulk matter are averages over a
whole ensemble of molecules, single-molecule measurements
highlight the contributions of the constituent parts to the
ensemble. Of particular interest here, force-spectroscopy
techniques2−5 can be employed to measure the mechanical
properties of single molecules, exert control over the molecular
conformation with sub-Ångstrom resolution, and reconstruct
the free energy profile during molecular extension. As such,
they offer a powerful platform to investigate the forces and
thermodynamic changes during basic chemical events such as
folding, self-assembly, and molecular recognition.
A scheme of the force-spectroscopy setup using an atomic

force microscope (AFM) is shown in Figure 1. In these
measurements, one end of a molecule is attached to a
macroscopic surface and the other to an AFM tip. The tip is
connected to a cantilever of known stiffness k. The distance
between the cantilever holder and the surface L is controlled,
while the molecular end-to-end distance ξ is allowed to
fluctuate. The force F exerted on the molecule is determined by

measuring the deflection of the cantilever with respect to its
equilibrium position, i.e., F = −k(ξ − L). During the
elongation, L is increased at a constant speed v, L(t) = L0 +
vt, and the fluctuating force is recorded.
In this paper, we computationally investigate the utility of

single-molecule force spectroscopy as a probe of host−guest
molecular recognition events. Specifically, using classical
molecular dynamics (MD) and free energy reconstruction
techniques we investigate the force spectroscopy characteristics
of the hydrogen-bonded (HBed) supramolecular complexes
shown in Figure 2, consisting of a Hamilton-like receptor11,12

host and a barbituric acid derivative guest. For definitiveness,
the complexes are thiol-terminated and assumed to be
chemisorbed to the macroscopic surfaces. Similar complexes
have been synthesized by Gloeckner.13 These prototypical
host−guest complexes have been employed in developing
molecular sensors11,12 and self-assembly strategies.14−16

Through these complexes we assess the ability of single-
molecule force spectroscopy17−19 to provide information about
the basic intermolecular interactions that govern the supra-
molecular communication events that are important in a variety
of drug design, catalysis, and self-assembly applications.20,21
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An important difference between measurements of host−
guest interactions performed in bulk, with respect to those in
single-molecule force spectroscopy, is that in the latter the
molecular motion is constrained by the surface and the AFM
tip. Such nanoconfinement can have a significant influence on
the molecular affinity for complexation17,22−24 and thus on our

ability to interrogate such events via force measurements. To
quantify the effect of nanoconfinement in HBing we consider
the force spectroscopy of the complexes in the presence and
absence of spatial constraints due to the presence of the surface
and tip. As discussed below, nanoconfinement is shown to
considerably enhance the free energy of complexation and to
increase the force required to break the complexes, thereby
increasing the sensitivity of the single-molecule spectroscopy to
the molecular interactions responsible for the complexation.
This manuscript is organized as follows. The Methods

section describes the employed MD and free energy
reconstruction strategy, and introduces a refined set of force
field parameters required for the accurate description of
hydrogen bond (HB) interactions. The Results and Discussion
section discusses the force−extension isotherms of the HB
complexes and the influence of chemical changes and spatial
constraints on the potential of mean force (PMF). Our main
findings are summarized in the Conclusions.

■ METHODS
Molecular Dynamics. The force spectroscopy of the HBed

complexes was simulated using classical MD as implemented in
TINKER 6.2.25 The simulations were performed at 300 K in
the NVT ensemble using a Nose−Hoover chain26,27 as a
thermostat. The equations of motion were propagated using
the modified Beeman algorithm28−30 with a 1 fs integration
time. As a force field we employed MM331 (and the MM3-
PRO32 parameters for the amide functional groups in the
complexes) supplemented by a refined set of hydrogen bond
parameters developed here as described below. The MM3 force
field adequately describes π-stacking interactions33 and includes
directional HBing terms34,35 important in the description of the
complexes. The pulling was carried out by attaching the
terminal S atom of the host molecule (1) to a stiff isotropic
harmonic potential that mimicked the molecular attachment to
the surface. Simultaneously, the terminal S of the guest
molecule (2) was connected to a dummy atom via a virtual
harmonic spring of stiffness k = 110 pN Å−1. The distance

Figure 1. Scheme of an AFM force spectroscopy setup. Here the
cantilever holder to surface distance (L) is controlled, while the end-
to-end molecular distance (ξ) fluctuates. The force is measured
through the deflection of the cantilever from its equilibrium position, F
= −k (ξ − L) via light scattering from the tip end of the cantilever. For
simplicity the finite length of the tip is not taken into account, and the
position of the tip is modeled via a dummy atom.

Figure 2. Scheme of the hydrogen-bonded host−guest complexes. The complexes consist of a Hamilton-like receptor host (A1, B1, C1, or O1) and
a barbituric acid derivative guest molecule (2). The dashed red lines show the six expected hydrogen bonds in the dimer. Thiol terminations are an
example of a functional group that can be used to chemically bond molecules to surfaces.
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between this dummy atom and the S in molecule 1 is the
simulation equivalent of the distance from the surface to the
cantilever-holder L (see Figure 1). In turn, the sulfur-to-sulfur
distance defines the end-to-end molecular length ξ. During
elongation (or contraction) the dummy atom was moved away
from (toward) molecule 1 at a constant speed v, i.e., L = L0 + vt.
The rigidity of the cantilever in directions perpendicular to the
pulling is captured by restricting the motion of the terminal S
atom of molecule 2 to be along the pulling direction. The
varying deflection of the virtual harmonic spring measures the
force F = −k(ξ − L) exerted during the pulling.
To avoid any dependence of the results on the pulling speed

v, the simulations were performed under reversible conditions.
To determine the v for which the system effectively behaves
reversibly, after 2 ns of thermalization the complexes were
stretched from L = 0 to 30 Å and subsequently contracted for
different pulling speeds in the 10−3−10−6 Å ps−1 range. A
pulling speed of v = 5 × 10−6 Å ps−1 was chosen because at this
speed (or slower) the force−extension profiles of all complexes
during extension and subsequent contraction essentially
coincide, indicating that there is no significant dissipation
during the pulling. At this v, a full pulling/contraction cycle
corresponds to 12 μs of MD simulation time per complex.
Molecular structures were dumped every 4 ps, and F, L, ξ, and
the molecular potential energy U were recorded and employed
to obtain averages. Sampling errors for the force were estimated
using the blocking method.36,37 This method removes the
autocorrelation from the data set that causes an under-
estimation of the standard deviation.
The most prevalent conformations during the pulling were

determined via a cluster analysis in VMD.38 In this analysis, for
a given range of ξ (data were binned in 1 Å intervals), the root-
mean-square deviation (RMSD) of each structure in the range
is calculated with respect to an arbitrary reference. The analysis
clusters conformations based on their RMSD and estimates the
likelihood of each cluster of structures.
Nanoconfinement. The constraints on molecular motion

imposed by the surface and the tip in AFM pulling experiments
are modeled via potential restraints. Here, the surface and the
tip are considered as impenetrable parallel flat surfaces that are
arranged perpendicularly to the pulling direction and separated
by a distance ξ. These spatial constraints are effectively
implemented via angle restraints that prevent penetration of
molecular atoms into the surface regions. Specifically, for atom-i
the angle described by the sulfur−atom-i distance vector and
the vector normal to the surface to which that particular sulfur
is attached to is restricted to be in the −90° ≤ θ < 90° via a stiff
harmonic restraint of the form V(θ) = ∑n=1

3 kn(θ − θn)
2 (Mk1 =

0.5 × 10−3 kcal mol−1 rad−2, θ1 = ±90°; Mk2 = 1.0 × 10−3 kcal
mol−1 rad−2, θ2 = ±80°; Mk3 = 2.0 × 10−3 kcal mol−1 rad−2, θ3
= ± 70°, where M is the number of atoms in the molecular
fragment to which the particular atom-i belongs). Results were
found to be relatively insensitive to the particular choice of the
force constants. However, in the employed computational
pulling setup these potential restraints do generate an artificial
residual positive force since (ξ − L) < 0 even for large L. This
residual force is subtracted from the overall force measurements
in the nanoconfined simulations.
Refined Hydrogen Bond MM3 Parameters. To

accurately describe the HB-mediated intermolecular interac-
tions in the complexes, a set of refined HB MM3 parameters
was developed from high-level ab initio computations.
Specifically, as model molecules for developing the parameter

set we employed the HB complexes T1 and T2 shown in the
inset of Figure 3. These molecules were selected because they

capture the HB interactions in Figure 2 but are more
convenient for high level ab initio computations. The geometry
of T1 and T2 was first optimized using DFT, the B3LYP
exchange and correlation functional,39 and a 6-311G** basis
set.40 The complementary fragments of the optimized
complexes were rigidly separated along the HB axis. The
complexation energy along this distance was computed every
0.1 Å using MP241 with the aug-cc-pVTZ42 basis set and the
basis set superposition error (BSSE) correction procedure.43,44

MP2 has been found to accurately describe HB interactions at
reasonable computational cost.45 Here and throughout we
employed Gaussian0946 for the electronic structure computa-
tions.
The intermolecular interactions were fitted using the

directional HB potential term in MM334,35
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where ϵHB is the HB energy parameter; D is the dielectric
constant; RY−H is the HB distance with equilibrium value RY−H° ;
RX−H is the bond length between H and its covalently attached
atom with equilibrium bond length RX−H° ; and β is the HB
angle. The coordinate notation employed in eq 1 is
schematically shown in Figure 4. In the fitting, the ϵHB is
kept fixed at the MM3 value, while the dimensionless
parameters a, b, and c were all considered as adjustable
parameters. While the MM3 force field (FF) employs an
asymptotic length dependence EHB ∼ 1/RY−H

6 (p = 6) akin to
van der Waals interactions, here p is considered as a fitting

Figure 3. HB interactions described by the MM3-HB and MM3 force
field. The plots contrast the MP2 complexation energy with that
obtained via MM3 and MM3-HB. (a) Complexation energy of T1
versus average HB distance defined as ⟨RHB⟩ = (RN−H + RO−H +
RO−H′ )/3. (b) Angular dependence of the complexation energy of T2
around the minimum energy geometry (RHB). Note how MM3-HB
accurately describes HB interactions that dominate the dynamics of
the complexes in Figure 2.
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parameter as the length dependence of HB interactions has
been found to exhibit a p = 3.8 instead.47 TINKER was
modified to be able to deal with this more general case. The HB
parameters for N−H···N were fitted from the complexation
energy of T2. Then, using these parameters, the HB parameters
for N−H···O were fitted from the equivalent data for T1. All
fitting was performed by a nonlinear least-squares algorithm as
implemented in GNUplot.48 The resulting fitting parameters
are shown in Table 1, and the modified FF is denoted as MM3-

HB. Note that for both types of HBs we obtain p = 3.8 as a
result of the fitting, in agreement with ref 47. A comparison of
the complexation energy of T2 computed using MP2, MM3,
and MM3-HB is shown in Figure 3a. Note that while the MM3
FF underestimates the HB complexation energy by 48% the
MM3-HB FF accurately captures the length dependence in the
complexation energy. Further note that the new set of

parameters also leads to an improved description of the
directionality of the HBs with respect to that obtained via MM3
(see Figure 3b).

Free Energy Reconstruction. The molecular potential of
mean force (PMF) ϕ(ξ) along the end-to-end distance
coordinate was reconstructed from the biased simulations at
extensions L using the weighted histogram analysis method
(WHAM),49,50 as described in detail elsewhere.4,51 The PMF is
the molecular Helmholtz free energy profile along a given
coordinate. As such, it is an intrinsic molecular property that is
independent of the cantilever stiffness and succinctly captures
thermodynamic changes during the complexation. This
contrasts with the force measurements, which are generally
dependent on k.4,51 In the WHAM procedure, we employed
bins of 0.15 Å along ξ and used as a convergence criteria an
average difference of 10−5 kcal/mol among consecutive
estimates of the free energy in the self-consistent procedure.
Errors in the estimate of the PMF were calculated using the
bootstrap method.51 Additional insight into the thermodynamic
driving force responsible for the complexation was obtained by
decomposing the changes in the PMF into entropic S(ξ) and
potential energy U(ξ) contributions, i.e., Δϕ(ξ) = ΔU(ξ) −
TΔS(ξ). This is done by computing the potential energy along
the extension U(ξ) and defining TS(ξ) ≡ U(ξ) − ϕ(ξ).

■ RESULTS AND DISCUSSION
Force Spectroscopy. The force spectroscopy of the HBed

complexes (cf. Figure 2) is shown in Figure 5. For
definitiveness, we focus the discussion on the force−extension
(F−L) isotherms in the absence of nanoconfinement (dashed
lines). The effect of the surface and the tip on the force
spectroscopy and the complexation is discussed in “Effect of
Nanoconfinement”. While the four complexes O, A, B, and C
can form the same number and type of HBs, they differ by the
central ring of the host molecule 1 and its connection to its two
pyridine-based arms. These chemical modifications change the

Figure 4. Coordinates in a XH···Y HB interaction. Here, RY−H is the
HB distance, RX−H is the X−H covalent bond length, and β is the HB
angle.

Table 1. MM3 and MM3-HB Parameters for NH···N and the
NH···O HB Interactions as Defined by Equation 1

NH···N NH···O

MM3 MM3-HB MM3 MM3-HB

a 184000 9200 184000 2107
b 12.0 6.47 12.0 7.66
c 2.25 24.12 2.25 2.06
p 6 3.8 6 3.8
ϵHB (kcal/mol) 1.5 1.5 5.24 5.24
RY−H° (Å) 2.22 1.817 2.22 2.0

Figure 5. Force versus pulling coordinate during the extension of the complexes in Figure 2 in the presence (solid lines) and absence (dashed lines)
of nanoconfinement (NC). Averages are made in 0.75 Å bins. Error bars are shown in red. Note how NC and the chemical structure of the host
strongly affect the mechanical stability of HBing.
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flexibility and dimensions of the host that, as discussed below,
can dramatically affect the stability of the HBs.
Consider first the F−L isotherm for complex O shown in

Figure 5d. The main feature of the isotherm is a peak in the
force of 175 pN for L = 20.7 Å. The increase in the force and its
subsequent drop signal the mechanical deformation and
breaking of the complex. Before the main breaking event, for
5 < L < 17 Å, there is a region in which the force is weakly
dependent on the elongation, preceded by a region L < 5 Å in
which the molecule is compressed leading to a negative force.
The average number of intermolecular HBs during the
elongation is shown in Figure 6 ((d): complex O; the curves
differ by the stringency of the criteria for HBing). An analysis of
the molecular conformation during elongation reveals (see
“Complexation Thermodynamics” and the representative
structures in Figure 7) that in the region where the F−L
isotherm is weakly dependent on L the O complex is V shaped
(structure 1, Figure 7d). This V-shaped complex is stabilized by
dispersion and electrostatic interactions between the fragments.
During elongation, complex O flattens, forming the HB-
mediated complex detailed by structure 2 in Figure 7d.
Subsequent pulling leads to a breaking of the complex.
These geometrical changes during elongation are reflected by

the number of HBs the O complex forms as a function of L
(Figure 6d). For short extensions, the molecule is stacked and
exhibits a low number of HBs. As the molecule is elongated, a
structure favorable for HBing is mechanically stabilized, and the
number of HBs increases. The maximum in the force coincides
with the point in which the largest number of HBs is formed,
and the drop in the force is accompanied by the breaking of all
HBs in the complex. Thus, the maximum in the force

spectroscopy can be associated with the force required to
break the HBs in the complex.

Complexation Thermodynamics. The potential of mean
of force (PMF) ϕ(ξ) along the molecular end-to-end distance ξ
extracted from the mechanically biased simulations is shown in
Figure 7 (blue lines). Regions of convexity in ϕ(ξ) signal
mechanically stable conformations, while regions of concavity
signal conformational transitions that lead to mechanical
instabilies where the force drops with increased elongation
(i.e., dF/dL < 0).4,51 The most prevalent conformations for
selected ξ as determined via a cluster analysis (see Methods)
are shown in the upper panel of the subfigures.
As can be gleaned from Figure 7d, there are three

mechanically stable conformations for complex O interspersed
by regions of concavity in ϕ(ξ). The conformation around ξ =
4−5 Å corresponds to the stacked structure (1). This
conformation is followed by the HBed complex (2) and the
uncomplexed molecule (3). The global minimum in the free
energy corresponds to the stacked complex 1, with the HBed
complex being 0.22 kcal/mol higher in free energy. The
mechanical instability observed in Figure 5d for 10 < L < 15 Å
is associated with a conformational transition from the stacked
structure to the HBed structure. The main region of concavity
around ξ ≈ 20 Å corresponds to the breaking of the HBs in the
complex and leads to the main peak in the F−L isotherm.
Additional insight into the thermodynamics of complexation

is obtained by decomposing changes in the PMF into energetic
and entropic contributions Δϕ(ξ) = ΔU(ξ) − TΔS(ξ), as
shown in Figure 8. The complexation is energetically driven
and entropically penalized, with the energy contributions
overcoming the entropy penalty and effectively leading to the
molecular recognition event. While the complexation energy

Figure 6. Evolution of HBing during the elongation of the complexes in Figure 2 in the presence (solid lines) and absence (dashed lines) of
nanoconfinement. Results are averages over 1 Å bins. Using the notation in Figure 4, a structure is said to be HBed if RY−H < R0 and |β| < β0, where
R0 and β0 are thresholds for the HB distance and angle. Different curves refer to different thresholds as defined in the legends.38,52 The breaking of
HBs is associated with the maximum force in F−L isotherms. Note how thermal fluctuations reduce the average number of HBs from the 6 that are
formed by minimum energy conformation, most dramatically in A, B, and C. Note that the y-axis in panel (d) is scaled differently.
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and entropy vary widely during the extension, these two
contributions largely cancel one another leading to only modest
changes in the PMF. Note that the HBed structure is
significantly more favorable energetically than the stacked
conformation. However, it is also associated with a higher
entropy penalty due to its highly ordered conformation, which
prevents it from being the global minimum in the free energy at
300 K.
Effect of Molecular Structure. Figures 5−7 show that

small modifications in the chemical structure of the host can
have significant effects on the force spectroscopy and the
underlying potential of mean force, highlighting the potential of
the technique to probe molecular recognition events. While all
complexes exhibit a prominent peak in the F−L isotherms that

is associated with the breaking of the HBs, the magnitude and
position of this peak and the details of the F−L behavior reflect
the chemical differences between each host−guest environ-
ment.
Among the complexes, O forms the largest possible number

of HBs (Figure 6), and this leads to the largest force required to
break the complex. Specifically, while complexes A, B, and C on
average form a maximum of ∼1.0−1.5 HBs (using the most
lenient of criteria for HBing), complex O forms ∼3.5. Further
note that thermal fluctuations considerably reduce the average
number of HBs that are exhibited by the complexes from the 6
that are expected from minimum energy geometries. In the case
of A, this difference is because the host in A is able to form
intramolecular HBs (between pyridine N and amino H−N)

Figure 7. Changes in the potential of mean force (ϕ(ξ)) along the extension coordinate. Results are shown in the presence (solid lines) and absence
(dashed lines) of nanoconfinement (NC) obtained with WHAM using 0.15 Å bins. The red crosses and bootstrap error bars are obtained using a 1 Å
bin. Representative structures along the pulling of the system in the absence of nanoconfinement obtained via cluster analysis are shown in the upper
panels of each subfigure. The reference free energy was taken to be the complex at a separation of 30 Å. Note how nanoconfinement considerably
enhances the complexation.
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that compete with the intermolecular HBs. Intramolecular HBs
are not observed in O because the length between the two arms
in the host is longer. In complexes B and C, HBs are typically
formed with one arm instead of both under thermal conditions.
This is because the flexibility of the arms leads to a strong role
of thermal disorder in reducing the number of HBs during the
dynamics. Note that minimum energy structures would suggest
that all complexes form 6 HBs, while the thermal dynamics
show a significantly reduced number of HBs. This fact stresses
the importance of taking into account thermal fluctuations, and
not just minimum energy geometries, when establishing
structure−function relations.
Complexes O, A, and C share a similar shape for the PMF,

exhibiting three regions of mechanical stability. Complex B has
one additional stable molecular conformation that introduces
an extra peak in the F−L isotherm. This extra conformation
(not shown) corresponds to a host−guest complex stabilized
through dispersion and electrostatic interactions instead of
through HBs. In all cases, the stacked conformation
corresponds to the global minimum in the free energy. While
the complexation energies are comparable (see Table 2) and in

the range of −3.7 to −6.3 kcal/mol, the force required to break
complex O is ∼2 larger than in the other cases. Complex O is
mechanically more robust because the slope of the PMF just
before dissociation is steeper. That is, the transition from HBed
to an open structure is sharper than in the other complexes.
Note that an increase in mechanical stability as measured by

the maximum force required to break the complexes does not
necessarily coincide with a commensurate increase in the free
energy of complexation. For example, complexes A and O have
similar free energies of complexation of −5.73 and −6.29 kcal/

mol, respectively (see Table 2), but the force required to break
complex O is ∼2.4 larger. The reason for this is because while
the mechanical stability is determined by the force required to
break the hydrogen bonds the complexation is governed by the
free energy difference between the compact stacked con-
formation and the uncomplexed molecule.

Effect of Nanoconfinement. Nanoconfinement enhances
the mechanical stability and the complexation energy of all
complexes. In fact, for L = 0−15 Å the force required to extend
the complex increases by ∼10−20 pN. Further, the force
required to break the complexes increases by ∼15−30 pN. This
overall increase in the force implies that the nanoconfined
complexes are thermodynamically and mechanically more
stable. Note that the free energy of complexation (see Table
2) increases by 23−46% upon nanoconfinement. The surface
and tip lead to an enhancement in the number of HBs observed
overall (as measured by the areas under the curves in Figure 6).
In addition, the NC introduces a secondary peak in the force
spectroscopy after the main dissociation event. This peak arises
because of HB interactions between the central carbonyl group
in the guest and the terminal NH2 groups in the arms of the
host that are now favored by this environment. That is, the
tight environment imposed by the surface and the tip in this
class of experiments makes the complexes more stable and less
prone to mechanical rupture and the force spectroscopy more
sensitive to molecular recognition events.
The energy/entropy decomposition of the PMF shown in

Figure 8 shows that the NC can affect both the potential energy
and entropy of the complex along ξ. In the particular case of the
O complex, the NC leaves the potential energy essentially
unaltered in the 10 Å < ξ < 24 Å range. By contrast, the NC
reduces the entropy of the dimer in both open and complexed
form because of constraints in motion imposed by the surfaces.
This reduction of entropy is seen to be more significant for the
open complex than for the interacting complex, and this factor
is seen to play a main role in the stabilization of the O complex
by the tight environment. More generally, the stabilization
results from the nontrivial competition between enhanced
interactions and possible entropy reductions due to constraints
in molecular motion. This interplay results in different
enhancements in the complexation energy of the different
model dimers by 23% to 46% (cf. Table 2).
These results are consistent with previous computational

observations22 where surface constraints were seen to enhance
the complexation free energy of a β-cyclodextrin/ferrocene
complex. Results in ref 22 suggest that this type of
enhancement in the complexation are also robust to possible
solvent effects.

■ CONCLUSIONS
We have investigated the ability of single-molecule force
spectroscopy to provide information about molecular commu-
nication events through supramolecular interactions. For this,
we simulated the force spectroscopy of the class of hydrogen-
bonded complexes shown in Figure 2. During elongation, these
complexes transition from a compact stacked conformation into
a hydrogen-bonded structure and eventually break. The maxima
in the force signal conformational transitions, and the main
peak signals the breaking of the intermolecular hydrogen bonds
that mechanically stabilize the complex.
The force spectroscopy is shown to be sensitive to details in

the chemical structure in the host molecule. These chemical
changes influence the position and magnitude of the peaks in

Figure 8. Energy [U(ξ)]/entropy [TS(ξ)] decomposition of the
potential of mean force (Δϕ(ξ) = ΔU(ξ) − TΔS(ξ)) of complex O.
Results are shown in the presence (solid lines) and absence (dashed
lines) of NC. The zero energy reference is taken to be the
conformation at ξ = 4.5 Å for which the average energy of the
complex with and without NC coincides. The numerical labels refer to
the representative structures in Figure 7d. The complexation is
energetically driven and entropically penalized.

Table 2. Free Energy of Complexation in the Presence and
Absence of Nanoconfinement (NC)

ΔAw/out NC ΔAwith NC enhancement

complex (kcal/mol) (kcal/mol) (%)

A −5.73 ± 0.03 −8.0 ± 0.1 39 ± 4
B −5.22 ± 0.04 −6.40 ± 0.05 23 ± 5
C −3.71 ± 0.01 −5.40 ± 0.04 46 ± 2
O −6.29 ± 0.01 −8.22 ± 0.05 31 ± 3
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the force and the shape of the underlying potential of mean
force along the extension coordinate. Further, the molecular
nanoconfinement inherent to this class of measurements is
shown to significantly enhance the free energy of formation and
the mechanical stability of the complexes, thereby increasing
the sensitivity of the spectroscopy to the single-molecule
molecular events responsible for complexation.
A decomposition of the potential of mean force into

energetic and entropic contributions indicates that the
complexation is energetically driven and entropically penalized.
While the hydrogen-bonded structure is by far the most
energetically favored conformation, its ordered structure is
associated with an entropy penalty that prevents it from being
the room-temperature native conformation.
These results apply to the idealized situation where the

solvent plays a minor role on the MD, where the impenetrable
surfaces have no other nonbonded interactions with the
molecule and where the radius of the AFM tip is large with
respect to the molecular scale. Polar solvents will qualitatively
influence the results by introducing competition for HBing.
Further, any attractive interactions between the molecule and
the surfaces will reduce the effect of nanoconfinement.
Similarly, employing atomically sharp tips or linker groups
between the tip/surface and the complex are also expected to
reduce the effect of nanoconfinement because they increase the
conformational freedom of the molecule with respect to the
situation considered.
The simulations highlight the ability of force measurements

to discern between molecular recognition events, stress the
importance of taking into account thermal fluctuations (and not
just minimum energy geometries) when establishing structure−
function relations, and exemplify how novel environments can
distort basic molecular interactions responsible for molecular
assembly and recognition.
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