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Abstract: The cation complexation force of 18-crown-6 has been measured in ethanol by means of atomic
force microscopy using probe tips and mica substrates modified chemically with 18-crown-6 and ammonium
ion, respectively. The specific complexation force was suppressed by free potassium ion in the measurement
solution, indicating a blocking effect based on the competitive complexation of the 18-crown-6 moiety
between the free ion and the ammonium ion bound to the substrate. The single complexation force of
18-crown-6 with ammonium ion was evaluated to be about 60 pN in ethanol by autocorrelation analyses
of the histograms for observed forces.

Introduction specific forces at a single molecule level are of fundamental
and practical interest for nanotechnology and development of

In recent years, atomic force microscopy (AFM) has attracted .
y by ( ) molecular device#?

considerable attention due to its capability of sensing interactions o ] ]

between its cantilever tip and a substrate as well as acquiring SPecific intermolecular forces play important roles in mo-

topographic images of sample surfaée®.There has been lecular recognition processes in the biological and chemical

growing recognition that AFM is a versatile tool for the direct systems. Specific mtc_aractlons between metal ions and ligands

measurements of intermolecular forces on a molecular scale,N@ve been of great interest. A number of works have been

since chemical functionalization of its probe tips and substrates "ePorted on molecular recognition of synthetic receptors:

by self-assembled monolayers (SAMs) allows the observation Their thermodynamic constants, such as stability constants of

of various chemical interactions with high force and spatial — .
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have been measured by means of AFM using chemically (17) Wenzler, L. A.; Moyes, G. L.; Raikar, G. N.; Hansen, R. L.; Harris, J. M.;
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mpdlfled prObe t'p_§} which is .termed .Chem!call Torce (18) Wenzler, L. A.; Moyes, G. L.; Olson, L. G.; Harris, J. M.; Beebe, T. P., Jr.

microscopy? In addition, the evaluations of single (individual) Anal. Chem1997, 69, 2855-2861. _
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of antigens-antibodies;*2021.2DNA strands** DNA nucleotide (20) Lo, Y.-S.; Huefner, N. D.; Chan, W. S; Stevens, F.; Harris, J. M.; Beebe,

: T. P., Jr.Langmuir1999 15, 1373-1382.
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- (23) Lee, G. U.; Kidwell, D. A.; Colton, R. J.angmuir1994 10, 354-357.
* Corresponding author. (24) Lee, G. U.; Chrisey, L. A.; Colton, R. $ciencel994 266, 771-773.
)
)
)

(1) Takano, H.; Kenseth, J. R.; Wong, S.-S.; O'Brien, J. C.; Porter, M. D. (25) Boland, T.; Ratner, B. DProc. Natl. Acad. Sci. U.S.A995 92, 5297
Chem. Re. 1999 99, 2845-2890. 5301.

(2) Heinz, W. F.; Hoh, J. HNanotechnology1999 17, 143-150. (26) Tromas, C.; Rojo, J.; de la Fuente, J. M.; Barrientos, A. G.; @aR;

(3) Samory B. Chem. Eur. J200Q 6, 4249-4255. Penads, S.Angew. Chem., Int. ER001, 40, 3052-3055.

(4) Janshoff, A.; Neitzert, M.; Obeftdier, Y.; Fuchs, HAngew. Chem., Int. (27) Schamherr, H.; Beulen, M. W. J.; Byler, J.; Huskens, J.; van Veggel, F.
Ed. 200Q 39, 3212-3237. C. J. M.; Reinhoudt, D. N.; Vancso, G. J. Am. Chem. SoQ00Q 122,

(5) Hugel, T.; Seitz, MMacromol. Rapid Commur2001, 22, 989-1016. 4963-4967.

(6) Frisbie, C. D.; Rozsnyai, L. F.; Noy, A.; Wrighton, M. S.; Lieber, C. M. (28) lIto, T.; Citterio, D.; Blnlmann, P.; Umezawa, Y.angmuir1999 15, 2788~
Sciencel994 265 2071-2074. 793.

(7) Noy, A.; Frisbie, C. D.; Rozsnyai, L. F.; Wrighton, M. S.; Lieber, C. M. (29) Conti, M.; Falini, G.; SamorB. Angew. Chem., Int. E00Q 39, 215-
J. Am. Chem. Sod.995 117, 7943-7951. 218.

(8) Vezenov, D. V.; Noy, A.; Rozsnyai, L. F.; Lieber, C. M. Am. Chem. (30) Flink, S.; Boukamp, B. A.; van den Berg, A.; van Veggel, F. C. J. M;
S0c.1997 119 2006-2015. Reinhoudt, D. N.J. Am. Chem. S0d.998 120, 4652-4657.

(9) van der Vegte, E. W.; Hadziioannou, & Phys. Chem. B997 101, 9563 (31) Flink, S.; van Veggel, F. C. J. M.; Reinhoudt, D. N.Phys. Chem. B
9569. 1999 103 6515-6520.

(10) van der Vegte, E. W.; Hadziioannou, Gangmuir1997 13, 4357-4368. (32) Hazel, J. L.; Tsukruk, V. VThin Solid Films1999 339, 249-257.
(11) Ito, T.; Namba, M.; Bhlmann, P.; Umezawa, Y.angmuir1997 13, 4323~ (33) Kado, S.; Kimura, KChem. Lett2001 630-631.
4332. (34) Izatt, R. M.; Pawlak, K.; Bradshaw, J. S.; Bruening, R.Ghem. Re.
(12) Noy, A.; Sanders, C. H.; Vezenov, D. V.; Wong, S. S.; Lieber, C. M. 1991 91, 1721-2085.
Langmuir1998 14, 1508-1511. (35) Inoue, S.; Gokel, G. WCation Binding by MacrocyclesMarcel Dekker:
(13) Wong, S. S.; Joselevich, E.; Woolley, A. T.; Cheung, C. L.; Lieber, C. M. New York, 1990.
Nature 1998 394, 52—55. (36) Dietrich, B.; Viout, P.; Lehn, J.-M.Macrocyclic Chemistry VCH:
(14) Florin, E.-L.; Moy, V. T.; Gaub, H. ESciencel994 264, 415-417. Weinheim, 1993.
(15) Han, T.; Williams, J. M.; Beebe, T. P., Jnal. Chim. Actal995 307, (37) Vogtle, F. Supramolecular ChemistryViley: New York, 1993.
365-376. (38) Lehn, J.-M.Supramolecular Chemistrf)CH: Weinheim, 1995.

4560 = J. AM. CHEM. SOC. 2003, 125, 4560—4564 10.1021/ja029397s CCC: $25.00 © 2003 American Chemical Society



Complexation Force of 18-Crown-6 with Ammonium lon

ARTICLES

macrocyclic host molecules with guest ions, have been also
extensively investigated by several titration techniques using
NMR, calorimetry, potentiometry, and so &Recently, direct
measurements of coordination bondings with heavy metal ions,
e.g. Ag-—methyl sulfidé® and histidine-Ni2" nitrilotriacetate?®

by using AFM have been also carried out, since the specific
interactions are comparably strong.

Crown ethers are typical synthetic macrocyclic compounds
that possess specific cation-complexing abilities based on the
multiple ion—dipole interactions. In the present study, we
attempted to make direct measurements of the complexation
force of 18-crown-6 with ammonium ion by AFM using probe
tips modified chemically with an alkanethiol derivative having
a terminal group of 18-crown-6, which is one of the well-known
artificial macrocyclic compounds that complex alkali metal and
ammonium ions. We here demonstrate the applicability of AFM
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Figure 1. Force curves observed on APTES/mica substrate using 18-crown-
6/tip: (A) a typical force curve, (B) a less typical force curve showing
multiple pull-off events observed in ethanol and (C) a force curve showing

to the study of cation-binding processes on a molecular scalesmaller adhesion force due to blocking in an ethanol solution containing

in host-guest chemistry that exhibits weaker interactions than
the biological and coordination-chemical systems. Furthermore,
the single complexation force of 18-crown-6 with ammonium
ion has been evaluated with the histogram treatment by an
autocorrelation method. To the best of our knowledge, this is
the first example of the direct measurement of the single-host
guest interaction in the cation complexes of crown ethers.

Experimental Section

Reagents6-Mercaptohexyloxymethyl-18-crown-&)( used for the
chemical modification of AFM tips, was synthesized according to the
literature303t (3-Aminopropyl)triethoxysilane (APTES) (Shin-Etsu,

Tokyo, Japan) was used as received. Ethanol of analytical grade was

used for the solvent both for the chemical modifications and force

measurements. Other chemicals were of reagent grade and used as

received.

Cantilever Spring Constants. AFM cantilevers used in the force
measurements were commercially available V-shapgd,8antilevers
(Olympus, Tokyo, Japan) that were coated with Au/Cr on their tip side
as well as the back side. It was reported by the manufacturer that the
cantilevers had a spring constant of 0.09 Nlnand a resonant
frequency of 32 kHz. We separately determined the spring constants
of cantilevers by measuring their unloaded resonant freqdénmcy
dynamic force mode (DFM), which is based on the mechanical vibration
of cantilevers, by using a scanning probe microscope (SPA300, Seiko
Instruments, Tokyo, Japan). The average resonant frequency was 32
33 kHz, which corresponds to a spring constant of 8040 N n1.%?

Chemical Modification. The formation of SAM ofl on probe tips
was carried out as follows. Cantilevers were cleaned prior to modifica-
tion by immersion into a piranha solution (concentrates®/28%
H20,, 7/3, viv) for 20 min.Caution: Piranha solutions reactiolently
with organic compounds and should be handled with great cBe.

cleaned tips were rinsed successively with deionized water and ethanol

and were then immersed in an ethanol solution containing 1 mmot dm
of 1 overnight. The tips were rinsed with ethanol and dried in air. The
sheets (14 mnx 14 mm) of natural mica (Nilaco, Tokyo, Japan) were
modified with APTES and treated with a HCI aqueous solution to obtain
surface ammonium ions-NHs*") according to the same procedure as
described in our previous pap&The resulting tips and substrates are
denoted as 18-crown-6/tip and APTES/mica, respectively.

Force Curve MeasurementsForce curves were measured at room
temperature (ca. 298 K) with the scanning probe microscope on which
a 18-crown-6/tip and an APTES/mica were mounted using a liquid

10 mmol dnT3 CRSO:K.
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Figure 2. Histograms for adhesion forces obtained from each set of
repetitive force measurements in ethanol using APTES/mica substrate and
18-crown-6/tip (A) in the absence of and (B) in the presence of potassium
ion. The histograms were drawn at a force interval of 50 pN.

The scanning rate of cantilever during the force measurements was 40
nm s’ The measurement liquid was prepared using ethanol as a
solvent. Aqueous solutions of 10 mmol dfHCI or tetramethylam-
monium hydroxide (TMAOH) and deionized water were used for the
force titration.

Results and Discussion

Specific Complexation Force We have adopted 18-crown-
6, a typical crown ether, as a terminal group of the alkanethiol
used for the chemical modification of AFM probe tips, taking
advantage of its simple structure and high stability constant with
ammonium ior?*3% The SAM of 1 was investigated by an
electrochemical impedance spectroscopic method and was found
to possess a selective complexing ability of its crown ether
moiety with alkali metal cation%3!

Figure 1A shows a typical force curve observed on an
APTES-modified mica substrate in ethanol using a 18-crown-6

cell. Force curve measurements were made more than 300 times afndified tip. The APTES/mica substrate was pretreated with a

different positions of the substrate for each tip/substrate combination.

0.1 mol dnt3 HCI aqueous solution and dried in air in order to

The noise level of forces measured with the apparatus was estimatedensure protonation of the surface amino groups. In addition to

to be+15 pN from the baseline of force curves near its pull-off point.

the single pull-off event (Figure 1A), there were multiple pull-
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Figure 3. A typical force curve observed on ODS/mica substrate using ¢1 nN
18-crown-6/tip in ethanol. B 20 nm
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Figure 4. Histograms for adhesion forces obtained from each set of control . IZ_Q_EE: L L

force measurements on ODS/mica substrate using 18-crown-6/tip (A) in
ethanol and (B) in an ethanol solution containing 10 mmot d@FRSO:K.

The histograms were drawn at a force interval of 50 pN. Figure 5. Force curves observed on APTES/mica using 18-crown-6/tip
(A) in 10 mmol dnT3 HCI aqueous solution, (B) in deionized water, and

(C) in 10 mmol dn3 tetramethylammonium hydroxide aqueous solution.

Displacement

off steps in some of the force curves, as exemplified in Figure
1B, which may be attributed to the sequential ruptures of discrete
molecular interactions between the probe tip and substrate.
Similar stepwise shapes in the force curve also have been

potassium ion interferes with the complexation interactions of
18-crown-6 moieties on the tip with ammonium ions on the
. . . ... APTES/mica substrate, thus leading to the decrease in the
reported in the AFM studies on measuring other specific . . .
: 1420212627 observed adhesion forces. The small residual adhesion forces
interactions:#29.21.26, . N :
- ] ] ] observed in the presence of potassium ion (Figure 1C) may be

Competitive cation-complexation experiments were also aitributed to the ion exchange between potassium ions bound
carried out in the same system to confirm that the observed iy the 18-crown-6 moieties on the tip and the ammonium ions
forces are based on the specific interaction between 18-crown-65, the substrate.
and ammonium ion, which is in turn easily blocked by another  qntrol Force MeasurementsA control experiment for the
cation. Taking into account the high stability constant of 18- 5.ce measurements mentioned above was carried out by using
crown-6 with potassium ioff*> we have selected the metal 5 mica substrate modified with octadecyltrichlorosilane (ODS/
ion as the blocking guest ion. After changing the measurementmica) instead of APTES/mica. In this case, such specific
liquid from pure ethanol to an ethanol solution containing 10 jnteractions, as observed in the iedipole interaction with 18-
mmol dnT® CRSOK, the force curve showed a much smaller  ¢rown-6 moiety on the tips, are not expected with the resulting
adhesion force (Figure 1C). The typical histograms for each sypstrate, because the substrate is terminated with methyl groups.
set of adhesion forces are shown in Figure 2. Figure 3 shows a typical force curve observed for ODS/mica

Obviously, the adhesion force was drastically decreased in using a 18-crown-6/tip. The force curve exhibits a single pull-
the presence of potassium ion in the solution. The effect of off step and the histogram (Figure 4A) indicates that the
potassium ion is characteristic of the adhesion forces observedadhesion forces on the ODS/mica substrate were much smaller
on APTES/mica substrates, as discussed later. In the presencéhan that on the APTES/mica substrate, as shown in Figure 2A.
of potassium ion in the solution, most of the available 18-  This suggests that there are no specific interactions between
crown-6 moieties on the tip would complex potassium ions in the ODS/mica substrate and 18-crown-6/tip. The small adhesion
the solution due to the high stability constant for 18-crown-6  force in this system may arise from nonspecific interactions
potassium ion comple¥.3® Therefore, the complexation with  owing to the intrinsic forces such as van der Waals forces
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Figure 6. (A) Histogram for adhesion forces obtained from repetitive force Figure 7. (A) Histogram for adhesion forces obtained from repetitive
measurements between APTES/mica and 18-crown-6/tip in ethanol and (B) blocking force measurements using APTES/mica and 18-crown-6/tip in an
its autocorrelation function. The histogram was drawn at a force interval ethanol solution containing 10 mmol dfCRSOsK and (B) its autocor-

of 20 pN from the same data set as for Figure 2A. The arrows in part A relation function. The histogram was drawn at a force interval of 20 pN

indicate the force maxima corresponding to multiples of the single force. from the same data set as for Figure 2B. Two arrows in part A indicate the
force maxima corresponding to double and triple values of the single force.

between the tip and substrate. Figure 4B depicts a histogram of )
the adhesion forces observed on an ODS/mica substrate in ar§ubstrate. Force curves observed on the APTES/mica substrate

ethanol solution containing 10 mmol dfCF:SO:K. In contrast in acidic, neutral, and basic aqueous solutions are summarized
to the APTES/mica, potassium ion caused no significant in Figure 5. Significant adhesion forces were observed under

decrease in the adhesion forces. Definitely, the decrease inP0th acidic and neutral conditions (Figure 5A,B), whereas a
adhesion forces observed in the presence of potassium ion ignuch smaller force was observed under basic conditions (Figure

specific to APTES/mica substrates, as mentioned above. Thus,SC)-
the blocking effect by potassium ion observed on APTES/mica  This observation indicates that the protonation of amino
substrates results from the suppression of interactions betweergroups on the substrate is essential to the great adhesion forces,
18-crown-6 and ammonium ion based on the competitive as expected. Interestingly, the force curves showing multiple
complexation of 18-crown-6 with potassium ion. Therefore, we Pull-off steps were often found under both acidic and neutral
conclude that the adhesion forces observed on APTES/micaconditions (Figure 5A,B), implying the occurrence of the
substrates in ethanol can be assigned to the specific complex-Sequential unbinding of multiple pairs between the crown ether
ation forces between the moieties of 18-crown-6 and ammonium Moiety on the tip and the ammonium ion on the substrate. Thus,
ion covalently attached to the tip and substrate, respectively. under basic condition, the deprotonation of ammonium ions on
Deprotonation Effect of Ammonium Group. Deprotonation APTES/mica substrate occurs and then results in the decrease
of ammonium ions on the APTES/mica substrate was also in the interaction between the tip and substrate. The pH
examined. It is well known that 18-crown-6 derivatives have a dependence of the adhesion forces is consistent with the general
much higher complexation stability constant with ammonium Observation that 18-crown-6 complexes ammonium ion more
ions than their corresponding free amif@&’ There have been  strongly than the corresponding free amine. This again supports
several studies on the adhesion force measurements betweefUr conclusion that specific complexation forces of 18-crown-6
tips and substrates modified with SAMs having terminal acid/ With ammonium ion can be measured in the force measurements
base groups by changing pH of the measurement ligjuft28 using 18-crown-6/tip and APTES/mica substrate, as discussed
It has been found that adhesion forces in the experiment areabove. It should be noted that this is the first observation of a
very sensitive to the dissociation of surface acid/base groupsswitching in the binding forces for cation complexes of crown
and therefore that this technique may be used to determine theethers by an external signal, i.e., by changing pH.
acid/base dissociation constant&{pKy) of the modified acid/ Single Complexation Force.Two statistical methods have
base groups by so-called force titratibW/e therefore applied  been reported for the evaluation of individual molecular
this technique to our force measurement system by changinginteractions from adhesion force data obtained by repetitive
the proton dissociation of the ammonium groups on the AFM measurements: One is an autocorrelation methe”’
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and another one is a Poisson metf®d! We adopted the  Conclusion

autocorrelation method to evaluate the single complexation force  \We have demonstrated that the specific intermolecular forces
between 18-crown-6 and ammonium ion, since the Poissonpased on iordipole interaction between the moieties of 18-
method was not applicable to our data because the observedrown-6 and ammonium ion attached covalently to the tip and
adhesion forces had less variety. The histogram for the adhesionsubstrate, respectively, can be measured by means of AFM. The
forces on the APTES/mica substrate and its corresponding complexation forces observed in ethanol decreased substantially
autocorrelation function are given in Figure 6. in the presence of potassium ion in solution, i.e., by blocking

The autocorrelation function (Figure 6B) showed distinct the guest ion. The individual complexation force between 18-
peaks with a periodicity of about 60 pN. In addition, the crown-6 and ammonium ion was evaluated to be about 60 pN

histogram possesses several maxima corresponding to multiple®y the autocorrelation function analyses of the histogram for
of the force value, as indicated by arrows in Figure 6A. Thus, the complexgthn forces..AddltlonaIIy, we also observed t,hat
the single complexation force between 18-crown-6 and am- the catlpn bmdmg force n the complex of 18-cr'own-6. with
monium ion is determined to be 60 pN. Since this value is larger aqunmo_nlumFl'on can be switched by an external signal, i.e., by
than the noise level of the apparatus, it is of significance. Figure changing pr.

7 demonstrates the result of the autocorrelation analysis for co?nF,\c?u?lrdo?i?a:lgnmb?:glzd g:‘tiﬂgf‘”{];\groi aonljlk:jegg Egg;ul
adhesion forces under blocking by potassium ion. In this case P P 9

. ) . .~ 'for measuring specific complexation forces in its complex on a
the autocorrelation function does not reveal such a distinct . .
Lo . . . molecular scale. The 18-crown-6-modified AFM probe tips used
periodicity, as shown in Figure 7B. The histogram may,

however, afford two distinct peaks at the adhesion forces of n the_ presen_t study r_nlgm be also_ ap_pllc_able to |on-§elect|ve
. A . mapping devices to visualize the distribution of metal ions, as
120 and 180 pN, as indicated by the arrows in Figure 7A, which : 0
) . . reported by Zammaretti et &
correspond to double and triple values of the single force. This
finding may suggest that the effective competition of ammonium JA029397S
ion with potassium ion in the solution substantially reduces the (39) zammaretti, P.; Fakler, A.; Zaugg, F.; Spichiger-Keller, UABal. Chem.

_ - i i i 2000 72, 3689-3695.
number of cqmplexes of 18-crown-6 with ammonium ion (40) Schar-Zammaretti, P.; Ziegler, U.; Forster, |.; Groscurth, P.; Spichiger-
between the tip and substrate. Keller, U. E.Anal. Chem2002 74, 4269-4274.
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