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Abstract: Supramolecular hostguest interactions in agueous environment were studied by dynamic single
molecule force spectroscopy. The unbinding between ferrocene moieties immobilized on atomic force microscopy
tips andf-cyclodextrin receptors in highly ordered self-assembled monolayers on Au(111) was studied. The
rupture force of individual ferrocergs-cyclodextrin complexes was found to be %610 pN. The value of

this unbinding force was independent of the unloading rate. This was attributed to the fast (de)complexation
kinetics of the hostguest complex.

Introduction (un)binding kinetic® for which we found an unloading rate

) ) ) _independent hostguest complex rupture force of 5610 pN.
With the advent of scanning probe techniques, such as atomic

force microscopy (AFM},real space nanometer scale structural Experimental Section
characterization and measurements of forces with piconewton Synthesis of-CD(OH). was carried out by a 7-fold DDC coupling

resolution have become poss_lble W|'_[h th_e same instrufhent. of heptakis(6-deoxy-6-amingj-cyclodextrif °with 12-(thiododecyl)-
Consequently, there is an increasing interest to measureyndecanoic acid. Monolayers were prepared &@Qwhich is essential
individual molecular interactions using force microsc8fdy.  for obtaining highly ordered monolaye¥sThe characterization of
Examples reported in the literature include interactions between, monolayers of the corresponding-CD derivatives on gold was
e.g., cell binding proteog|ycaﬁ§,comp|ementary strands of  previously published.The substitution pattern of the adsorbate has
DNA 3¢ or biotin—(strept)avidiri®3>4These studies on the lock negligible influence on the structural p_ropertle_s. Characterlza}tl_on of
and key principle at the level of individual molecules focused M€ A-CD-(OH). monolayer by wettability studies showed efficient

. . - . . . . wetting by water, indicating that the cavities are exposed at the surface
primarily on biological receptors with relatively high molar of the monolayepA
masses and thus sizes, araly slow unbinding kinetics. Evans AFM and Tip Modification. Triangular shaped silicon nitride
c.s. showed that for the latter systems the most probable caniilevers and silicon nitride tips (Digital Instruments (DI), Santa
unbinding forces are highly dependent on the (un)loading rate Barbara, CA) were coated with 500 nm of gold in a Balzers SCD
of the experiment.In this paper we report on our findings for
a low molecular weight supramolecular system with very fast

(6) Theequilibriumrate constant of decomplexatidi, for our system
is estimated to be $6-10° s~ based upon the known stability constant of
ferrocenecarboxylic acid i3-CD (2400 M™% Godnez, L. A.; Schwartz,
L.; Criss, C. M.; Kaifer, A. EJ. Phys. Chem. B997 101, 3376-3380)
and the assumption of diffusion-limited complexation [(complexation rate
constantk; = 10° (M s)~1].2Thus, binding processes occur on a time scale
of us, while the time resolution of the AFM is limited to the order of 0.1
to 1.0 ms and slower. (The time resolution of the AFM experiment is given
by the pixel resolution of the AFM data (512 pixels) and the scan rate of
the piezo transducer which is typicallyl.0 to 10.0 Hz.) On the contrary,
the association and dissociation rate constants of for example the-avidin
biotin complex are & 107 (M s)~1and 9x 108 s, respectively, resulting
in binding processes with a time scale of moritifa) Szeijtli, J.; Osa, T.
Comprehensie Supramolecular Chemistryol 3, Cyclodextrins Elsevier
Science Publishers: Oxford 1996. (b) Green, N. M.; Toms, Biachem.
J. 1973 133, 687.

(7) Ashton, P. R.; Kaiger, R.; Stoddart, J. F.; Alker, D.; Harding, V.
D. J. Org. Chem1996 61, 903-908.

(8) Guillo, F.; Hamelin, B.; Jullien, L.; Canceill, J.; Lehn, J. M;
Derobertis, L.; Driguez, HBull. Soc. Chim. Fr1995 132 857—-866.

T Materials Science and Technology of Polymers.

* Laboratory of Supramolecular Chemistry and Technology.

(1) Binnig, G.; Quate, C. F.; Gerber, CRhys. Re. Lett 1986 56, 933.
(2) (a) Frommer, JAngew. Chem., Int. Ed. Endl992 31, 1298-1328.
(b) Magonov, S. N.; Whangbo, M.-Fsurface Analysis with STM and AEM

VHC, Weinheim 1996.

(3) (a) Florin, E.-L.; Moy, V. T.; Gaub, H. ESciencel994 264, 415—
417. (b) Moy, V. T.; Florin, E.-L.; Gaub, H. ESciencel994 266, 257—
259. (c) Lee, G. U.; Chrisey, L. A.; Colton, R.Sciencel994 266, 771—
773. (d) Dammer, U.; Popescu, O.; Wagner, P.; Anselmetti, Dnti@Garodt,
H.-J.; Misevic, G. NSciencel995 267, 1173-1175. (e) Rief, M.; Gautel,
M.; Oesterhelt, F.; Fernandez, J. M.; Gaub, HSEiencel 997, 276, 1109
1112. (f) Rief, M.; Oesterhelt, F.; Heymann, B.; Gaub, HSEiencel 997,
275 1295-1297. (g) Lee, G. U.; Kidwell, D. A.; Colton, R. lLangmuir
1994 10, 354-357. (h) Ros, R.; Schwesinger, F.; Anselmetti, D.; Kubon,
M.; Schder, R.; Plickthun, A.; Tiefenauer, LProc. Natl. Acad. Sci. U.S.A.
199§ 95, 7402-7405 and references therein.

(4) Other experimental work on force spectroscopy has been carried out

by optical tweezers (Kuo, S. C.; Sheetz, M.Stiencel993 260, 232—
234.) and biomembrane force probe techniques (see ref 5).
(5) For unbinding kinetics which are slow compared to the rate of pulling

(9) Beulen, M. W. J.; Bgler, J.; de Jong, M. R.; Lammerink, B.;
Huskens, J.; Scmierr, H.; Vancso, G. J.; Boukamp, B. A.; Wieder, H.;
Offenhauser, A.; Knoll, W.; van Veggel, F. C. J. M.; Reinhoudt D.Ghem.
Eur. J.200Q 6, 1176-1183.

force, a pronounced rate dependence of the unbinding forces has been (10) (a) Sckiaherr, H.; Vancso, G. J.; Huisman, B.-H.; van Veggel, F.

predicted theoretically: (a) Evans, E.; Ritchie, Biophys. J 1997, 72,

C. J. M,; Reinhoudt, D. NLangmuir1999 15, 5541-5546. (b) Beulen,

1541-1555. These predictions were recently supported by experimental M. W. J.; Bigler, J.; Lammerink, B.; Geurts, F. A. J.; Biemond, E. M. E.

data: (b) Merkel, R.; Nassoy, P.; Leung, A.; Ritchie, K.; Evand\&ture
1999 397, 50-53.

F.; van Leerdam, K. G. C.; van Veggel, F. C. J. M.; Engbersen, J. F. J,;
Reinhoudt, D. NLangmuir1998 14, 6424-6429.

10.1021/ja994040i CCC: $19.00 © 2000 American Chemical Society
Published on Web 05/06/2000



4964 J. Am. Chem. Soc., Vol. 122, No. 20, 2000 "@bleor et al.

OH OH
7
HZC\
NH
\"é—o
S
B-CD-(OH)
14
Individual Sup lecular Host-Guest Interactions Studied
by Dy ic Single Molecule Force Sp py

Figure 1. (A) p-Cyclodextrin CD-(OH). heptasulfide receptor adsorbdteand space filling representation. (B) Schematic representation of a
[-cyclodextrin-ferrocene complex.

040 sputtering machine at an argon pressure of 0.1 mbar or alternativel
with ca. 2 nm Ti and ca. 75 nm Au in high vacuum (Balzers). The tips
were functionalized as described previodsin solutions with a 99:1
mixture of 2-hydroxy-ethanethiol and 6-ferrocenyl-hexanethiol or
2-hydroxy-ethanethiol in ethanol:chloroform (1:2). The AFM measure-
ments were carried out with a NanoScope Il multimode AFM (DI)
utilizing a liquid cell (DI). The piezo positioner was calibrated in the
zdirection by measuring step heights of Au(111). The cantilever spring
constants were calibrated as described by Tortonese andfidkce— ;
distance curves (300 to 400) were recorded in pure water ang 100 20 EESFRDAATE ] ¢
aqueous 1,8-ANS at different positions on the sample surface with a ©
maximum external load ok1.0 nN. The unloading rate was varied A B

between 2.00x 1(% pN/s and 2.34x 1C° pN/s. The corresponding ) ] o )

reference measurements were carried out in pure water. The quantitativé-igure 2. (A) Unfiltered friction mode AFM image of #-CD-(OMeha
analysis of the observed individual pull-off events was performed for SAM. (B) Autocorrelation filtered AFM height image of 4-CD-
100 force curves of a given set. Each individually resolved pull-off (OMe)a SAM. Both AFM images were acquired by contact mode AFM
event with a rupture force of 10 pN was included in the analysis. An N water.

autocorrelation function of the histograms of the pull-off forces was

calculated according to the following: SIMS), and AFM. The results confirm the formation of highly
ordered monolayers in which th&cyclodextrin cavities are
1 M exposed at the surface of the monolayer. The ordering of the
G(x) =— ZAf(k) Af(k+ x) (1) cavities in SAMs of3-CD-(OMe) 4 was unveiled by AFM. In
N, & Figure 2A,B a quasi-hexagonal lattice with a periodicity of 2.1

nm can be recognized. This value as a next neighbor distance

with Af(K) = f(k) — IN 3L, f(). corresponds well to the size of the adsorbate molecules. In these
SAMs the alkane segments fill the space underneath the
headgroup leading to highly ordered monolayers which expose

We have studied the complexation of ferrocene moieties in the cavities to external guests in a readily accessible mafner.
pB-cyclodextrin 3-CD) heptasulfide receptors (Figure 1A and The complexation behavior of SAMs GfCD 1 was probed
B). 8-CD, which is a cyclic heptamer of glucose, is well-known by dynamic force spectroscopy. Gold-coated AFM tips were
to bind apolar guests, such as ferrocene, adamantane, omodified with a mixed SAM of 2-hydroxy-ethanethiol and
1-anilinonaphthalene-8-sulfonic acid (1,8-ANS), in aqueous 6-ferrocenyl-hexanethidP These mixed SAMs contained-2%
environment3 For the immobilization in self-assembled mono- of 6-ferrocenyl-hexanethiol as shown by integration of the
layers (SAMs) on gold the receptor was equipped with seven ferrocene signal in separate cyclic voltammetric experiments
sulfide units. on standard evaporated gold speciméiie ferrocene moieties

The structure of SAMs ofS-cyclodextrin derivativel was in this mixed monolayer have a long spacer compared to
elucidated with a large number of techniques, such as electro-2-hydroxy-ethanethiol which renders them flexible and in a
chemistry, wettability studies, X-ray photoelectron spectroscopy solution-like state.
(XPS), time-of-flight secondary ion mass spectrometry (ToF-

Results and Discussion

(14) For details on our concept see: Thoden van Velzen, E. U,

(11) Schamherr, H.; Hruska, Z.; Vancso, G. Macromoleculesl998 Engbersen, J. F. J.; de Lange, P. J.; Mahy, J. W.; Reinhoudt, D. An.
31, 3679-3685. Chem. Soc1995 117, 6853-6862.
(12) Tortonese, M.; Kirk, MProc. SPIE1997 3009 53—60. (15) 6-Ferrocenyl-hexanethiol was synthesized according to a literature

(13) (a) Reference 6a. (b) Inoue, Y.; Wada, TAdvances in Supramo- procedure (Creager, S. E.; Rowe, G.X Electroanal. Chem1994 370,
lecular ChemistryJai Press: Stanford, CA, 1997; Vol. 4, p 55. (c) D'Souza, 203-211). 1,8-ANS, 2-hydroxy-ethanethiol, and hexadecanethiol were
V. T.; Lipkowitz, K. B. Chem. Re. 1998 98, 1741-1742. purchased from Aldrich and used as received.
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Figure 3. Force-distance curves recorded for the interaction between mixed hydroxyl-ferrocene tigs@Bdl in water prior to addition of
1,8-ANS (A, top) and after the addition of 1,8-ANS (B, bottom). The unloading rate was>5 1@ pN/s. The interaction betweghCD cavities
and ferrocene moieties in the absence and in the presence of 1,8-ANS is depicted schematically on the right.
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Figure 4. Force-distance curves recorded for the interaction between mixed hydroxyl-ferrocene tjp-@Bdl in water prior to addition of
1,8-ANS (A), after the addition of 1,8-ANS (B), and after a subsequent flush with water (C).

Force-distance curves measured with these functionalized

tips on SAMs of3-CD 1 on atomically flat Au(111) in ultrapure
water always showed multiple pull-off events as depicted in
Figure 3A. After replacing the water by an aqueous solution of
the external guest 1,8-ANS (1QaM),'7 the critical pull-off
forces were smaller and the number of pull-off events was
drastically reduced. In about 50% of the foradistance curves
measured in 1,8-ANS solutions only one pull-off event was
observed (Figure 3B). The other 50% of the forckstance
curves exhibited up to three pull-offs indicating that there are
some residuaB-CD-(OH)y4 cavities free for complexation of
ferrocene. After washing away the 1,8-ANS with water, the
multiple pull-offs were observed again (Figure 4). These
observations are attributed to reversible blocking ofAHeD-
(OH)14 cavities by the external 1,8-ANS guest molecules.
Electrochemical impedance spectroscopy results ofstd-
(OH)14 monolayer fully support this interpretatidn.

B

12.5 nm

12.5 nm
Figure 5. Force-distance curves of control experiments carried out
on puref-CD SAMs on Au(111) using 2-hydroxy-ethanethiol func-

tionalized tips (A, no guest) and on 2-hydroxy-ethanethiol SAMs on
Au(111) using the mixed hydroxyl-ferrocene-modified tips (B, no host).

contact with the surface aall times during the multiple
individual pull-off events until the final pull-off occurs, and may
lose contact at different grains at a time. This results in the
observed “virtual” separation distances. It should be noted that
the piezo travel to the final point of snap-off is always smaller
than the maximum grain size observed by high-resolution SEM.

Separation distances larger than the length of the adsorbate AFM control experiments were carried out with 2-hydroxy-
molecules can be rationalized by taking the granular morphology ethanethiol modified tips (no guest) 8aCD 1 SAMs and with

of the gold coating of the film into account (grain diameter ca. mixed 2-hydroxy-ethanethiol and 6-ferrocenyl-hexanethiol modi-
25-50 nm). In case of several gold grains in the contact area fied tips on 2-hydroxy-ethanethiol SAMs (no host). The
a slight torsion of the cantilever is possible. The tip stays in corresponding forcedistance curves showed single pull-offs

(16) The redox signal of the ferrocene unit was integrated in cyclic
voltammograms measured in 0.1 M NaGlf@r monolayers of different
ratios of the two adsorbates in the adsorption solution1{0% 6-ferro-
cenyl-hexanethiol).

(17) Electrochemical impedance spectroscopy (EIS) measurements in-

dicated a Langmuir type of adsorption of 1,8-ANS to th€D monolayer
(K = 289000 M1, and6100 .m = 0.97)° Permethylation of cyclodextrin,
as in3-CD-(OMe)4, breaks the hydrogen bond array between neighboring

indicating the absence of specific interactions (Figuré?5).

The occurrence of multiple individual pull-off events during
retraction of the sample from the tip is attributed to the rupture
of host-guest complexes at the retracting contact area between

(18) The magnitude of the pull-off forces in the control experiments is
characteristic for interactions measured in water. In additional control
experiments with hexadecanethiol modified tips (no guesf}-@D-(OH).4

glucose units and therefore results in collapse of the cavity. No complexation SAMs and with mixed 2-hydroxy-ethanethiol and 6-ferrocenyl-hexanethiol

could be detected for th&CD-(OMe)4 monolayer. This blank experiment,
using thes-CD-(OMe)s monolayer, proves furthermore that the observed
interaction for the8-CD-(OH)4 monolayer is due to hosguest interactions
and is not a result of an aspecific interaction, for example, with the alkyl

maodified tips on hexadecanethiol SAMs (no host), specific interactions were
also absent. Furthermore, tips modified with 100% 6-ferrocenyl-hexanethiol
also showed no specific interactions witHCD-(OH)4 SAMs, proving the
importance of accessibility for the ferrocene units. (a) Noy, A.; Frisbie, C.

chains. (a) For a fundamental discussion on EIS see: Flink, S.; Boukamp, D.; Rozsnyai, L. F.; Wrighton, M. S.; Lieber, C. M. Am. Chem. Soc

B. A.; van den Berg, A.; van Veggel, F. C. J. M.; Reinhoudt, DJNAmM.
Chem. Soc1998 120, 4652-4657.

1995 117, 7943-7951. (b) Sinniah, S. K.; Steel, A. B.; Miller, C. J.; Reultt-
Robey, J. EJ. Am. Chem. S0d.996 118 8925-8931.
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Figure 6. Histogram of individual pull-off forces measured in AFM force distance curves between a SAMCEf 1 and a mixed hydroxyl-

ferrocene tip in water (A) and after the presence of 1,8-ANS and a thorough flush with water (B) (arrows indicate force maxima). The autocorrelation

analysis of the data obtained in three independent experiments is shown in C.

probe and surface. The analysis of the individual pull-offs

revealed a quantized adhesion force. In the histograms shown_

in Figure 6 A,B, distinct maxima at equidistant force are
observed, as was confirmed by autocorrelation analysis (Figure
6C).

These maxima, which are multiples of 3610 pN1° are not
altered after blocking of the cavities with 1,8-ANS and
subsequent wash-out by water (Figure 883! Furthermore,
the number of individual pull-offs observed in the AFM
experiments (1620) corresponds well to the number of

ferrocene-terminated molecules on the contact area between

SAM and the AFM tip (14-28)22 We attribute the occurrence
of multiple pull-offs to slightly different distances of the
ferrocenes to thg-CD 1 surface, due, for example, to curvature
of the AFM tip and the aforementioned granular nature of the
gold on the tip3>23

In a theoretical analysis of the influence of the unloading
rate on the rupture force by Evans and RitcHithe reformation
of the broken bonds is not considered. Therefore, at very low
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Figure 7. The quantized rupture force as a function of the unloading

unloading rates, they found the spontaneous dissociation of therate of the AFM experiment.

complex to be the most frequent rupture process, which was
accompanied by a rupture force approaching zero upon further
decrease of the unloading r&fe?*In practice, the detection of

(19) The error of the individual hosguest complex rupture forcaF

was calculated based on Gauss error analysis and is primarily caused by

the error in determining the cantilever spring constanAF = [((dF/dk)
AK)? + ((dF/d2) AZ)3Y2,

(20) The number of pull-offs was reduced by-280% for each cycle,
which may be attributed to irreversible damage of fR€D SAM and/or
the tip.

(21) The autocorrelation function of the histogram of the second cycle,
after washing the 1,8-ANS away, again proved a quantized rupture force
of 56 pN. Furthermore, the few pull-offs sometimes observed in the AFM
measurements in the presence of 1,8-ANS are also multiples of 56 pN.

(22) The contact area of the AFM tip was estimated based on the
Johnsor-Kendal-Roberts theory of contact: Johnson, K. L.; Kendall, K.;
Roberts, A. D.Proc. R. Soc. London A971, 324, 301-313. An external
load of 1.0 nN, a surface energy per unit arda= 10-3 N/m), and a tip
radius R = 100 nm) were experimentally determined. The following
parameters for the SAMs were assumed: Young's modales0.5 GPa,
Poisson’s ratio = 0.3. The number of ferrocene-terminated molecules in

the contact area between the tip and the mixed SAMs can be estimated to

be ~14—28 molecules, based on-2% of ferrocene-terminated thiol in
the SAM (see ref 12).

(23) In high resolution scanning electron microscopy (SEM) images of
modified tips the granular nature of the gold coating is readily seen
(Schmherr, H. Ph.D. Thesis, University of Twente, 1999).

(24) In the ultrafast unloading regime only viscous frictional drag retards
the separation (see ref 5).

the AFM tip retraction upon bond rupture is limited to a time
scale of 103 to 10 s. In our experiments, the complexation
and decomplexation are fast (time scale off€) compared to

the force spectroscopy measurements. In rate-dependent mea-
surements we did not observed any pronounced dependence of
the host-guest complex rupture force on the unloading rate for
over 3 orders of magnitude (Figure 7).

If one takes the total number of interactions per retraction
cycle and the curvature and inhomogeneity of the tip into
account (vide supra), the observed rate-independence of the
rapture force can be understood. As long as a force smaller than
the rupture force is exerted on a heguest couple, spontaneous
complexation and decomplexation takes place. The exertion of
force is translated into strain energy in the spacer of the guest
on the AFM tip and the alkyl chains of thCD adsorbate in
the bound state. On the time scale of the hagtest binding
kinetics, the tip remains at a fixed position and there is rapid,
spontaneous decomplexation. Recomplexation remains possible
as long as the strain energy in the bound state is overcome by
the energy release upon complexation. Due to the slow relative
displacement of the AFM tip, retraction of the tip is only
possible when the strain energy becomes larger than the binding
energy, and therefore such events occur at given force values.
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On the basis of the comparison of the equilibrium binding revealed an unloading rate-independent quantized rupture force
kinetics and, in particular, the unloading rate independence of 56 4+ 10 pN. Our results show that AFM measurements can
observed in our experiments, we conclude that the ferroeene be used to obtain characteristic rupture forces for-hgaest
B-CD interactions are probed under thermodynamic control. complexes, even and in particular under conditions where the
Although within a class of very similar hosguest complexes  kinetics of binding is rapid on the AFM time scale. This opens
the rupture forces may scale linearly with the binding enth@ipy,  exciting new opportunities for molecular level studies of
conversion of rupture force to binding enthalpy is generally not interactions in supramolecular chemistry.

possible since the experimentally detected force is the derivative
at a single (inflection) point of the potential energy curve while
the binding enthalpy results from integration over the path of
unbinding.
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In conclusion, we have shown that the interaction between
ferrocene moieties immobilized in mixed SAMs on AFM tips



