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Adsorption Kinetics, Orientation, and Self-Assemblingof N-Acetyl-L-cysteineon Gold: A
Combined ATR-IR, PM-IRRAS, and QCM Study

Marco Bieri and Thomas BUrgi*
Institut de Chimie, Universitde Neuchtel, Rue Emile-Argandl, 2007- Neuctal, Switzerland

The adsorptionof N-acetylt-cysteinefrom ethanolsolution on gold hasbeenstudiedby in situ attenuatedotal reflection
infrared (ATR-IR) spectroscopy,polarization modulation infrared reflection absorptionspectroscopyand a quartz
crystal microbalance After an initial fast adsorption,in situ ATR-IR revealedtwo considerablyslower processeshesides
further adsorption. The appearanceof carboxylate bandsand the partial disappearancef the carboxylic acid bands
demonstratedhat part of the moleculeson the surfaceunderwentdeprotonationIn addition, the C=0O stretchingvibration
of the carboxylicacid group shiftedto lower andthe amide Il bandto higher wavenumbersindicating hydrogen-bonding
interactions within the adsorbatelayer. Basedon the initial ATR-IR spectrum,which did not reveal deprotonation,the
orientationof themoleculewithin theadsorbatéayerwasdeterminedFor this, densityfunctionaltheorywasusedto calculatehe
transitiondipole momentvectorsof the vibrationalmodesof N-acetylt-cysteine.The projectionsof the latter onto the z-axis
of the fixed surfacecoordinatesystemwere usedto determinerelative band intensitiesfor different orientationsof the
molecule.The analysisrevealedthat the amide group is tilted with respectto and pointsaway from the surface,whereas
the carboxylic acid is in proximity to the surface,which is also supportedby a shift of the C—O—H bendingmode. This
positionof the acid group favorsits deprotonatiorassisteddy the gold surfaceandeasilyenablesntermoleculatinteractions.
Periodicacid stimuli revealedreversibleprotonation/deprotonationf part of the adsorbedmolecules.However,only non-
hydrogen-bondedarboxylicacidgroups showea@ responsdoward the acid stimuli.

Introduction HO

Self-assembled monolayers (SAMs) have been studied ex- o]
tensively in recent yeafs,due to their large potential for
applications in surface-based technologies such as the sensin 0
of biomoleculeg:® The gold alkanethiol system served as a HS HN
prototype to study self-assembling phenomena. However, many
applications of SAMs rely on the buildup of complex structures N-acetyl-L-cysteine
on top of functionalized SAM$.This implies the presence of 4
functional groups, besides the thiol, that fulfill a desired - &
recognition function or that are amenable to chemical modifica- . : 1
tions. These functional groups influence or even dominate the
self-assembling through intermolecular interactions and interac-
tions with the surface. An important group, particularly for
biochemical applications, are SAMs of cystéineor cysteine-
containing molecules, such as, for example, glutathigr@l(i—
Cys—Gly)&-13 Cysteine adsorption on gold surfaces is influ-
enced by intermolecular interactions involving the carboxylic
acid groups, as revealed by scanning tunneling microscopy x
(STM).2 Glutathione, a tripeptide containing cysteine, contains . _—
two carboxylic acid groups. It was shown recently by in situ Y
infrared spectroscopy that at least one of these carboxylic acidFigure 1. Structure ofN-acetylt-cysteine (NAC, top) and pictorial
groups forms an additional anchor to the gold surface, besidesrepresentation of the optimized structure of NAC (bottom) as found
the strong gole-sulfur bond. Upon interaction with the surface, by density functional theory calculations using a polarizable continuum
part of the carboxylic acid groups deprotonates. Although quite model (see text for details). The mqleqular coordinate system is d_ep!cted

. - . . as a box around the molecule with its axes parallel to the principal

detailed molecular level information could be obtained on the ayes of inertia of the molecule. The fixed surface coordinate system
adsorbed layer, the multitude of functional groups of the (x,y,z) with thex—y plane defining the surface plane anthe surface
glutathione molecule complicated much deeper insight. normal has the same orientation as the molecular coordinate system

N-Acetyl-L-cysteine (NAC, Figure 1) is much simpler in this ~ for the reference orientation of the molecule. The molecular coordinate

respect, containing only one amide and carboxylic acid group, System is allowed to rotate around the anglgs-axis) andj (y-axis),
respectively, providing different orientations of the molecule with

* Corresponding author. Tel4++41 32 718 24 12. Fax:++41 32 718 respect to thg surface coord_inate system. The orientation of the amide
25 11. E-mail: thomas.burgi@unine.ch. Il transition dipole moment is also given.




besideghe thiol. Gold electrodesnodified with NAC showed tively. The modulationexperimentdinally resultedin a setof

excellentsensitivity and selectivityfor Cu(ll) determinatior? time-resolvedspectrawhich werethentransformedoy means

similar to glutathione-modifiedgold electrodes® Also, NAC of adigital phase-sensitivdetection(PSD),accordingto eq 1,

wasusedto confineproteinsto gold electrodewia electrostatic to a setof phase-resolvedpectra.

attractiod”'® or covalent bonding using condensingagent

1-ethyl-3-(3,3-dimethylaminopropyl)carbodiimiég. AP () = 2 fT A, sin(kat+ ¢F)) dt )
In this contribution, we report on the self-assembling of NAC TJ0

on gold, as investigated mainly by attenuated total reflection

infrared (ATR-IR) spectrosco?.After a fast initial adsorption,

which leads to an adsorbate layer with a well-defined infrared

spectrum, two subsequent processes are identified besides th

slow increase in coverage. The infrared spectra give evidence

for a slow deprotonation of part of the molecules and for PSD S .

intermolecular interactions involving the (protonated) carboxylic €Nt Phase angleg,”~ resulting in a series of phase-resolved

acid groups and the NH of the amide. The orientation of the ~ SPectraAf* ~. Only spectra demodulated at the fundamental

molecule within the adsorbate layer is determined from a frequency k= 1) are reported here. A more detailed description

comparison of band intensities of dissolved (randomly oriented) ©f the modulation technique can be found elsewh&ré

and adsorbed (oriented) molecules. Furthermore, the response PM-IRRAS Spectroscopy. Sample PreparationA cover

of the N-acetyl:-cysteine SAM toward concentration and acid 9lass for microscopy (Milian SA, 24 mm 40 mm) served as

wherek = 1, 2, 3, ..., determines the demodulation frequency,
i.e., fundamental, first harmonic, and so dns the modulation
geriod,f/ denotes the wavenumbeap, is the stimulation fre-
quency, andp;>"is the demodulation phase angle. With a set

of time-resolved specti&(v,t), eq 1 can be evaluated for differ-

stimuli is investigated. substrate. After rinsing the surface copiously with EtOH, the
substrate was plasma cleaned under a flow of air during 5 min.
Experimental Section A thin gold layer with a thickness of~100 nm was then

sputtered onto the substrate (Balzers Union SCD 030, sputtering
Chemicals.NAC (Figure 1, Sigma-Aldrich Inc.>99%) was  rate ~0.5 A/s). Before the immersion in solutions of NAC
used as received. Ethanol (EtOH, Merck p.a.) served as solventtypical concentrations of NAC for PM-IRRAS measurements
for all ATR-IR, polarization modulation infrared reflection \yere~7 mM), the Au surface was again plasma cleaned. After
absorption spectroscopy (PM-IRRAS), and quartz crystal mi- immersion in the solutions for 24 h, the gold sample was rinsed
crobalance (QCM) measurements reported here. Before each:opiously with EtOH and dried in a stream of argon.
ATR-IR measurement, solutions were treated with nitrogen gas  pata AcquisitionA Bruker PMA 50 connected to the external

(99.995%, CarbaGas) to remove dissolved oxygen. beam port of a Bruker Tensor 27 FT-IR spectrometer was used
~ In Situ ATR-IR Spectroscopy. Sample PreparationGe for PM-IRRAS experiments. The gold sample was mounted on
internal reflection elements (IRE; 50 mm 20 mm x 2 mm, an attachment for PM-IRRAS measurements within the PMA

Komlas) were used for ATR-IR experiments. The IREs were 50 compartment. After reflection at an angle of incidence of
first polished with a 0.23em-grain size diamond paste (Buehler, 85°, the IR beam was focused on a liquid nitrogen-cooled
Metadi 1) and afterward rinsed copiously with EtOH before photovoltaic MCT detector in the PMA 50 cabinet. A photo-
the surface was plasma cleaned under a flow of air for 5 min elastic modulator (Hinds, PEM 90) was used to modulate the
(PlasmaPrep 2, Gala Instrumente). In a subsequent step, a golgolarization of the light at a frequency of 50 kHz. Demodulation
layer with a thickness of-2 nm was sputtered onto the Ge- was performed with a lock-in amplifier (Stanford Research
IRE (Balzers Union SCD 030). For each experiment, a fresh Systems, SR830 DSP). All spectra were recorded using a sample
gold layer was prepared. Control experiments with a bare Ge- scan time of 15 min at 4-cm spectral resolution. The final
IRE revealed no NAC adsorption during several hours of PM-IRRAS reflectance spectra were calculated using the bare
exposure to a corresponding solution. gold substrate as the reference.

Data Acquisition.ATR-IR measurements were performed Quartz Crystal Microbalance Analyses. Instrumentation.
with a Bruker Equinox 55 FT-IR spectrometer equipped with a Experiments were performed using a QCM 200 microbalance
liquid nitrogen-cooled narrow-band MCT detector. A home- (Stanford Research Systems) with a 5-MHz (nominal) crystal
built liquid flow-through cell with a volume of 0.077 mL and  oscillator. The sensors (5 MHz, AT cut, 1 in. in diameter,
a gap of 265:m between the IRE and the polished steel surface Stanford Research Systems) are a quartz/chrome/gold composite
was used to record ATR-IR spectra at room temperaftire ( with an optically clear surface finish60 nm average surface
298 K) with a resolution of 4 cm. More detailed information roughness). To provide well-defined flow conditions and high
about the ATR-IR cell can be found elsewh@t&? sensitivity, the QCM is equipped with an axial flow cell

Modulation ExperimentsA typical modulation experiment  (Stanford Research Systems) with a volume~-d50uL. The
started with a flow of solvent (EtOH) over the gold-coated Ge- sample solution is injected perpendicularly with respect to the
IRE until no variation in the spectrum could be detected (after surface of the QCM crystal and flows radially outward from
~5 min). The corresponding spectrum, recorded by coadding the input port of the cell to the exit channel at the edge of the
200 interferograms, served as reference for all subsequentcell. The stagnation point is located at the center of the crystal,
measurements. Then a solution of NAC (0.6 mM) was allowed overlapping the area of highest sensitivity of the flat QCM
to flow at 0.18 mL/min over the gold-coated Ge-IRE. The oscillator. The resulting stagnant point flow field is described
adsorption and self-assembling process of NAC was followed in more detail elsewher:2
in situ for 4 h byrecording spectra in time intervals of 5 min. To reduce noise induced by the flowing liquid the system is
In a subsequent step, two kinds of modulation experiments wereoperated in open flow mode (siphon principle) and small flow
performed with théN-acetyl+ -cysteine SAM: (i) concentration  rates< 0.1 mL/min are used. Solvent and sample solutions are
modulation and (i) “pH” modulation. In both modulation stored in separate vessels and can be injected into the axial flow
experiments, the flow of EtOH was replaced by an equally long cell via a 6-way selection valve (Upchurch Scientific).
flow of NAC in EtOH (0.6 mM, modulation experiment i) and Sample PreparationBefore each QCM experiment, the
HCI in EtOH (~0.013 mM, modulation experiment ii), respec- quartz crystal sensors were immersed in a modified piranha



solution (1:2 H20,(30%)/H:SOy, heatedat 120 °C) during 5
min. The crystalswere then thoroughly rinsed with Milli-Q
waterfor 5 min anddried in a streamof argon.

Safetynote: Piranha solutionis extremelyaggressie and
shouldbe handledwith care!

QCM Measurement&£achof the QCM measurementstarted
with a flow of solvent(EtOH) over the QCM crystal surface.
After astablefrequencybaselinevasreachedafter~1 h), NAC
in solution (0.6 mM) wasinjectedinto the axial flow cell and
the frequency responseduring the adsorptionprocesswas
followed in situ with a 10-s gate time, resultingin a final
frequencyresolutionof 0.01 Hz.

Density Functional Theory (DFT) Calculations of NAC.
To betterunderstandhe structureof NAC andto assignthe
measuredvibrational spectrum,DFT calculationswere per-
formedusingthe hybrid functional B3PW9 527 with a 6-31G
basisset?8 To accountfor solvent(EtOH) effects,a polarizable
continuummodef® was usedand all calculationswere per-
formed with NAC in neutralform, asthis prevailsin EtOH.
The calculationswere performed on GAUSSIANO33° The
conformationwith lowestenergythatwasfoundis depictedin
Figure 1. A characteristiof this lowestenergyconformation
is a hydrogenbondbetweenthe amideandthe carboxylicacid
group.

Simulation of Infrared Spectra of Adsorbed Molecules.
Thedeterminatiorof the orientationof a moleculeon a surface
reliesonthefactthattheintensityof avibrationalbanddepends
on the angle betweenthe correspondingtransition dipole
momentvector and the electric field vector. For metals,the
electricfield is polarizedperpendiculato the surface,which
leadsto the metalsurfaceselectionrule 3! Thelatter statesthat
only vibrationsassociatedvith atransitiondipolemomentvector
componenperpendiculato the surfacecanbe observedThis
rule is generallyappliedfor externalreflection,butits validity
for internalreflectionhasbeendemonstrate@-33 To simulate
theinfluenceof orientationon theinfraredspectrathetransition
dipole moment vector for each normal mode has to be
determinedin the (arbitrary defined) molecular coordinate
system. For symmetric molecules, the direction of some
transitiondipole momentvectorscan be determinedoy sym-
metry consideration8? Since NAC is not symmetric, the
determinatiorof thetransitiondipolemomentvectorsfully relies
on quantumchemical calculations.After completestructure
optimization,a normal-modeanalysiswasperformedyielding
thetransitiondipole momentvectorsfor everynormalmodeof
vibration. The vectorsare representedn the molecularcoor-
dinate systemwith the coordinateaxes pointing along the
principal axesof inertia of the molecule.For simplicity, in
the referenceorientation, the molecular coordinate system
coincides with the fixed surface coordinate system (x,y,2)
with the x—y-planedefining the surfaceplane and the z-axis
the surfacenormal. The coordinatesystemsare defined in
Figure 1 for the referenceorientationas a box aroundthe
molecule.

To simulatetheimpactof differentorientationonthespectra,
the molecularcoordinatesystemwasrotatedaroundthe x- and
y-axis, respectively,of the surfacecoordinatesystem,by the
rotation anglesa and 3, respectively. Mathematically, the
rotationarounda, followed by rotationaroundg is represented
by the orthogonaltransformationrmatrix

cos(f) sin(p) sin(a) sin(p) cos(a
Res =0 cos(a) —sin (o) 2
—sin(B) cos(p) sin(a)) cos(p) cos(q)
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Figure 2. Time-resolved ATR-IR spectra recorded in situ during the
NAC self-assembling process on the gold-coated Ge-IRE. The boldface
solid line refers to the first spectrum recorded 43 s after the inflow of
dissolved NAC (0.6 mM) at 0.18 mL/min. Subsequent spectra are
recorded in a time interval of12 min.

Due to the metasurfaceselection rule, only the-component
of the transition dipole moment, contributes to the intensity
of a vibrational band. Note that depends on the rotation angles
o andgp.

By using a normalized Lorentzian band shape (half-width at
half maximumy = 1 cm?), the spectra for different molecule
orientations were calculated according®o

N
y 1
) =3 = @
= T (V - Vcalc,i) +y

whereN is the total number of normal modes andc; is the
calculated frequency of mode

Results and Discussion

Orientation of N-Acetyl-L-cysteine within the Adsorbate
Layer. The ATR-IR spectra recorded during the self-assembling
of NAC on the gold-coated Ge-IRE are depicted in Figure 2.
The set of ATR-IR spectra represents the first hour of adsorption
with a time interval of~12 min between subsequent spectra.
Obviously, significant differences in the spectra emerge during
the self-assembling process, indicating structural changes within
the adsorbate layer as will be discussed in detail below. The
initial spectrum recorded 42 s after the inflow of NAC (0.6 mM)
over the gold-coated Ge-IRE is depicted as the boldface solid
line in Figure 2. This spectrum serves as the reference for the
initial state of the NAC on the surface, reflecting mainly the
gold—NAC interaction. At higher coverage, intermolecular
interactions between adsorbed molecules become increasingly
important.

To assess the orientation of NAC adsorbed on the Au surface,
an ATR-IR spectrum of the dissolved or liquid sample is needed.
This allows a comparison with the calculated spectrum and
yields experimental values for relative band intensities of the
randomly oriented molecule. For this purpose, an EtOH versus
EtOH + NAC modulation experiment was performed over the
bare Ge-IRE. The measured phase-resolved spectrum is depicted
in the lower half in Figure 3. The most prominent NAC bands
are visible at 1729, 1665, and 1551 chrespectively, together
with less intense signals at 1375, 1221, and 1043%crhe
calculated IR spectrum of NAC is presented in the upper half
in Figure 3. The calculated IR spectrum reveals intense signals
at 1729, 1655, and 1494 crhwith less intense signals at 1353,
1136, and 1100 cni. The overall agreement between the
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Figure 3. Top: Calculated IR spectrum of NAC. The spectrum was
obtained by convoluting the calculated IR intensities with a Lorentzian
band shape (half-width at half maximum, 1 t/h The optimized
structure of NAC found by DFT calculations (see text for details) is
shown in Figure 1. Bottom: Demodulated ATR-IR spectrum of NAC
dissolved in EtOH. The spectrum was obtained from an EtOH vs EtOH
+ NAC (0.03 M, flow rate 0.5 mL/min) modulation experiment using
a modulation period = 120.4 s.

TABLE 1: Observed Vibrational Frequencies (in
Wavenumbers/cnm!) of NAC Dissolved in EtOH and
Adsorbed on Gold?

dissolved adsorbed

labeP  NAC NAC calculated assignment
A 1729 1727 1729 v(—COOH)
B 1665 1661 1655 amide |
1590 vad —COO")
C 1551 1539/1560 1494 amide Il
(shifted)
1400 v{—COO")
D 1375 1375 1353  methyt 6(—CH,) +
O(—COH)+ »(—CO)
1221 1294 5(—COH) bending
1130 1136  O6(—COH) bending+
0(—CH,) twisting +
v(—CN) stretching
E 1040 1042 1100 &(—COH) bendingt

O(—CH,) twisting +
v(—CN) stretching
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Figure 4. Top: ATR-IR spectrum of dissolved NAC obtained from a
modulation experiment (see also Figure 3, bottom). The spectrum
corresponds to randomly oriented molecules. Bottom: ATR-IR spec-
trum of NAC adsorbed on the gold-coated Ge-IRE (the same spectrum
is depicted as the boldface solid line in Figure 2) recorded 43 s after
the inflow of EtOH+ NAC (0.6 mM) at 0.18 mL/min. Note that this
spectrum corresponds to oriented molecules adsorbed on the surface.

of an oriented adsorbate layer on the gold surface. Specifically,
the intensity ratios of the amide | (1665 chyamide 1l (1551
cm™Y) and amide Il (1551 cmt)/methyl (1375 cm?) bands
change significantly upon adsorption of NAC on gold. Other
changes in band intensity between random orientation and
surface orientation are visible for the band at 1045 %mhich
loses intensity upon adsorption, and the spectral region between
1300 and 1200 cnit. Apart from the described changes in
relative band intensity, the frequency of most vibrational bands
does not change much (see Table 1), which indicates that the
structure of the dissolved and adsorbed molecule is similar.

An experimentally accessible parameter directly related to
the orientation is the intensity ratio of two vibrational bands
for random (solution) and surface orientation, as expressed by
the following equatior#*36

_ ()
S (B3

4)

a Experimental ATR-IR spectra of dissolved NAC and adsorbed on v.vherelm,n denotes the measured integrated intensity .Of vibra-
gold are displayed in Figure 4. The calculated NAC vibrations are also tional bands m and n, respectively, and the superscripts s and
given (see text for details). The calculated spectrum is presented in ther, respectively, refer to surface and randomly oriented (dissolved)
upper half in Figure 3 and in Figure BLabel used to denote  species, respectively. The determination of the orientation, as
characteristic bands in the calculated spectra in Figures 5 and 6. described in the following, relies on the comparison between
experimental and calculated spectra is good enough to allowexperimental and calculated values. The goal is to find a
an assignment of the most prominent NAC bands, which is given corresponding valuRca, analogously defined &, in eq 4,
in Table 1. for the calculated IR (randomly oriented molecules) and

The spectrum of dissolved NAC (as presented in the lower simulated ATR-IR (oriented molecules) spectra, using the
half in Figure 3) is compared to the spectrum of the adsorbed orientation anglee. andg as adjustable parameters. In principle,
species in Figure 4 (the same spectrum as in Figure 2, solidtwo values ofRey, (i.€., two pairs of vibrations) are sufficient
line). As is obvious, significant differences in intensity of the to determine the orientation anglesinds. However, the amide
prominent bands are visible, which strongly implies the presence I/amide Il, amide #(—COOH) and amide Il/methyl pairs of



TABLE 2: Calculated Anglesin DegreesbetweenTransition
Dipole Moment Vectors for Prominent Normal Modes of
Vibration of NAC

v(—COOH) amide | amide Il methyl

v(—COOH) 0 47.8 76.3 107.7
amide | 0 117.6 75.9
amide Il 0 159.9

methyl 0

intensity (arbitrary units)

modes were considered. The amide I, amide I, and methyl
vibrational bands of NAC are located within theacetyl part AB. C D E.
of the molecule, which is rather rigid and therefore serves as a
pointer for the orientation analysis. It should be noted here that
NAC, similar toN-acetyl+-cysteineN-methylamidée®’ is likely
not completely rigid, at least in the liquid phase. However, the
presence of a pointer fragment with well-defined transition
dipole moments, for which the orientation on the surface can
be well assessed, together with the assumption that the sulfur
interacts with the gold surface, gives rather detailed information
on the orientation of the whole molecule. It should also be noted o o B = -30°
that the angles that result from this analysis give an average [ | )
value for the adsorbate layer. Furthermore, the described analysis N R w—— B=0
assumes that the magnitudes of the transition dipole moment
vectorsu are the same in solution and in the monolayer.

In the reference orientation (Figure 1), the well-defined amide wavenumber (cm'™)
Il transition dipole moment vector is oriented almost parallel Figure 5. Simulated infrared spectra of NAC for different orientations
to the x—y surface plane. The orientation of other prominent of the molecule with respect to the metal surface (see Figure 1 for the
dipole moment vectors, i.e., the angles they define with respeCtreference orientation of the molecular and fixed surface coordinate

to each other is helpful for the orientation analysis and calculated SYStém). Rotations were performed around xAeandy-axis corre-
values are thus listed in Table 2 sponding to the orientation angles and 5. Note that while one

> - ) orientation angle was changed, the other was fixed® gs€e text for
The effect of different orientation angles and § on the calculation method). Capital letters denote prominent vibrational bands
calculated spectra is illustrated in Figure 5 for different of NAC as listed in Table 1.

orientation angles. in the upper half and in the lower half, 56 4gain labeled with capital letters as summarized in Table 1.
respectively. Note that, while rotating around one orientation Tpe changes in the relative ATR-IR intensities of the-
angle, the other was fixed af.OThe reference orientation is  cooH), amide I, and amide Il bands upon adsorption, as evident
the one depicted in Figure 1 with the corresponding angles  rom the experimental spectra in Figure 4, are well reproduced
= fp = 0°. For clarity, subsequent spectra are shifted to lower py the simulations. Note that absolute peak heights are somewhat
wavenumbers and capital letters indicate prominent calculatedmL,;Je(.j\ding when comparing the simulated (Figure 6) and
vibrational bands of NAC (see Table 1). The simulated spectra experimental spectra (Figure 4), since the simulations assume
for different orientation angles (upper half in Figure 5) reveal 3 fixed line width, whereas not all the bands have the same
significant changes for the(—COOH) (A) and amide |1 (B)  wjdths in the experimental spectrum. This is important when
band. Less important changes are visible in the mode labeledcomparing the relative intensity of the amide | and amide I
E, which hasd(—COH) bendingd(—CH) twisting, andv(— bands. The intensity ratio of the amide Il/methyl vibrational
CN) stretching character. As is obvious, the prominent amide pands increased upon adsorption, which is in good agreement
II'band (C) hardly appears in the simulated spectra for any with the experimental results (see Figure 4), yet the amount of
orientation anglex, for 5 = 0°, because its transition dipole  the increase is overestimated in the simulations. This overes-
moment is almost parallel to the—y plane of the surface  timation for the amide Il/methyl modes may be explained by
coordinate system in this orientation (see Figure 1) and parallel the coupling of the methyl mode to tid¢—COH) bending mode

to the long axis of the molecule. This finding, together with as it emerges from the normal-mode analysis. This mode is
the experimental spectrum (Figure 4, lower part), strongly likely to be affected by the interactions of the OH group with
indicates that the long axis of the molecule is not oriented the surface (see below), which are not considered in the applied
parallel to the surface. Changing the orientation agigllewer analysis. Larger deviations are also visible for the mode E
half in Figure 5) has a clear impact on the intensity of the amide calculated at 1100 cm, which is clearly more pronounced in

Il band (C). The latter continuously gains intensity with the experimental ATR-IR surface spectrum. The calculations
decreasing orientation angefor oo = 0°, reaching a maximum  revealed that the latter mode hés-COH) bendingd(—CHy)
when the long axis of the molecule is almost parallel to the twisting, andv(—CN) stretching character and may thus also
surface normalz. Note that the methyl band (D) increases be affected by interactions of the-<®—H group with the
together with the amide Il band since the two corresponding surface. Noteworthy is the band at 1136 ¢mwhich contains
transition dipole moment vectors are oriented almost antiparallel most of all CH twisting, but also COH bending character,

| ]
L_l_ __ J_,\__JJ_‘_AJ‘-_’\_ B =-90°

B = -60°

intensity (arbitrary units)

1800 1600 1400 1200 1000 800

with respect to each other (159.9°, see Table 2). according to the normal-mode analysis. Both in the experimental
By changing the rotation anglesand in order to adjust and in the simulated spectra, this band is observed for the
Realc t0 Rexp, an optimum agreement was found o= —72.5° randomly oriented sample but is basically absent for the oriented

andp = —37.5°. The corresponding simulated ATR-IR spec- molecule.
trum together with the calculated IR spectrum (random orienta- Based on the simulations discussed above, we suggest an
tion) is displayed in Figure 6. The prominent vibrational bands (average) orientation of NAC adsorbed on gold as is schemati-



[ I I I ] ] [ [
o] e
| | | | | | [ |
N [ | | | | | | [
LSRN 1A R I
[ [ [
2 | | | [ | | | |
£ | [ | [ | | [ |
s | | | [ | | [
s | | | [ | | |
AR R
® | [ [
g [ | | [ | | |
k= | | | [ | | [
| | | [ | | [
| [ | | | |
| J| | | [
L 1
| | |
I | | | : : [ [
[ [ [ = (ori
| | | ! | IR (orn%nted) 0.015
| [ | [ | | | | ®
IR T I N B E
[ [ |
| | | [ | | | | 2 0010 g
| | [ [ | | | I & &
| | | [ | | | | 2 2
| | | [ | | | | s 0.005 g
| | | [ | | [ [ > g
[ | | [ | | | | @
| | | [ | | [ [ g 0.000
[ | | | | | | | £ \ :
| | | J : : : \ \
[ | | i \ [ \
T T L | | |  -0.005
N - S S N N S A
1800 1700 1600 1500 1400 1300 1200 1100 1000 1800 1700 1600 1500 1400 1300 1200
wavenumber (cm™) wavenumber (cm™)

Figure 6. Comparison between calculated spectra of NAC for random Figure 8. Top: PM-IRRAS spectrum recorded ex situ after sample
orientation (top) and oriented on the gold surface (bottom). The latter immersion in a solution of NAC (7 mM) in EtOH for 24 h. Bottom:
spectrum was calculated for the orientation angles —72.5°andp ATR-IR spectra obtained during the flow of EtOH NAC (0.6 mM)
= —37.5 that were found to best describe the experimentally obtained over the gold-coated Ge-IRE. Spectrum a, recorded 43 s after admitting
spectra (compare to the ATR-IR spectra depicted in Figure 4). NAC, is representative for the adsorbate layer at the beginning of the
Prominent vibrational bands of NAC are indicated with capital letters self-assembling process, whereas spectrum b, recorded after 1 h, reveals
as summarized in Table 1. structural changes within the adsorbate layer during the self-assembling
process. To emphasize the structural changes a difference spectrum
z (b) — (a) is also presented as boldface solid line. The asterisk
A specifically denotes the(—COOH) band shift to lower frequencies.

z

N-acetyl (pointer) group with respect to the surface, which is
clearly supported by the simulations. In addition, in this
orientation, the carboxylic acid group of the molecule is in
proximity to the surface, which implies interactions between
M (Amide II) carboxylic acid group and gold surface, as is indicated by the
shift of the )(—COH) band. The latter is found at 1221 th
in solution and at 1294 cm (broadened) on the surface
(compare the spectra in Figure ¥)Hence, it shifts to higher
wavenumbers upon adsorption. Note again that the proposed
" - structure describes the initial stage of self-assembly.
\ Structural Changes within the N-Acetyl-L-cysteine Mono-
layer during Self-Assembling. The time-resolved ATR-IR
spectra recorded during the self-assembling process of NAC
on gold (Figure 2) reveal significant changes. Notably these
Figure 7. Orientation of NAC on the gold surface-y plane) emerging  are the shift of thev(—COOH) band at 1727 cni to lower
from the orientation analysis. The corresponding IR spectrum is depicted wavenumbers, the growing intensity between the amide | and

in Figure 6, bottom. The orientation of the molecule is indicated by . . .
the angley = 127.5°between the surface normaand the amide Il amide Il bands, and the increasing band around 1400 cho

transition dipole moment vector (see inset). Note that the amide | €mphasize these structural changes during the self-assembling
transition dipole moment vector is oriented nearly parallel to t+e&C process, the first and the last recorded spediiia=€ 1 h, Figure
bond. 2) are again displayed in the lower half in Figure 8, labeled (a)
and (b), respectively, together with the corresponding difference
cally depicted in Figure 7. The pointer for the orientation of spectrum (b)- (a). Clearly, the/(—COOH) band shifts to lower
the molecule, the amide Il transition dipole moment vector, now frequency as evidenced by the negative band in the difference
defines an angleg = 127.5°(i.e., a complementary angle of  spectrum at 1740 cnt and the positive shoulder (indicated with
52.5°) with respect to the surface norragkee inset in Figure  an asterisk) at~1700 cnt?. This indicates that the=€0 of the
7). It has to be pointed out that the valueyahould be regarded  acid group is involved in an interaction. On the other hand, a
as an estimate rather than a precise value, considering thebroad intense feature around 1600 ¢émvith peaks at 1651,
assumptions inherent in the simulations. However, a character-1590, and 1560 cr is apparent. The former peak is due to
istic of the elaborated orientation is the considerable tilt of the the gain in intensity of the amide | band which is also obvious

1 (Amide Il) '

X s



from the two spectraa andb. The bandat 1590cm™! canbe
assignedo thev,d —COQ") vibration,whereaghe bandat 1560
cm! is consistentwith an amide Il mode, shifted due to
hydrogerbonding?® In addition,two otherpositivebandsappear
in the differencespectruma broadintensesignalat 1400cm!
andalessintenseoneat 1277cm1. Theformerbandis assigned
to the v(—COQO") whereasthe latter may be the 6(—COH)
bendingmode. In the upper half in Figure 8, a PM-IRRAS
spectrumis shownrecordedex situ after 24 h of NAC self-
assemblingon a gold surface.The overall agreemento the
ATR-IR spectrunrecordedn situ after 1 h of self-assembling
(traceb) is good;however therearealsosignificantdifferences.
The amidel bandhasbroadenedignificantly, and the amide
Il band at 1579 cm™! appearsas a small peak out of the
pronouncedv,d —COQO") band.Additionally, the v{(—COQO")
bandat 1400cm~1 hasfurther gainedintensitywith respecto
the amidell band.

The spectral changesduring self-assembly,as discussed
above,give evidencefor two kinds of slow structuralchanges
within theadsorbatdéayer,besidesurtheradsorptiorn(increasing
coverage)The shift of the »(—COOH) bandat 1727cm™ to
lower wavenumbersndicates hydrogenbonding within the
adsorbatéayer. A feasibleinteractionis the hydrogenbonding
betweercarboxylicacidgroupsof adjacentdsorbednolecules,
i.e., dimerizationasis foundfor carboxylicacidsin solution°
Dimerization of cysteineadsorbedon Au(110) via hydrogen
bondingbetweencarboxylic acid groupswas proposedbased
on STM investigations# Another possibility would be the
interactionbetweenamide and acid groupsof adjacentmol-
ecules.The upwardshift of the amidell bandduring the self-
assemblingvould be consistentvith suchaninterpretationas
theamidell vibrationsshift to higherfrequencyuponhydrogen
bondinginvolving the N—H part3°41 A shift of the amidell
bandmay also be expectedas a consequencef protonation/
deprotonationof the carboxylic acid. The DFT calculations,
however,showthatwhenthe acidis deprotonatedhe amidell
vibration shifts to lower wavenumbersin contrastto observa-
tion. Note that the orientation of the moleculein Figure 7
emergingfrom the orientationanalysisis compatiblewith the
proposednteractionmodessincethe position and orientation
of the acid groupeasilyallows for intermoleculaiinteractions.

Another processoccurring on the surface during self-
assemblings the deprotonationof the acid group, which is
evidentfrom theincreasef thev,d —COO") bandat 1590cm™1
andthe »(—COO") bandat 1400cm™1, respectivelyln EtOH,
NAC prevailsin neutralform with the carboxylicacid groups
being protonated,as is evident from the solution spectrum
(Figure4, top). The observeddeprotonatioris assistedy the
interactionof the acid groupswith the Au surface which acts
as a proton acceptor.The observeddeprotonationprocessof
NAC thusrequiresthe vicinity of the acid groupto the gold
surface.In otherwords, the proposednitial orientationof the
moleculeson the surface (Figure 7) is favorable for both
processe®bservedduring self-assemblingnamely, deproto-
nationandintermoleculahydrogenbonding.As emergesrom
the differencesbetweenthe PM-IRRAS spectrum(upperhalf
in Figure8) recordedex situ after 24 h of self-assemblingnd
the ATR-IR spectrum(trace b) recordedin situ after 1 h of
self-assemblingthe structuralchangesdiscussedaboveseem
to continuefor a long time. ATR-IR experimentswherethe
flow of NAC wasreplacedby a flow of neatethanolafter 1
min alsorevealedheslow deprotonationshowingthatthelatter
processis independenbdf further supply of NAC (increasing
coverage).

amide |

0.016 1

0.012 1

0.008

absorbance

v(-COOH)
0.004 -

0.000 -

QCM

-Af(Hz)

0 20 40 60 80 100 120 140 160
time (min)
Figure 9. Top: Time dependence of selected prominent NAC bands
obtained by ATR-IR when flowing NAC in solution (0.6 mM) over
the gold-coated Ge-IRE (flow rate 0.18 mL/min). Bottom: Shift in

resonant frequency recorded in situ during the adsorption of NAC (0.6
mM) on the QCM sensor crystals.

To learn more abouthe kinetics of the self-assembling
process and the structural changes, the absorbance as a function
of time of selected NAC vibrational bands is depicted in the
upper half in Figure 9. A fast initial increase of the amide |
signal is replaced by a considerably slower, almost linear
increase after~90 min. In contrast, thes(—COOH) signal
behaves completely different with time. Shortly after the onset
of the self-assembling process, the signal decreases in order to
increase smoothly and almost linearly with time afte30 min.

The frequency shift as a function of time recorded during the
adsorption of NAC on the surface of the QCM crystal is shown
in the lower half in Figure 9. The frequency shifts rapidly and
almost linearly with time during the initial step of self-
assembling. After the abrupt onset, a distinctly slower shift in
resonant frequency with time is observed. We should mention
that the shape of the frequency shift curve was well reproducible
on different days with different QCM sensor crystals. The slow-
frequency shift was found to continue for hours and was after
some time indistinguishable from overlapped baseline drifts.

In Figure 9, the response to the adsorption and self-assembling
of NAC on gold is presented for two different measurement
techniques, i.e., ATR-IR and QCM. For the former, the increase
in intensity of a signal is not related to the net mass uptake
only. Structural changes in a SAM, such as reorientation,
intermolecular interactions, or protonation/deprotonation of
adsorbed molecules may also affect the transition dipole
moments (magnitude and orientation) and thus influence the
intensity of vibrational bands. The shift in resonant frequency
of a QCM resonator, on the other hand, depends on mass loading
according to the Sauerbrey equatf@rin liquid environment,
however, frequency changes are influenced by the energy
dissipation at the interface, which may be changing during SAM
formation#3 In addition, viscous coupling of the oscillating
crystal surface to the liquid medium results not only in a



decreasin theresonanfrequencybutalsoin a dampingof the
resonanbscillation. Thelatter viscouslossis manifestecasan
increasein resonanceresistanceof the QCM resonatof?
However, besidesthe different complex processe®ccurring
simultaneouslyasindicatedby the ATR-IR experimentsthe
measuredshift in resonantrequencyis still assumedo be a
directresultof theself-assemblingT his assumptiorwasfurther
confirmed by the absenceof a sharpincreasein resonance
resistanceluring the SAM formation.Accordingto the Sauer-
breyrelatiorf? (with amasssensitivityconstanbf 17.7ngcm—2
Hz 1), a frequency shift of 6 Hz, reachedat ~2.5 h of
adsorptioncorrespond$o a total massuptakeof 106.2ng/cn?,
whichis equivalento 3.9 x 10 NAC molecules/crh(neglect-
ing trappedsolvent molecules).This is less than one NAC
moleculeper three Au surfaceatoms.STM work on cysteine
SAMs on gold showedthat one moleculeoccupiesthreegold
surfaceatoms? Thereforethe QCM analysisndicateghatthere
are no multilayers present under the applied conditions.
However,it is notedthat the numbersgiven aboveshouldbe
takenasanestimatedueto thedifficulties of quantitativeQCM
measurementms liquid phaseasjust outlined.

Both ATR-IR andQCM providea rathercomplexpictureof
the SAM formation.Within the NAC adsorbatédayer,structural
changesremainlyinducedby threedifferentprocessesiamely,
the adsorptionj.e., baremassuptakethe deprotonatiorof the
acidgroupuponinteractionwith the Au surfaceandthechanges
in the hydrogen-bondingetwork. The initial fastincreasein
intensity of the amidel and the »(—COOH) signalis mainly
attributableto adsorptiorof moleculesonthesurfaceTheinitial
fastmassuptakeis alsoreflectedin the sharpshift in resonant
frequencyof the QCM sensorcrystals.At later stagesof self-
assemblyi.e.,athighersurfacecoveragethedifferentprocesses
occurringsimultaneouslyon the surfaceare more difficult to
separateWhat concernsthe amidel signalthe slight, almost
linear increasein intensity after sometime, is likely not only
dueto the adsorptionprocesgmassuptake).ln an experiment
wheretheflow of NAC wasreplacedy neatethanoltheamide
I band continued to slightly increase,concomitantto the
deprotonatiomprocessThisindicatesareorientatiorof theamide
group when the moleculeis deprotonatedin the caseof the
vad —COO") signal, the increasein intensity is primarily
attributableto the formationof the deprotonatedpecieon the
surface.The v(—COOH) signalat 1727 cm™1, which refersto
the non-hydrogen-bondedpecies,shows the most complex
behavior.The decreaseén intensity of this signal shortly after
theonsetthe self-assemblingrocessevealghatthe hydrogen-
bondingor deprotonatiorprocesseslominateover the adsorp-
tion, which in turn would resultin anincreasen intensity.

Induced Structural Changeswithin the N-Acetyl-L-cys-
teine Self-AssembledMonolayer. Structuralchangeswithin
the adsorbatdayer upon concentratiorand acid stimuli were
probed by modulation excitation ATR-IR spectroscopy(see
ExperimentalSection).It was shownin a previouswork that
the structureof the moleculeswithin the adsorbatdayer can
reversiblybe changeddy alternatelyflowing EtOH and EtOH
+ HCI over a glutathioneSAM (acid stimuli).*® In addition,
the presenceof dissolvedspeciesat the SAM interfacemay
haveanimpacton the structureof the latter. In Figure10, we
presentthe results of the modulation experimentsdescribed
above For clarity, a staticspectrumof NAC recordedafter1 h
of self-assemblingn gold is displayedasa boldfacesolid line,
tracea) in Figure 10. The curvelabeled(b) refersto a phase-
resolved(PSD) spectrumof the EtOH versusetOH + NAC
(0.6 mM) modulationexperimentscaledby a factor of 20. In
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Figure 10. Static ATR-IR spectrum recorded 1 h after the inflow (0.18
mL/min) of NAC in solution over the gold-coated Ge-IRE (trace a). A
demodulated, i.e., phase-resolved spectrum for a concentration modula-
tion experiment T = 483.2 s) is represented by trace b. In this
experiment, EtOH and NAC dissolved in EtOH was allowed to flow
(at 0.18 mL/min) alternately over the NAC SAM. Trace c refers to a
demodulated spectrum of a “pH” modulation experimént< 120.7

s) upon flowing alternately EtOH and EtO#H HCI (~0.013 mM) at

0.5 mL/min over the SAM.

this experiment, dissolved NA@ndneat solvent (EtOH) were
flowed alternately over the SAM (aft@ h of self-assembling).
The experiment was repeated with different modulation periods,
i.e., T=172.4,120.7, 362.4, 483.2, and 604 s, respectively. The
presented PSD spectrum (trace b) refers to a modulation period
T = 483.2 s and was obtained by evaluating eq 1 for a set of
60 time-resolved spectra. Only bands that are periodically
changing with time due to the stimulation (concentration
modulation) show up in this spectrum. During the first half-
period of the modulation experiment, EtOH was flowed over
the SAM and the signal at 1722 ciwas observed to decrease.
At the beginning of the second half-period, NAC in EtOH was
introduced accompanied by a decrease of the band at 1590 cm
and a simultaneous increase of the signal at 1722cithe

two bands mentioned thus reveal amplitudes of different sign
in the PSD spectrum. Note that the signals are relatively small
compared to the static spectrum (scale factor 20), indicating
that only a small fraction of molecules contributes to the spectral
response.

The appearance of the band at 1590 émay indicate a
reversible protonation-deprotonation of the acid groups of part
of the molecules within the adsorbate layer, stimulated by the
concentration modulation. In addition, thé—~COOH) band at
1722 cnr! gives evidence that primarily the hydrogen-bonded
species respond toward the stimulation. Possibly this signal is
partly due to weakly bound (physisorbed) molecules. Phys-
isorbed molecules were also evident for cysteine SAMEhe
demodulated spectrum, however, cannot only be explained by
the appearance/disappearance of physisorbed species at the
interface. The presence of weakly bound NAC leads to structural



changeswithin the SAM. A similar observationwas already
reported for glutathione (y-Glu—Cys—Gly) SAMs!® These
structuralchangespesidesprotonation/deprotonatiorgre in-
dicatedfor exampleby the bandat 1535cm™2, which falls in
theamidell region.The latterband,togethemwith (partof) the
bandof oppositesignat 1590cm~1 may arisedueto a shift of
the amidell vibration, inducedby a changein the hydrogen-
bondingnetwork. The following processmay thusexplainthe

Therelativesimplestructureof NAC, comparedo glutathione,
furthermoreallows the determinatiorof its orientationon the
surface which is muchmoredifficult for glutathione.

Conclusions

The self-assemblingof NAC on gold was studiedby IR
spectroscopyrndQCM. Both thekineticsof the self-assembling

and the resulting structure of the adsorbatelayer are quite
complex.QCM and in situ IR spectroscopyeveal very fast
initial adsorptionfrom ethanol,followed, after ~1 min, by a
considerablyslower massuptake.After the initial adsorption
step,two processesre observedsimultaneouslyto the further
slow increasein coverage.On one hand, a fraction of the
moleculesundergodeprotonatiorof the carboxylicacidgroup,
the gold surfaceservingas the proton acceptor.On the other
hand,frequencyshifts of the v(—COOH) and amidell bands
indicate hydrogen-bondingnteractionswithin the SAM, pos-
sibly betweenthe acid and the amide groups of adjacent
molecules.

Thespectrunrecordedaftertheinitial fastadsorptionywhich
does not indicate deprotonationwas usedto determinethe
orientationof themolecule Theanalysisvasbasedn transition
dipolemomentvectorsdeterminedy densityfunctionaltheory
and the fact that only the projectionof the transition dipole

observationsluringconcentratioomodulation(althoughwe note
that other interpretationsof the spectral changesmay be
possible): In theabsenc®f physisorbedanoleculegin ethanol),
the carboxylic acidsare involved in intermolecularhydrogen
bonding, involving the N—H of the amide group. Upon
admitting NAC, the physisorbednoleculescompetefor these
intermolecularinteractionsamongchemisorbednolecules by
acid dimer formation. Thus, the hydrogenbondinvolving the
N—H groupis broken(causingthe shift of theamidell signal)
andnew hydrogen-bondingnteractiongaciddimerformation)
involving the acid groupsof one chemisorbedand one phys-
isorbed molecule are established(causingthe band at 1722
cm ).

Trace c in Figure 10 shows a PSD spectrum of the EtOH
versus EtOH HCI modulation experiment (“pH” modulation,
T =120.7 s). During the first half-period (inflow of EtOH over
th.e SAM), the signal at 174.7 C'"“‘W‘?‘S opserved to decrease momentvectorson the metal surfacenormal givesrise to IR
with the band at 1581 cr increasing simultaneously. The. intensity for the adsorbedmnolecules.The orientationanalysis
behavior of the.bands was oppoglte during the.second half'per'()dshowecthattheamidegroupis tilted with respecto thesurface.
of the modulation experiment (inflow of HCI in ethanol). The In suchan orientation,and assumingthat the sulfur binds to
spectra thus indicate a protonation/deprotonation of the acid ;

group of adsorbed NAC within the adsorbate layer. Interestingly thegold, thecarboxylicacidgroupis in proximity o thesurface.
the position of the(—COOH) signal (1747 cr) shows that Thisis furthermoresupportedy a shift of the C—O—H bending

. . . vibration upon adsorption.This initial adsorptionorientation
mainly the not hydrogen-bonded species respond to the acidg,,org hoth the deprotonationof the carboxylic acid and

stimul_i. The appearance of a PVO“O‘_J”C_ed amide | Sig“a' at 1653intermolecuIalinteractionsasobservedn thelaterstageof self-
cmt in the demodulated spectra indicates a reorientation of assembling.
the a.mide. group upon protonation/(:!eprotqnation of the car- Concentrationand acid stimuli lead to spectralresponses
ggzzlt'faa;'g ?(;I(::Fv.eﬁ?gméﬁrgoor;]/[e);aricsjl?g?éseIgighnea?seir:?ggIgtt:t(ijc attributableto areversibleprotonation/deprotonatioof the acid
ATR-IR spectrum (note the scale factor 10), indicating that onl groupsof themoIecuIesHowevgr,evenfor thestimulationwith

~ SP . I 9 y a strongacid (HCI), only a fraction of the adsorbednolecules
a fraction of the molecules are involved in the observed process.respondedo the stimulation. Also. the two stimuli addressed

Comparison betweerN-Acetyl-L-cysteine and Glutathione.  gjfferent moleculeson the surface,as is obvious from the
At this point, it is interesting to compare the behavior of NAC gjfferent positions of the »(—COOH) signals in the two
and glutathione (-Glu—Cys—Gly)*® Both molecules contain  correspondingnodulationexperimentsThe physisorptionof
cysteine as the main anchoring part to the gold surface. In bothNAC atthe SAM leadsto a considerableearrangemertf the
cases, the (partial) deprotonation of a carboxylic acid group is hydrogen-bondingetworkwithin the SAM, asthe physisorbed
observed during self-assembling. Both molecules respond towardmolecules compete for intermolecular interactions among
acid stimuli and toward the presence of physisorbed moleculeschemisorbedpeciesBoth concentratiorandacid stimuli lead
with structural changes. For both systems, the carboxylic acid to reorientationof the adsorbedmolecules,driven by the
groups seem to have a significant effect on SAM formation, primarily inducedresponsegprotonation/deprotonatiochange
through both intermolecular interactions (in the case of glu- of intermolecularinteractions).
tathione possibly also intramolecular interactions) and interac-
tions with the gold surface. A significant difference between  Acknowledgment. Financialsupportby the SwissNational
the two systems is the kinetic of SAM formation as evidenced Scienca-oundatiorandgrantsof computettime from the Swiss
by QCM measurements. Glutathione also shows the initial fast National SupercomputeCentre (CSCS)are kindly acknowl-
frequency change. However, afterward, the frequency changesedged. Use of sputteringfacilities at the Swiss Center for
further for~30 min, before reaching an almost constant value, ElectronicsandMicrotechnology(CSEM)in Neuchéatels kindly
in contrast to the observation made for NAC. A further important acknowledged.
difference between the two systems concerns the ionic state-
dependent conformation observed for glutathione but not for Referencesand Notes
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gating” phenomena for glutathione SANSSIn contrast, our ' 3) B'oozer’ C.: Ladd, J.; Chen, S. F.; Homola, J.: Jiang, SAnal.
calculation for NAC (neglecting the surface) does not reveal chem.2004,76, 6967.
strong conformational changes upon protonation/deprotonation.  (4) Schreiber, FJ. Phys.: Condens. Matte2004,16, R881.

(1) Ulman, A.Chem. Rev1996,96, 1533.
(2) Cotton, C.; Glidle, A.; Beamson, G.; Cooper, IGangmuir1998,



10

(5) Di Felice,R.; Selloni, A.; Molinari, E. J. J. Phys.Chem.B 2003, (30) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
107, 1151. M. A.; Cheeseman, J. R.; Montgomery, J. A.; Vreven, T.; Kudin, K. N.;
(6) Zhang, J.; Chi, Q.; Nielsen, J. U.; Friis, E. P.; Andersen, J. E. T.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Ulstrup, J.Langmuir2000, 16, 7229. Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,;
(7) Dakkouri, A. S.; Kolb, D. M.; EdelsteinShima, R.; Mandler, D.  Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Langmuir1996,12, 2849. Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
(8) Takehara, K.; Aihara, M.; Ueda, [Electroanalysisl994,6, 1083. X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
(9) Zhou, A.; Xie, Q.; Wu, Y.; Cali, Y.; Nie, L.; Yao, SJ. Colloid Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.;
Interface Sci2000,229, 12. Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A,;
(10) Hepel, M.; Tewksbury, EJ. Electroanal. Chem2003,552, 291. Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels,
(11) Fang, C.; Zhou, XElectroanalysi2003,15, 1632. A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.;
(12) Bieri, M.; Buirgi, T.J. Phys. Chem. B005,109, 10243. Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.;
(13) Bieri, M.; Burgi, T.Langmuir2005,21, 1354. Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
(14) Kuhnle, A,; Linderoth, T. R.; Hammer, B.; BesenbacheN&wure P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,;
2002,415, 891. Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,

(15) Zheng, B. Z.; Ding, X. G.; Zhao, F. Q.; Yang, Y. Anal. Lett.
2002,35, 2245.

(16) Aihara, M.; Tanaka, F.; Miyazaki, Y.; Takehara,Abnal. Lett.2002
35, 759.

(17) Gaigalas, A. K.; Ruzgas, T. J. Electroanal. Chem1999, 465,
96.

(18) Ruzgas, T.; Wong, L.; Gaigalas, A. K.; Vilker, V. Langmuir

1998,14, 7298.

(19) Cooper, J. M.; Greenough, K. R.; McNeil, C.11.Electroanal.
Chem.1993,347, 267.

(20) Harrick, N. J.Internal Reflection Spectroscopynterscience
Publishers: New York, 1967.

(21) Urakawa, A.; Wirz, R.; Blrgi, T.; Baiker, AJ. Phys. Chem. B
2003,107, 13061.

(22) Burgi, T.; Baiker, A.J. Phys. Chem. B002,106, 10649.

(23) Baurecht, D.; Fringeli, U. FRew. Sci. Instrum2001,72, 3782.

(24) Dabros, T.; van de Ven, T. G. Molloid Polym. Scil983,261,
694.

(25) Dabros, T.; van de Ven, T. G. Mhys. Chem. Hydrodyi987,8,
161.

(26) Becke, A. D.J. Chem. Phys1993,98, 5648.

(27) Perdew, J. P.; Chevary, J. A.; Vosko, S. H.; Jackson, K.
Pederson, M. R.; Singh, D. J.; Fiolhais, Phys. Rev. BL992,46, 6671.

(28) Ditchfield, R.; Hehre, W. J.; Pople, J. A. Chem. Physl971,54,
724.

(29) Cances, M. T.; Mennucci, B.; TomasiJJChem. Physl997 107,
3032.

B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. BAUSSIANOS3;
Rev. C.01 ed.; Gaussian, Inc.: Wallingford, CT, 2003.

(31) Greenler, R. GJ. Chem. Phys1966,44, 310.

(32) Osawa, M.; Ataka, K.-I.; Yoshii, K.; Yotsuyanagi, J. Electron
Spectrosc. Relat. Phenoi©93,64/65, 371.

(33) Hutter, E.; Assiongbon, K. A.; Fendler, J. H.; Roy, D.Phys.
Chem. B2003,107, 7812.

(34) Street, S. C.; Gellman, A. J. Phys. Chem. B997,101, 1389.

(35) Shinohara, H.; Kasahara, T.; Kadokura, K.; Uryu, Y.; ItohJK.
Phys. Chem. R004,108, 3584.

(36) Street, S. C.; Gellman, A. J. Chem. Phys1996,105, 7158.

(37) Bombasaro, J. A.; Zamora, M. A.; Baldoni, H. A.; Enriz, R.D.
Phys. Chem. £2005,109, 874.

(38) Pearson, J. F.; Slifkin, M. ASpectrochim. Actd972,28A, 2408.

(39) Clegg, R. S.; Hutchinson, J. Eangmuir1996,12, 5239.

(40) Ferri, D.; Burgi, T.; Baiker, AJ. Chem. Soc., Perkin Trans1299
1305.

(41) Wirz, R.; Burgi, T.; Baiker, ALangmuir2003,19, 785.

(42) Sauerbrey, GZ. Phys.1959,155, 206.

(43) Karpovich, D. S.; Blanchard, G. langmuir1994,10, 3315.

(44) Kanazawa, K. K.; Gordon, J., IAnal. Chem1985,57, 1770.

(45) Dodero, G.; De Michieli, L.; Cavalleri, O.; Rolandi, R.; Oliveri,
L.; Dacca, A.; Parodi, RColloids Surf., A2000,175, 121.

(46) Marti, E. M.; Methivier, C.; Pradier, C. M_angmuir 2004, 20,
10223.





