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Abstract: Stratified amide-containing self-assembled monolayers (SAMs) provide opportunities for investigating
the fundamental dependence of supramolecular structure upon molecular constitution. We report a series of
amide-containing alkanethiol SAMs {QAT/Au, n = 9, 11-16, 18) in which the hydrophobic overlayer
thickness is systematically varied and the thickness of the polar region is held constant. The results from
X-ray photoelectron spectroscopy, contact angle goniometry, reflective IR spectroscopy, and electrochemical
measurements provide a consistent structural picture of the series. The amide underlayers in all the SAMs are
well-ordered and extensively hydrogen bonded. However, the alkyl chains are disorderednbeld.
Comparison of the assembly structures shows that the chain length threshold for alkyl ordering is several
methylenes higher than malkanethiol SAMs. This indicates that alkyl chains adjacent to an amide underlayer
are destabilized as compared riealkanethiols and that the amide underlayer destructively interferes with
alkyl close packing as compared to the Au(12&dlfur template. However, the amide regions of the SAMs

are all well-ordered, showing that the amide sublayer acts as a “template” that is independent of alkyl chain
length. The amide region dominates over geddilfur epitaxy in establishing the structure of these assemblies,

and the amidealkyl boundary provides an example of a “rigidlastic” buried organic interface. Implications

of these studies for molecular control of bulk properties, lipid-linked protein structure and function, buried
organic interfaces in other systems, rationally designed ordered multilayers, and hybrid supramolecular systems
are discussed.

Introduction in vertically architectured films has been achieved by sequential
multilayer growth* However, Ulman proposed in 1990 that
monolayerfilms might be similarly tiered to form vertical
domains with contrasting dielectric or optical properfi&uch
films are desirable because the adsorption process is one-step
and monolayers tend to be better ordered than multildyEne
introduction of functional groups in alkanethiol SAMs offers
ready access to such stratification. Thus far, well-ordered,
internally stratified alkanethiol-based SAMs are limited to those
in which diynes, ethers, and appropriately placed sulfones and
amides are incorporated in the hydrocarbon backbones of the
precursorg:® Often, internal functionalities result in decreased

Self-assembly of ultrathin organic films has found widespread
use in the control of surface properties as well as the
fundamental study of interfacial phenomena. The formaiioh,
structurelc— properties—" and applicatiorisof self-assembled
monolayers (SAMs) oifi-alkanethiols on gold and other coinage
metals has been thoroughly reviewed. Although lithographic
patterning of surface bound films has received much atteftion,
vertical differentiation with controlled incorporation of sublay-
ered architectures at the molecular level is relatively unstudied.
Vertical structuring is desired for applications of SAMs for
nonlinear optics? electron-transfer catalys?, proteirt¢ and
celfdimmobilization, physicé&F and chemicdl sensing, artificial
photosynthesidd electron-transfer studié8, biocompatible
surfaces! and corrosion passivatichThe greatest complexity
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Thin Films1998 24, 112-149. (f) Duboais, L. H.; Nuzzo, R. GAnnu. Re.
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By systematically varying the hydrophobic overlayer thick-
aW[ ness while holding constant the thickness of the polar amide
| region, we show how the interaction of these two sublayers
amide { [TTTTITI T LTI T i influences the order of the entire assembly. The structural

-SCH,CH,- { . - . -
ot interpretation based on an array of analytical data for a series
e {////,(/// ////é////////é////////6//// of alkanethiol SAMs containing a single, deeply buried amide

Figure 1. Possible assembly structures of hybrid amidékyl SAMs group (G-1AT/Au; n =9, 11-16, 18) is presented. For >
in which amide regions are sandwiched between a gold substrate and

an alkyl region. The parallel and nonparallel lines indicate ordered and CHy(CHy) o

disordered regions respectively and do not contain information about s ”“\NJ\/\SH

chain orientations. (A) Fully ordered SAM. (B) Fully disordered SAM. H

(C) Disordered alkyl overlayer with an ordered amide underlayer. (D)

Ordered alkyl overlayer with a disordered amide underlayer. Ca1AT

15, the films are fully ordered (Figure 1A), but those with shorter

order, as with alkenes and alkynes, N- and C-substituted alkyl “tails” show selective disorder of the hydrocarbon region
dig|ycineS, Sing|e amide groups, and Su|f0ﬁe§_obvious|y’ (Figure 1C) In then-alkanethiol SerieS, an analogous chain

disorder is incompatible with well-defined stratification and
stability of lateral patternin§1? Systematic studies of the effect
of sublayers of contrasting polarizability upon SAM order and

length ordering threshold af = 10 has been attributed to the
summation of hydrophobic interactiotsThe observed trends
among the assembly structures lead to two new concepts: (1)

alkyl chain packing adjacent to an amide underlayer is desta-
bilized as compared to-alkanethiols, yet very highly ordered
involves replacing methylene units of alkanethiol SAMs with assemblies are formed above a characteristic threshold chain

amide groups. Previously, amide groups have been incorporated®"9th. and (2) the buried organic interface in one-amide
at various levels in monolayers for a number of reasons. Primary assemblles behaves in a .rlgld-elastlc mannet, with the rigid
amides have been used as platforms for biomolecule im- amide underlayer templatmg the alkyl chains analogously to
mobilization and cell adhesidfi. Internal (secondary and the current understanding afalkanethiols on gold.

tertiary) amides, in addition to providing efficient synthetic
routes!® have been incorporated with the goals of controlling
molecular orientatiod and improving SAM stability.12 We Materials and Synthesis. Dichloromethane was distilled from
previously reported well-ordered, extensively hydrogen bonded calcium hydride immediately befor_e use. All other solvents and reagents
SAMSs containing oné and thre@ internal amide groups. As were used as re_celvei from Aldrich, Bachem, Fluka, or Lancaster as
ordered, stratified SAMSs, these systems have great potential forP €Vi0us!y described: .

studying the relationship between molecular and supramolecular As a representative procedure, the synthesis of 3-merdépko-

813 L o . nonylpropionamide &1AT is described here. In a 250 mL round-
structuré-* and the nature of buried interfacesthin organic bottom flask fitted with a magnetic stir bar, 0.5518 g (3.730 mmol) of

assemblie$? In addition, amide-based stratified films may prove S-acetyl-3-mercaptopropionic acid!80.7011 g (3.694 mmol) of 8¢-
advantageous for lithographic applications because hydrogendimethylaminopropyN-ethylcarbodiimidé? and 0.0447 g (0.369
bonding interactions should promote monolayer stal8fliand mmol) of 4-(dimethylamino)pyridine were dissolved in 100 mL of
hinder adsorbate diffusion across domain boundaries in mixeddichloromethane at room temperature. Upon addition of 0.670 mL (3.66
SAMs 512 mmol) of n-nonylamine, the solution remained clear and colorless but

The rational design of ordered, stratified, amide-containing €°°/€d transiently. After being stired under nitrogen for42h, the
SAMs requires an understanding of how the various material organic solution was washed with 3 100 mL of saturated sodium
. picarbonate, 3« 100 mL of 0.01 M hydrochloric acid (adding 25 mL

sublayers affect each other. In these monolayers, two adjacenty rine as needed to resolve emulsions), and 100 mL of distilled

regions are immediately obvious: (1) the more polar amide water. The organic portion was separated, dried over sodium sulfate,
underlayer lying proximal to the substrate and (2) the overlying and filtered. The solvent was removed in vacuo to yield a white solid.
hydrophobic alkyl layer. The interactions within and between In an Erlenmeyer flask, 1.24 g of sodium hydroxide was dissolved in
these two sublayers will dictate the overall assembly structure 125 mL of absolute methanol. This was added all at once to the white
and order. Several scenarios are possible: the film may be fully solid in a 250 mL round-bottom flask. After being stirred under nitrogen

structure have not been reported.
Our approach toward a well-defined vertical architecture

Experimental Section

ordered (Figure 1A), completely disordered (Figure 1B), or only for 0.5-1 h, 40 mL of 5% hydrochloric acid was added all at offc¥®.

partially ordered (Figure 1C,D).

(7) (a) Clegg, R. S.; Hutchison, J. Eangmuir1996 12, 5239-5243.

(b) Batchelder, D. N.; Evans, S. D.; Freeman, T. L.jussling, L.;
Ringsdorf, H.; Wolf, H.J. Am. Chem. S0d.994 116, 1050-1053.

(8) (a) Sinniah, K.; Cheng, J.; Terrettaz, S.; Reutt-Robey, J. E.; Miller,
C. J.J. Phys. Cheml1995 99, 14500-14505. (b) Evans, S. D.; Goppert-
Berarducci, K. E.; Urankar, E.; Gerenser, L. J.; UmanLAngmuir1991
7, 2700-2709.

(9) (a) Clegg, R. S.; Reed, S. M.; Hutchison, J.JJEAm. Chem. Soc.
1998 120, 2486-2487. (b) Tam-Chang, S.-W.; Biebuyck, H. A.; Whitesides,
G. A,; Jeon, N.; Nuzzo, R. ALangmuir1995 11, 4371-4382.

(10) Chechik, V.; Scheherr, H.; Vancso, G. J.; Stirling, C. J. M.
Langmuir1998 14, 3003-3010.

(11) Zhang, J.; Zhang, H. L.; Chen, M.; Zhao, J.; Liu, Z. F.; Li, H. L.
Ber. Bunsen-Ges. Phys. Cheb998 102 701-703.

(12) Lenk, T. J.; Hallmark, V. M.; Hoffman, C. L.; Rabolt, J. F.; Castner,
D. G.; Erdelen, C.; Ringsdorf, H.angmuir1994 10, 4610-4617.

(13) Clegg, R. S.; Reed, S. M.; Smith, R. K.; Barron, Bridgette L.; Rear,
J. A.; Hutchison, J. E. Submitted for publication.

A white precipitate immediately formed, and stirring was continued
for 0.5 h. After addition of 2550 mL of brine, the product was
extracted with 3x 80 mL of dichloromethane. The organic portion
was washed with 3« 100 mL of distilled water (adding 25 mL of
brine as needed to resolve emulsions), dried over sodium sulfate, and
filtered. The solvent was removed in vacuo to yield a white micro-

(14) (a) Bain, C. D.; Troughton, E. B.; Tao, Y.-T.; Evall, J.; Whitesides,
G. M.; Nuzzo, R. GJ. Am. Chem. Sod.989 111, 321-335. (b) Porter,
M. D.; Bright, T. B.; Allara, D. L.; Chidsey, C. E. DJ. Am. Chem. Soc.
1987, 109, 3559-3568.

(15) Dettre, R. H.; Johnson, R. E.Phys. Cheni965 69, 15071515.

(16) Bar, G.; Rubin, S.; Cutts, R. W.; Taylor, T. N.; Zawadowski, T.
A., Jr. Langmuir1996 12, 1172-1179.

(17) Finklea, H. O.; Hanshew, D. 3. Electroanal. Chem1993 347,
327-340.

(18) Daeniker, H. U.; Druey, Helv. Chim. Actal957 40, 2148-2156.
(19) (a) Bodanszky, M.Principles of Peptide SynthesiSpringer-
Verlag: New York, 1984; pp 958. (b) Sheehan, J. C.; Cruickshank, P.

A.; Boshart, G. 1.J. Org. Chem1961, 26, 2525-2528.
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crystalline solid which was recrystallized from 95% ethanol. Yield (with

respect tan-alkylamine starting material): 87%. Mp: 45:87.5°C.
1H NMR (300 MHz, CDC}): 6 5.71 (broad, 1H), 3.26 (m, 2H), 2.82
(m, 2H), 2.47 (tJ = 6.8 Hz, 2H), 1.62 (tJ = 8.4 Hz, 1H), 1.49 (m,
2H), 1.45-1.24 (broad overlapping resonance, 12H), 0.83 ¢ 6.6
Hz, 3H).

3-MercaptoN-n-undecylpropionamide &1AT was synthesized
analogously to @1AT with the substitution ofn-undecylamine for
n-nonylamine. Yield: 85%. Mp: 57:559.0°C. *H NMR (300 MHz,
CDCly): 6 5.55 (broad, 1H), 3.26 (m, 2H), 2.82 (m, 2H), 2.47Xt
6.7 Hz, 2H), 1.61 () = 8.4 Hz, 1H), 1.50 (m, 2H), 1.441.23 (broad
overlapping resonance, 16H), 0.88Jt= 6.6 Hz, 3H).

3-MercaptoN-n-dodecylpropionamide &1AT was synthesized
analogously to @1AT with the substitution ofn-dodecylamine for

n-nonylamine and with purification by preparative radial thin-layer
chromatography (1 mm rotor, gradient of 25% to 50% ethyl acetate in

n-hexane). Yield: 70%. Mp: 63:064.4 °C. 'H NMR (300 MHz,
CDCls): 6 5.83 (broad, 1H), 3.27 (m, 2H), 2.83 (m, 2H), 2.48)t
6.8 Hz, 2H), 1.61 (tJ = 8.3 Hz, 1H), 1.50 (m, 2H), 1.401.24 (broad
overlapping resonance, 18H), 0.89Jt= 6.5 Hz, 3H).
3-MercaptoN-n-tridecylpropionamide &-1AT was synthesized
analogously to @1AT with the substitution ofn-tridecylamine for

n-nonylamine and with purification by preparative radial thin-layer
chromatography (1 mm rotor, gradient of 10% to 30% ethyl acetate in

n-hexane). Yield: 44%. Mp: 67:568.7 °C. *H NMR (300 MHz,
CDCly): 6 5.70 (broad, 1H), 3.27 (m, 2H), 2.83 (m, 2H), 2.47)t
6.8 Hz, 2H), 1.61 (tJ = 8.4 Hz, 1H), 1.51 (m, 2H), 1.381.23 (broad
overlapping resonance, 20H), 0.89Jt= 6.6 Hz, 3H).

3-MercaptoN-n-tetradecylpropionamide :¢1AT was synthesized
analogously to @1AT with the substitution ofh-tetradecylamine for
n-nonylamine. Yield: 78%. Mp: 68:269.2°C. *H NMR (300 MHz,
CDCly): 6 5.75 (broad, 1H), 3.26 (m, 2H), 2.82 (m, 2H), 2.47)t
6.7 Hz, 2H), 1.62 (tJ = 8.3 Hz, 1H), 1.51 (m, 2H), 1.361.22 (broad
overlapping resonance, 22H), 0.88Jt= 6.5 Hz, 3H).

3-MercaptoN-n-pentadecylpropionamide;&1AT was synthesized
analogously to @1AT with the substitution oh-pentadecylamine for
n-nonylamine and with purification as forn€1AT. Yield: 67%. Mp:
69.2-69.7°C. *H NMR (300 MHz, CDC}): ¢ 5.54 (broad, 1H), 3.27
(m, 2H), 2.83 (m, 2H), 2.48 (1) = 6.8 Hz, 2H), 1.62 (tJ = 8.4 Hz,
1H), 1.51 (m, 2H), 1.351.23 (broad overlapping resonance, 24H),
0.88 (t,J = 6.6 Hz, 3H).

3-MercaptoN-n-hexadecylpropionamide:&€1AT was synthesized
analogously to @1AT with the substitution oh-hexadecylamine for
n-nonylamine and with purification as for€1AT. Yield: 39%. Mp:
74.5-75.7°C.*H NMR (300 MHz, CDC}): ¢ 5.68 (broad, 1H), 3.27
(m, 2H), 2.83 (m, 2H), 2.48 (] = 6.7 Hz, 2H), 1.62 (tJ = 8.4 Hz,
1H), 1.51 (m, 2H), 1.351.22 (broad overlapping resonance, 26H),
0.89 (t,J = 6.5 Hz, 3H).

3-MercaptoN-n-octadecylpropionamide 1¢1AT was synthesized
analogously to @1AT with the substitution oh-octadecylamine for
n-nonylamine and with purification as fori&1AT. Yield: 45%. Mp:
85.7-87.3°C. *H NMR (300 MHz, CDC}): 6 5.81 (broad, 1H), 3.28
(m, 2H), 2.83 (m, 2H), 2.48 () = 6.8 Hz, 2H), 1.62 (tJ = 8.3 Hz,
1H), 1.51 (m, 2H), 1.351.20 (broad overlapping resonance, 30H),
0.89 (t,J = 6.6 Hz, 3H).

Formation of Substrates and SAMs.Au substrates (1500 A) with

J. Am. Chem. Soc., Vol. 121, No. 22,58299

30 s at takeoff angles of 45and 30.1® Complete film removal was
ensured by multiplexing at 36280 eV (the C(1s) region) after
sputtering. The attenuation lengthis 42 A based on our previous
work.%2

Contact Angle Goniometry. Contact angles were measured using
a captive drop techniqé®® on a goniometer constructed in our
laboratory®® Advancing and receding contact angles are defined as the
maximum and minimum angles formed between the filinoplet
interface and the tangent to the probe droplet at its intersection with
the substraté?

Molecular Modeling. Molecular modeling was performed using
Spartan 5.0 (Wavefunction, Inc.) as previously repofted.

FTIR-ERS. External reflective IR spectroscopy was performed using
a Nicolet Magna 550 IR with a Spectra-Tech 80 fixed reflectance
accessory and a Cambridge Physical Sciences IR wire grid polarizer.
Spectra were collected as 1024 signal-averaged interferograms as
previously reported To minimize baseline periodicity and gas-phase
water peaks, the amide spectra shown are the Fourier transforms of
the interferogram averages of four to six independent samples. Residual
gas-phase water was subtracted from these spectra, and minimal
automatic baseline correction was applied using the Nicolet software.
All spectra shown are unsmoothed.

Electrochemical Characterization. A connect between the Au
working electrode (ca. 1 cfhand a Teflon shrink-wrapped 22 g solid
Cu wire was made with Ag paint (Ted Pella). The exposed Ag, Cu,
and Cr surfaces were passivated with epoxy (Dexter). Double-layer
capacitance Q) and electrochemical blocking effect (EBE) were
measured on a BAS 100 electrochemical workstation using a Pt counter
electrode and an SSCE reference electrddéne electrolyte was 1.0
M KCI (aqg). For EBE, the analyte was 1.0 mMsRe(CN}. The films
were electrochemically annealed by the method of Finklea.

Results

Interpretation of the analytical data leads to a consistent
structural description of the monolayer serigsI@&T/Au (n =
9, 11-16, 18). Each of the members of the series has an
extensively hydrogen bonded underlayer of amide groups.
Adjacent to the amide layer is either an ordered or a disordered
hydrocarbon overlayer, depending on the length of the alkyl
tails. We will show that the length threshold for alkyl tail
ordering isn = 15.

X-ray Photoelectron Spectroscopy (XPS) Shows That
Chemisorbed, Anisotropic Monolayers Are Formed.XPS
provides information about the identity, chemical environment,
and depth of the constituent elements of these fitidhe S(2p)
peak positions are consistent with covalent attachment to
gold 422l and the remaining SAM peaks occur at energies
expected for amide and alkyl materfa®-22Due to the attenu-
ation of photoelectrons by overlying material, the relative
intensity of C(1s) is enhanced at the expense of the signals from
the other atom33 This effect is exaggerated in the longer chain
SAMSs because the hydrocarbon overlayer is thiéRé#:24The
film thicknesses calculated from XPS intensities agree with those

75 A Cr adhesion layers were formed on glass slides by evaporation predicted by molecular modeling (Figure %).

in an Edwards 306A evaporation chamber (base pressie< 107

mbar). The substrates were stored under absolute ethanol until use.

(20) For comprehensive reviews, see: (a) Briggs, D.; Riviere, J. C.;

Glassware for adsorption and glass slides were cleaned with freshHofmann, S.; Seah, M. P. IRractical Surface Analysis by Auger X-ray

piranha solution (1:5 30% 40, in concentrated k8Oy; caution: reacts
violently with organic materigl Immediately before soaking in a 1

mM ethanolic solution of the desired thiol, substrates were cleaned for

Photoelectron Spectroscapdriggs, D., Seah, M. P., Eds.; Wiley & Sons:
Chichester, U.K., 1983; pp 87216. (b) Hochella, M. F., JRev. Mineral.
1988 18, 573-637.

(21) (a) Dubois, L. H.; Zegarski, B. R.; Nuzzo, R. &.Am. Chem. Soc.

5 min using a high-intensity Hg lamp (UV Clean, Boekel Industries) 199q 112 570-579. (b) Nuzzo, R. G.; Dubois, L. H.; Allara, D. 1. Am.
in air and rinsed with copious Nanopure (Barnstead) water and absoluteChem. Soc199Q 112, 558-560.
ethanol. At least four independent measurements on separate samples (22) (a) Bomben, K. D.; Dev, S. DAnal. Chem1988 60, 1393-1397.

were obtained for all data sets.
X-ray Photoelectron SpectroscopyXPS was performed on a Kratos
HSi spectrometer as previously descrifedyith binding energies

referenced to Au (4f,) at 84.0 eV. Thickness was calculated by area

integration of the Au (4f,) peak before and after Arsputtering for

(b) Clark, D. T.; Peeling, J.; Colling, LBiochim. Biophys. Acta976 453,
533-545.

(23) Cadman, P.; Evans, S.; Scott, J. D.; Thomas, J.Mhem. Soc.,
Faraday Trans. 21975 71, 1777-1784.

(24) Troughton, E. B.; Bain, C. D.; Whitesides, G. M.; Nuzzo, R. G;
Allara, D. L.; Porter, M. D.Langmuir1988 4, 365-385.
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30 : small but significant (up to 68 cn?) red shifts compared to
. disordered filmg#21.24.2627Fy|| widths at half-maxima of 12
o7 - { cm~1 for CHx(as) and 8 cmt for CHy(sym) correspond to well-

{,’ ordered, all-trans chains with a low dispersion of conformational
{' state$”14PIn accordance with the IR surface selection rule, peak
24 % intensities are proportional to the dipole components perpen-

{, ’ dicular to the substrate plas&Thus, the relative intensities of
= o { ’ the methylene stretch modes have been used to obtain quantita-
. tive information about chain orientation foralkanethiols on
{ gold14b.21b.26295,ch an analysis is not applicable for amide-
18 { containing alkanethiols because of uncertainty about the con-
L formation of the ethylene linker between the amide and the
15 sulfura as well as its contribution to the intensities of the
9 12 15 18 methylene peak&P However, semiquantitative evaluation of
alkyl tail length, n spectra using the parameters described a#§3¢é1024.26.2and
Figure 2. Thickness by XPS of SAMs of alkanethiols containing a qualitative comparisons to SAMs with known struc-
single internal amide on gold (the seriesITAT/Au). Error bars denote  ture$b9b.10.12.243Qre yseful in evaluating film order.
first standard deviation. Dashed line: calculated thicknesses for the The Alkyl Region Is Well-Ordered When n = 15, but

amide-containing alkanethiol SAMs of different chain lengths. Shorter SAMs have Disordered Chains.The reflective IR
spectra (Figure 4) for {z-tailed one-amide precursors show that
120 ———__ o Tk ehate s T B a well-ordered hydrocarbon overlayer forms and that the SAMs
n are even more highly ordered for > 16. For the latter
L _ oo films, the CH(as) and Ch(sym) frequencies}?21b.24.26:27
groTeTwT e intensitiest4.2102629and bandwidth#140210.26.29match those
I of very highly orderedh-alkanethiol SAMs. As chain length
% decreases, the first hint of decreased order comes from the
g 60 decreased intensity of the Gldeaks in Gs-1AT/Au. However,
P [ P the low peak frequencies and widths, as well as comparison to
401 4 C1sS/AL?8 (which is highly ordered), indicate that €1AT/Au
201 _A____A__ﬁ_ﬂ__A__A__E___A_ is well-ordered. _ _
In contrast, the alkyl overlayers inf@AT/Au with n = 11—
0l_2 , . . . 14 are disordered. For these chain lengths, peaks due to
9 12 15 18 methylene stretching modes are weak, broadened, and blue
alkyl tail length, n shifted. Although the weak intensities (Figure 5) are consistent
Figure 3. Contact angle® for SAMs of the series E1AT/Au: either with general disord& or a gradual loss of linearity

squares, water; triangles, hexadecane; filled symbols, advancing; operPetween peak intensity and-Ei(str) dipole orientatior the
symbols, receding. The dashed lines show the average contact angleblue shiftd4210.24.26.27and broadenirij14? are consistent only
for n=13—18 and are included as guides to the eye. All measurements with disorder.

are£2". The breakdown of quantitative reflective IR for very short
. ) alkyl chains has been previously observednialkanethiol
‘Contact Angle Goniometry Suggests That Order Varies SAMs and has been attributed to an optoelectronic interaction
with Alkyl Chain Length. The hydrophobicity of a surface  pepyeen methylene dipoles and metal electrons at a polarizable

reflects the degree of order in the top few atomic layét8!  jnerfacel4n It is unlikely that the absence of methylene peaks
For G-1AT/Au, n > 13, the contact anglé (F'gggf 3)isas  in the G-1AT/Au spectra is evidence of close-packed chains
high as that for well-ordered-alkanethiol SAMs,****suggest-  cgnstrained vertically by decreased amide spacing because peaks

ing a maximal degree of order in the amide-containing series ge to the amide dipoles are identical throughout the series.
above a minimum alkyl chain length. A slight decreas&)in e guantitative use of reflective IR for-@(as) and G-H(sym)
consistent with greater disorder at shorter chain lengths is notediensities is not universally reliabf@4vindeed the data show

forn =11 and 12, especially using hexadecane, which is more yat the method is unreliable forg@ailed one-amide SAMs.
sensitive to disorder than watefthe contact angle is substan- 11,5 5 complementary characterization method is required to
tially decrziased fon =9, consistent with disordered methyl (a5t the structure of the hydrocarbon matrixriee 9—14. Such
surfaces:>* The absence of increase in hysteresis below the 5 method is provided by electrochemical techniques (vide infra).

ordering threshold is addressed in the Discussion. The IR Data Also Shows That the Amide Underlayers in
Reflective IR (FTIR-ERS) Provides Both Orientational All of the SAMs Are Well-Ordered and Extensively Hydro-
and Conformational Information about the Hydrocarbon gen Bonded.In contrast to the two types of alkyl regions, the

Overlayers. In organic assemblies on reflective substrates, gpecira indicate that the amide groups of the entire series are
specific information about alkyl chain orientation and order is

contained in the frequencies, widths, and relative intensities of ~ (26) Laibinis, P. E.; Whitesides, G. M.; Allara, D. L.; Tao, Y.-T.; Parikh,
the methylene stretching bantfsFor example, close-packed A. N.; Nuzzo, R. G.J. Am. Chem. S0d.991, 113 7152-7167.

alkyl chains inn-alkanethiol SAMs on gold have Gkas) and (27) Snyder, R. G.; Strauss, H. L.; Elliger, C. A.Phys. Cheml982,
. - 86, 5145-5150.
CHy(sym) at 2918 and 2950 cm respectively, representing (28) (a) Greenleer, R. G. Chem. Physl966 44, 310-316. (b) Francis,
S. A.; Ellison, A. H.J. Opt. Soc. Am1959 49, 131-138. (28) (c) Pearce,
(25) For comprehensive reviews, see: (a) Crooks, R. M.; Xu, C.; Sun, H. A.; Sheppard, NSurf. Sci.1976 59, 205-217.
L.; Hill, S. L.; Ricco, A. J.Spectroscop$993 8, 29—-39. (b) Porter, M. D. (29) (a) Allara, D. L.; Nuzzo, R. G.angmuir1985 1, 52—65. (b) Parikh,
Anal. Chem1988 60, 1143A—1155A. A. N.; Allara, D. L. J. Chem. Physl992 96, 927—-945.
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Figure 4. FTIR-ERS spectra of SAMs of alkanethiols containing a single internal amide on gold: left, high-frequett{tg region; right,

mid-frequency region (amides I, 1, and 1l1). (A)1€1AT/Au. (B) Ci-1AT/Au. (C) Ci5-1AT/Au. (D) Ci14-1AT/Au. (E) Ciz-1AT/Au. (F) Ci-1AT/
Au. (G) Ci1-1AT/Au. (H) Ce-1AT/Au.

2.5 alkyl overlayer) is essentially invariant for the series. The high
frequency of the amide Il peak is consistent with a high degree

Figure 5. Intensities of FTIR-ERS peaks that are important indicators
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of hydrogen bonding, as the oscillator frequency follows the
degree of constraint placed by an associated carbonyl on the
N—H(bend) vibratior'a.32a.33

Amide Il occurs as a broad peakafl250 cnt?, supporting
a trans conformation as expected for an secondary amide
group?P31abThe primary components of amide 111 are-Gl(str)
and N-H(ipb) 3'2Photh of which contain large vectors parallel
to the long molecular axis. The extinction coefficient of amide
1l is low compared to that of amide #2Paccounting for the
decreased intensity of amide Ill compared to amide Il. The
amide IR data thus uniformly support the adsorbate orientations
depicted in Figure 1A,C and are consistent with the XPS and
contact angle data described above.

Microscopic Defects Such as Pinholes and Disordered

of adsorbate orientation and order. Peak intensities are shown as aChains Do Not Significantly Contribute to Electron Transfer
function of alkyl chain lengthn for the series G1AT/Au: filled across Amide-Containing SAMs.Using the gold substrate and
symbols, CH(as); open symbols, amide Il. The dashed line through the associated SAM as a working electrode in an electrochemical
the data points at = 16 and 18 is included as an aid to the eye (see cell provides further structural information about the SAM. Due
text). to the molecular scale of electron transfer (ET) and charge
storage (capacitive) processes, voltammetric techniques reflect
molecularorder and disorder better than any of the previously

oriented with G=O and N-H bonds nearly parallel to the k - el e ;
discussed methods, enabling discrimination between various

substrate plane. Two diagnostic signals, amide A-H\str),
~3300 cm?) and amide | (E=O(str),~1640 cmy) 3L are absent  tyPes of SAM defects? . . y

or very weak and broad in the SAM spectra. In accordance with N the electrochemical blocking experiment, the ability of a
the surface selection rule, these weak intensities are consistenfli€lectric layer to block ET between a dissolved redox probe

with C=0 and N-H bonds nearly parallel to the substrate and the electrode is determined from a cyclic voltammogram
plane7a9,10,12,32 (CV). A systematic qualitative comparison of CVs often enables

The dominant feature in the amide region is the amide Il differentiation among the three possible mechanisms for ET at
peak at~1560 cntl, consisting mainly of N-H(ipb)3 The a SAM-covered electrode, which are in turn related to various

high intensity of this peak (along with the weak or absent amides tYPes of SAM defects that may be pres&H(tl) Radial diffusion-

Aand 1) indicates that this dipole oscillates nearly perpendicular limited ETyields a sigmoidal increase in current nésf to a
to the substrate plarfé®121032|mportantly, the amide II plateau at significant overpotentials and is characteristic of

bandwidths (Figure 4) and intensities (Figure 5) are constant (32) (a) Sabapathy, R. C.; Bhattacharyya, S.; Leavy, M. C.; Cleland, W.
among the spectra, indicating the amide underlayer (unlike the E., Jr.; Hussey, C. LLangmuir 1998 14, 124-136. (b) Strong, A. E.;
Moore, B. D.Chem. Commuril998 473-474. (c) Yamada, N.; Koyama,
(30) Tsao, M.-W.; Hoffman, C. L.; Rabolt, J. F.; Johnson, H. E.; Castner, E.;Imai, T.; Matsubara, K.; Ishida, &hem. Commurl996 2297-2298.
D. G.; Erdelen, C.; Ringsdorf, H.angmuir1997 13, 4317-4322. (d) Cha, X.; Ariga, K.; Kunitake, TBull. Chem. Soc. Jpri996 69, 163—
(31) (a) Krimm, S.; Bandekar, J. Adv. Protein Chem1986 38, 181— 168.
364. (b) Cheam, T. C.; Krimm, S. Chem. Phys1985 82, 1631-1641. (33) Bamford, C. H.; Elliott, A.; Hanby, W. CSynthetic Polypeptides:
(c) Dwivedi, A. M.; Krimm, S.Macromoleculesl982 15, 177-185. (d) Preparation, Structure and Propertieg\cademic: New York, 1956; pp
Dwivedi, A. M.; Krimm, S. Biopolymers1982 21, 2377-2397. 193-194.
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microelectrode arrays (i.e., widely spaced pinh#flésss than
~1 um in diameterf® (2) Linear diffusion-limited ETresults
in current decay at potentials beyond the peak potential. Such
a CV is characteristic of a film with large or closely spaced
pinhole$* or that is highly permeable to redox prdfe?”
(corresponding to extreme disorder, hydrophilicity, or poor
coveragé’). (3) Kinetically limited ETyields a quasiexponential
current rise with increasing overpotentflconsistent with a
through-chain mechanism of ET occurring at a nearly defect-
free SAM14b:370.39

In a complementary and more quantitative treatment of
electrochemical blocking CVs, the electrochemical blocking
effect (EBE) is calculated as

EBE=1-— (i1/2(film)/ i1/2(bare) 1)

where iy», denotes the Faradaic current (total current less
charging current) for a SAM-covered and bare electrode (each
measured at the half-wave potential recorded for the bare
electrode)2A value of EBE near unity indicates that kinetically
limited ET predominates, as a significant component of either
radial or linear diffusion-limited ET will sharply increase the
measured/im).-*° A more stringent test of the absence of
diffusion limited ET is provided by measuring the Faradaic
currents at different potential scan rates. For nearly defect-free
SAMs in which kinetically limited ET predominates, the
Faradaic current should be independent of scan®fate.

All of the SAMs in the series E1AT/Au yield kinetically
limited voltammograméb-370.3YFigure 6), indicating that neither
film permeation by analy#é®37 nor diffusion of analyte to
pinholes$® plays a significant role in ET. Thus, ET is limited
primarily to through-chain electronic coupliféf:370:39 the
density of pinholes is insignificait?-3%and the substrate is well-
covered with adsorbaféb3"This interpretation is supported by

(34) For the purpose of this analysis, we adopt three gefiamational
classes of SAM defects. (Binholesare bare spots large enough for analyte
to participate in unmediated ET at the electrode surfadeénese include

Clegg and Hutchison
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mV vs. SSCE

mV vs. SSCE

Figure 6. Representative cyclic voltammograms from the electro-
chemical blocking and double layer capacitance experiments on SAMs
of alkanethiols containing a single internal amide on gold (scarrrate
100 mV/s; SSCE reference electrode): solid lines, 1.0 mfPe{CN}

in 1.0 M KCI; dashed lines, 1.0 M KCI. (A) £1AT/Au. (B) Cig-1AT/

Au.

Table 1. Double-Layer Capacitance and Electrochemical Blocking
Effect for SAMs of Alkanethiols Containing a Single Internal
Amide on Gold

CaP (uFlcn?) EBE
Ce-1AT/AuU 13.7+0.8 0.9985+ 0.0003
C1-1AT/Au 8.0+ 05 0.9988+ 0.0004
Ci1-1AT/Au 5.9+ 0.3 0.9989+ 0.0003
Cix1AT/Au 45+0.2 0.9993+ 0.0002
Cir1AT/Au 2.8+0.2 0.9994+ 0.0003
Ci51AT/Au 1.03+ 0.04 0.9996+ 0.0002
Cie-1AT/Au 1.004 0.05 0.9996+ 0.0002
Cig-1AT/Au 0.91+0.03 0.9998+ 0.0001
C1sS/AU 0.97+ 0.06 0.9995+ 0.0003

a8 SSCE reference electrode. Our measurements for octadecanethiol
SAMs on gold (GgS/Au) are included for comparison to literature

large areas of bare electrode, missing rows of adsorbate, and single missing/alues (see ref 14b}.Cq = double-layer capacitance, as defined in eq
adsorbate molecules. At pinholes, analyte can approach the electrode closelyd; 1.0 M KClI, scan rate 100 mV/$ EBE = electrochemical blocking

enough to undergo direct ET, so the EBE is sharply reduced if the total
pinhole area is significarit®35(ii) Disordered domaingre areas of high
coverage into which electrolyte (and possibly analyte, depending on
coverage) can permeate due to adsorbate disétel&T from analyte
coupling to the electrode nearly across the full thickness of the SAM is far
slower than at pinholes (because the ET rate decreases exponentially wit

effect atE®', as defined in eq 1 (6= bare electrode; unity= fully
blocking electrode); 1.0 mM #e(CN) in 1.0 M KCI, scan rate 50
500 mV/s.

fhe measured EBE values, which approach unity for all the

distance), so if chain density is high enough that analyte neither approximatesSAMs (Table 1) and indicate that direct ET between analyte

the metal surface nor diffuses freely through the fiththen disorder of

the alkyl overlayer reduces EBE the least of these defect types. (iii)
Intermediate cases includeint defectsand grain boundaries9 where
adsorbate molecules in neighboring domains tilt away from each other. If
such defects extend to the level of the sulfur atoms, the effect on
electrochemical blocking behavior will resemble that of pinh&lésowever,

if such defects extend only to the base of the hydrocarbon overlayer, such
that the hydrogen bonding amide layer is not disrupted and electronic
coupling must occur through a significant part of the chain, the effect will
tend toward that of disordered domatss.

(35) Stranick, S. J.; Parikh, A. N.; Allara, D. L.; Weiss, P.JSPhys.
Chem.1994 98, 11136-11142.

(36) (a) Dayton, M. A.; Brown, J. C.; Stutts, K. J.; Wightman, R. M.
Anal. Chem.198Q 52, 946-950. (b) Gao, Z.; Siow, K. SElectrochim.
Acta 1997 42, 315-321.

(37) (a) lkeda, T.; Schmehl, R.; Denisevich, P.; Willman, K.; Murray,
R. W. J. Am. Chem. S0d.982 104, 2683-2691. (b) Chidsey, C. E. D;
Loiacono, D. N.Langmuir199Q 6, 682—691.

(38) Miller, C.; Grazel, M. J. Phys. Chem1991, 95, 5225-5233.

(39) (a) Cheng, J.; $i-Szabo G.; Tossell, J. A.; Miller, C. JJ. Am.
Chem. Soc1996 118 680-684. (b) Slowinski, K.; Chamberlain, R. V.;
Miller, C. J.; Majda, M.J. Am. Chem. S0d.997 119 11910-11919.

(40) (a) Chen, C.-h.; Hutchison, J. E.; Postlethwaite, T. A.; Richardson,
J. N.; Murray, R. W.Langmuir1994 10, 3332-3337. (b) Aslanidis, D.;
Fransaer, J.; Celis, J.-B. Electrochem. Sod 997, 144, 2352-2357. (c)
Skoog, M.; Kronkvist, K.; Johansson, @nal. Chim. Actal992 269, 59—

64. (d) Hrbek, JJ. Phys. Chem1986 90, 6217-6222.

and metal is minimat® EBE is independent of scan rate (Table
1), further supporting kinetically limited ET, high adsorbate
coverage, and a low pinhole densify.

The EBE data also indicate that ordered and disordered alkyl
regions are present in the films of different lengths. The slight
but significant decrease in EBE with chain length (Table 1) is
consistent with decreased order for the shorter cH&ASWith
low pinhole density and high coverage, the amount of ET
occurring by a through-chain mechanism can increase in
disordered films because the redox probe can access portions
of the chains inside the terminal methyl grodfs3” The
observed EBE data are thus consistent with the alkyl IR data
which indicate disordered hydrocarbon chains fioc 14. A
more sensitive indication of the degree of alkyl order in films
known to have low pinhole densities is obtained from double-
layer capacitance measurements, as described next.

Capacitance Measurements Indicate That the Alkyl Chains
Are Close-Packed in G-1AT/Au for n > 15. Another useful
parameter describing SAM characteristics is the double-layer
capacitance(q) because a well-ordered SAM in the absence
of redox probe approximates the behavior of an ideal capaéitor.
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The magnitude o€y reflects the extent of the electrical double
layer formed at the electrode surfaéelf the SAM contains
significant defects such as pinholé®r disordered chain,
electrolyte should penetrate into the film, resulting in a more
extensive double layer and a higlh,.1#3841However, if the
SAM is impermeable to electrolyteCy is low. Cq is more

sensitive than EBE to the presence of disordered chains due to

selectivity of disordered domains for small ions of high charge
density (e.g., K and CI as used irnCq measurements) over
large ions (e.g., Fe(CN¥, the redox probe used in EBE
experiments}** The sensitivity ofCy is of course enhanced if
the pinhole area (from EBE) is low.

As predicted by the Helmholtz parallel plate capacitor
model#? Cq in well-ordered SAMs varies inversely with film
thicknessd as

Cy = d(ee,) @
in which Cy is determined from the measured charging current
ic according to

Ca= ic(vA)’l 3)
wherev is scan rate andl is electrode surface area. For example,
in orderedn-alkanethiol SAMs (GS/Au, n > 12), eq 2 yields
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Figure 7. Plot of reciprocal capacitance as a function of SAM thickness
(scan rate= 100 mV/s; 1.0 M KClI electrolyte). Error bars denote first
standard deviation. The dashed line is the regression line forl5,

16, and 18.

close-packed, well-ordered films. For the shorter monolayers
(n = 14),Cy falls off precipitously as chain length is decreased,
indicating a sharp transition in either chain packing a@f the
adsorbate. The latter is unreasonable as noted above because
the change in material composition with chain length is gradual.

a linear plot with slope corresponding to the apparent dielectric The deviation from the model indicates that a more extensive

constante of the SAM24b.3% Disorderedn-alkanethiol SAMs

(n < 12) exhibit capacitances larger than predicted by the model,

consistent with film permeation by charge carri&ts.

In the amide-based series, a gradual decreasesiaxpected
with a decreasing proportion of amide to alkyl material. Thus,
amide-containing SAMs with short alkyl chains may deviate
from the ideal line for two reasons: (1) permeation of a
disordered alkyl overlayer by electrolyte and/or solvent (adding

a diffuse layer component to the monolayer capacitance) and

(2) an increase ine with the increase in relative amide
component. At long chain lengths, however, the proportion of

electrical double layer forms than expectedriar 14, consistent

with monolayer permeability to ions or solvent. Therefore, the
electrochemical capacitance measurements and the FTIR-ERS
data both support an alkyl overlayer ordering threshold &t

15 in G-1AT/Au.

Discussion

The adsorption of G1AT (n = 9, 11-16, 18) onto gold
substrates yields chemisorbed monolayers with the following
structural features: (1) well-ordered amide layers with extensive
hydrogen bonding for all alkyl chain lengths, (2) disordered alkyl

amide material in the films is nearly constant among different 5 mains in SAMs with short chaing & 14), and (3) close-

chain lengths. This allows another measure of order in the
SAMs, as the actual monolayer capacitances can be teste

against those predicted by the model for ordered films.

For the amide-containing SAMs witm > 15, Cy is
comparable to that of £S/Au (1.0uF cnm?) (Table 1). The
slope of the regression line far > 15 yieldse = 3.3 + 0.8
(Figure 7), which compares favorably to Nylon-6¢6= 3.6)'32
and polyethyleneg(= 2.3)2% as well as to the ordered,S/

Au series (for which the slope yields= 2.3 using a chain tilt
of 28°).140 The conformity to the model supports impermeability
of the long-chain SAMs to ions and solvent as expected for

(41) (a) Bard, A. J.; Faulkner, L. FElectrochemical Methods: Funda-
mentals and Application®Viley & Sons: New York: 1980; pp 488511.
(b) Becka, A. M.; Miller, C. JJ. Phys. Chem1993 97, 6233-6239.

(42) The empirically measured capacitance is actually the total interfacial
capacitanc&r which is treated by GuoyChapman-Stern theory as two
series capacitances: (i) the double-layer capacitabgeand (i) the
capacitance of the diffuse layer of electroly@g In the case of a SAM-
covered electrodeCq is equivalent to the monolayer capacitari@g the
parameter of interest for examining charge storage at the Sélkttrolyte
interface.Cr provides an excellent approximation ©f, becauseCy > 200
uF cnm2in 1.0 M aqueous electrolyte near the potential of zero chiffgfé?
and

CTfl — Cmfl + Cdfl

It follows that the contribution ofC4 to Cr is vanishingly small in this
system, withic measured at-150 mV vs SSCE.

(43) (a) Dasgupta, S.; Hammond, W. B.; Goddard, W. A., JIlAm.
Chem. Soc1996 118 12291-12301. (b) Lanza, V. L.; Herrman, D. B.
Polym. Sci.1958 28, 622-625.

acked, tilted alkyl domains in SAMs with long chains £

5). This structural interpretation is consistent with all results
from XPS, contact angle goniometry, FTIR-ERS, and capaci-
tance and electrochemical blocking studies.

The Alkyl Chain Length Ordering Threshold in the One-
Amide SAMs Is Approximately n = 15. Based on the data,
alkyl chain length clearly determines whether the hydrocarbon
region is ordered or disordered. The results from the various
techniques must be evaluated by an integrated approach, and
appropriate comparisons to structurally related systems are
required**

As characterized by reflective IR the chains are well-ordered
atn = 15 and very highly ordered at> 16, but according to
Cai, the chains are orderedmat= 15. This apparent discrepancy

(44) The synergy of the multiple characterization methods used in this
study leads to a stronger case for the structures proposed than if only one
or two of the methods were considered. Errors in this regard are not
uncommon and can lead to unfounded conclusions. We note in particular
a recent study in which similar amide-containing sublayers were covalently
bonded to propyl through heptyl tails. The use of limited characterization
techniques and the evaluation of the results without consideration of known
principles ofn-alkanethiol and amide-based alkanethiol SAM structure led
to two apparently erroneous conclusions: (i) that amide underlayers in the
heptyl- and propyl-tailed films differ from each other and (ii) that heptyl
chains are ordered whereas propyl ones are not. The first conclusion is not
supported by differences in the amide IR peaks shown in that ré&jpant
the second is inconsistent with ti@& and contact angle data presented
here as well as with evidence that reflective IR does not reliably indicate
orientation for short alkyl chaing®
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arises from differences in the two techniqu€g.measures the  constant could affect the hydrocarbon ordering process, as
effect of the monolayer on the interaction of electrolyte and suggested by recent work by Ulman et'al.
electrodei!a19whereas reflective IR directly measures a physical ~ The Amide Region Dominates in Establishing the Struc-
property of the adsorbafé.Due to the hydrophobicity of  ture of These Monolayers.All the characterization data are
hydrocarbon chains, a difference of one methylene betWgen  consistent with the presence of amide underlayers that are well-
and FTIR-ERS is reasonable in view of the polarity of the ordered and extensively hydrogen bonded, independent of
environments (aqueous electrolyte vs dinitrogen respectively). variations in alkyl packing. This directly indicatepacing and
The threshold for order in the contact angle plohat 13 order of the amide “template” are not affected by changes in
occurs at shorter chain lengths than indicated by FTIR-ERS andhydrocarbon orientation and ordeit also suggests that the
Cgq. Of the characterization techniques used here, contact angléhydrophobic interactions exert little influence on the degree of
goniometry is the least sensitive to disorder. For example, in hydrogen bonding in these films. In this way, alkanethiol SAM
n-alkanethiol SAMs the onset of contact angle decrelsda24  stability may be enhanced by introducing hydrophilic cross-
is two to four methylenes below the ordering threshold linking interactions, as has been suggested by other ad#rs.
established by diffraction method& @ This comparison ex-  We previously reported results supporting this effécguch
plains the difference in the ordering threshold indicated by stability in short-chain SAMs is desired for improved conduc-
contact angle goniometry compared to the other techniques.tometric sensor desighl.
Also, the hysteresis (difference between advancing and receding A likely reason hydrogen bonding dominates over gold
contact angles) does not change as expected for measurementulfur templating (as im-alkanethiol SAMs) in determining
in the vicinity of an ordering threshoR4. For both of these these film structures is that the possible cost in free energy of
reasons, we view contact angle goniometry as a useful screeninga gold—sulfur lattice mismatch is offset by replacing hydro-
technique that is less reliable for detailed studies of order and phobic interactions (0:61.6 kcal/mol*245§ with N—H—0O
disorder in monolayer films than FTIR-ERS and measurement hydrogen bonds 35 kcal/mof2°:313 Two types of gold-

of Cq. sulfur lattice mismatches are possible. (1) All sulfur may be
A Higher Alkyl Chain Length Ordering Threshold Exists bound to 3-fold gold hollow sites via the®mode characteristic

in One-Amide Than in n-Alkanethiol SAMs. In ordered GS/ of n-alkanethiol SAMs'>"¢ Mismatch between the Au(111)

Au films, the threshold chain length is known to he= 10— lattice and the amide lattice would be accommodated by

124524 several methylenes shorter than in the amide-based variations in the conformations of the ethylene linkebetween

SAMs. Thusan amide region destruciély interferes with close  the sulfur and the amide groups (e.g., at an increase in enthalpy
packing of alkyl chains in one-amide SAlfscomparison to  Of only ~0.8 kcal/mol for a change from trans gauché?)
n-alkanethiol SAMs. Inn-alkanethiol SAMs, the structure is ~ @nd by occasional skips in the 3-fold hollow binding pattern.
templated by the Au (111) lattid€.Our results suggest that, in ~ (2) Multiple sulfur—gold bonding geometries or sites would also
the amide-containing SAMs studied, other interactions dominate &llow the sulfur-gold templating to relax in favor of the
over Au-S epitaxy in establishing the assembly structure. ~ hydrogen bonding lattice pgrameters. Different modes are
The difference in chain length threshold indicates a sensitivity certainly access@le, as both S@?d sb bondlng TaOdeS have
of hydrocarbon ordering to some difference between the been o_bserved n alkane_trﬁﬁr and aryl thio? SA.MS’
respective “templates.” Three general differences between anrgspectlvely. Previous studies have calculated a potential energy
amide underlayer and a getdulfur array may contribute to difference of 0.4 kcalimol between these motfeand a

: . : spectrum of binding sites and geometries may exist on the Au-
the change in chain length threshold. (1) A difference between I . ;
the intera?mide spacing ign an amide un(d()arlayer and the sulfur (111) surfacé> The actual binding motif at the orgarimetal

sultr spacing in amalkanethiol SAME® likely changes the  fylteeE B0 e e amalyae by
steric constraints on the alkyl overlayer. The average stlfur y y

sulfur spacing of 4.97 A im-alkanethiol4>?is replaced by the XRD, helium diffraction, or.STM.
~51 A amide cross section in the amide-based sé&ties The Independence of Amide Structure from Hydrocarbon

assuming similarity of the adsorbate unit cell to that of the Packing Demonstrates “Rigid-Elastic” Behavior at the

structurally analogouls-methylacetamid&® Any difference in Amide—Alkyl Interface. A recent grazing incidence XRD study

mismatch between head group and alkyl chain cross sections®f CnS/Au @ssembliesy(= 10-30) revealed gradual trends in

likely changes the stabilization per hydrophobic interaction, as tilt angle and direction as gfunc_tion of This was explained
discussed below245¢482) As a result of a difference in head py an interplay between varlgble mtgrmoleg:ular interactions and
group cross section, the orientation and/or torsional angle of flxed. sqbstratemonolayer interactiont= Sucf: a r]glla:

the N-C*bond in an amide-based SAM is likely different from _elaSt'C interface d|ff_ers f_und_amentally from r|g+d|_g|d

that of the S-C* bond in anmn-alkanethiol SAM!¢ Any change mtgrfaces_a_s found in epl_taX|aIIy grown met_zm‘letal f|_|ms,

in the constraints upon the nitrogeparbon bond at the amide which exhibit sharp transitions between invariant regimes.
alkyl interface obviously alters the geometric considerations for _ Here we find thathe amide-alkyl interface of one-amide
maximizing the energetics of the hydrophobic interactiéfe46 SAMs preides an example of a rigidlelastic buried organic
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interface The amide region is ordered in all cases, and the assembly process of an adjacent stratum, causing lattice
hydrocarbon overlayer is ordered only for> 15. Thus, the perturbations that would affect the order or disorder of the
amide region acts as a structured “template” upon which the overall assembly or subsequently assembled strata. Such effects
preattached hydrocarbon chains interact with each other laterallymay not be limited to two-dimensional ordering processes and
via van der Waals forces. Analogous nealkanethiols, these ~ may be important in the design of ordered heterostructured bulk
chains will become ordered if they are long enough to generate materials>* We are presently investigating the thermal and
sufficient hydrophobic interactions. However, a different tem- solvent stability of these SAMs, as a quantitative understanding
plating occurs in the amide-containing SAMs compared to of these subtle inter- and intramolecular interactions is the basis
n-alkanethiol ones, as evidenced by the higher ordering thresh-for predicting structure and function in future systems.

old. Above this threshold, each assembly structure presumably
finds a unique energetic minimum for each chain length. Below

the minimum number of hydrophobic interactions, disorder
results, but the rigid amide “template” is essentially unaffected.
The Relationships among Amide-Containing Alkanethiol
SAMs Have Implications for Other Systems in Which
Interactions between Hydrophilic and Hydrophobic Do-
mains Are Important. It should be noted that the rigicelastic
nature of one-amide-containing SAMs is not common to all
amide-containing alkanethiol SAMs. In similar SAMs with two

Conclusions

In the series of alkanethiol SAMs&AT/Au (n =9, 11—
16, 18) containing a single internal amide group, the interaction
of a hydrocarbon overlayer with an adjacent amide underlayer
has been probed. Variation of the hydrocarbon overlayer
thickness allows an understanding of the influence of alkyl chain
length on supramolecular structure. FTIR-ERS, supported by
electrochemical studies, contact angle goniometry, and XPS,

amide groups per precursor, the interplay between the amideshows that the amide underlayers are identical among the entire

and alkyl regions drives the ordering béth regions above a
certain alkyl threshold (corresponding to a transition from Figure
1B to Figure 1A Thus, the two-amide SAMs provide
examples of a previously unobserved elasgtastic interface.
However, SAMs with three amide groups behave similarly to

series. However, the alkyl overlayers are ordered only above
> 15, indicating that hydrophobic interactions are of secondary
importance to hydrogen bonding in establishing film order and
stability. The destabilization of alkyl chains adjacent to an amide
underlayer (compared to-alkanethiols) is probably due to

those with one amide, except that the amide region assumes alifferences in spacing of the templating head groups. Similarly,

different rigid conformatiort? Thus, in this general class of

the amide underlayer dominates in determining SAM structure

SAMs, a rich higher order structural diversity depends on the most likely because hydrogen bonding interactions are signifi-
atomic constitution of the precursor molecules, analogous to cantly stronger than (1) the hydrophobic interactions they replace

the dependence of protein folding upon primary struéfumad

of cell membrane function upon surfactant chain ler¥gth.
Films containing buried organic interfaces and competing

stabilizing interactions are also important as analogues ofipid

protein array®a" and covalently bonded lipid-linked protef?8:¢

Lipoproteins and lipid-linked proteins are known to interact with

and (2) the difference between accessible stifuwbstrate
binding modes with which they compete.

This system provides unique opportunities to study the nature
of buried organic interfaces. The one-amide armidkyl
interface behaves in a rigieelastic manner, similar to a recently
proposed modét? of interplay between goldsulfur templating

cell membranes to cause local disturbances in surfactantand hydrophobic interactions imalkanethiol SAMs. This class

packing3?' providing the basis for diverse events such as the
anchoring of viral coat proteif& and modulation of membrane
permeablility by oligopeptide drug39 Further development of
the films reported here could provide the basis for modeling
such biological processes.

The significance of the observed variable alkyl threshold to

of SAMs is relevant to diverse areas of research including
studies of interactions between lipid-linked peptides and lipid
bilayers, control of bulk properties using intermolecular interac-
tions and design of heterostructured monolayers, multilayers and
bulk materials.
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