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Abstract: The kinetics of alkaline hydrolysis of ester groups in self-assembled monolayers (SAMs) were
monitored by a combination of atomic force microscopy (AFM) on the nanometer scale and FT-IR spectroscopy
in the continuum limit. The main objective was to study surface reactions in situ with chemical specificity,
from the nanometer perspective, using an atomic force microscope. This could not be achieved by conventional
AFM friction or force measurements due to insufficient resolution, and instrumental or thermal drift, respectively.
These problems were circumvented by a novel approach, which we termed “inverted” chemical force microscopy
(ICFM). In ICFM, chemical reactions, which take place at the surface of the tip coated with reactants, are
probed in situ by forcedistance measurements on a scale of less than 100 molecules. The pull-off forces of
different reactive SAMs were shown to vary with the extent of the reaction. Reactivity differences for these
monolayers observed in this manner by AFM on the nanometer scale agree well with macroscopic behavior
observed by FT-IR and can be related to differences in the SAM structure. These results, together with additional
force microscopy data, support the conclusion that, for closely packed ester groups, the reaction spreads from
defect sites, causing separation of the homogeneous surfaces into domains of reacted and unreacted molecules.

Introduction of atomic detail. Although surface science techniques are
generally developing rapidly and allow one to characterize
surfaces with improving lateral spatial resolutforin situ
molecular-level studies othemical reactionshave largely
eluded surface scientists until recently. Therefore, if one wants
to obtain a better understanding of these processes at the level
of single molecules, novel approaches must be developed to
examine chemical reactions occurring at surfaces and interfaces.
When functional groups are confined in closely packed
molecular arrays, their reactivity often changes. For example,
Tollner et al. reported significantly enhanced catalysis of acetone

Self-assembled monolayers (SAMs) of organic molecules on
solid substrates are becoming increasingly important for various
technologies. Areas of possible application range from surface
modifications for wettability control tribology, or lubricatiod
to sensor$,devices, or surface patterning (soft lithography).
Beyond their practical importance, SAMs offer unique op-
portunities to enhance our fundamental understanding of
interfacial phenomen&They can serve as well-defined model
systems to study the behavior of surfaces at the ultimate limit
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T University of Twente. tion of a rhodium complex incorporated in corresponding
# University of Sheffield. Langmuir-Blodgett films® Penetration of external reagents to
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slowly# Many biological reactions occur at similarly well-
ordered interfaces. The course of such important reactions,
however, remains largely unknown, and they could be suscep-
tible to the procedures described here.

The recent developments in the field of scanning probe
techniques promise to give novel insights into processes that
occur at surfaces or interfaces. Surface studies with nominal
nanometer resolution can be carried out in different media or
environments. It is therefore not surprising that surface processes
have been studied in the past with high-resolution scanning 7~ %
probe microscopie$Ex situ AFM using chemically modified ~
tips has been shown to provide information about surface energy
changes related to interfacial reactidhBreviously, in situ AFM
was primarily applied to monitor topographical changes, e.g.,
in crystal growth or dissolution, in crystallization of polymers
from the melt, and in solid-state isomerization reacti¥ns. . " . -

All the aforementioned observations are, in general, limited Figure 1. In "inverted” chemical force microscopy the pull-off forces

! ’ of a reactant-covered AFM tip are measured in situ during the

by the finite contact area between the AFM tip and the sample ¢onyersion of the reactive groups. The interaction between tip and inert
surface. Depending on the radius of curvature of the AFM tips, syrface varies with the extent of the reaction. The approach is depicted
on the materials properties, and on the imaging force, the radiusschematically for the reaction of ester groups to hydroxyl groups in
of the contact area can be estimated to be between 2 and nm. aqueous NaOH.

As a consequence, tlie resolution is oftermuchlower than

the nominal accuracy of positioning the specimen and the impossible. For instance, we observed pronounced scatter in
sensitivity of height or lateral force dat&!4 The “high” the data obtained in a study of kinetics of inhomogeneous
resolution obtained with conventional contact mode AFM (e.g., reactions in SAMs by conventional foredistance measure-
for periodic lattice structures found for SAMS8)can be ments. The scatter was attributed to the aforementioned drift
considered a “lattice resolution”. As shown recenflyattice which results in interactions between different areas of the SAM
resolution can be considered as an average over the periodiGuith the AFM tip. Since the area imaged is, in general, changing
electron density distribution of the actual contact area. In any Constanﬂy, and furthermore “reference points” such as topo-
case, the expected resolution of AFM in imaging of surfaces in graphical features might change, as well, as a consequence of

liquid can be assumed to be no better than several nanometersge reaction, the lateral resolution is poorer than the true physical
In addition, thermal and instrumental drift make high- resolution discussed above.

resolution imaging of chemical reactions very difficult or
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In this paper, a novel approach to study surface reactions of
(8) van Ryswyk, H.; Turtle, E. D.; Watson-Clark, R.; Tanzer, T. A.; organic thin films with nanometer-level adhesion measurements
Herman, T. K.; Chong, P. Y.; Waller, P. J.; Taurog, A. L.; Wagner, C. E. using AFM is described. In this novel approach, the reactants
Langmuir 1996 12, 6143-6150. o - are immobilized on the AFM tip rather than on the sample
(9) Scanning tunneling microscopy (STM) is, in general, limited to . 7 .
(semi)conducting samples. For a recent review, see, e.g.. Somorjai, G. A, Surface (Figure 1)! The variation of pull-off force¥ between
Chem. Re. 1996 96, 1223-1236 and references therein. In addition, the the tip coated with the reactant and an inert surface is

STM tip can induce changes in the surface (Touzov, I.; Gorman, Q. B. i i i i
Phys. Chem1997 101 5263-5276). In the case of a thick layer of consecutively monitored as a function of tiffeThe contact

adsorbate, the feedback loop, which keeps a constant tunneling currentarea of the_ tip at pull-off in such _experiments using r_lonreactive
during scanning, will cause the tip to penetrate into the material, resulting SAMs (as inert samples) deposited on Au(111) varies between

in high shear forces. roximately 10 and 1 ffectively interacting molecular
(10) (a) Werts, M. P. L.; van der Vegte, E. W.; Hadziioannou, G. approximately 10 and 100 effectively interacting molecula

Langmuir 1997, 13, 4939-4942. (b) Schioherr, H.; Hruska, Z.; Vancso, ~ Pairs?®?tin general, as has been predicted by contact mechanics
G. J.Macromoleculesl998 31, 3679-3685. (c) Schoherr, H.; Vancso,

G. J.J. Polym. Sci. B, Polym. Phy$998 36, 2486-2492. (15) SAMs were subject to numerous studies by AFM, see, e.g.: (a)
(11) (a) Gidalewitz, D.; Feidenhans’l, R.; Matlis, S.; Smilgies, D.-M.;  Alves, C. A.; Smith, E. L.; Porter, M. DJ. Am. Chem. Sod992 114,
Christensen, M. J.; Leiserowitz, IAngew. Chem., Int. Ed. Endl997, 36, 1222-1227. (b) Pan, J.; Tao, N.; Lindsay, S. Mangmuir1993 9, 1556-
955-959. (b) Pearce R.; Vancso, G.Macromolecules997 30, 5843— 1560. (c) Alves, C. A.; Porter, M. DLangmuir1993 9, 3507-3512. (d)
5848. (c) Kaupp, G.; Haak, MAngew. Chem., Int. Ed. Engl996 35, Butt, H.-J.; Seifert, K.; Bamberg, B. Phys. Chenil993 97, 7316-7320.
2774-2777. (d) Kautek, W.; Dieluweit, S.; Sahre, M. Phys. Chem. B (e) Liu, G.-Y.; Salmeron, MLangmuir1994 10, 367. (f) Liu, G.-Y.; Fenter,
1997 101, 2709-2715. (e) Wall, J. T.; Grieser, F.; Zukoski, C.F.Chem. P.; Chidsey, C. E. D.; Ogletree, D. F.; Eisenberger, P.; Salmeror. M.
Soc., Faraday Transl997, 93, 4017-4020. Chem. Phys.1994 101, 4301-4306. (g) Wolf, H.; Ringsdorf, H.;

(12) The estimation is based on Hertz theory as described in ref 16. For Delamarche, E.; Takami, T.; Kang, H.; Michel, B.; Gerber, Ch.; Jaschke,
a normal force of 2 nN and a tip radius of 5 nm, a contact radius of 1.8 nm M.; Butt, H.-J.; Bamberg, EJ. Phys. Chem1995 99, 7102-7107. (h)
can be estimated. However, typical radii of modified AFM tips are of the Jaschke, M.; Schaherr, H.; Wolf, H.; Butt, H.-J.; Bamberg, E.; Besocke,
order of 50-75 nm. This leads to a radius of the contact area o0f-4.6 M. K.; Ringsdorf, H.J. Phys. Cheni996 100, 2290-2301. (i) Schiaherr,
nm. H.; Vancso, G. J.; Huisman, B.-H.; van Veggel, F. C. J. M.; Reinhoudt, D.
(13) True atomic resolution has been reported for experiments with N. Langmuir1997 13, 1567-1570.
custom-made force microscopes which operate under UHV conditions: (a) (16) (a) Nelles, G.; Schtherr, H.; Vancso, G. J.; Butt, H.-8ppl. Phys.
Giessibl, F. J.Sciencel995 267, 68—71. (b) Githner, P. JVac. Sci. A 1998,66, S1261— S1266. (b) Nelles, G.; Schberr, H.; Jaschke, M.;
Technol. B1996 14, 2428. (c) Kitamura, S.; Iwatsuki, Mlpn. J. Appl. Wolf, H.; Schaub, M.; Kther, J.; Tremel, W.; Bamberg, E.; Ringsdorf,
Phys.1995 34, L145. (d) Kitamura, S.; Iwatsuki, MJpn. J. Appl. Phys H.; Butt, H.-J.Langmuir1998 14, 808-815.
1996 35, L668. (e) Defect motion was observed on InP(110) surfaces with (17) The use of chemically functionalized probe tips in AFM is known
noncontact AFM: Sugawara, Y.; Ohta, M.; Ueyama, H.; MoritésS8ence in the literature as “chemical force microscopy”. The group of Lieber showed
1995 270, 1646. that the terminal functional groups of SAMs effunctionalized thiols on
(14) Intermittent contact modes are often used to obtain true atomic gold-coated AFM tips can dominate the adhesive or frictional interactions
resolution; see, e.g., a report on true atomic resolution obtained by AFM with the surface (Frisbie, C. D.; Rozsnyai, L. F.; Noy, A.; Wrighton, M.
on isolator surfaces: Bammerlin, M.;"thi, R.; Meyer, E.; Baratoff, A.; S.; Lieber, C. M.Sciencel994 265 2071-2074).
Guggisberg, M.; Gerber, Ch.; Howald, L.; Gtherodt, H.-JProbe Microsc. (18) Weisenhorn, A. L.; Maivald, P.; Butt, H.-J.; Hansma, P.Rfys.
1997 1, 3—-10. Rev. B 1992 45, 11226-11232.
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Chart 1. Compounds Used To Prepare Self-Assembled Table 1. SAM Characteristics
Monolayers contact angles (water), deg
o compound advancing sessile receding SPR thickness, A
C—CH
1 S NN NNy 1 70 68 64 11
2 66 62 56 11
Q 3 57 52 44 12
,C—CHs
S/\/\/\/\/\/\O o
Il
2 ‘ ,C—CH, 1.0
S/\/\/\/\/\/\o 1)

(H) 08 HS— _ Co
C—CHj (CH,)11—0O CH,
TN NNy 3 06+
3 ] < 0e]
S/\/\/\/\/V\OH
0,2
theories, the contact area at pull-off is smaller than the contact 004 .
area during scannin§.Thus, pull-off force measurements are . . . . . ——
anticipated to have higher resolution. ° t[;m o s e
Depending on the changes in the pull-off forces with the
extent of the reaction, the effective force per interacting w0l a Q
molecular pair, as well as the number of interacting pairs, can B AN S—(CHy)11—0" " CH,
vary 22 Thus, one can, in principle, monitor chemical reactions s %
with a resolution of the number of contacting molecular pairs \Q S—(CH,);—OH
in AFM force measurements, provided that the conversion of » o AN
the reactants to products is accompanied by changes in the pull- < 04 ‘\\Q
off forces. The force contrast can be controlled since the Y
magnitude of the pull-off force depends on the choice of the 2] T
inert substraté? Thus, a large variety of different systems can, 00 a
in principle, be studied. As demonstrated here, the kinetics of T s s 2o
surface reactions can be followed in situ om@ncontinuum t[s]
level (10-100 molecules) by this technique, which we termed g re 2. Reaction kinetics in the continuum limit for the hydrolysis
“inverted” chemical force microscopy. in 1 M NaOH as determined by FT-IR for thid! (top) and disulfide

In the current paper, “inverted” chemical force microscopy 3 (bottom).
and FT-IR spectroscopy were applied to study the kinetics of o
alkaline hydrolysis of ester groups at the surface of self- averaged over alarge area (by FT-FRjanometer-scale kinetic

assembled monolayers. The results of kinetic measurementdnformation (by inverted CFM), and additional high-resolution
force microscopy allowed us to elucidate the reaction mecha-

(19) Compared to pull-off force measurements on Au(111) substrates Nism. For closely packed ester groups, the reaction was
modified with reactants, this procedure eliminates the problem of thermal concluded to spread from defect sites, causing separation of the

and instrumental drift which results in lateral displacement of the sampling ; ;
area (contact area at pull-off). Thus, the adhesion betweesstinemole- homogeneous surfaces into domains of reacted and unreacted

cules (functional groups) and the homogeneous inert substrate are measurednolecules.
(20) (a) Noy, A.; Frisbie, C. D.; Rozsnyai, L. F.; Wrighton, M. S.; Lieber,
C. M.J. Am. Chem. So&995 117, 7943-7951. (b) Vezenov, D. V.; Noy, Experimental Section
A.; Rozsnyai, L. F.; Lieber, C. MJ. Am. Chem. S0d.997, 119, 2006
2015. (c) Noy, A.; Vezenov, D. V.; Lieber, C. Minnu. Re. Mater. Sci. Materials. HPLC-grade dichloromethane and ethanol were pur-
1997 27, 381-421. chased from Aldrich and used as such. Millipore Milli-Q water was

_ (21) Inrecent reports on functionalized carbon nanotubes as tip apexes,sed in all experiments. 11-Mercaptoundecyl acetates synthesized
it was demonstrated that smaller tip radii and thus contact areas are, iN s described earli@f

principle, accessible ((a) Wong, S. S.; Joselevich, E.; Woolley, A. T, P . .
Cheung, C. L.; Lieber, C. MNature 1998 394, 52—-55. (b) Wong, S. S.; Disulfides 2 and S.Acetyl c_hlorlde (0.65 mmol) in e_thyl acetate
Woolley, A. T.; Joselevich, E.; Cheung, C. L.; Lieber, C. MAm. Chem. was added to the solution of bis(11-hydroxyundecyl) disutfide.43

Soc 1998 120, 8557-8558.). The tip chemistry, degree of functionalization, mmol) in dry ethyl acetate (10 mL) at 3€. The mixture was stirred
and lateral confinement of reactive groups are, however, better controlled gt 50°C for 4 h, and solvent was evaporated. Crude product was purified

using self-assembled monolayers. by flash chromatography from ether:@H, 1:6. The first-eluted
Acgzdze)r#siéaslraetszgyllll_,oﬂ.dyﬁlntlegrgnlqlt’a)cglzeg and Surface Forse2nd ed.; compound R 0.8) was further chromatographed from ether:petroleum

(23) (a) Thomas, R. C.; Tangyunyong, P.; Michalske, T. A.; Crooks, R. €ther 1:4 R 0.25) to give 50 mg of disulfid®, mp 31-32 °C. IR
M. J. Phys. Cheml994 98, 4493-4494. (b) Green, J.-B. D.; McDermott,  (cast film), cnmr®: »(CHy) 2919, 2850p(C=0) 1732,0s{CH) 1471,
M. T.; Porter, M. D.; Siperko, L. MJ. Phys. Chem1995 99, 10960~ 0s(CHs) 1370,v(C—0) 1242, 1049'H NMR (CDCly): 6 4.04 (t, 4H,
10965. (c) Akari, S.; Horn, D.; Keller, H.; Schrepp, Wdv. Mater. 1995 CH,0), 2.66 (t, 4H, CHS), 2.03 (s, 6H, Ck), 1.2-1.7 (m, 36H,

7, 549-551. (d) Sinniah, S. K.; Steel, A. B.; Miller, C. J.; Reutt-Robey, J. . .
E.J. Am. Chem. Sod996 118 8925-8931. (e) Schoherr, H.. Vancso,  CHeCHeCHa). Anal. ‘Calcd for GeHsOsS, C, 63.63; H, 10.27.

G. J. Macromoleculesl997 30, 6391-6394. (f) van der Vegte, E. W.; Found: C, 63.34; H, 10.46. . o .
Hadziioannou, GLangmuir 1997, 13, 4357-4368. (g) McKendry, R.; The second-eluted compourf& 0.37) was mixed disulfid8, yield
Theoclitou, M. E.; Rayment, T.; Abbell, QNature 1998 391, 566-568. 80 mg, mp 53.554 °C. IR (cast film), cnmm*: »(OH) 3363,v(CHy)

(24) Since the original report on CFM, numerous articles have been 2919, 2850y(C=0) 1731,0s{CH,) 1470,0{CHs) 1368,»(C—0) 1241,
published that essentially follow along these lines of thought (see refs 20,
23). As a consequence, a large number of functional group interactions in  (25) Duevel, R. V.; Corn, R. MAnal. Chem 1992 64, 337-342.
different media is known, and thus a tip functionality can be chosen (26) Zong, K.; Brittain, S. T.; Wurm, D. B.; Kim, Y.-TSynth. Commun.
accordingly to yield high “contrast”. 1997, 27, 157-162.
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Table 2. Half-Reaction Timegy,, As Determined by FT-IR (ex 500
Situ Hydrolysis in 1.0 M NaOH)
SAM Ty2, S
1 1644
2 684
3 72
601 250
2 40
3
3 -0-CO-CH,

204

T T
0 2 4 6 8 10 12 14 0

Pull-off force [nN]} o 250 500
100 e
Figure 4. Tapping-mode AFM height image of Au(111) surface
80-] covered with inert octadecanethiol SAM-gcale, 5.0 nm).
2 so: - - .
5 | Table 3. Kinetics of in Situ Hydrolysis of SAMs on Gold-Covered
8 a0- -OH AFM Tips
20_‘ concn NaOH, average half-reaction range of induction
| SAM (mol/L) time t12, (S) periods, (s)
0_ TTTTTTrrrrrrT T T T LELEE AL
0 2 4 6 8 10 12 14 % 188 3E_55 %560
Puli-off force [nN] 3 100 28 0
Figure 3. Histograms of pull-off forces measured with a single 1 0.10 965 6-1100
octadecanethiol-functionalized tip on neat SAMs of thioand 11- 2 0.10 630 156-435
mercaptoundecanol in water. 3 0.10 220 0
1 0.01 2298 13051677
2 0.01 1655 1061267
1049.'H NMR (CDCl3): 6 4.04 (t, 2H, CHOCO), 3.63 (t, 2H, Ei,- 3 0.01 889 0

OH), 2.66 (t, 4H, CHS), 2.03 (s, 3H, Ch), 1.2-1.7 (m, 36H, CHCH,-

CHy). Anal. Calcd for GsH . C, 64.38; H, 10.58. Found: C, .
64.21)6' H. 10.85. GHar0s5 . equal to 2.1. Contact angles of water dropgl(} which were generated

Preparation of SAMs. SAMs for FT-IR analysis were self- with a micrometer syring_e (Agla) were recorded W.ith. a CCD camera
assembled onto evaporated gold as described in ref 27. Briefly, gold attache'd to a Power Macmtosh computer. Electronlc images of sessile,
substrates were prepared by thermal evaporation of 5 nm of Cr followed ad_vancmg_, and receding drops were stored in the computer and analyzed
by 100 nm of Au onto silicon wafers which were precleaned by heating using ClarisDraw software. At least three drops were analyzed for each

in piranha solution (7:3 mixture of concentrated sulfuric acid and 30% s"dAeF'M d Tio Modificati Tri lar-shaoed il itrid
hydrogen peroxide) at 9T for 1 h. [Caution! Piranha solution reacts ~M and Tip Mo ||c_at|_on. _nanguiar-shaped silicon nitride
violently with almost any organic material and should be handled with cantilevers and silicon nltrldg tips (Digital Instrqments (D)), Santa
utmost care!] Prior to deposition of monolayers, the gold substrates Barbara, CA) were C(_)vered with 50F0 nm of gold in a Balzers SCD
were treated with concentrated Hilfor 10 min, washed exhaustively 0_40 spu_tterlng machine ‘r’.‘t an argon pressure of 0.1 mb_ar or, alterna-
with water and ethanol, and dried. Monolayers were prepared by dipping tively, with ca. 2 nm of Ti anc_i ca. 75 nm of Au pnde_r high vacuum
the precleaned substrates into 1 mM solutions of compo@nasor (Balzers). The gol_d-covered tips were then_func_tlonallzed with SAMs
3in dichloromethane for 16 h at room temperature. The substrates Were%lfi:cl\)/lr 3 following the procedure_s gescrlbgﬁ |nNrefs 1SOb’C alrlld 23'
then rinsed with dichloromethane and ethanol and subsequently dried.N € S meﬁlsurerr_entsdwe'&?:,(\:/larr:jel OUt.W't al' aT‘dO C(I)IpeF anda
SAMs for lattice imaging and in situ imaging of the reaction on Au- anoscope multimo fe d '(h) u(sjll?gda. qui dge - roree
(111) substrates were prepared similarly on annealed Au(111) substratedneasurements were performed with modified tips, and imaging was

described in ref 28. These substrates consist of triangular Au(111) 90n€ with unmodified S|II|.cbon nclitrldedtlp’§,_Lesdp_ectlvfel3yl. (_IZ_antll_ever g
terraces (see below). spring constants were calibrated as described in ref 31. Tapping-mode

Instrumentation. IR spectra of monolayers were determined with ~FM images of the Au(111) substrate were acquired as described in

a Perkin-Elmer 1725 X instrument fitted with an MCT detector and a ref;s 10b'3 CEM. The f ionalized AFM i laced in the liquid
grazing angle accessory (Spectra-Tech Inc.). Freshly cleaned (concen- nverte - The functionalize tip was placed in the liqui

trated HNQ, 10 min) bare gold slides were used as background. The cell. After a brief equilibration. period in ultrapure water, the tip was
sample compartment of the spectrometer was purged with nitrogen toengaged on an octadecanethiol SAM on Au(111), and a set of-force

prevent interference from water vapor. Surface plasmon resonancediStance curves was record_ed. After withdrawal of the tip, the cell was
(SPR) data were acquired using an instrument built at the University flushed with more than 20 times the cell volume of aqueous NaOH of

of Sheffield, giving a resonance angle resolution of 0°0TBicknesses (30) The tip functionalization is concomitant with an increase in tip
were calculated from the shift of the resonance angle using the standardradius. For imaging of the lattice as well as of the hydrolysis reaction of

Fresnel equatioff, assuming the dielectric constant of the film to be the SAMs on Au(111) substrates, the sharper unmodified tips were used.
(31) Calibration was performed using micromachined cantilevers (Park
(27) Chechik, V.; Scheherr, H.; Vancso, G. J.; Stirling, C. J. M. Scientific Instruments, Sunnyvale, CA) with exactly known spring constant.

Langmuir1998 14, 3003-3010. The procedure as well as the specifications are given in the following:
(28) Schimherr, H.; Vancso, G. J.; Huisman, B.-H.; van Veggel, F. C. J. Tortonese, M.; Kirk, MProc. SPIEL997 3009 53—60. However, it should
M.; Reinhoudt, D. N.Langmuir1999 15, 55415546 be noted that, for the evaluation of the kinetics, the absolute values of the

(29) Hansen, W. NJ. Opt. Soc. Am1968 58, 380. forces are not relevant.
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CFM. Results of four individual experiments are shown. Induction assumed to be influenced only by changes in the endgroup, while the

periods (as indicated by arrows) vary between 0 and 1000 s. Following surface free energy of the inert substrate is assumed to be colatant.
the induction periods, the reactions proceed at similar rates.

known concentration. When a stable photodiode reading was obtained
the tip was engaged again. Immediately after engaging, fatistance

was calculated.

The conversiox of ester groups to hydroxyl groups was calculated

from

x=[Fy— FV[Fo — F.]

1)

whereF,, Fi, andF. denote the measured average pull-off forces at
= 0,t =t, andt = o, respectively:° This equation is based on the
assumption that the forces change linearly with the work of adhesion. established by thickness (surface plasmon resonance spectros-
The surface free energy of the tip and the interfacial free energy are copy) and wettability measurements (Table 1).

Results and Discussion

In the following paragraphs, a number of different experi-

ments are discussed. The structure of the SAMs of compounds
curves were recorded at 30 (60)-s intervals. The mean of 10 individual 1—3 (Chart 1) was first investigated in detail using contact angle,
pull-off events, measured after each 30 s (60 s for slow reactions), FT-IR spectroscopy, and surface plasmon resonance spectros-
copy. The alkaline hydrolysis of the SAMs was studied by ex
situ FT-IR spectroscopy. The hydrolysis reaction was further
investigated in situ by “inverted” chemical force microscopy.
Finally, additional results were obtained by in situ AFM.
Self-Assembled Monolayer Structureln this study, SAMs
of the ester-terminated thid}, the corresponding symmetrical
disulfide 2, and the half-ester disulfid8 were investigated.
Close packing in the monolayers of estetsand 2 was
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Figure 9. In situ AFM (friction mode with unmodified tip) of hydrolysis of a SAM dfon Au(111) h 1 M NaOH (bright color corresponds to
high friction; z-scale from black to white, 0.05 V). The images were captured after 4 (A), 10 (B), 13 (C), and 24 min (D), respectively.
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The FT-IR data were consistent with literature data on similar
films.32 The asymmetric stretching vibrationgCH,) at 2919-
2920 cnt? are typical of well-packed alkane chains in an all-
trans conformatio@® They(C—O) vibration at 12591262 cnt?
shifted to higher frequencies as compared with bulk spectra
(1240-1242 cmY), showing strong lateral interactions between
adjacent carbonyl groups in ordered quasi-crystalline environ-
ments3* SAMs of 3 showed a higher frequency,(CH,)
vibration (2922 cm?), and the water contact angle of SAMs
of 3was lower than those dfand2, indicating partial exposure
of hydroxyl groups at the monolayer surfaeMolecular
(lattice) resolution AFM measurements performed in water
revealed a hexagonal tail group lattice structure with a lattice
constant of 5.2+ 0.2 A (vide infra)1® Monolayers oft, 2, and
3 thus possess a well-packed structure. AFM friction force
measurements (vide infra) were consistent with the interpretation
that the hydroxyl and ester groups in the monolayeB @ire
evenly distributed down to the level of the lateral size range of
the contact area between AFM tip and sample surféce.

Ester Hydrolysis Studied ex Situ by FT-IR. All reactions
were carried out in 1.0 M agueous sodium hydroxide at room
temperature. Macroscopic kinetics were determined by FT-IR
spectroscopy by following the decrease of the integrated
intensity of they(C=0), v(C—0), andds(CHs) vibrations ex
situ. SAMs of thioll (and disulfide2) reacted much more slowly
than SAMs of the mixed disulfid8 (Figure 2). Kinetics of the
mixed disulfide 3 were exponential, whilel and 2 showed
sigmoid behavior. The half-reaction times are listed in Table 2.
For the mixed disulfide3, the pseudo-first-order rate constant
ket_ir Was 1.00x 102 s,

In monolayersl and2, which present a close-packed surface,

J. Am. Chem. Soc., Vol. 122, No. 15, 2686
0.010-
0.008] g
= ] HS—(CHap)11—O" " CH
@ 0.006
[
-y 4 — -
[<2]
3 0.004 4 - mama
o
B -
0.002 - - (']
ELE
0.000L; , T T T
0 15 30 45 60
Time
0.010-
9
/C\
0.008- S—(CH,)11—0" "CH;
)
@ 0.006 S—(CHz)11—OH
£
[=2]
8 0.004 LR NI L]
o [ ]
L1 |
0.002
0.000-— . T T
0 15 30 45
Time

Figure 10. Roughness analysis of friction images (such as those shown
in Figure 9) of SAM of1 (top) and disulfide3 (bottom) for hydrolysis
in 1 M NaOH.

Ester Hydrolysis Studied in Situ by Inverted CFM. The
origin of the striking reactivity difference mentioned at the end
of the previous paragraph must lie in the intimate structure of

access of hydroxide ions to the carboxyl groups appears 10 beine syrface of the SAMs. Thus, it is of interest to obtain
hindered even though the reactive carboxyl groups are buriedgciural and compositional information with high resolution,

only a few angstroms below the surface. Similar sigmoid kinetics
are found, for example, in surface reactions of perfect crystals
which often exhibit low initial reactivity” In these cases, defects
at the crystal surface may allow a slow initial reaction, and
acceleration is observed as more reactive sites become ex
posed® SAMs of estersl and 2, at half-hydrolysis (i.e., with
50% of the ester groups transformed into hydroxyl groups),
would at first sight appear structurally equivalent to the mixed
disulfide 3. Reaction of esteré and2 at 50% conversion is,
however, ca.1620 times slower than that of est8f®

(32) (a) Nuzzo, R. G.; Dubois, L. H.; Allara, D. lJ. Am. Chem. Soc.
1990 112 558-569. (b) Engquist, I.; Lestelius, M.; Liedberg, Bangmuir
1997 13, 4003-4012.

(33) Porter, M. D.; Bright, T. B.; Allara, D. L.; Chidsey, C. E. D.Am.
Chem. Soc1987, 109, 3559-3568.

(34) Sondag, A. H. M.; Tol, A. J. W.; Touwslager, FLAngmuir1992
8, 1127-1135.

(35) Takami, T.; Delamarche, E.; Michel, B.; Gerber, Ch.; Wolf, H.;
Ringsdorf, H.Langmuir1995 11, 3876-3881.

preferably on the molecular scale. In situ information on the
composition of the reacting monolayers was obtained by the
ICFM approach described above. In these experiments, the force
required to pull the AFM tip coated with, 2, or 3 away from

‘contact with an inert octadecanethiol SAM on flat Au(111) was

followed in real time in situ during the hydrolysis.

The change in surface composition could be measured
accurately because the hydrophobic force between ester (the
reactant)- and alkyl-terminated surfaces is large. Average pull-
off forces measured betweeratester-terminated SAMs and
methyl-terminated tips were found to bed92 nN, whereas
neat hydroxyl-terminated SAMs and methyl-terminated tips
show an average pull-off force of 04 0.3 nN (Figure 3). These
forces follow the trends which were previously observed and
explained by the Johnson-KendaRoberts theory of contact
mechanicg’ 40

As the contact sampling area of the functionalized AFM tip

(36) There is ample evidence that mixed disulfides do not phase-separatelS between 10 and 100 molecules, depending on the actual tip

at room temperature. (a) Reference 35. (b) ®dleor, H.; Ringsdorf, H.;
Jaschke, M.; Butt, H.-J.; Bamberg, E.; Allinson, H.; Evans, SLahgmuir
1996 12, 3898-3904. (c) Tsao, M.-W.; Rabolt, J. F.; Saifeerr, H.;
Castner, DLangmuir200Q 16, 1734-1743.

(37) Harrison, L. G. InComprehensie Chemical Kinetics, Vol. 2, The
Theory of Kinetics Bamford, C. H., Tipper, C. F. H., Eds.; Elsevier:
Amsterdam, 1969; pp 377462.

(38) A recent study showed that imaging the monolayer of a succinimide
ester with AFM disrupts the order strongly enough to appreciably accelerate
hydrolysis (Wang, J.; Kenseth, J. R.; Jones, V. W.; Green, J.-B. D,;
McDermott, M. T.; Porter, M. DJ. Am. Chem. Sod 997, 119 12796~
12799).

(39) Intramolecular general base catalysis [which could be responsible
for the autocatalytic (sigmoid) behavior] can be excluded on the basis of
control experiments with mixed disulfides in which one chain carries a
terminal ester group and the other a terminal methyl group (Chechik, V.;
Stirling, C. J. M., unpublished work).

radius!” the reaction can be studied in a highly localized fashion.
The Au(111) substrates are atomically smooth over distances
of several hundred nanometers, with only occasional steps and
depressions present (Figure 4). With highly ordered octade-
canethiol SAMs on top of these substrates, interaction between
exactly the same functional groups at the tip apex and a
homogeneous inert substrate is ensured.

The individual reaction profiles for thioll and disulfide2
showed significant induction periods which depend on the
hydroxide concentration (Figure 5, Table 3). This is indicative
of an activated process of nucleation and growth. For SAMs of

(40) Johnson, K. L.; Kendall, K.; Roberts, A. Broc. R. Soc. London
A 1971, 324, 301—-313.
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Figure 11. Unprocessed AFM images of SAM dfprior to (left) and after (right) hydrolysisiil M NaOH (inset, 2-D fast Fourier transform).

the mixed disulfide3, no induction periods were observed. Test experiments shown in Figure 6 differ because ICFM follows
experiments with (inert) octadecanethiol-coated tips showed thatthe reaction with very high lateral resolution.

SAM damage can be excluded and that the SAM/gold assembly  The kinetic profiles in the continuum limit were estimated

stays intact over the typical experiment times. The AFM results by averaging many AFM experiments. These profiles were

are summarized in Table 3. found to be very similar to the FT-IR profiles. The reaction of
In Figure 6, the results of four different experiments for thiol SAMs of half-ester disulfide3 (Figure 8C) gives amverage

1 performed under identical conditions are shown. Trhei- second-order rate constaktem = 2.4 x 1072 L mol~* s74,

vidual reaction profiles showed a wide distribution of induction which is in good agreement with the value obtained by FT-IR

periods, indicated by the arrows. (Figures 7 and 8j* By contrast, the SAMs of both thidl and
The contact area between the tip and the surface at pull-off symmetrical disulfid€ showed sigmoid profiles for the average

is smaller than the typical domain size in SAKAdf the reaction kinetics (Figure 8). Macroscale kinetics determined by FT-IR

starts at defect sites, variable induction periods are to be can thus be reproduced by averaging snapshots of the reaction
attributed to the time elapsed before a defect is formed in the of 10—100 molecules from the AFM experiments.

contact area between ester-modified tip and alkyl-terminated In Situ AFM Imaging of SAMs during Hydrolysis. Further
inert surface. If a defect is already present in the contact area,indication for the formation of domains of reacted and unreacted
the reaction is being observed immediately after engagement,molecules during the hydrolysis reaction is obtained from in
and the induction period is small or nonexistent. If there are no situ contact mode AFM experiments with uncoated tips on
defects in the contact area, the reaction is not observed until aSAMs of 1 and3 on flat Au(111) substrates. As shown in Figure
defect is formed, or the reaction front reaches the contact area.9, the friction force observed on Au(111) terraces covered with
This interpretation is in good agreement with an estimate of a SAM of 1 changes significantly during hydrolysis. After ca.
the domain size based on the observed induction times and4 min, the smooth image which shows only the step edges of
reaction kineticg? From the data summarized in Table 3, a the Au surface began to change to an image exhibiting a

maximum domain size of 3.2 0.2 nm for thioll, and 2.6+ “rippled” appearance. The inhomogeneous friction producing
1.2 nm for the symmetric disulfid® can be estimatet. These the ripples increased and then disappeared during the course of
values are in agreement with literature d#ta. the reaction. We postulate that the observed “ripples” are related

It can be concluded at this point that the observed distribution to inhomogeneous adhesion, and hence frictigi pecause of
of induction periods is a strong indication of separation of the formation of domains of reacted and unreacted molecules
reacted £ OH) and unreacted{O—CO—CHj) terminal groups ~ during the course of the reactié.
during the hydrolysis. Thus, the profiles of the different  The inhomogeneous friction producing the ripples can be

. — . evaluated by analyzing the deviation of the friction for each
(41) Typical domain sizes of SAMs on gold which has not been heat-

treated after assembly are in the order of 5 nm (Delamarche, E.; Michel, pixel from the r_nean value similar to a roug_h“ess ana_I‘S?SIS_.

B.; Gerber, Ch.; Ansélmetti, D.; Gtherodt, H.-J.; Wolf, H.; Ringsdorf, The corresponding roughness data as a function of reaction time

H. Langmuir1994 10, 2869-2871).
(42) For this rough estimate, a circular domain shape was assumed. The (44) Quantitative differences between the AFM and FT-IR results can

longest induction period was assigned to the idealized situation in which be explained by the fact that the sampling area for AFM is more than ca.

the circular contact area (with radiug) is centered on this domain. As 10'2times smaller than for FT-IR and that reactions, e.g., at grain boundaries

there are no defects in the contact area, the reaction is not observed untilwould not affect the AFM results.

the reaction front, which starts at the domain boundary, reaches the contact (45) The true resolution of the AFM is not sufficiently high to

area. On the basis of Johnseikendall-Roberts theory, the original contact ~ unequivocally enable one to image subdomain details. In addition, it is not

area was calculate® (= 4.7 x 10" Pa; Wit = 0) = 50 mN/m). A reaction a priori clear how the friction measured on a few molecules can be related

rate was defined as the ratiomfand reaction timéx (tr is the time elapsed to exposed functional groups.

between the first decrease in adhesion forces and the end of changes). Using (46) The mean roughne$, of a surface is defined as the standard

this rate (in nm/s), the original domain size can be calculated on the basis deviation of the height with respect to the center plane within the scan area

of the observed induction time. selected. TheRa values were obtained according to the following equa-
(43) It is reasonable to assume that the domain sizes on sputtered ortion: Ra = (3 x=1ny=1M(Zy — Zy)Z[(N — 1)(M — 1)])"2, whereN andM

evaporated gold are smaller than that on flat Au(111). Experimental evidence are the numbers of pixels in theandy directions, respectively, argly is

for small crystalline patches further supports this assumption, see:nScho the image pixel height with respect to the center plane héiglfor the

herr, H.; Vancso, G. J.angmuir1997, 13, 3769-3774. pixel (xy).
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Figure 12. Schematic representation of (A) inhomogeneous reactions

for SAMs of thiol 1 and disulfide2 and (B) the homogeneous reaction

of mixed disulfide3. The reaction ofl starts at defect sites (indicated

by arrows) and creates domains of reacted and unreacted molecules
The reaction then proceeds at these domain boundaries until all
molecules have reacted, while f®the reaction occurs homogeneously.

are shown in Figure 10. The friction contrast peaks after ca. 15
min for thiol 1, while there is no contrast change for mixed
disulfide 3. These observations are in agreement with the FT-
IR and ICFM results.

The lattice of the SAMs could be imaged with molecular
(lattice) resolution prior to and after the hydrolysis on the Au-
(111) terraces shown in Figure 9. In Figure 11, the corresponding
high-resolution lattice images are displayed. The fact that lattice

imaging was possible prior to and after the hydrolysis demon- J

J. Am. Chem. Soc., Vol. 122, No. 15, 2680

strates that SAM damage can be excluded as a basis for the
disappearing inhomogeneity of the friction imageslofThe

true resolution of the friction measurements can be assumed to
be in the order of 25 nm, which is a typical size for domains

in SAMs#145As the friction contrast did not change significantly

in SAMs of the mixed disulfide, the inhomogeneous friction
observed for thioll strongly suggests that the reaction proceeds
inhomogeneously for SAMs df.

The scenario proposed for the reaction in well-packed SAMs
is depicted schematically in Figure 12. The mechanism shown
is consistent with the AFM and FT-IR data and accounts for
the reactivity differences between half-reacted monolayers of
1 and 2 on one hand and the monolayers 3bn the other.
While the layer of3 remains topographically homogeneols,
and 2 separate into domains during the hydrolysis.

Conclusions

We have demonstrated for the first time that average
macroscopic kinetics of reactions in SAMs can be correlated
and explained by nanometer-level force (adhesion) measure-
ments in the confined environment of the monolayer studied.
Using a modified CFM approach, which we termed “inverted
chemical force microscopy”, reactions of as few as-100
molecules could be followed in situ. Structuneeactivity
differences, arising from differences in monolayer structure, as
observed on the nanometer scale, on average agree well with
macroscopic behavior observed by FT-IR. The studies show
that reagents penetrate functionalized monolayers at specific
defect sites or at domain boundaries.
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