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Abstract: Atomic force microscopy (AFM) was used to measure the chemical binding force of discrete
electron donor—acceptor complexes formed at the interface between proximal self-assembled monolayers
(SAMs). Derivatives of the well-known electron donor N,N,N',N'-tetramethylphenylenediamine (TMPD) and
the electron acceptor 7,7,8,8-tetracyanoquinodimethane (TCNQ) were immobilized on Au-coated AFM tips
and substrates by formation of SAMs of N,N,N'-trimethyl-N'-(10-thiodecyl)-1,4-phenylenediamine (I) and
bis(10-(2-((2,5-cyclohexadiene-1,4-diylidene)dimalonitrile))decyl) disulfide (I1), respectively. Pull-off forces
between modified tips and substrates were measured under CHCI; solvent. The mean pull-off forces
associated with TMPD/TCNQ microcontacts were more than an order of magnitude larger than the pull-off
forces for TMPD/TMPD and TCNQ/TCNQ microcontacts, consistent with the presence of specific charge-
transfer interactions between proximal TMPD donors and TCNQ acceptors. Furthermore, histograms of
pull-off forces for TMPD/TCNQ contacts displayed 70 + 15 pN periodicity, assigned to the rupture of
individual TMPD—TCNQ donor—acceptor (charge-transfer) complexes. Both the mean pull-off force and
the 70 pN force quantum compare favorably with a contact mechanics model that incorporates the effects
of discrete chemical bonds, solvent surface tensions, and random contact area variations in consecutive
pull-offs. From the 70 pN force quantum, we estimate the single bond energy to be ~4—5 kJ/mol, in
reasonable agreement with thermodynamic data. These experiments establish that binding forces due to
discrete chemical bonds can be detected directly in AFM pull-off measurements employing SAM modified
probes and substrates. Because SAMs can be prepared with a wide range of exposed functional groups,
pull-off measurements between SAM-coated tips and substrates may provide a general strategy for directly
measuring binding forces associated with a variety of simple, discrete chemical bonds, e.g., single hydrogen
bonds.

Introduction dynamical stretching of individual macromolecules. However,
direct force measurements of bond strengths for simple chemical

Quantitative knowledge of chemical binding forces is im- !
finteractions, e.g., hydrogen borttigenerally have been much

portant for a fundamental understanding of a diverse range o ] A
dynamical phenomena including molecular recognition, protein €SS successful than studies of macromolecular binding and
folding, interfacial adhesion, fracture, and frictibin the past ~ Strétching mechanics. Notable exceptions are the recent AFM
decade, direct force measurement methods such as opticajneasurements qutsa“S' Si-Si single bond rupture strengths
tweezerdand atomic force microscopy (AF§H have provided by Gaul§ and Guntherodt’ respectively. Despite the_se recent
important experimental approaches to probing the rupture SUCCesses, a general methodology (AFM or otherwise) has not
mechanics of discrete, biological liganceceptor pairs and the ~ emerged for probing directly the mechanicsofiplechemical
bonds between pairs of nonbiological molecules.
* Address correspondence to this author. Email: frisbie@cems.umn.edu. |n principle, an attractive approach is to measure pull-off
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Scheme 1. Specific Chemical Bonds Are Formed and Broken (N), to the thermodynamic work of adhesioWag (‘]/m’Q,
Between Complementary Self-assembled Monolayers (SAMs) according to eg 1

When the AFM Probe Is Repeatedly Brought into Contact with the 9 q
Substrate and Then Pulled Off

_ 3TRW,
Fpui-oft = T2 )

mer g
whereR s the radius of curvature of the tip. To avoid the effects
of capillary condensation around the microcontact, AFM pull-
{g{{g{{{{ off measurements are typically carried out under solvent. In the

presence of solvenWg is defined as
Substrate

. WAd = ySubstrateSOIvent+ Y Probe-Solvent — ¥ Probe-Substrate
mentary self-assembled monolayers (SAMs) capable of specific

chemical binding, Scheme®ln a pull-off experiment, exposed = Vsolvent ¥ Probe-Substrate 2)
functional groups on the two SAM surfaces bind upon-tip
substrate contact; the binding is quantified by measuring the where ysupstrate soivent (3J/M?) and yprobe-sowvent (J/M¥P) are the
pull-off force required to rupture the contact. Because of the interfacial free energies of the solvent with the substrate and
sharpness of the tip, the contact area is on the order of a fewthe probe ang'probe-substratelJ/NF) is the interfacial free energy
nn?, so that pull-off involves breaking a small integer number between the probe and the substrate. For convenience, we have
of bonds. Fluctuations in the number of discrete bonds formed defined ysowent as the sum of the two interfacial energies
and broken in consecutive pull-off measurements (in which the involving the solvent. A key point is that in order for the pull-
adhesive contact between the tip and substrate is made an®ff measurements to be sensitive to the formation of discrete
broken multiple times) give rise to a distribution of forces. This bonds in the microcontactWag must be dominated by
distribution, plotted as a histogram of pull-off forces, can be ¥probe-substrate Which represents the bonding interactions, and
analyzed to determine the “force quantum” associated with the not by ysowven: Referring to eq 2, this leads to the dual
rupture of single chemical bonds. requirements thagprobe substrae< O (it must be negative) and
The histogram approach is well recognized and has yielded |yprobe-substratt > ¥solvent t0 achieve a large positive contribution
single bond forces in specific cases involving biological ligand  of specific tip—substrate binding t&aq.** Many previous AFM
receptor interactio8f or SAMs containing complementary  pull-off experiments have been carried out under conditions
DNA strands®@¢ However, direct detection of single bonds has where these requirements were not fiét" and so discrete
not been reported for experiments involving tips and substratesforces in pull-off force histograms were not observed. For single
modified with functionalized SAMs capable of simple, specific bond detection, it is also important that the-tgubstrate contact
interactions, such as hydrogen bonding or charge-transferarea be small, of order 10 riror less, so that pull-off involves
complexing. This is particularly surprising given that SAM breaking a small number of bonds; this means that the tip must
modified tips and substrates appear to be ideal systems for pull-be sharp. In addition, the bond formation probability must be
off experiments because the exposed terminal functional groupshigh, typically greater than 90%, such that the pull-off forces
can be changed easily and systematically. It is also well-known are dominated by specific, not nonspecific, interactions. This
that theaveragepull off forces for SAM-modified tips depend  means, for example, that for a typical contact area of 5 nm
on the surface energies of the SARsieaning that the exposed between SAM-modified tips and substrates, 9 of 10 possible
functional groups do affect measured rupture forces. bonds formon average
Using a modified JohnserKendal-Roberts (JKR) contact Because of these requirements, we have concentrated on
mechanics model, we have recently analyzed the problem ofidentifying complementary SAM systems that are capable of
detecting single bond forces in AFM pull-off measurements and strong, specific interactions and that are compatible with solvents
have concluded that there are stringent requirements on the tip exhibiting low interfacial tensions (smalkoen). In this paper,
substrate interfacial energy, tip radius, and the bond formation we report the successful detection of single bond forces in AFM
probability? The JKR theor$ relates the pull-off forcefpui—or pull-off experiments employing SAM-modified tips and sub-
. : : strates bearing electron donors and acceptors. We used reagents

®) ,(\j‘grim'f_’; 3\)6?{5maﬁlwgrqsévérl{é;mz_hgggd Jl'éfgggr_“(’bi';sﬁj’lgg‘jﬁnﬁf'; | andll to attach derivatives of the electron dongiN,N',N'-

Frisbie, C. D.J. Am. Chem. S0200Q 122, 9750. (c) Lo, Y.-S.; Huefner, tetramethylp-phenylenediamine (TMPD) and the electron ac-

D508 18 7 (@ e T it . Bhimann P Umasa !, ceptor 7,7,8,8-tetracyanoquinodimethane (TCNQ), respectively,

Langmuir1999 15, 2788. (e) Clear, S. C.; Nealey, P.F.Colloid Intface to Au-coated tips and substrates through alkane thiol monolayer

T A R Jachenay. 56-6‘_‘*(5"‘3‘;;"“2;;; '\Q,e%teRaEym\%“ formation. TMPD and TCNQ are ubiquitous in charge-transfer

Hadziioannou, GLangmuir1997 13, 4357. (h) Noy, A.; Vezenov, D. V ; chemistry due to their exceptionally strong electron donating
Lieber, C. M.Annu. Re. Mater. Sci 1997, 27, 381-427. (i) Sinniah, S.
K.; Steel, A. B.; Miller, C. J.; Reutt-Robey, J. E. Am. Chem. S0d.996

118 8925. (j) Green, J.-B. D.; McDermott, M. T.; Porter, M. D.Phys. (11) Negativenterfacial energies are possible and reflect bonding interactions
Chem.1996 100, 13342. (k) Noy, A.; Frisbie, C. D.; Rozsnyai, L. F; at the interface. The work of adhesion between two media 1 and 2 in a
Wrighton, M. S.; Lieber, C. MJ. Am. Chem. Sod.995 117, 7943. (I) vacuum is given byWaq = y1 + y2 — y12, wherey; andy, are surface
Han T.; Williams, J. M.; Beebe, T. FAnal. Chim. Actal995 307, 365. energies ang, is an interfacial energy. This equation is essentially the
(m) Thomas, R. C.; Houston, J. E.; Crooks, R. M.; Kim, T.; Michalske, T. definition of interfacial energy (as distinct frosurfaceenergiesy; and
A. J. Am. Chem. Sod995 117, 3830. (n) Nakagawa, T.; Ogawa, K.; y2, which are always positive). It is clear thatWaq is large,y1> can be
Kurumizawa, T.J. Vac. Sci. Technol. B994 12, 2215. negative. Equation 2 in the text defines work of adhesion completely in
(9) Skulason, H.; Frisbie, C. DAnal. Chem 2002 74, 3096. terms of interfacial energies because the pull-off experiment is carried out
(10) Johnson, K. L.; Kendall, K.; Roberts, A. Broc. R. Soc. London.A971, under solvent. Any of the interfacial energy terms in eq 2 can be positive
324, 301. or negative in principle.
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and accepting propertiédWhen solutions of TMPD and TCNQ
are mixed, the following equilibria are established

TMPD + TCNQ = [TMPD-TCNQ] =
TMPD" + TCNQ " (3)

where [TMPD-TCNQ] represents a CT complex, Scheme 2a.
The formation constarite, for [TMPD—TCNQ] in CHCk at
293 K is 360 M 1.13 Thus, the free energy of formatioAG;,
is —14 kJ/mol 0.14 eV), comparable to that for H-bonds.
We have already shown in previous work that SAMsI of
andll are redox-active and capable of forming inter-monolayer
charge-transfer (CT) complex&sFor completeness, we report
in this paper the equilibrium constant fdaf-11 ] complexes in
CHClI; solution obtained using U¥vis spectroscopy. We used
la instead ofl for the solution studies because we have found
that!l will react with free—SH groupst®
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Scheme 2. (A) Formation of a CT Complex Between TMPD and
TCNQ. (B) Schematic Representation of CT Complex Formation
Between a SAM of | on an Au Coated AFM Probe and a SAM of Il
on an Au Substrate
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We measured pull-off forces under CH®letween tips and
substrates modified with SAMs df or Il , Scheme 2b. The
average pull-off forces required to ruptdrell microcontacts
were up to 20 times larger than pull-off forces obtained in
control experiments where complex formation was absent,
indicating that specific interactions betweénand Il were

coated W rods from R. D. Mathis (Long Beach, CA). Silicon wafers
were purchased from WaferNet (San Jose, CA), and standgd Si
triangular cantilevers were obtained from Digital Instruments (Santa
Barbara, CA). Water (18K2) was filtered using a Barnstead system.
I andIl were synthesized as described previodsindla was similarly
synthesized using dodecyliodide as a starting material.

Monolayer Preparation. Silicon wafers, cut into 10x 10 mm
pieces, were cleaned in boiling 5:1: ®{H,O./NH4OH, rinsed with

responsible for the large adhesion. Furthermore, measurementglistilled water and absolute ethanol, and dried with flowing N

of hundreds of consecutive probsubstrate pull-offs revealed
a 70+ 15 pN force quantum, which we have assigned to the
mechanical rupture afdizidual TMPD—TCNQ CT complexes.

To our knowledge, these are the first reported measurement
of single bond forces associated with discrete, nonbiological

interactions between proximal SAMs. Because of the structural

flexibility of SAMs, our demonstrated ability to detect single

S

Following thermal evaporationf@ 5 nm Cradhesion layer and 100
nm of Au, the slides were immersed in the respective reagent solution
(I'in CsHg and 1l in CH.CI,) for 1 h followed by extensive rinsing
with the neat solvent and drying with flowing.NChemical derivati-
zation of cantilevers was carried out in a similar way except they were
rinsed with CHCI, prior to evaporation of 5 nm Cr and 40 nm of Au.
Infared Spectroscopy. Infrared spectra were recorded using a
Nicolet MAGNA 550 FT-IR spectrometer. Solution spectra were

bond forces between proximal SAMs in microcontact pull-off recorded using NaCl windows separated by a Teflon spacer. Care was
experiments may point to a general approach for measuringtaken not to let the solution come in contact with any metal surfaces,
rupture forces associated with a wide variety of simple chemical which causes reduction of the TCNQ grouplin

bonds.

Experimental Section

Materials. All solvents used were of spectroscopic quality, and
CHCI; was distilled from BOs. Absolute ethanol was obtained from
Aaper Alcohol and Chemical Co. (Shelbyville, KY). Gold (99.999%)
was obtained from W. E. Mowrey Co. (St. Paul, MN) and chromium-

(12) (a) Ward, M. D. IrElectroanalytical ChemistryMarcel Dekker Inc.: New
York, 1991; Vol. 16, p 181. (b) Wheland, R. C.; Gillson, JJLAm. Chem.
Soc. 1976 98, 3916. (c) Mulliken, R. S.; Person, W. BViolecular
ComplexesWiley—Interscience: New York, 1969.

(13) Yamagishi, A.; Masui, T.; Watanabe, F.Colloid Interface Scil979 72,
154.

(14) Skulason, H.; Frisbie, C. D.angmuir1998 14, 5834.
(15) Skulason, H.; Frisbie, C. D., unpublished results.

UV —Visible Spectroscopy.Absorption spectroscopy in the ultra-
violet—visible range was recorded on a Hewlett-Packard 8452A diode
array spectrophotometer using standard quartz cuvettes. Due to overlap
between absorption peaks, the absorption spectrum was fitted with a
series of Gaussian peaks and the intensity of the fitted charge-transfer
absorption peak at 538 nm was used.

Pull-Off Force Measurements.Pull-off forces were measured with
a PicoSPM microscope from Molecular Imaging Corporation (Phoenix,
AZ) and a Nanoscope Il controller from Digital Instruments (Santa
Barbara, CA). Au/Cr coated V-shapes8i cantilevers with leg length
of 200um and leg width of 2Qum were used. The force constant of
each lever was determined by the Cleveland metfhdelesonance
frequencies of coated cantilevers varied from 15.7 to 16.5 kHz, with
corresponding variation of the force constant between 0.059 and 0.066

J. AM. CHEM. SOC. = VOL. 124, NO. 50, 2002 15127
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Figure 1. (A) Solution IR spectrum ofa in CHClz. The principal peak at
1518 cn1! corresponds to a €C ring mode stretch. (B) Solution IR
spectrum ofll in CHCl,. Principal peaks correspond ta=0l (2222 cn1l) 0 1 L 1 1 1
0 100 200 300 400 500 600

and C=C (1549 and 1532 cm) stretches. (C) Solution IR spectrum laf
and Il in CHCl;. New stretches at 2197, 2179, and 1583 tnare
characteristic of reduced TCNQ while the peak at 1377 cstems from
oxidized TMPD.

N/m. Force measurements were typically carried outh\&iZ position
sweep of 75 nm at a rate of 75 nm/s. Blocking of a SAMllofvas
carried out by adding 3 drops of a 0.1 M CHGblution ofla. Force
curves were analyzed using routines written in Igor Pro (Wavemetrics,
Lake Oswego, OR). For each force curve, drift and nonlinearity of the
photodetector were corrected by giving the contact region of the
retraction curve a slope of1. The smoothly varying background of
the autocorrelation function was subtracted by application of a 30th
order binomial filter}”

Results

Solution Spectroscopy.Transmission infrared and UV
visible spectroscopies were used to verify the formation of a
charge-transfer complex betweknandll in CHCI; solution.
Figure 1a shows the IR spectrumlafin CHCls. The principal
peaks at 1518, 1468, and 1457 ¢hare due to a E&C ring
breathing mode in the phenylene dfiind CH scissoring and
CHs bending modes, respectively. Figure 1B shows the IR
spectrum ofll in CHCl;. A C=N stretch is positioned at 2222
cm1, two C=C ring modes at 1549 and 1532 ctinand a CH
scissor at 1468 cm.1® The IR spectrum of a CHglsolution
containing bothla andll is shown in Figure 1C. New peaks
that can be assigned to the TCNQ@roup appear at 2197 &€
N), 2179 (G=N), 1583 (G=C), and 1354 cm! (C—H bend)
and to the TMPD* group at 1377 cmt (C—N).2° Other peaks
are unchanged from Figure 1A (1518 and 1467 Yrand Figure

(16) Cleveland, J. P.; Manne, S.; Bocek, D.; Hansma, FR&. Sci. Instrum.
1993 64, 403.

(17) Marchard, P.; Marmet, LRev. Sci. Instrum.1983 54, 1034.

(18) Kubinyi, M.; Varsanyi, G.; Grofcsik, ASpectrochim. Acta98Q 36A 265.

(19) Takenaka, TSpectrochim. Actd971, 27A 1735.

(20) (a) Girlando, A.; Painelli, A.; Pecile, ®lol. Cryst. Lig. Cryst1984 112,
325. (b) Bozio, R.; Zanon, I.; Girlando, A.; Pecile, @. Chem. Soc.,
Faraday Trans. 21978 74, 235. (c) Bozio, R.; Girlando, A.; Pecile, G.
Chem. Soc., Faraday Trans.1875 71, 1237. (d) Kuroda, H.; Hiroma,
S.; Akamatu, HBull. Chem. Soc. Jprl968 41, 2855.
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Concentration™ (M)

Figure 2. (A) Electronic absorption spectra of CHGlolutions ofla (1.81,

4.25, 7.00, and 12.9 mM) andl (0.113 mM), showing the region of the

CT absorption peak at 538 nm and the entire range of the measured spectrum
(inset). (B) Plot of the inverse absorption of the CT peak at 538 nm vs the
inverse concentration da. Following the method of Benesi and Hilde-
brand?? the ratio of the intercept and the slope of the linear fit to the data
yields the equilibrium constant for the CT complex formatigy = 140

+10 ML

1B (2222, 1530 (shoulder), and 1467 Tt These results
demonstrate that upon mixing kzf andll in CHCI; the TMPD
group inla is oxidized to form a radical cation and the TCNQ
group inll is reduced to form a radical anion.

To verify the formation of a charge-transfer complex, and to
determine its equilibrium constant, absorbances in the-U¥
spectrum of a 0.1 mM CHglsolution of la and Il were
recorded, Figure 2. The inset in Figure 2A shows the-tis
spectrum from 150 to 800 nm. The spectrum appears to be the
sum of the individual UV~vis spectra ofa andll . la has two
absorbance peaks at 268 and 330 nm which overlap with the
absorbance at 406 nm fromh. However, additional weak
absorption peaks appear at 538, 568, 622, and 756 nm, which
are shown in Figure 2A. Comparison to spectra of CHCI
solutions of the radical cation ¢& and the radical anion df ,
respectively, reveals that the peaks at 568 and 622 nm can be
assigned tda™ and the peak at 756 nm tb—. The peak at
538 nm is ascribed to an absorption of the charge-transfer
complex ofla andIl (CHCI; solutions of TMPD and TCNQ
show a CT band at 530 nri).The appearance of a CT
absorption peak (538 nm) and peaks corresponding to the
separated molecular ions suggests an equilibrium mixture of
neutral, complexed, and ionic species as shown in eq 3.
Separated molecular ions are not observed for TMPD and TCNQ

(21) Yamagishi, A.; Masui, T.; Watanabe, F.Colloid Interface Scil979 72,
154.
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Figure 3. Recorded force required to rupturé/tl contact in CHGJ during
the span of an experiment. The vertical lines show the division between
different scan rates at which the rupture forces were recorded.

Favg = 0.06 £0.06 nN

in CHCIls. The difference can likely be attributed to the higher I I
solubility of la™ andll ~* in CHCl; ' ' ' ' '
) C ) 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Following the method of Benesi and Hildebraidthe Rupture Force (nN)
CT
absorbancg of the CT compleRg;, can be related to the Figure 4. (A) Histogram of pull-off forces for a SAM of on an Au coated
concentration ofa by AFM probe contacting a SAM ol on an Au substrate in CHEIArrows
point to peaks with a periodicity of 70 pN, associated with the rupture of
1 1 / 1 + l 4 individual bonds. (B) Histogram of pull-off forces recorded after the addition
A, cT Esssbcll\ (4) of la to the CHC4 which forms a CT complex tdl on the substrate.
38

contacting a substrate with a SAM Ibf, the mean pull-off force
is 0.474 0.18 nN. Addition ofla to the CHC} solution caused
the mean pull-off force to drop by a factor of 8 to 0.860.06
nN, Figure 4B. The observation of a lower mean force is
[la —11] consistent with the expectation tHatwill bind to SAMs of I
eq W (%) and thus block specific interactions between the tip and substrate.
This blocking experiment serves as an in situ control to verify
Figure 2A shows the absorption spectra of four solutions, all that the adhesion force observed in Figure 4A arises from
0.11 mM inll and 1.83%-12.0 mM inla. The inverse absorbance  specific interactions between the probe tip and substrate.
of the CT complex determined from these spectra is plotted Periodicity is also apparent in the Figure 4A histogram for

whereessg is the molar absorptivity of the complek,is the
path length,C, and C; are the concentrations ¢ andll,
respectively, withCia > Cy;, andKeqis the equilibrium constant.

versus the inverse concentrationlafin Figure 2B. A linear =1l microcontacts, as highlighted by the evenly spaced arrows.
fit of the data in Figure 2B (solid trace) yields a slope of 21.4 This periodicity is emphasized in the autocorrelation of the
+ 0.6 mM and ay-axis intercept of 3.Gt 0.2 which givesKeq histogram in Figure 5A, which shows a sinusoidal oscillation

=(1.4£0.1) x 1Mt andeszg= (3.0 0.2) x 1B cm™?! with a period of 70 pN. The 70 pN period is readily apparent
M~1. While the IR solution spectra demonstrate that electron in the Fourier transform of the autocorrelation function, Figure
transfer fromla to Il takes place, the U¥vis spectra show 5B, which shows a single peak.
that this CT is accompanied by complex formation. Periodicity was observed in pull-off force histograms inde-
Pull-Off Force Measurements.Figure 3 shows consecutively — pendent of whethelr was grafted to the tip anld was grafted
measured pull-off forces at different scan rates between a SAMto the substrate (as in the Figure 4 data) or vice versa. Figure
of | on an Au substrate and an Au probe derivatized Wlith 6 shows a histogram of pull-off forces obtained for microcon-
No correlation is observed between the measured pull-off force tacts with a SAM ofll on the tip and on the substrate. In this
and the scan rate although the average force does change slowlgase the periodicity is 60 pN, as emphasized by the evenly
during the time span of the experiment. The gradual change inspaced arrows. The 10 pN difference in the force quanta detected
the pull-off force does not seem to be caused by degradation ofin Figures 4 and 6 reflects the precision of our measurements.
the monolayers since that would lead to monotonically declining For five different trials in which force quanta were detected,
forces. Instead, the variation in the average force points towardwe obtained an average force quantum of&7@5 pN.
variation in the contact area due to the inherent roughness of In a second set of control experiments designed to estimate
the polycrystalline gold substrate and the slow drfO(3 nm/ the importance of nonspecific adhesion to our measurements,
s) of the AFM probe across the surface (see Discussion). we measured pull-off forces fdr—1 andIl —II microcontacts
Figures 4A and 4B show histograms of pull-off forces for in CHCls. Histograms of pull-off forces with either a SAM of
I =1l microcontacts in CHG| before and after addition d& | or a SAM of Il on both probe and substrate are shown in
as a blocking agent. The data set in Figure 4A represents 400Figures 7A and 7B, respectively. Adhesion between symmetric
consecutive pull-offs for the same tip coated with a SAM of |1 or Il —II contacts Fp,_of = 0.024 0.03 nN forl, Figure

J. AM. CHEM. SOC. = VOL. 124, NO. 50, 2002 15129



ARTICLES

Skulason and Frishie

Autocorrelation (arb. units)

1 1 1
0.4 0.6 0.8

0.0 0.2 1.0
Rupture Force (nN)
T T T T T
:‘_g‘ __— T70pN
= | i
=}
o
=
A i
o
°
2
£ L i
= | )
<
1 1 R il
000 005 010 0.15 020 0.25 0.30

Rupture Force (nN)

Figure 5. (A) Autocorrelation of the histogram of pull-off forces shown
in Figure 4A. Oscillations have a periodicity of 70 pN which is emphasized
by a single peak in the Fourier transform (B) of the autocorrelation function.
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Figure 6. Histogram of pull-off forces for a SAM ofi on an Au coated
AFM probe contacting a SAM of on an Au substrate in CHElArrows
point to peaks with periodicity of 60 pN.

0.8 1.0

7A, andF53_o¢ = 0.02+ 0.04 nN forll, Figure 7B), where
no CT binding is expected, is more than an order of magnitude
less than between asymmetric-(l ) contacts.

Discussion

Formation of a Charge-Transfer Complex between la and
II. In previous worki* we have shown that SAMs dfandll
on Au are redox-active and form charge-transfer complexes with
TCNQ and TMPD, respectively; in that earlier study, surface-
bound CT complexes were formed by immersing SAMS of
or Il in CgHg solutions of the complementary acceptor or donor.
For the present work, we chose to measure pull-off forces for
I —II' microcontacts under CHE&Il The choice of CHGl was
motivated by the fact that we observed smaller nonspecific
adhesion (i.e., smallsoen) in this solvent than in others we
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Figure 7. Histograms of pull-off forces fot—I and Il —II contacts in

CHCls. (A) An Au probe coated with contacting an Au substrate coated
with 1. (B) An Au probe coated withl contacting an Au substrate also
coated withll .

tried such as benzene, toluene, and acetonitrile. As explained
in the Introduction, we useth instead ofl for the solution
studies becausk reacts with free-SH groups. The presence
of a CT absorption band at 538 nm in Figure 2 is definitive
evidence that a CT complex forms betwdarandll . Transfer

of charge fromla to Il is also corroborated by the solution IR
data, Figure 1C, which shows stretches characteristic of the
TCNQ™ and TMPD™ groups in the complex. The weak
absorptions due to separated molecular ions in the-U¥
spectrum (568, 622, and 756 nm) confirm tHat and Il
predominately form a CT complex and to a much lesser extent,
separated ions.

We used the 538 nm CT band to determine the equilibrium
constant Keq = 140 M%) for complex formation in CHGI
solutions ofla and Il at room temperature. The value is
somewhat smaller thaiKeq for [TMPD—TCNQ] complex
formation in the same solvent (360 1.2 From the Keq
values, we compute\G;, , = —12 kJ/mol (0.12 eV) and
AGiypp-teng = —14 k/mol (0.14 eV§3

The presence of alkyl chains coupled to the TMPD and
TCNQ groups inla andIl can reduce the free energy change

(22) Benesi, H. A.; Hildebrand, J. H. Am. Chem. Sod.949 71, 2703.

(23) Itinteresting to compare the free energy for complex formation to the free
energy,AGe-Transtes Of €lectron transfer from the donor to the acceptor to
form molecular ions, which can be obtained from solution redox values.
UsiNg AGe—transter= —NFAE, wheren is the number of electrons transferred
per moleculetf = 1), F is the Faraday constant, aidE is the difference
in the one electron redox potential for the donor and the acceptor, we get
AGe-Transter= 0 kJ/mol for electron transfer betwebandll andAGe-tansfer
= +3.9 kJ/mol for TMPD and TCNQ. The process of electron transfer
from | to Il in CHCI; is more favorable than between TMPD and TCNQ
due to the inductive effect of the alkyl chainlinresulting in better donor
properties. This is reflected by the slightly lower energy of the CT excitation
of the [ —II] complex in CHC} at 538 nm vs 530 nm for [TMPBTCNQ)].
Excitation energies of CT complexes have been shown to decrease with
decreased ionization potential of the electron donor. Howé\aardll are
less effective in forming a CT compleXAGeompiex= —12 kJ/mol vs—14
kJ/mol for [TCNQ-TMPD]). This clearly shows that factors other than
the redox properties of the participating molecules affect complex formation.
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associated with complex formation in several ways. The most Scheme 3. Three Possible Rupture Paths for the TMPD-TCNQ
obvious effect is steric hindrance. If the TMPD and TCNQ g;&g’ﬁf’é?"é”é’mgsggfg:ﬂgincggﬁptg”tﬂf‘ﬂg;;O,\}Ig?e?ucl’g‘:’:';i‘; and
groups in the solvated complex &f andll are oriented face-  (C) Sliding Parallel to the Long Molecular Axis
to-face, similar to the orientation of TMPD and TCNQ in the 5 B A\ c 5
solid state, then the alkyl chains may prevent these groups from NG «CN N
reaching their equilibrium separation (which is 3.3 A in the solid
staté4). The alkyl chains may also affect the symmetry of the
molecular orbitals participating in the formation of the CT
complex, thereby influencing complex stabilization. Neverthe-
less, the stabilization energy ef12 kJ/mol means thda and
Il bind with energies comparable to H-borfdst is therefore
reasonable to expect that when Au probes and substrates coate\%
with | andll are brought into contact, CT complex formation
will occur at the interface.

We can us&gq to estimate the degree of complexation in a
microcontact between SAMs ofandll . A value ofKeq= 140
M~ means that ol M concentrations of botta andll , ~92%
of the molecules are complexed. If the concentration is lowered
to 0.1 M the fraction complexed drops te8%. If we assume
that the donor and acceptor functional groups tethered to the
tip and substrate have access to a free volume of 03 thien
we can estimate the volumetric concentration of these surface-

conf:_r;)e_d groupst tot bt(;vS I\/'I[ T:[hufst,hbacs;d ont_the s_ct)Lgtlc;E CT complexes, such as [phenoxathiRCNQ] and [dibenzo-
equt|)| rluLn tcotns ant, te extent o f dt rtt)eac |onhwlh n i 1,4-dioxane-TCNQ)], are about 30 J/mol K at room tempera-
fﬁgn&gg(ys fale contact area Is expected to be very high, greatet, o o7 Using this value givesAH® = —21 kJ/mol, still in
~950%. ;
Rupture of Individual Charge-Transfer Complexes. Com- reasonable agreement with the5 kJ/mol we calculated based

. . 2 on the 70 pN force quantum.
parison of the hlstogram_s in Figures 4, 6 and 7 reveals that the In the discussion above, we have used a rupture length of 1
average pull-off force is up to 20 times larger forIl

microcontacts where CT complex formation can take pl th nA’ but the actual rupture length depends on the precise shape
forCI S(I:Oanz(l:ls—ll rii?:rococn?acrt)sewhcére%'? cgripI:x?oF;rig%ona of the interaction potential along the trajectory that the two

. . functional groups follow as they are pulled apart. If the TMPD
is not possible. We conclude that the pull-off forces measured group y P P

o and TCNQ groups i andll are complexed in a face-to-face
_b?tweet_n SS'EN{S of aphdl[l_arslaciue(;?cp;\luﬂc charge-trtﬁnsferb configuration, then a separation path perpendicular to the
interactionsoetween the and. Q groups on the pro € molecular planes, Scheme 3a, might yield a steeper potential
and the substrate. This conclusion is supported by the blocking

. . . . and a larger rupture force than a path in which the functional
experiments in which addint to the CHCL solvent caused groups slide out of contact, Schemes 3b and 3c. Under a tensile

NC”""eN Nc”"eN NC”"eN

e measure with the bond energy for a single CT complex. If
we assume an approximate bond rupture length of 1 A, then a
70 + 15 pN force quantum corresponds to a bond energy of
—4 to —5 kJ/mol (—40 to—50 meV). That estimate appears to
be of the right order of magnitude because the free energy of
formation for the complex is-12 kJ/mol (0.12 eV).

Other workers have pointed out that the relevant energy for
direct force measurements is the enthalpyH°, not AG°.
CalculatingAH® from AG® naturally requires an estimate for
the entropy of complexationAS’. We have not foundAS’
values for [TMPD-TCNQ], but AS® for other TCNQ-based

t8h((eF[iJulIJI;fo4fE(;))rct\eNfgr‘lal—sl(I) rTolféotﬁ;rt]t?hcéS;r%glrlora:yn?ts?j(goc:fot;e load, the molecules will follow a separation path that yields
9 ’ . 9 the smallest accessible potential gradient and thus the smallest
forces forl—I andll —II contacts (Figure 7) demonstrates the

rupture force. We conjecture that the molecules slide out of
contact (Scheme 3b or 3c); this motion appears to be favored
by the location of the alkane tethers and by the arrangement of
the molecules between the probe and the substrate. Conse-
quently, it is possible that the rupture length may be greater
than 1 A, which would increase the calculated bond energy.
However, because the exact rupture length is not known, our
bond energy estimate from the rupture force quantum can only
"he qualitatively compared with thermodynamic data. The value
of 4—5 kJ/mol appears to be the right order of magnitude.
Another important consideration is that upon rupture of the

CT complexes, it is possible that the redox active groups separate

absence of significant solvent exclusion forces in our measure-
ments? reflecting the low interfacial energiysowen) between
the SAMs and the CHGlsolvent.

The key result is the 70 and 60 pN periodicity in the
histograms in Figures 4A and 6, respectively. We have ascribed
the large adhesion between SAMs bfand Il to specific
interactions between the TMPD and TCNQ groups inside the
probe-substrate contact area. Thus, we assign the force quantu
in Figures 4 and 6 to the rupture midivzidual TMPD—TCNQ
CT complexes. This force quantum (015 pN) was observed
for several different AFM probes functionalized with SAMs of

Fr']ther Iti c;]r I][ F||n c;onﬂtict hWItv: Ene rzomrﬁ)lerr::an;fafryr SARﬂ.rr as molecular ions instead of neutral species. TMHRNQ
spection ot Figure SNOWs he mean puli-olt force corre- o complexes can form from either the neutral molecifles

sponds to breaking of seven discrete bonds. The mean in F'guretheir ionic counterpart® The electronic absorption spectrum

6 (é)rrespo_nds tt()) ?reakmg_oflf(}tglvedbgnd?. F d in Figure 2A indicates that in the absence of any added
omparison between singleé Bond Rupture Forces an electrolyte CH{ solutions ofla and 1l do contain a small

Bond Energies.Itis important to compare the single bond force concentration of the solvated molecular ions at equilibrium. The

(24) Hanson, A. WActa Crystallogr.1965 19, 610.
(25) (a) Ben-Tal, N.; Sitkoff, D.; Topol, I. A.; Yang, A.-S.; Burt, S. K.; Honig, (27) Rainville, D. P.; Zingaro, R. A.; Ferraris, J. €an. J. Chem198Q 58,
B. J. Phys. Chem. B997 101, 450. (b) Dixon, D. A.; Dobbs, K. D.; 3

Valentini, J. J.J. Phys. Chem1994 98, 13435. (28) Soméano, R.; Hadek, V.; Yen, S. P. S.; Rembaum, A.; Dec, Rhem.
(26) The force quanta determined from histograms recorded at different load Phys 1975 62, 1061.
rates were within the quoted experimental error. (29) Michaelis, L.; Granick, SJ. Am. Chem. S0d.943 65, 1747.
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large excess of neutral molecules over molecular ions reflects
the relative stability of the two species in CHCFrom a
thermodynamic standpoint, the neutral species are heavily
favored. Thus, we expect ionic separation to play a minor role
in the rupture of the CT complexes in CHCIf moleculesl

and Il do separate as ions, then theH° and AG® of
complexation we considered above are not appropriate because
they refer to the stability of the complex with respect to neutral
donor and acceptor species. Instead we would need to compare
our estimated bond energy withH® for complex formation
from the solvated donor and acceptor ions.

Modeling of Microcontact Pull-Off Forces. Another ap-
proach to verifying the interpretation of our measurements is
to check whether the measured pull-off forces agree with the
predictions of contact mechanics models. Previously, we
reported a procedure for simulating the effect of specific

Occurrence (%)

0.2
Simulated Rupture Force (nN)

0.4 0.6 0.8 1.0

interactions between the probe and the substrate in AFM pull- % -— 70PN .
off force experiment§.Briefly, this procedure is based on the 5

contact mechanics model of Johnson, Kendall, and RdBerts I
for a sphere of radiu® interacting with a flat surface. The Fiupturs (n8)

working equation of the model is

3Ka
> (6)

FPuII—Off = N/YSolvenA ~ YProbe-Substratt'Bond<”

04 0.6
Rupture Force (nN)

0.8

Autocorrelation (arb. units)

1.0
whereysonentis the sum of the probesolvent and substrate

solvent interfacial energiegprobe-substratdS the probe-substrate
interfacial energyA is the contact area, is the circular radius
of the contact area at rupture,is the area per bond, ardlis
the elastic modulus of the probsubstrate contact. The
para.meteljgonds.descrlbes the ,aCtuaI pumber of bonds formed the standard deviation féx were adjusted to match the histogram in Figure
and is a binomial random variable with paramet@yig.—bonds 4A. (B) The sinusoidal autocorrelation function of the histogram in (A)
the maximum number of bonds possible within the contact area, emphasizes the periodicity of peaks. The inset shows the Fourier transform
andp, the probability of bond formatiof. of the autocorrelation.

Equation 6 returns a single pull-off force for given values of )
these variables. Real measurements give rise to a distributionM€asurements using SAMs bfgavey -crcy, = 0.10 mJ/m,
of pull-off forces, as shown in Figures 4, 6, and 7. We have Yi€lding ysovent= 0.23 mJ/m. Therefore, using egs 1 and 2,
concluded that the distribution in forces is mainly attributable We calculate thag,—y is —2.0 mJ/nd.3° We note that in order
to contact area variations in successive contacts and to the bond® detect single bond forces in pull-off experimemgee-substrat™
formation probabilityp. Thus, to introduce “white noise” into O @NdIYprobe-substatk > sowveni® the interfacial energies important

the output of eq 6, we input a Gaussian distribution of contact to this study meet these requirements. Analogous tp our pr'evious
areasA in repetitive calculations oFpuiof. If p < 1, there report!“ the surface coverageslofindll were determined using

will be additional broadening. cyclic voltammetry and are-0.7 nn¥/molecule.

The data in Figure 3 support our assumption that there are Our goal was to determine if pull-off force histograms
contact area variations in the pull-off experiments. Figure 3 generated by eq 6 reproduced key features of the experimental
shows that the force associated with consecutive pull-offs varies histogram in Figure 4A. Input parameters we considered fixed
nonmonotonically. The nonmonotonic behavior suggests that Were the interfacial energiegprove-substrae@ndysoivens and the
the variation is not due to monolayer degradation. Instead, a mean contact are& 3 Adjustable parameters were the standard
probable cause of the variation in the force during consecutive deviation of randomly generated contact area values around the
measurements is the slow drift of the probe across the poly- mean, the probability of formation for each bond within the
crystalline Au surface, resulting in gradual changes in the contactcontact areap, and the elastic modulus of the probe-substrate
area. We can estimate the drift rate if we assume that the twocontactK. Figure 8A shows a histogram of 400 calculated pull-
minima observed in the average force (around the 90th and©ff forces usingA = 4.9+ 2.3 nn?, p= 0.9, andK = 15 GPa
260th force curves) correspond to the probe being on top of &S inputs’? The average contact area correspondsu-ponds
two adjacent Au grains 50 nm in diameter. The time elapsed = 7. Values for the other input parameters are listed in the figure
between the minima is approximately 150 s which gives a drift caption. The histogram contains clearly distinguishable peaks
rate of about 0.3 nm/s, a reasonable number.

The solvent interfacial energy terms needed for eq 6 can be (30) The average rupture force from several AFM measurements involving SAMs

X . of | and Il was 0.42 nN. The average radius of curvature was 40 nm,
estimated from pull-off measurements using eq 1. Measurements  which givesWag = 2.23 mJ/m. With ysenen:= 0.23 mJ/m we compute
utilizing several probes with SAMs dfon both the probe and Yerobe Substrare= —2.0 mJ/nf.
the substrate gave/_cuc, = 0.13 mJ/m. Equivalently,

Figure 8. (A) Histogram of simulated pull-off forces. The individual peaks
correspond to the rupture of integer numbers of TMANQ CT
complexes. The histogram was simulated using the following inputs to eq
6: yProbe-substrate= —2.0 MJ/NA, ysowent= 0.23 MI/M, A= 4.9+ 2.3 nn?,
p=0.9,0 = 0.7 nn¥/molecule, anK = 15 GPa. The values ¢ K, and

(31) The mean contact arédavas determined from the average number of bonds
being ruptured (seven bonds) and the area per bond (0?anbond).
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with an average periodicity of 70 pN, as emphasized by the forces for discrete charge-transfer complexes formed at the
sinusoidal autocorrelation function and the Fourier transform interface between proximal SAMs bearing electron donors and
shown in Figure 8B. The mean forcE’Q(ﬁ-}f,off = 0.52nN) is acceptors. Histograms of hundreds of consecutive pull-offs
also comparable to the mean force in Figure &A% o = reveal both a mean pull-off force and a 20 15 pN force
0.47nN). Thus, using measured values for the interfacial quantum that compare favorably with a contact mechanics model
energies, the average rupture force, and the surface coveragencorporating the effects of discrete chemical bonds, solvent
and reasonable values for the three adjustable parameters asurface tensions, and random contact area variations in consecu-
model inputs, we have obtained good correspondence with thetive pull-offs. The 70 pN force quantum also yields an estimate
experimental histogram. We note that we have shown that for the single bond energy of4—5 kJ/mol, which is in
periodicity in the calculated histograms is not a forgone reasonable agreement with available thermodynamic data. Key
conclusion of the modé&lOnly whenp is large andyprobe-substrath factors enabling the detection of single bond rupture forces are
> ysovent CaN single bond forces be detected. Thus, the the strong, facile, and reversible nature of the CT bond and the
correspondence we observe in Figure 8 supports our conclusionvelatively low interfacial energies between the SAMs and the
that the 70 pN periodicity observed in the histogram in Figure solvent. Because SAMs can be prepared with a wide range of
4A is due to the rupture of an integer number of [TMPD  exposed functional groups, pull-off measurements between
TCNQ] CT complexes. SAM-coated tips and substrates may provide a general strategy

In conclusion, we have shown for the first time that it is for directly measuring binding forces associated with a variety
possible to detect single bond rupture forces in microcontact of simple, discrete chemical bonds, e.g., single hydrogen bonds
pull-off experiments involving SAM-modified AFM probes and  or metat-ligand coordination interactions.

substrates. We have focused specifically on detection of binding Acknowledgment. H.S. and C.D.F. acknowledge the Center

(32) In previous AFM studies, the value most commonly usedfi the value for Interfacial Engineering (CIE) at the University of Minnesota
for an Au—Au contact (64 GPa, see for example refs 8g and 8k). As the . . .
measured rupture force gets smaller, however, the size of the contact areafOr financial support of this work.
approaches molecular scale dimensions Enapproaches the value for
the SAM, ~1 GPa. JA028089R
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