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Abstract: In this paper, the strength and kinetics of two charge-transfer complexes,
naphthol-methylviologen and pyrene-methylviologen, are studied using dynamic force
spectroscopy. The dissociation rates indicate an enhanced stability of the
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compared to naphthol-methylviologen complex.
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1. Introduction

Non-covalent interactions, such as hydrogen bonds, n-m stacking, electrostatic and hydrophobic
interactions, are ubiquitous in biological systems. Their inherent reversibility makes them also
interesting for technological applications such as stimulus-responsive surfaces and molecular
recognition. One of these non-covalent interactions is the charge-transfer (CT) interaction. A CT
complex is formed when a partial transfer of charge occurs between two molecules. The molecule
providing the electron (donor) and the receiver of the electron (acceptor) experience an electrostatic
attraction that holds them together. The CT interaction is often evidenced by the appearance of a
characteristic absorption band in the visible spectrum. The CT interaction appears in many biological
systems [1,2] in particular stabilizes molecules that intercalate between DNA bases, which can be used
for cancer therapy [3]. CT interactions have been also exploited in the fabrication of layer-by-layer
films [4]. The acceptor, methylviologen (mv, N,N’-dimethyl-4,4’-bipyridinium), is a dictation and has
been extensively used in the study of CT complexes[5-9]. The complexation of mv with molecules
containing donor moieties has been applied to create supramolecular crystals [10] and
supra-amphiphiles [11] as well as in phototherapy [12]. In particular, host-stabilized CT complexes of
mv have been used as building blocks of redox-switchable supramolecular surfaces [13] and
polymers [14].

Single-molecule force spectroscopy (SMFS) has been used to study weak interactions
quantitatively, both of biological and synthetic origin [15-17] In particular, the atomic force
microscope (AFM) can be easily adapted to perform this type of measurements. The kinetic properties
of the studied complexes reveal themselves as a dependence of the force required to rupture the
complex with the speed at which the complex is being pulled at [18]. Thus, force spectroscopy
experiments are often performed covering a range of retraction speeds in what has been named
dynamic force spectroscopy (DFS). The strength of CT interactions has been examined using force
spectroscopy before [19-21]. The interaction between tetramethylphenylenediamine (TMPD) and
tetracyanoquinodimethane (TCNQ) was reported to rupture at 70 pN [19], and polymers decorated
with poly(9-vinylcarbazole) (PVK) were found to desorb from monolayers presenting
dinitrobenzamide (DBA) and nitrobenzamide (NBA) groups at forces of 28 and 18 pN,
respectively [21]. However, many of the experiments were not conducted at the single molecule
level [19,20], or did not study the interaction over a dynamic range.

Here, the kinetic properties of two CT complexes, naphthol-methylviologen (nph-mv) and
pyrene-methylviologen (pyr-mv, see Figure 1) are studied using DFS.



Polymers 2013, 5 271

Figure 1. Compounds used in this study.

NH;
& -
I\ = a
,N:j’
Br

mv APDES

N orse o, E(%)

"\ro\/“z
1l

pyr

Q. OO
nph PEG 3000

2. Results and Discussion
2.1. Double-Tethered DFS

In order to perform a DFS experiment the studied complex must be ruptured repeatedly in a
controlled manner [15]. The complementary moieties are secured to the surface of an AFM tip and a
supporting substrate. The distance between the base of the AFM cantilever and the substrate is varied
by means of a piezoelectric crystal. In the starting point the two surfaces are away from each other at a
distance on the order of hundreds to thousands of nm, so the AFM cantilever is relaxed. This distance
is reduced until the tip makes contact to the surface, and further reduced until a predetermined
deflection, which is measured using a laser beam reflecting on the cantilever, is achieved. This part of
the cycle is called the approach. The system is kept in this situation for a certain amount of time (dwell
time, usually 0.1-1 s) to allow the formation of the complexes. Then, the distance between the base of
the cantilever and the substrate is increased at a constant speed, the so called retraction part of the
cycle. In the initial phase of the retraction, the cantilever will relax, followed by a deflection on the
opposite direction if an interaction occurs between the tip surface and the substrate. When the energy
stored in the negatively deflected cantilever is enough to break the interaction a sudden relaxation will
be detected and the cantilever will travel undeflected until the starting point. The cantilever spring
constant can be calibrated using several methods to translate these deflection values into force
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values [22,23]. A plot of the measured force vs. the imposed distance (a force-distance curve) can be
constructed using this information and the true separation from the surface can be calculated using the
spring constant of the cantilever, resulting in a force-separation plot. However, it is unlikely that the
interaction between the tip surface and the substrate measured in such way originates exclusively from
the interaction between the studied moieties. The strongest interaction when doing this experiment in
ambient conditions is the capillary force produced by the water meniscus that forms at the point of
contact, which is the reason why DFS experiments are carried out inside a liquid medium in most
occasions. Several other interactions, such as Van der Waals, electrostatic or hydrophobic forces can
contribute to the attractive interaction between the tip and the substrate. Long polymeric linkers, in
particular polyethylene glycol (PEG) [24], are usually intercalated between the tip surface and one of
the moieties in order to separate this unspecific contribution from the studied interaction [25]. Thus,
the typically short-ranged unspecific interactions are broken before any stress is exerted on the
complex (Figure 2). Moreover, in many cases the formation of the complex requires a certain degree of
freedom that can only be achieved when introducing a flexible linker instead of a direct attachment to
the surface. The characteristic non-linear elasticity of polymeric linkers appears on the force-separation
curve as a curved line. The slope of the points just prior to the rupture (in pN/nm) can be multiplied by
the externally imposed retraction speed (in nm/s) in order to obtain the instantaneous loading rate (how
fast the force was applied) that was exerted on the complex (in pN/s).

Figure 2. Force-separation curve using a tethered moiety. During the approach phase the
cantilever is relaxed (1) until the tip snaps into contact with the substrate and is
deflected (2). During the retraction, a negative force (unspecific interaction) is detected
with a constant slope while the tip and substrate are in contact (3). After this interaction is
broken, a non-linear region appears as the polymer chain is stretched (4). Finally, rupture
of the specific noncovalent interaction is observed which leads back to the unconnected
state (1).

It has been shown for several systems that the force required to break a bond depends on the
loading rate, which is the reason why the rupture force should be measured at different retraction
speeds [18,26]. Occasionally, saw-tooth patterns are observed when multiple complexes tethered by
chains of different length are successively ruptured. In our study, we only analyzed the last rupture of
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each force-separation curve to ensure that the observed instantaneous loading rate is not being shared
with other complexes. Polymer models such as the worm-like chain (WLC) or the freely-jointed chain
(FJC) can be fitted to the non-linear segments to discriminate whether more than one chain or a single
chain was being pulled. This ensures that the measured force corresponds to the rupture force of a
single complex, and not to two or more complexes being ruptured at the same instant. Since the
thermal energy at room temperature is comparable to the energy of CT interactions, the rupture will be
a thermally activated process. Thus, the rupture force will vary several pN depending on the
microscopic fluctuations of the system, and several ruptures must be measured in order to obtain a
reliable most probable rupture force.

However, this scheme does not rule out possible interactions between the tethered moiety and the
opposite substrate. The use of the so-called double-tether approach (Figure 3), in which a linker is
introduced to connect each of the complementary moieties to their corresponding surface, is used to
solve this problem [27]. Only ruptures that occur when the tip and the substrate are at distances
approximately two times the length of the employed linker are in this approach regarded as specific.

Figure 3. Attachment strategies and characteristic resulting force-separation curves.
(A) Direct linking does not allow the estimation of the number of complexes and the
rupture force can be affected by unspecific contributions. (B) Tethering one of the moieties
resolves the rupture from the unspecific tip-substrate interaction, but substrate-moiety
interactions are still possible. (C) Double-tethering ensures that ruptures happening when
the tip-substrate distance is approx. two tether lengths originate from specific interactions.
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Following the double-tether strategy, we used a commercially available PEG crosslinker
(PEG 3000) to connect amine-functionalized nph and mv derivatives to amine-functionalized AFM
cantilevers and silicon substrates, respectively. Several hundreds of approach-retraction cycles were
performed at different retraction speeds. The resulting force-separation curves for each retraction speed
were examined using a force spectroscopy analysis tool [28], and only the ones showing non-linear
features corresponding to a single polymer chain were selected. Each selected curve produced a set of
data consisting of values for the rupture force, the instantaneous loading rate and the contour length of
the stretched polymer. This contour length is the combined length of two polymer chains in the case of
a double-tethered rupture, or just one chain in the case of an unspecific rupture. Thus, the contour
lengths were used to select forces originating from ruptures of the CT complex. The average contour
length of a PEG chain of 3000 g/mol is 25 nm, however, the compound is polydisperse and, when
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looking at the last rupture event of the curves, these events originate from the longer chains on the tip.
We have used the same compound in other studies where only one of the moieties forming the
complex was tethered, the other being directly attached to a substrate. In all of these experiments, we
observed that more than 95% of the chains corresponding to the last rupture were shorter
than 60 nm [29]. Based on this observation, we only considered for further analysis the ruptures
corresponding to chains of larger contour lengths, which we attribute to double-tethered
interacting pairs.

The resulting data from this filtering procedure was used to construct kernel density estimations of
rupture force and instantaneous loading rate at each retracting speed. The most probable force, loading
rate and their uncertainties were extracted from these densities. In some cases, a long tail of the
distribution towards higher forces was observed (Figure 4). This tail has been attributed to diverse
causes such as heterogeneity of chemical bonds [30] or simultaneous ruptures of more than one
complex [31,32].

Figure 4. Density of probability for the rupture force of nph-mv probed at 598 nm/s. The
ticks on the horizontal axis indicate individual measurements.
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A plot of the most probable rupture force vs. the most probable loading rate at each retracting speed
is shown in Figure 5. The most probable rupture force, f, increases with the loading rate, p. Such
behavior is characteristic of complexes being pulled out of equilibrium. The relationship between these
two quantities was first described in the work of Evans and Ritchie [18].

kgT pXg
“(p) = 1n< " ) 1

In this expression kT is the thermal energy, xz is the width of the potential barrier of the interaction
and k*oﬁ-is the dissociation rate at zero force (the intrinsic off-rate of the complex). The solution of this
equation appears as a straight line in a semilogarithmic plot. Although we could fit the data to this
model (dashed line in Figure 5), we found that a better fit could be obtained ignoring the point at lower
loading rate (solid line in Figure 5). The typical residual from this second fit was 10 pN, which was
similar or lower to the residuals of the first fit, and in particular significantly lower than the residuals
for the two data points corresponding to the slowest loading rates (24 and 17 pN). The rationale is that
the complex is pulled under thermodynamic control at low loading rates, at which the dissociation
force remains constant, and only follows the Evans-Ritchie model at higher loading rates. The results
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from the fit of the high loading rate regime suggest a potential width xs of 0.16 + 0.03 nm and a
dissociation rate constant k", of 14 s~ (confidence interval 8-23 s ').

Figure 5. Results from dynamic force spectroscopy (DFS) performed on the nph-mv
charge-transfer (CT) complex. The lines are fits to Evans model using all points (dashed)
or all but the first point and a constant force value at low loading rates (solid).
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2.2. Pyrene-Methylviologen Complex

A similar surface functionalization scheme was used for substituting the amino-functionalized nph
derivative by amino-functionalized pyrene, (pyr). The resulting force-distance curves were analyzed
and filtered as described above. A plot showing the density of probability for the rupture force of
pyr-mv is shown in Figure 6.

Figure 6. Density of probability for the rupture force of pyr-mv probed at 581 nm/s. The
ticks on the horizon.
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The most probable rupture force vs. loading rate values is presented in Figure 7. In this case
ignoring the lower loading rate point did not improve the fit. The fit to the Evans model of all data
points suggests a potential width xz of 0.4 + 0.1 nm and a dissociation rate constant k*gff‘ of 25
(confidence interval 0.3-13 s7).
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Figure 7. Results from DFS performed on the pyr-mv CT complex. The lines are fits to
Evans model using all points (dashed) or all but the first point and a constant force value at
low loading rates (solid).
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2.3. Comparing nph-mv and pyr-mv Complexes

Comparing the characteristic potential widths and dissociation rate constants of the two CT
complexes studied here we rationalize the data as follows. First, the potential width is appreciably
larger in the case of the pyr-mv complex (0.4 = 0.1 nm) when compared to the nph-mv complex
(0.16 = 0.03 nm). This can be correlated to the molecular structure of pyrene and naphthol, the larger
size of the surface of the pyrene molecule will allow a bigger relative displacement of the two
molecules until the interaction is broken. Secondly, the lower dissociation rate constant of the pyr-mv
complex (2 s ') indicates that this complex is more stable than nph-mv (14 s '), which is compatible
with the higher equilibrium constant of the pyr-mv complex [11,33,34]. Moreover, the force vs.
loading rate data of the nph-mv system are preferentially fitted to two different straight lines. The
occurrence of different regimes of force vs. loading rate has been reported before for other
supramolecular complexes and interpreted as the emergence of inner barriers of the potential [35-37].
However, at low loading rates the dependence of the rupture force on the loading rate seems to be null.
This behavior has also been reported for fast rebinding n-nm complexes probed at near-equilibrium, such
as the interaction between pyrene and graphite [38]. A similar transition has been observed by
increasing the temperature in DFS experiments using quadruple hydrogen-bonded dimmers [39]. This
suggests that the nph-mv complex is being pulled close to thermodynamic equilibrium at low loading
rates (under approx. 4000 pNs ™). The equilibrium rupture force for mv-nph ruptures (63 + 20 pN) is
much larger than the equilibrium rupture force observed for PVK-NBA (18 pN) and PVK-DBA
(28 pN) complexes at loading rates ranging 15,000-75,000 pNs ™' [21]. However, it compares well
with the TMPD-TCNQ rupture force (70 + 15 pN) at a comparable loading rate (4500 pstl) [19].
Unfortunately, the TMPD-TCNQ complex was not studied at different loading rates, which would
allow a comparison of the possible dynamic behavior. On the other hand, the pyr-mv complex appears
to be pulled out-of-equilibrium at all explored loading rates, which agrees with the slower dissociation
kinetics observed in this case.
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3. Experimental Section

All solvents were purchased from commercial sources and used as received unless explicitly noted.
Aminopropyldimethylethoxysilane (APDES), PEG 3000 (NHS-terminated homobifunctional PEG,
Myw 3000) and 8-aminopyrene-1,3,6-trisulfonic acid trisodium salt (pyr) were purchased from ABCR
and Sigma-Aldrich. Water was purified and deionized (MQ water, resistivity of 18.2 MQcm ).

3.1. 3-(2-Naphthyl)-oxy-aminopropane (nph)

A mixture of naphthol (1) (1.00 g, 6.93 mmol), 3-bromo-phthalamide (2) (1.85 g, 6.93 mmol), dry
potassium carbonate (1.15g, 6.93 mmol) and 18-crown-6 ether in 60 mL of acetone was refluxed for
12 h. After cooling the mixture to room temperature, the volatiles were removed under reduced
pressure. The reaction mixture was extracted with CH,Cl,. The organic layer was washed with water
and dried over anhydrous MgSO,. The solvent was evaporated to obtain (3) as a white solid. Then, a
mixture of (3) (0.50 g, 1.51 mmol), hydrazine (0.22 mL, 1.51 mmol) in 20 mL of ethanol was refluxed
for 2 h. The mixture was then acidified to pH 1 with a solution of 1 M HCI and refluxed for 1.5 h.
After this time, the pH was adjusted with a solution of 1 M NaOH and the mixture was extracted with
CHCI; and dried over anhydrous MgSQO,. The volatiles were removed under pressure and a brownish
solid was obtained. To this brownish solid CHCI; was added and the white precipitated formed was
filtered through celite. After removal the solvent, (4) was obtained as a brownish solid. Yield: 0.15 g,
49 %. '"H NMR (ppm): & = 7.71-7.64 (m, CH, 3H), 7.39-7.26 (m, CH, 2H), 7.09-7.05 (m, CH, 2H),
4.11 (t, CHa, *J(H,H) = 6.0 Hz, 2H), 3.62 (br, s), 2.90 (t, CHa, *J(H,H) = 6.0 Hz, 2H), 1.94 (m, CH,,
3J(H,H) = 6.0 Hz, 2H). MS (ESI-ToF): m/z; 202.1 g/mol [M+H]" (calc. 201.1 g/mol).

3.2. Substrate and AFM Cantilever Functionalization

Silicon substrates (about 1 cm®) were repeatedly washed in dichloromethane (DCM) and methanol.
The substrates were oxidized in an oxygen plasma for 20 s and then immersed into a (1:200) solution
of APDES in distilled dry toluene for 1 min. Then, they were rinsed with copious amounts of DCM.
The amine terminated substrates were incubated for 2 h in a 200:1 DCM/N,N-Diisopropylethylamine
(DIPEA) solution with PEG 3000 linker (NHS-PEG-NHS, 5 mg/ml, ~1 mM) and rinsed with DCM.
The AFM cantilevers (MLCT, Bruker) were treated following the same procedure. The mv-terminated
substrates were prepared incubating the substrates for 2 h in a solution of amino-terminated mv
(1 mM) in 200:1 MQ water/DIPEA and rinsed with water. Finally, nph- or pyr-terminated tips were
obtained by immersing the AFM cantilevers for 2 h in a solution of amino-terminated nph or pyr
(1 mM) in 100:1 DCM/DIPEA or 200:1 MQ water/DIPEA, respectively, and rinsing with the
corresponding solvent. The substrates and tips were kept in ultrapure water until they were used.

3.3. AFM Force Spectroscopy Measurements

All force measurements were performed with a commercial Multimode Picoforce SPM (Veeco,
Digital Instruments, USA) using a liquid cell (Veeco) and saline aqueous solutions (10 mMNacCl in
MQ water). The spring constants of the cantilevers were calibrated using the built-in thermal tuning
software, resulting in typical values of 0.032 + 0.006 N/m. Force-distance curves were acquired by
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approaching and retracting the tip at speeds ranging 500-3000 nm/s and a dwell time of 0.1 s. The tip
was laterally displaced over the substrate between approach-retraction cycles, covering 1 pm?, and the
maximum force applied to the surface was kept under 500 pN. Approx. 5000 curves per cantilever
could be obtained, limited by the appearance of high adhesion between the tip and surface and a large
decrease in the chance of observing polymer stretching. This we attribute to deterioration of the
monolayers due to the repeated contact or adsorption of contaminants on the tip.

3.4. Data Analysis

We selected relevant force curves using our own plug-in script developed for Hooke [28]. Each
curve (see a typical example in Figure 8) was examined for sudden changes in force (rupture events),
then the data prior to the last rupture (the unbinding event happening farthest away from the surface)
were fitted using a modified FIC model with a fixed Kuhn length of 7 A [40] and the contour length
was the fit parameter, and a WLC model where both the persistence length and the contour length were
fit parameters. Rupture events were rejected or kept for further analysis based on the quality of the fit,
which was assessed visually by comparing both fits, and numerically by comparing the fitted
persistence length to the expected value of 3.5-3.8 A, in the case of WLC fits. In the case of the FIC
fits, the averaged force difference from each data point to the corresponding fitted force was compared
with the standard deviation of the measured force in the non-contact area. If the ratio of these two
parameters is close to 1, the difference between the fit and data can be explained by thermal noise.
Pairs of rupture force and instantaneous loading rate were obtained from the valid events and an
estimation of the rupture force and loading rate probability densities was obtained with the help of the
statistical package R [41] by using kernel density estimation with Epanechnikov kernels and a fixed
bandwidth of 10 pN in the case of force or an automatically selected bandwidth (Sheather and Jones
algorithm) [42] in the case of loading rate. The resulting densities are shown in Figures 9 and 10.

Figure 8. Typical examples of raw experimental data of the nph- (A) and pyr (B)-mv
CT complex.
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Figure 10. DFS results of the pyr-mv CT complex. Density of probability for rupture force
(top row) and instantaneous loading rate (bottom row) at different retraction speeds
(columns). The ticks in the horizontal axis indicate individual measurements.
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4. Conclusions

The rupture forces of two different CT complexes were measured at the single molecule level over a
range of retraction speeds. In the case of the nph-mv complex, a transition from near-equilibrium to a
loading-rate dependent behavior was observed with increasing loading rate, while the pyr-mv complex
was probed far from equilibrium at all loading rates applied here. The dissociation rate constants
obtained from fits of a theoretical model to the data confirm an enhanced stability of the pyr-mv
complex compared to the nph-mv complex. The differences in potential width and dissociation rate
constant appear to be qualitatively in concert with the differences in molecular structure of the donors.
This study adds to the understanding of the kinetic behavior of CT interactions [43], which can be
useful for the design of DNA intercalating drugs with improved stability and presumably will
influence the reversibility of structures relying on this type of interaction such as layer-by-layer

assemblies.
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