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Monodisperse hexapeptides that have lipoic acid coupled to the N-terminus were self-assembled on gold
substrates. The self-assembled monolayer (SAM) film compositions were investigated by X-ray photoelectron
spectroscopy (XPS), angle dependent XPS, and grazing angle Fourier transform infrared refédxst@mption
spectroscopy (FTIRRAS). The surface coverage of the self-assembled films was significantly larger than
that of control physisorbed films, and the chemisorption between the hexapeptides and gold surface was
stable in solvent. The structural results indicated that the hexapeptides helix orientation distribution relative
to the surface normal is ambiguoetthe data can be explained by either a broad distribution of an on-average
perpendicular arrangement or a tight distribution about a single tilt angle. Hexapeptides in which a spin label,
2,2,6,6-tetramethylpiperidine-1-oxyl-4-amino-4-carboxylic acid (TOAC), was incorporated as an amino acid
residue exhibit electron spin resonance (ESR) spectra dominated by spin-exchange broadening. This broadening
precluded the possibility of using ESR evidence to get insights into hexapeptide orientational order from
simulated spectra. ESR suggests that when the spin-label-containing hexapeptide is diluted in the SAM,
orientational order is not apparent; the labeled hexapeptide SAM is disordered either structurally or
conformationally or both.

Introduction

Self-assembled monolayers (SAMs) of organosulfur com-
pounds on gold continue to be extensively used as a platform
for surface modificatiod.More than two decades after Nuzzo
and Allara first reported the formation of SAMs by the
spontaneous adsorption of dialkyl disulfides on goldany
reports have appeared about SAMs having different thicknesses
(chain lengths) and exterior surface functionalifie’®. A decade
ago, Enriquez et al. showed ththelical oligopeptides contain-
ing a disulfide moiety can also be self-assembled on &olt.

. e - Figure 1. Schematic illustration of an ideal oligopeptide helix with
ASI stateg bSy the authors, lthelr .motl\f/atlon forf falljrlcatln(? variable side chains (left) and a self-assembled monolayer of oligopep-
polypeptide SAMs was to exploit unique features of polypeptide ges on gold (right). Peptide dipoles point in the same sense along the

primary and secondary structures: They observed that via eithernelix axis.
the Merrifield protocol® or genetic expressiol,it would be
possible to create a designed peptide sequeacEquence of
side chains with specified functionalitjthat in turn would be
manifested in the SAM as spatially resolved, chemically distinct
functionalities localized in a series of strata coplanar with the
substrate (Figure 1). And moreover, the macrodipole moment
associated with the vector sum of individual peptide dipoles in
the a-helical secondary structure was anticipated to give rise
to an intrinsically polar SAM. Enriquez et al. speculated that
such polar films might, for example, facilitate light-induced
electron-hole separation for appropriately placed chromo-
phorest314 Those speculations appear to have been confirmed
by the subsequent findings of Miura et!alwho reported
significant surface potentials for oriented polypeptide SAMs

and by the reports of photocurrent generation from carbazole
side chains in polypeptide SAM&° Several routes to polypep-
tide SAMs have been reported: surface grafting schemes on
gold and other substratés;?? chemisorption of disulfide-labeled
oligopeptides on golé-142325 and complex ion-pair formation
between peptides and end-functionalized, preformed SZNfs.
The polypeptide SAMs fabricated by Enriquez et
employed polydisperse samples, i.e., commercial, base-initiated
polypeptides with a wide distribution of molecular weights (helix
lengths). In turn, the length polydispersity was believed to be
the origin of the rather low degrees of helix axis orientational
order inferred from Fourier transform IR reflectieabsorption
spectroscopy (FTIRRAS) studies of those polypeptide SAMs.
' The observed ratiod), of the amide | to the amide Il band
intensity were fit with broad, Gaussian-distributed helix axis

T Part of the special issue “Tomas Baer Festschrift”. ; i Ndl4 ; ; :
* Corresponding author. E-mail: et@unc.edu. orientationst* Herein we examine the nature of polypeptide

* Department of Organic Chemistry, University of Padova, Via Marzolo, order in SAMs compqsed of monOdiS_perse_ he_xapeptides (Figure
1, 35131 Padova, Italy. 2). All are hexapeptides that contairaminoisobutyric acid

10.1021/jp047922z CCC: $27.50 © 2004 American Chemical Society
Published on Web 09/15/2004



9674 J. Phys. Chem. A, Vol. 108, No. 45, 2004 Wen et al.

@CH 0-CO-(Aib)-OfBU then immersed in piranha soluti_on (30%@;& a_nd concentn_ated
2 ¢ H,SOy, 1:4 by volume) for 20 minCaution: piranha solution
is extremely corrogie and can reacwiolently with organic
compoundsFinally, they were rinsed with Nanopure water and
()(CHo-CO-(Ab)-OfBu 2-propanol and oven dried. The gold substrates were used within
S-S a few days after preparation.
Preparation of Self-Assembled Hexapeptide Thin Films.
A_(CH2)4_00_(Aib,s_A,a_TOAC_AIa_o,BU The gold substrates were immersed in ethanol solutions of
S-S hexapeptides (1 mM) for 2 days. After immersion, the substrates
were thoroughly rinsed with fresh ethanol solvent and dried
under a stream of dry nitrogen gas. Some hexapeptide thin films
were soaked in dichloromethane or ethanol for 1 week to study
the film stability.

XPS Measurement.The XPS data were acquired with a
Physical Electronics Model 5400 spectrometer using a Mg K
X-ray source (15 kV, 400 W). Survey spectra—0000 eV)
were taken at a constant analyzer pass energy of 89.45 eV, and
multiplex spectra for Cls, N1s, Ols, S2p, and Au4f were
Figure 2. Primary structures of hexapeptides A, B, and C are shown acquired at a pass energy of 35.75 eV. Each sample was
together with the structures of Aib and TOAC. analyzed for an equivalent period of time to normalize away
possible X-ray damage, if any. The reported data for each type
of film were the average values from two identically prepared
samples to reduce X-ray exposure time and minimize possible
X-ray damage that could result from analyzing two spots on
the same film. The takeoff angle between the film surface and
the photoelectron energy analyzer was varied frormtd575
in ADXPS. The sample analysis area was 1.1 mm in diameter,
and the typical operating pressure was around810-° Torr.

Peptide A

Peptide B

Peptide C

Aib

(Aib), a peptide known to form stable helical structures due to
the steric hindrance around the tetrasubstitutechrbon?®2°
The incorporation ofi-amino acid 2,2,6,6-tetramethylpiperidine-
1-oxyl-4-amino-4-carboxylic acid (TOAC) into hexapeptide C
introduces a tetrasubstitutedcarbon and thus it is also a strong
helix-promoting residue. TOAC is a nitroxide radical, and this
rigidly attached spin label can be studied using electron spin

resonance (ESR) to provide additional insights into the helix ) i .

S N - . To compensate for charging, binding energies were referenced
axis distribution in polypeptide SAMs. Last, TOAC might be )
considered as a functionalized amino acid residue that, if to the methylene and methyl carbons at 285.0 eV. The relative

: : ne : ' atomic concentrations were calculated on the basis of the
localized in the 2-D strata within an oriented SAM to form a - . . - .

. ; - ._empirically derived atomic sensitivity fact§fand the integrated
sheet of radicals, could conceivably be a candidate for organic ; . -
ferromaanetic materiaf® photoelectron peak areas. A Gaussihorentzian curve-fit

9 ’ routine (80% Gaussian) with a Shirley background subtrat&ion

Ollgqpeptldgs B langl c were _mod|f|eq by. coupllng .the was used to fit the C1ls and O1s peaks. The film thickness was
N-terminus with a lipoic acid moiety, a disulfide-containing determined fror®

moiety, which has a specific binding interaction with gétd?
Hexapeptide A was used to prepare the control physisorbed I

films. Studies based on X-ray diffraction, IR, afH NMR d= —1sin(@) In(l—) (@)
reveal that the three hexapeptides shown in Figure 2 form helical b

structures in the solid state as well as in solufir® The where/ is the attenuation length of the gold substrate photo-
resulting hexapeptide SAMs were characterized by several gaciron ¢ is the takeoff angle between the film surface and
analytical methods. X-ray photoelectron spectroscopy (XPS) was o photoelectron energy analyzkiis the substrate photoelec-
used to determine the monolayer thickness and chemical intensity with the sample film present, ang is the

compositions. The hexapeptide orientation in the SAMs was 1 tqelectron intensity of a blank substrate. Bare gold substrates
investigated by grazing angle Fourier transform infrared reflec- | .o sputter-cleaned in situ with an“Aion gun, and X-ray

tion—absorption spectroscopy (FTHRAS) and angle depend- 54,106 and sample stages were maintained at constant positions
ent XPS (ADXPS). Two orientation distribution func_t|ons Were \hile all the samples were analyzed.

employed to interpret the FTHRRAS results to estimate the FTIR Measurement. Both the reflectior-absorption (RA)
order (helix tilt angle) within the SAMs, i.e,, the orientation 5 transmission FTIR spectra were obtained using a Mattson

distribution of the hexapeptide helix axis relative to the surface anesis 11 Series FTIR system with a liquid nitrogen cooled
normal. SAMs of the spin-labeled hexapeptide were studied by mercury-cadmium-tellurium (MCT) detector. For the RA

ESR and the orientation distribution was estimated by simulating ,oasurement a Harrick reflection attachment was used with the
the spectra. incident angle set at 76The measurement was carried out with
a resolution of 4 cm! using an untreated gold substrate as the
reference. Each spectrum was composed of 1000 co-added
Synthesis of HexapeptidesToniolo et al. have previously  scans. The optical path was purged with dry nitrogen before
described the Fmoc chemistry used to prepare the hexapeptideand during the measurement. The tilt angle of the hexapeptide
and the Bucherer-Lieb synthesis of TOAT 36 helix axis from the surface normal was determined on the basis
Preparations of Substrates.Gold substrates were prepared of the amide | to amide Il absorbance ratio using an orientation
by thermal evaporation of gold (1000 A) on glass slides distribution function model advanced by Enriquez and Samus-
precoated with 100 A of chromium at2 1076 Torr using an Iki.1* FTIR transmission measurements were acquired using KBr
Edward Auto 306 Vacuum Coater. Prior to deposition of gold pellets of the various hexapeptides.
and chromium layers, the glass slides were washed with soap, ESR Measurement.The X-band ESR spectra were recorded
distilled water, and deionized (Nanopure Il) water. They were on a JEOL JES-RE1X ESR spectrometer at room temperature.

Experimental Section
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TABLE 1: XPS Atomic Concentrations (%) Acquired at a
Take-Off Angle of 75° for Self-assembled Hexapeptide B and = Cis
Hexapeptide C Films and Physisorbed Hexapeptide A Film 5
film C o) N s £
peptide B 70.4£ 1.6 143+ 0.8 11.3+£0.7 4.0+0.2 :;
theory 69.2 154 115 3.9 ‘@
peptide C 69.4 1.0 149+ 05 11.9+06 3.5+0.2 S
theory 69.0 15.5 12.1 3.4 c
peptide A 72.5-1.3 16.1+ 0.6 11.4+04 i
theory 70.6 17.6 11.8 294 292 290 288 286 284 282 280

The hexapeptide film was placed in the ESR cavity with the Binding Energy (V)

film surface parallel or perpendicular to the magnetic field. The
center field was 3315 G and the microwave frequency was 9.365
GHz.

O1s

Results and Discussion

Film Composition. The elements characteristic of the three
hexapeptides (C, O, and N) were detected in XPS for both SAMs
of hexapeptide B and hexapeptide C and physisorbed hexapep-
tide A films. As expected, S was only detected in the
hexapeptide B and hexapeptide C SAMs. Table 1 summarizes
the atomic concentrations obtained from the XPS multiplex Binding Energy (eV)
spectra acquired at a takeoff angle of°7®r the three
hexapeptide films as well as their expected theoretical bulk
values. Because a takeoff angle of &orresponds to a large
XPS sampling depth, the atomic concentrations obtained from
XPS should be very similar to the bulk values for thin films
with monolayer coverage. As shown in Table 1, the experimental
values agreed well with the theoretical bulk values. Figure 3
shows the typical photoelectron peaks and the associated curve-
fittings for the elements detected in the hexapeptide films. The
binding energies are summarized in Table 2. Table 3 lists the 408 406 404 407 400 398 396 394
atomic ratios of the curve-fit derived components in the Cls
and O1s windows. The Cls peak contained three components:
the methyl and methylene carbon at 285.0 eV, theN\odC—0O
peak at 286.4 eV, and the carbonyl carbon at 288.3 eV. The
slight excess of the methyl and methylene carbon could be
attributed to adventitious carbon adsorbed on the film surfaces.
The Ols peak had two components: the carbonyl oxygen at
531.9 eV and €0 oxygen at 533.8 eV. In all the films, the
lower than theoretical amount observed for the carbonyl (Table
3) is equivalent to a somewhat larger than theoretical value for /A\ A A
the higher binding energy O1s component (at 533.8 eV). And -
this might be caused by the adsorbed water that could contribute 171 169 187 165 163 161 159 157
to the higher binding energy component. The N1s binding
energy was 400.1 eV, consistent with an amide functional group.
All the above binding energies correlated well with the
functional groups in the hexapeptid€sAs seen in Figure 3,
the signal-to-noise ratio for the S2p peak was poor due to its
low atomic concentration. Nevertheless, its binding energy could
be observed at around 162.5 eV, which was in agreement with
a reported value for thiolate species on gold, suggesting

i 1,41 i i
chemisorbed sulfui:**No signal due to physisorbed sulfur (164 physisorbed hexapeptide A films are shown in Figure 4. A

ev) was observed, comparison of the intensities of the amide | (around 1666%¢m

Film Thickness and Stability. The film thickness was . )
calculated according to eq 1 and the values are summarized inand amide Il (around 1536 crf) bands between the two films

Table 4. Becaus# was obtained from a literature valé@?3it also in.dicated greater film coverage in the SAM hexapeptide
might not be very accurate. However, the thickness comparison flM (Figure 4 top spectrum).

between the films can yield useful information. The apparent ~The stability of the self-assembled hexapeptide films in
thickness of the hexapeptide B and hexapeptide C SAMs waseéthanol and dichloromethane was also investigated. The film
about 4 times that of the physisorbed hexapeptide A film, thickness before and after a solvent soak is summarized in Table
indicating greater film coverage in the SAMs due to the 4.Because the thickness difference between the self-assembled
chemisorption via the disulfide moiety. In the physisorbed film, hexapeptide films without and with 1 week solvent soaks was
because there was no specific chemical interaction between thevery small (within the experimental error), the results suggested

Intensity {arb. unit)

539 537 535 5833 A3 520 527

N 1s

Intensity (arb. unit)

Binding Energy (eV)

2p

Intensity {arb. unit)
% m

Binding Energy {eV)

Figure 3. Representative XPS spectra of Cls, O1ls, N1s, and S2p for
hexapeptide films acquired at a takeoff angle of.75

gold substrate and hexapeptide A, most physisorbed hexapep-
tides were washed away during the solvent rinse, resulting in
low film coverage, and thus apparently much thinner films. The
FTIR—RAS spectra of the self-assembled hexapeptide B and
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TABLE 2: XPS Binding Energies for Self-Assembled
Hexapeptide B and Hexapeptide C Films and Physisorbed
Hexapeptide A Film

binding energy (eV)
peptide B peptide C  peptide A

atom  functional group film film film
methyl and 285.0 285.0 285.0
methylene C
C1ls C—N,C-0 286.4+ 0.1 286.4+0.1 286.3+0.1
Cc=0 288.3+ 0.1 288.2+0.1 288.4+0.1
O1s C=0 531.9+ 0.2 531.8+0.1 532.0+0.2
c—O 533.8+ 0.2 533.6+0.2 533.9+0.2
N 1s 400.1+ 0.1 400.0+ 0.1 400.2+ 0.1
S2p 162.5+ 0.4 162.8+0.3
Au 4f7, 83.9+0.1 84.0+0.1 83.8+0.1

TABLE 3: Ratios of Curve-Fit Components in the XPS Cls
and O1s Windows Acquired at a Take-Off Angle of 75 for
Self-Assembled Hexapeptide B and Hexapeptide C Films and
Physisorbed Hexapeptide A Film

methyl and c ©

film methyleneC C—N,C—O C=0 C=0 C-O
peptide B 3.29 1.02 1 6.77 1

theory 3.14 1 1 7 1
peptide C 3.55 1.32 1 3.38 1

theory 3.43 1.29 1 3.5 1
peptide A 3.11 1.12 1 3.29 1

theory 3 1.14 1 35 1

TABLE 4: Film Thickness (nm) Obtained from XPS for
Hexapeptide Films without and with One-week Solvent Soak

without solvent with 1-week solvent with 1-week solvent

soak soak in EtOH soak in CHCI,
film (nm) (nm) (nm)
peptide B 1.740.2 1.6+0.2 1.6+ 0.3
peptide C 1.5+ 0.2 1.3+ 0.1 1.440.2

peptide A 0.4+0.1

Absorbance

,\,.\,/\\//J\\N\,\/V\A'\/\'\M

1800 1700 1600 1500 1400

Wavenumber (cm™)

Figure 4. Grazing angle FTIRRAS spectra of a self-assembled
hexapeptide B film (top) and a physisorbed hexapeptide A film
(bottom). The vertical scale bar is 0.01.

Wen et al.
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Figure 5. FTIR—RAS spectra of (a) a self-assembled hexapeptide B
film and (b) a self-assembled hexapeptide C film. (c) Transmission
FTIR spectrum of hexapeptide B in a KBr pellet.

assembled hexapeptide B and hexapeptide C films as well as
the transmission spectrum of a hexapeptide B KBr pellet. The
absorptions around 1666 and 1536 ¢nn the spectra of the
self-assembled hexapeptide films were assigned to amide | and
amide Il bands, respectively. The wavenumber of the amide |
band was slightly greater than that observed incahelical
conformation (1659 cmt),* whereas the wavenumber of the
amide Il band was slightly lower than that observed in an
a-helical conformation (1540 cm).** The wavenumber dif-
ference may be attributed to the fact that hexapeptide B and
hexapeptide C contain mixtures af3anda-helices. It is well-
known that G-tetrasubstitutedi-amino acids such as Aib can
promote the onset of;ghelix formation?> Studies of hexapep-
tides known to form stable;ghelices revealed that amide |
and amide Il bands occurred at 1668562 and 15331531
cm™?, respectively?>3* As a result, the observed amide | and
amide Il bands may be convolutions of the and 3¢-helical
conformations. The bands around 1732 and 1450%cwere
assigned to the ester=D stretch and Cglasymmetrical in-
plane deformation/CHlin-plane deformation, respectively.
ADXPS was used to study the depth profiles of both the self-
assembled and physisorbed hexapeptide films. In ADXPS, the
spectrum is more surface sensitive at smaller takeoff angles.
Parts a and b of Figure 6 show the depth profiles of the self-
assembled hexapeptide B and hexapeptide C films. Both the
C/S and C/Au ratios decreased as the takeoff angle was
increased, whereas C/O and C/N ratios were fairly constant and
agreed well with the theoretical bulk ratios. Because the
attenuation of the sulfur signal with varying takeoff angles
followed the same trend as that of the gold signal and the
attenuation of both signals was larger at smaller takeoff angles,
the results indicated that the hexapeptides were bonded to the
gold surface through the sulfur moieties and these were, in turn,
buried beneath the hexapeptide backbone. The attenuation of

that the chemisorption between the hexapeptides and goldthe sulfur signal was due to the presence of hexapeptide

surface was robust in the presence of solvent.
Hexapeptide Conformation and Orientation. The confor-

mation of the peptides in the SAMs was investigated by FTIR

RAS. Figure 5 shows the FTHRAS spectra of the self-

backbones that were positioned above the disulfide moieties,
so the results also suggested that the hexapeptide backbones
were on average tilted up from the substrate surface and not
lying flat on the gold surface. Compared to the self-assembled
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0 ‘ 0.0 Figure 7. Coordinates of the laboratorX(Y, Z) and molecularX,
15 45 75 Yy, Z) systems for a tilted hexapeptide on gold surface.

Take-off Angle (degree)
the helix axis) was decreased, in accordance with the FTIR

R = — ——— 48 RAS surface selection rufé.
o8 ||--n-- bk GO = = = bk ON wukcss|| 4.2 Orientation Distribution of hexapeptide Helix Axis on
o Ccmu Gold. The orientation of the absorbate molecule within the SAM
24 A 36 is determined by several factors such as the adsorisatestrate
%20 A 3.0 binding strength, the geometry of the binding site, the inter-
by 6 A 04 g molecular interactions between the adsorbed molecules, and the
E O solvent-adsorbate interactiod€’ As a result of these factors,
-‘&’ 12 ° 18 the orientation of the hexapeptide helix axis will be distributed
8 | L 12 about the substrate’s surface normal. An orientation distribution
.l Yoo _{-__—_7_7_-_! 06 function is necessary to generally interpret the FFRAS
) spectrum and derive the average tilt angle from band intensities.
0 0.0 Thus, we employ a Gaussian orientation distribution function
15 45 75 to infer the hexapeptide helix axis orientation in the SAM on
Take-off Angle (degree) gold14 The helix axis orientation was obtained by optimizing
the agreement between theoretical values for the amide | to
32 .~ oo . on 48 amide Il absorbance rati® (see eq 6), and the observed
28| =---- bulk C/O — — —bukCN | | 42 value from the FTIR-RAS experiments.
04 e O a6 Figure 7 shows the coordinate system that describes the
o ' interaction between the polarized, incident IR electric field and
5 20 3.0 the molecular transition moment in the grazing angle FTIR
f 16 24 RAS experiment. Due to the surface selection félde only
E 3 active electric field component of the incident ligh) (s parallel
212 1.8 to the Z-axis of the laboratory systenX( Y, Z); and the gold
8 1.2 surface is in theX—Y plane. The transition moment (amide
n ='__—_j_j_—__""__—__—:_—_ '2 06 | or amide Il band) is located in a molecule (helix)-fixed frame
o (X, ¥, 2) by its respective polar and azimuthal angles f).
0 0.0 The x, y, z frame is oriented with the-axis along the helix,
15 45 75 and that axis is located in the laboratory systemfbwand @;
Take-off Angle (degree) y is the azimuthal angle about the helix axis. Using the relations

Figure 6. ADXPS depth profiles of (a) a self-assembled hexapeptide among the Euler anglé8 the projection ofn onn is given by

B film, (b) a self-assembled hexapeptide C film, and (c) a physisorbed . )
hexapeptide A film. m-n = — sin(8) cos() sin(@) cosf) +

hexapeptide films, the attenuation of the gold signal at smaller sin(8) sin(a) sin(@) sin(y) + cos) cos@) (2)

takeoff angles in the physisorbed film (Figure 6c¢) was much

smaller. This was due to two reasons: First, the film coverage n|2. Assuming uniform azimuthal distribution about the helix

in the physisorbed film was smaller, so the substrate signal was_ . is uniformlv distributed over the interval [072—we
less attenuated. Second, the hexapeptides in the physisorbed filr?.In d 14 y

were probably lying flat on the surface, resulting in a thinner
film.
The orientation of the hexapeptide helix axis was also studied AD D]m'ng -
by FTIR-RAS. As shown in Figure 5, the amide | to amide Il 1 1 2 1 2,3 2 2
absorbance ratios were increased in the hexapeptide B and E_ECOSG) —écosﬁ) +§COS@ cosf)” (3)
hexapeptide C SAM films compared to that in a hexapeptide

KBr pellet. (Peptides in a KBr pellet were assumed to take (Theo-dependence is simultaneously averaged by this assump-
random orientations.) The results suggested that the hexapeptideson for y.) As the angles between the transition moment and
were on average oriented relative to the surface normal becausehe helix axis were determined to be°3®r 5, (amide | band)

the absorbance of the amide | band (with a transition moment and 73 for 8, (amide Il band)? A can be written asA(f),
parallel to the helix axis) was enhanced and the absorbance ofwhere describes the tilt angle between the helix axis and the
the amide Il band (with a transition moment perpendicular to surface normal.

The FTIR-RAS absorption intensity4, is proportional tgm-
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The observed FTIRRAS absorption intensity’;,9 depends
on the orientation distribution of the helices in the film. Thus,
Aobs is the weighted superposition of contributiodgf) W(6)
do, where W(0) is the normalized helix axis orientation
distribution function. Hence, we have

Aus= [ZA0) W(0) d0 0 [Z0menI’W(6) do  (4)

Similarly, the average of any functiofof the tilt angle of the
helix axis relative to the surface normal is

X= SX(0) W(6) do (5)
The amide | to amide Il absorbance ratio is
A fo >0m-n|*W(6) do
=K =K (6)

A L%mm-mzajww) do

whereK is the scaling factor that relates the intrinsic “oscillator
strength” of the amide | and amide Il vibrational mod€svas

determined to be 1.35 from the transmission FTIR spectrum of

a hexapeptide KBr pellet.

D

Figure 8. Amide | to amide Il absorbance rat. Dotted lines are
calculated values as a function of tilt angl®, and distribution spread
o, the two planes correspond to the obseriZedalues (2.95 and 2.63)
for hexapeptides B and C, respectively. @avalues computed with
the hemispherical Gaussian (HG) distribution. [byalues computed
with the uniform-domain Gaussian (UDG) distribution.

TABLE 5: Amide | to Amide Il Absorbance Ratio D
Obtained from FTIR —RAS for Self-Assembled Hexapeptide
B and Hexapeptide C Films

film amide I/amide I D
peptide B 2.95+-0.24
Peptide C 2.63:0.13

a2 The values were the averages of four different samples.

The Gaussian orientation distribution function that is used TABLE 6: Hexapeptide Length Obtained from Molecular

to model the helix axis orientation distribution is

W(6) = N exp[— Lo- 90)2] sn@ (7
20
whereN is the normalization constant:
_ 1 o .
N= jo > exp[— 2—02(9 —6,) ] sin(9) do (8)

The orientation distribution function is centereddgt(=0° for

Modeling and Calculated Film Thickness for Self-Assembled
Hexapeptide B and Hexapeptide C Film3

film model lengthL, (nm)  film thickness from XP% (nm)
peptide B 2.21 1.20.2
peptide C 2.24 1.50.2

2The calculated film thickness is compared to that obtained from
XPS.

UDG distributions, respectively). At the other extreme, one can
fit D with a very tight distribution § ~ 0°), i.e., find a “unique”

helices oriented normal to the substrate) with the angular spreadvalue for the helix axis tilt relative to the surface normal, for a

of the distribution specified by. The Gaussian function is
weighted by the factor siflj to account for azimuthal degen-

tilt 6, ~ 35—45° for each distribution. (When contrasting parts
a and b of Figures 8, note the scale differencesdgrin

eracy of the helix axis tilt about the surface normal. But one summary, though there is a shift in the locus of the fits to the
might argue that azimuthal disorder, i.e., a hemispherical observed values on changing the HG distribution to the UDG
distribution of helix axes according to eqs 7 and 8, is distribution, there remains significant ambiguity in thosefits

inappropriate for a SAM composed of domains having uniform no single tilt valued, is a unique solution, and a range of options

helix tilt throughout. This can be easily rectified by removing
the degeneracy factor, i.e., setting $in€ 1 in eqs 7 and 8.

We denote the former and latter distributions as hemispherical

for 6, can be chosen by varying the breadth of the tilt disorder

(0).

In the same way, the average SAM film thicknedd,), can

Gaussian (HG) and uniform-domain Gaussian (UDG), respec- be calculated with both orientation distributions,

tively.

Figure 8 shows the results for calculat®d/alues using egs
2—8 (dotted lines) for a range of values of the tilt angle
(=0—50°) as a function of the spread of the distributiof—0—
90°), using both the HG (Figure 8a) and UDG distributions
(Figure 8b); the gray planes correspondXe= 2.95, andD =

o= f; 5L cos@) W(9) do (9)

where L, is the ideal hexapeptide length (determined from
molecular modeling). The idebl}, values and the experimentally

2.63, the observed value for amide | to amide Il absorbance derived film thickness for SAM films formed from hexapeptides
ratio for SAMs prepared from hexapeptide B and C, respectively B and C are given in Table 6. The experimental film thicknesses
(Table 5). For both distributions it is apparent from Figure 8 were determined from XPS and correspond to the planes shown

that there is not a unique solutiea specific tilt corresponding
to the observe® value for either SAM. In fact, there is a locus
of points where thé planes intersect the comput&dvalues

in Figure 9. Again the ambiguity one observed for D applies to
(LCFor both the HG distribution (eq 7) and the UDG distribution
(eq 7 without the sir]) factor). In the absence of any compelling

(indicated by solid lines on the respective planes) that span aadditional evidence these results suggest that for monodisperse
wide range of qualitatively different solutions. In the ideal case hexapeptides, either the helices are broadly distributed about
of perpendicular orientation of the helix axes relative to the the substrate normal in the SAMs or there are a range of tilt

substrate f, = 0°), a fit to the observations is obtained only
for a broad distributiond ~ 35° and ~70° for the HG and

valuesf, and corresponding distribution breadthghat can
explain the experimentally observ&values and. values.
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(b)

Figure 9. SAM film thickness. Dotted lines are calculatdd values
as a function of tilt angl®, and distribution spread. The two planes
correspond to the observédralues (1.7 and 1.5 nm) for hexapeptides
B and C, respectively. (a).[values computed with the hemispherical
Gaussian (HG) distribution. (l).Cvalues computed with the uniform-
domain Gaussian (UDG) distribution.

Figure 10. 2,2,6,6-Tetramethylpiperidine-1-oxyl-4-amino-4-carboxylic
acid (TOAC)-labeled hexapeptide C showing the fragment-fixed
zframe that diagonalizes tlge andA-ternsors of the free radical. The
x-axis is along the N O bond andz is normal to the>N—0O plane;z

is the helix axis.

SAMs Composed of TOAC-Labeled HexapeptidesThe

J. Phys. Chem. A, Vol. 108, No. 45, 2008679

B//x j f
BJly J f
BJ/z J\ J‘
. 50 gauss, \ ,

liquid

VT glass

Figure 11. Simulated ESR spectra for the TOAC free radical. The
top three spectra are computed with the spectrometer magneti®field
along the axes of the y, z principal axis system of the TOAC radical.
The solution spectrum corresponds to a motionally averaged spectrum,
and the glass is a static powder spectrum.

as SAMs from hexapeptide B, even thoughfor hexapeptide

C (2.24 nm) is marginally larger than that of hexapeptide B
(2.21 nm). Also the observed value for amide | to amide |l
absorbance ratio for hexapeptide C is smaller (Tables 4 and 5).
The results suggested that the packing in the TOAC-labeled
hexapeptide SAM was more disordered than that in the SAM
composed of hexapeptide B.

Electron Spin ResonanceESR was used to study the local
order in the hexapeptide C SAM. Thg- and A-tensor
components of the TOAC nitroxide radical are well-known. The
g-tensor and hyperfine coupling tensér, coincide with a local
(%, y, 2 principal axis system (PAS) having the{D bond along
the x-axis and thez-axis along the nitrogen and oxygen 2p
orbitals that contain the unpaired electron; ykexis completes
the local Cartesian PAS (Figure 10).xtny, zbothg andA are
diagonal with principal valuegx, Oyy, 9.z (2.0096, 2.0064,
2.0027) andAy, Ay, Az (7.455 G, 7.455 G, 33.3 G); studies
by Hanson et ai® using this TOAC hexapeptide show that the
X, Y, z PAS frame is rotated about it'saxis by 68 to giveg
andA in anxy, Y, z frame fixed on the helix witlz, along the
helix axis; thex andx, axes are coincident and oriented normal
to the helixz-axis. To simulate ESR spectra, it is necessary to
transformg and A to the laboratoryX, Y, Z frame (with the
ESR spectrometer magnetic fieRlalong Z). Simulated ESR
spectra and their relationship to the helix axis distribution in
the SAM is carried out via an intermediate transformation to a
SAM-fixed Xi, Y1, Vi frame having theZ;-axis normal to the
substraté?!

We assume that the TOAC label is in the rigid limit with

TOAC residue, a nitroxide radical, constitutes a bulky peptide reorientational correlation time> 1078 s (at 9.5 GHzz >
side chain. SAMs composed of hexapeptide C are not as thick{|Azz — Axl} 1 ~ {h|gx - 0:48eB} ~1 ~ 108 s, wherefe is the
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*
a
| 50 gauss
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Figure 13. Experimental ESR spectra for the TOAC-labeled hexapep-
tide SAM of hexapeptide C diluted 10-fold by hexapeptide B (on gold
with substrate normal along field). * indicated a background
resonance in the ESR cauvity.

16
LS ]
50 gauss , - ' | 1 J

Figure 14. Simulated ESR spectra for the TOAC-labeled hexapeptides
for different line widths (1T,). (Left) HG distribution ¢ = 90°). This

is tantamount to an isotropic distribution of radicals). (Right) UDG
distribution @, = 35°, 0 = 10°). The experimental ESR spectrum
(Figure 13) is superposed on theTd1~ 8 G line width spectrum for
the HG distribution. * indicates cavity background signals.

}Q—

Figure 12. Experimental ESR spectra for the TOAC-labeled hexapep- . .
tide at room temperature: (a) solid sample; (b) solution (20 mM in @xes of theg- and A-tensors; i.e., the apparent anisotropy of

benzene); (c) physisorbed hexapeptide on gold substrate (no detectabléhe TOAC orientation was low in the diluted SAM. In the
signal); (d) SAM of hexapeptide C on gold (substrate normal along absence of spin-exchange broadening, simulations of ESR
field B). spectra using the HG and UDG distributions could in principle
differentiate between tight helix axis distributions (smal
about at well-defined tilt anglef,, and disordered helix
orientations (or isotropically distributed nitroxide radicals) within

electron Bohr magneton). The ideal static spectra for a perfectly
oriented nitroxide radical witlB along each of the respective
axes of the local PAS are shown at the top of Figure 11. The SR - ; .
simulated spectra for a solid isotropic glass and a motionally the S_AM' Th's o_hscr_lmlnatory capability of ESR is shown n
averaged liquid{ < 1078 s) are also shown. the simulations in Figure 14 (top) for the case where the line

Experimental ESR spectra obtained with the TOAC-labeled W,idth (1”2 = 4 G) is small (simulgtions using Fhe. H(.B
hexapeptide are shown in Figure 12. The neat solid sample ofdistribution are on the left and those using the UDG distribution

hexapeptide C exhibits an ESR spectrum (Figure 12a) that was®"® shown on the right). However, as the line width is increased

rather broad without the clearly defined hyperfine splitings '© Mimic spin-exchange broadening, one rapidly begins to lose
(unresolvedy- andA-tensor components unlike the ideal glass the ability to discriminate between the HG and UDG distribu-

spectrum in Figure 11). The collapse of the hyperfine structure iONS- The qualitative agreement between the experimental
is not surprising and is due to spispin exchange caused by a SPectrum of the dilute SAM and theTy/= 8 G simulation is
high local concentration of TOAC radicals. In contrast, the PeStforahemispherical distribution of nitroxide radicals (Figure
solution spectrum of the TOAC-labeled polypeptide was well 14). Insofar as this coarse agreement IS meqnlngful, ether it
resolved (Figure 12b) and showed the expected hyperfine could result_ from an absence of helix axis _orlentatlonal
structure, a resolved triplet. There is basically no detectable Préferences in the dilute SAM or the apparent disorder could
signal from samples where the TOAC-labeled hexapeptide is °€ due to an unraveling of the helix and associated disorder of
physisorbed on gold (Figure 12c). Whereas for the SAM (Figure the n|tqu|de side chaln. Minimally, the ESR experiment is one
12d) a spin-exchanged broadened spectrum is observed. more piece of evidence that a significant amount of the
In an attempt to reduce the local concentration of TOAC Nexapeptide C was self-assembled on the gold substrate.
radicals and resolve fine structure in the ESR spectra of the
self-assembled hexapeptide, a SAM in which the ratio of TOAC-
labeled hexapeptide C was diluted by unlabeled hexapeptide B Monodisperse Aib containing hexapeptides that had lipoic
(dilution ration 1:9) was prepared. The ESR spectrum of the acid coupled to the N-terminus were able to form stable self-
diluted SAM (Figure 13) shows a somewhat narrower spectrum assembled monolayers on gold substrates. The film compositions
with indications of fine structure. However, the ESR spectra of agreed well with the expected bulk values. XPS results revealed
the diluted SAM did not show any angular dependence as wasthat the surface coverage of the self-assembled films was
the case in the spin-labeled fatty acid SAMS3We observed  significantly larger than that of the physisorbed films. The
a lack of ESR evidence for a biased distribution of the principal chemisorption between the terminal lipoic acid of the hexapep-

Conclusions
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tide and the gold surface was stable in solvent, and it played an
important role in the formation of the hexapeptide monolayer

The hexapeptides in the monolayers exhibited a mixgt3
helical conformation. ADXPS and FTHRAS results suggested
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