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Abstract
Two 4-thio pseudo-glycolipids, a disulfide and a thiol, were synthesized as candidates to build
tethered bilayer lipid membranes (tBLMs) on gold (111) surface. Monolayers of the disulfide and
thiol were built on gold surfaces using the self-assembly and Langmuir-Blodgett (LB) transfer
methods. Monolayers were prepared in several solvents and at various temperatures; their quality
was assessed by differential capacitance. Best monolayers were achieved when the disulfide was
self-assembled in ethanol. The quality of such monolayers was further improved by allowing the
assembly to proceed under stirring of the solution at increased temperatures. The charge number
per adsorbed molecule and surface concentration of disulfide on gold (111) surface were
determined by chronocoulometry. A DPhPC/disulfide tBLM was then built by vesicle fusion of
1,2-diphytanyl-sn-glycero-3-phosphocholine (DPhPC) on top of the disulfide monolayer. The
minimum capacitance of the gold electrode with tBLM (1.3 F cm-2) was close to the value of a
real cell membrane and the AFM force spectroscopy measurements showed that the
DPhPC/disulfide tBLM had a thickness of 6.2 ± 0.6 nm consistent with the thickness expected for
a bilayer. Finally, the potential of the tBLM to study transmembrane proteins was assessed by
investigating the reconstitution of gramicidin A into the membrane by polarization modulation
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infrared absorption spectroscopy (PM-IRRAS). These results demonstrate that the disulfide is a
good candidate to construct tBLMs on gold surface and to study transmembrane proteins.
Keywords: thio-glycolipid, self-assembled monolayer, surface concentration, AFM, PM-IRRAS.
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1. Introduction
Transmembrane proteins play central roles in physiological processes and constitute around
60% of approved drug targets [1]. Studying the mode of action of integral membrane proteins
requires the development of reliable cell membrane models that can incorporate the proteins of
interest and be used to perform various electrochemical, biochemical and biological experiments.
Amongst the various cell membrane models that have been developed, tethered bilayer lipid
membranes (tBLMs) have become increasingly popular as they have been shown to provide a
stable and accurate model of the natural cell membrane [2-8]. A tBLM requires a specialized
tethering molecule strategically synthesized to place a functional group (thiol, disulfide, silane) in
a position to bind the solid surface chosen (gold, silver, glass) while the lipophilic tether stands
perpendicular to the solid support so that it can be incorporated into the first leaflet of the BLM
[9]. Effective tethers include a hydrophilic spacer (polyethylene glycol polymers, peptides,
carbohydrates) that provides an aqueous-like gap between the solid support and the bilayer in
which protein’s peripheral domains may be incorporated [10]. In most cases, the desired fluidity
within the tBLMs is achieved when lipid lateral diffusion rate is on the order of 10 -8 cm2 s-1 [1113] and the insulative properties such as resistance and capacitance are around 10 MΩ cm 2 and
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less than 1 μF cm-2, respectively [12]. An alternative to tBLMs is a floating bilayer (fBLM) that
provides a water reservoir that separates the metal from the bilayer and allows for unrestricted
lateral mobility of lipids [14]. Although, fBLMs are excellent models for biophysical studies they
are less stable than tBLMs and hence can not be used to build biosensors.
The majority of tBLMs reported in the literature were built using PEG as the hydrophilic
spacer [15]. However, on gold the PEG chains have a tendency to coil and contain only small
amount of water [16]. To alleviate this problem, sparsely tethered bilayers were developed [17,
18] by dilution of the long chain thiolipid with short chain hydrophilic thiols to form sparsely
packed tethering monolayers. The tBLM was completed by the fusion of unilamellar vesicles
giving the inner layer of the tBLM composed of a mixture of phospholipids, from vesicle fusion,
and the self-assembled thiolipids. Although, proteins and peptides insert more readily into sparsely
tethered bilayers than densely packed tBLMs [19, 20], the sparsely tethered bilayers are seldom
homogeneous.
We are developing novel carbohydrate-based linker molecules that would allow the presence
of a reasonable ionic reservoir volume close to the solid surface as well as support organized and
stable bilayers through cooperative hydrogen bonding [4]. These carbohydrate-based linkers will
simulate the carbohydrate coat or “glycocalyx” exposed naturally on the outer cell surface and
should therefore provide tBLMs that are good mimics of the natural cell membrane. The first
carbohydrate-containing tethers used were lipoglycopolymeric tethers made through the radical
polymerization of 3-acryloylated di-acetone-glucose followed by hydrolysis of the isopropylidene
groups [21-24]. Our carbohydrate-containing tether molecules are made up of an oligosaccharide
moiety carrying a thiol on the non-reducing end sugar and a lipid chain linked to the reducing end
sugar residue resembling naturally occurring glycolipids (Fig. 1). These pseudo glycolipids have
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to be distinguished from the glycopolymer brushes [25, 26] and glycoclusters [27] designed for
immobilization onto solid surfaces and lectin detection. In these molecules the carbohydrate
moieties are placed away from the solid support and exposed to solvent and protein interaction. In
our design, the carbohydrates are linked directly to the gold surface orienting the lipid outward for
the formation of the first leaflet of the BLM and introduction of a water reservoir close (Fig. 1) to
the gold surface.
We have reported the synthesis of monosaccharides 1 and trisaccharides 2 shown on Fig. 2
that carry a sulfur atom at C-6 of a terminal galactose residue and either a C-12 (11 methylene
groups, n = 11) or C-18 (17 methylene groups, n = 17) alkane chain at the reducing end [28, 29].
Best results were obtained with monosaccharide 1 carrying the longest C-18 alkane chain (n = 17).
The best tBLM was prepared by Langmuir-Blodgett (LB) transfer of the thioglycolipid 1 as the
first leaflet and Langmuir-Schaefer (LS) touch for the second DMPC/cholesterol leaflet giving a
tBLM having a minimum capacitance of 0.9 μF/cm2. In contrast, tBLMs prepared with
trisaccharides 2 all failed to achieve acceptable minimum capacitance whether the first leaflet was
self-assembled or LB transferred on the gold surface. Comparison of the attenuated total
reflectance infrared spectra (ATR-IR) of the randomly oriented C-12 analogues 1 and 2 (n = 11)
to the infrared reflection absorption spectra (IRRAS) of the same molecules self-assembled on
gold showed that while monosaccharide 1 self-assembled perpendicular to the gold surface,
trisaccharide 2 gave poor surface coverage. Given our lack of success in preparing tBLMs with
analogues 2, and the fact it gave poor surface coverage when self-assembled on gold, we
hypothesized that the primary thiol conferred too much flexibility to the linear trisaccharide and
that the alkane chain did not provide enough lipophilicity to assemble itself perpendicular to the
gold surface.
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In the present paper, we describe the synthesis of a third-generation tether pseudo
thioglycolipid, obtained as the disulfide 3 and thiol 4 and in which the sulfur atom is placed at
position 4’ of cellobiose and the reducing end is displaying a lipophilic phytanyl chain. We also
describe the synthesis of phytanyl lactoside 5. It will be used in further studies as a diluting
molecule during the LB transfer of an inner leaflet of disulfide 3 to construct sparsely tethered
bilayers [17, 18, 30]. Disulfide 3 and thiol 4 were then assessed for their usefulness in the
preparation of self-assembled monolayer (SAM) and tBLMs. The differential capacitances of
various monolayers prepared with disulfide 3 and thiol 4 were measured to assess the quality of
the monolayers. The surface concentration of disulfide 3 in the SAM was determined by
chronocoulometry and a tBLM was built by vesicle fusion of 1,2-diphytanyl-sn-glycero-3phosphocholine (DPhPC) on top of the monolayer. The atomic force microscopy was employed
to characterize the structure of the tBLM. Finally, to illustrate the potential of this tBLM to study
transmembrane proteins, polarization modulation infrared absorption spectroscopy (PM-IRRAS)
was employed to investigate reconstitution of gramicidin A (gA) into the membrane.
2. Experimental Section
2.1. Synthesis of 2-Propynyl 4-O-(2,3,6-tri-O-acetyl-4-S-acetyl-4-thio-β- D-glucopyranosyl)2,3,6-tri-O-acetyl-β-D-glucopyranoside (7)
Potassium thioacetate (750 mg, 6.53 mmol) and known[29] triflate 6 (1.25 g, 16.3 mmol) were
dissolved in anhydrous DMF (8.75 mL) and stirred under N2 at RT for 1 h. The solvent was
evaporated and the residue was dissolved in EtOAc/Et 2O (1:1, 50 mL) and washed with brine (30
mL). The aqueous layer was re-extracted with CH2Cl2 (3 × 20 mL) and the combined organic
layers were dried and concentrated. Flash chromatography (6:4 EtOAc/hexanes), followed by
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precipitation from Et2O gave thioacetate 7 (1.05 g, 93%) pure as a white amorphous solid.
2.2. Synthesis of 1-(3,7,11,15-tetramethylhexadecane)-4-(4-O-[2,3,6-tri-O-acetyl-4-S-acetyl-4thio-β-D-glucopyranosyl]-2,3,6-tri-O-acetyl-β-D-glucopyranosyloxymethyl)-[1,2,3]-triazole (10)
Thioacetate 7 (460 mg, 0.60 mmol), known[31] azide 9 (620 mg, 1.92 mmol, 3.2 equivalents) and
CuI (40 mg, 0.23 mmol, 0.38 equivalents) were dissolved in anhydrous THF (7.5 mL) under N 2.
DIPEA (270 µL, 1.56 mmol, 2.6 equivalents) was added and the reaction mixture was stirred at
26 °C for 24 h. The solvent was evaporated, the residue dissolved in CH 2Cl2 (40 mL) and washed
successively with saturated aqueous NH4Cl (60 mL) and saturated aqueous NaHCO3 (60 mL). The
aqueous layers were re-extracted with CH2Cl2 (4 × 50 mL) and the combined organic layers were
dried and concentrated. Flash chromatography of the crude product (100% hexanes → 7:3
EtOAc/hexanes) gave triazole 10 (517 mg, 79%) pure as a white foam.
2.3.

Synthesis

of

1-(3,7,11,15-tetramethylhexadecane)-4-(4-O-[2,3,4,6-tetra-O-acetyl-β- D-

galactopyranosyl]-2,3,6-tri-O-acetyl-β-D-glucopyranosyloxymethyl)-[1,2,3]-triazole (11)
Disaccharide 8 (1.00 g, 1.48 mmol), azide 9 (1.63 g, 5.03 mmol, 3.4 equivalents) and CuI (110
mg, 0.56 mmol, 0.38 equivalents) were dissolved in anhydrous THF (25 mL) under N 2. DIPEA
(670 µL, 3.85 mmol, 2.6 equivalents) was added and the reaction mixture was stirred at 26 °C for
28 h. The solvent was evaporated, the residue dissolved in CH 2Cl2 (50 mL) and washed
successively with saturated aqueous NH4Cl (60 mL) and saturated aqueous NaHCO3 (60 mL). The
aqueous layers were re-extracted with CH2Cl2 (3 × 50 mL) and the combined organic layers were
dried and concentrated. Flash chromatography of the crude product (100% hexanes → 6:4
EtOAc/hexanes) gave triazole 11 (1.02 g, 69%) pure as a white foam.
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2.4.

Synthesis

of

1-(3,7,11,15-tetramethylhexadecane)-4-[4-O-(4-deoxy-4-thio-β- D-

glucopyranosyl)-β-D-glucopyranosyloxymethyl]-[1,2,3]-triazole disulfide (3) and 1-(3,7,11,15tetramethylhexadecane)-4-[4-O-(4-deoxy-4-thio-β-D-glucopyranosyl)-β-Dglucopyranosyloxymethyl]-[1,2,3]-triazole (4)
Triazole 10 (150 mg, 0.14 mmol) was dissolved in MeOH (30 mL) and heated with stirring to
40 °C. A solution of NaOMe in MeOH (8 mL, 1 M) was added (final concentration 0.2 M) and the
reaction mixture was left to stir at 40 °C for 15 h. The reaction was cooled to room temperature,
the mixture diluted with MeOH/CH2Cl2 (1:1, 40 mL) and deionized by passing the solution rapidly
four times through Dowex 50 (H+) resin (pre-washed with MeOH/CH2Cl2, 1:1, 70 mL) in a glass
syringe. The resin was then washed several times with MeOH. The crude eluents and washings
were combined and concentrated. Flash chromatography (5:95 MeOH/CH 2Cl2 → 2:8
MeOH/CH2Cl2) gave first disulfide 3 (74 mg, 68%) pure as a white foam then thiol 4 pure as a
colorless glass (11 mg, 9 %).
2.5.

Synthesis

of

1-(3,7,11,15-tetramethylhexadecane)-4-[4-O-(β-D-galactopyranosyl)-β-D-

glucopyranosyloxymethyl]-[1,2,3]-triazole (5)
Triazole 11 (50 mg, 0.05 mmol) was deprotected as described above for the preparation of
compound 4. Flash chromatography (1:9 MeOH/CH2Cl2 → 3:7 MeOH/CH2Cl2) gave pseudoglycolipid 11 (32.5 mg, 93%) pure as a white foam.
2.6. Self-assembly of disulfide 3 and thiol 4 monolayers on gold (111) surface
The single crystal gold (111) electrodes, which were grown, oriented, and cut as described in [32],
were used as the working electrodes in the electrochemical measurements. The gold (111)
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electrode were flame-annealed and then immersed into a 1 mg mL-1 solution of disulfide 3 or thiol
4 in methanol or ethanol for a period 18 h to form SAMs on gold surface. Afterwards, the
electrodes were rinsed with methanol or ethanol and then water to remove physically adsorbed
molecules. All the experiments were performed at room temperature (20 ± 2 °C) unless otherwise
mentioned.
2.7. Electrochemical measurements
All the electrochemical measurements were performed in an all-glass three-electrode cell. A
flame annealed gold coil and an Ag/AgCl (saturated KCl) electrode were used as the counter and
reference electrodes, respectively. The cell was de-aerated by purging with argon for 30 min. An
argon blanket was held above the electrolyte throughout the experiments to prevent the influx of
oxygen. A hanging-meniscus configuration was used for the surface of the gold (111) electrode,
which allowed only the single crystal surface to be in contact with the electrolyte. All the
measurements were performed in 0.1 M aqueous KClO 4 electrolyte.
Differential capacitance was used to test the quality of monolayers on gold (111) surface.
The differential capacitance curves were acquired using a computer-controlled system, consisting
of a potentiostat (HEKA PG590) and a lock-in amplifier (EG&G Instruments 7265 DSP). The
differential capacitance curves were recorded using a scan rate of 5 mV s -1 and an AC perturbation
with a 25 Hz frequency and 5 mV r.m.s. amplitude. The in-phase and out-of-phase components of
the AC signal were utilized to calculate the differential capacitances assuming a simple series of
RC equivalent circuit.
The charge densities curves were determined by chronocoulometry [32]. The disulfide 3
monolayer-covered gold (111) electrode was held at a base potential, Eb, of –0.1 V, where the
monolayer is stable on the gold (111) surface, for 600 s. The potential was then stepped to a
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potential of interest, Ec, and held constant for 60 s to allow the system to reach equilibrium. The
monolayer was reductively desorbed from the electrode surface by stepping the potential from Ec
to a desorption potential, Edes, of –1.1 V for 0.2 s. The current transient corresponding to desorption
of the monolayer was recorded and integration of this current yielded the charge density difference
between Ec and Edes. In the present paper, Ec increased from –1.1 V to 0.25 V with a step width of
0.05 V. The same procedure was repeated to measure the charge densities difference between Ec
and Edes of the bare gold (111) electrode in the same electrolyte. Epzc of bare gold (111) electrode,
which was determined by the immersion method [33], was used to convert the measured charge
densities difference into the absolute charge densities of bare gold (111) electrode as explained in
Ref. [32]. At very negative potentials (E < –1.05 V), the monolayer was completed detached from
gold (111) surface. Therefore, the absolute charge density for the monolayer covered electrode
was equal to the absolute charge density of bare gold (111) electrode at Edes. The absolute charge
densities for the monolayer covered electrode were calculated by adding the absolute charge
density at Edes to charge density differences corresponding to the desorption of the monolayer.
2.8. Calculation of the surface concentration
The calculation of the surface concentration of thiol molecules on gold surface was described
in detail in Ref. [34, 35]. In brief, for a thiol monolayer on gold surface, the formal charge number
per adsorbed molecule or electrosorption valency (l) can be defined as:

l 

1   


F   

(1)

where  is the charge density flowing to the interface during the thiol monolayer reductive
desorption from gold surface,  is the surface concentration of thiol molecules and F is the Faraday
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constant. Using chronocoulometry, the charge densities of the monolayer-covered and bare gold
electrode can be determined, and the  can be calculated as:

   monolayer   bare

(2)

where monolayer and bare are the charge densities of the monolayer-covered and the bare gold
electrodes, repetitively.  can be obtained from the compression isotherm of thiol using the LB
trough.
Desorption of a disulfate at the gold-solution interface is a solvent substitution reaction
described by:
RS2 (s)+2e- (Au)+nH 2O(b)+2H 3O + (b)=RS2 H 2 (b)+nH 2O(s)+2H 2O(b)

(3)

where RS2(s) is the disulfate adsorbed at the surface and RS 2H2(b) desorbed into the bulk, H2O(s)
is water molecule at the surface and H2O(b) in the bulk. The Gibbs energy of desorption is driven
not only by the transfer of 2 electrons but also by the energy gain due to replacement of less polar
thiol by more polar water molecules (energy gain due to the change of the capacitance of the
interface). Taking into account the solvent substitution nature of the desorption/adsorption of a
thiol, Kunze et al. [34] derived the following equation for the charge number per adsorbed
molecule:
l

 C0  C1 
F

 E  E   CFE
0
pzc

1

N

n

(4)

where n is the number of electrons participating in the thiol reductive desorption reaction, and C0
and C1 correspond to the capacitances of the bare and monolayer-covered gold (111) electrodes,
respectively. E 0pzc is the potential of zero charge of the bare electrode, and EN is the difference
0
between Epzc of the monolayer-covered and bare electrode defined as E N  E 1pzc  E pzc
. A simple

geometric plot shows that the negative of the charge density for the monolayer-covered electrode
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at E 0pzc is equal to the product of C1 and EN (the slope of the charge density plot). Consequently,

C1E N   ( E 0pzc ) and this value can be obtained directly from the experimental charge density
curve [36]. Equation 4 shows that the experimentally measured charge number |l| is less than the
number of electrons transferred to the disulfide molecule during its desorption. The value of l can
be determined for the monolayer deposited by the LB transfer. When the transfer ratio is one the
surface concentration of molecules  at the gold surface is the same as the surface concentration
of molecules spread at the air-solution interface in the Langmuir trough. The charge number l is
then equal:

l 

1   monolayer   bare 

F 



(5)

For the self-assembled monolayer the surface concentration of thiol molecules can be
calculated from the measured    SAM   bare :

 SAM  

1   SAM   bare 


F
l


(6)

using the charge number l determined for the LB monolayer and Eq. 5.
2.9. Langmuir-Blodgett (LB) transfer
A KSV Mini-Micro trough with two hydrophilic barriers and a Wilhelmy plate controlled by
the KSV LB5000 software was employed for the monolayer transfer. The subphase was 2 M
aqueous NaClO4 to prevent the loss of disulfide 3 into the water. Stock solution of disulfide 3 was
prepared by dissolving disulfide 3 in chloroform (99.8 %, Fisher Scientific) to a final concentration
of 1 mg mL-1. A few drops of this solution were spread at the subphase surface to form a disulfide
3 monolayer. The monolayer was left for 15 min to ensure solvent evaporation, and then
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compressed with a barrier speed of 10 mm min-1. The disulfide 3 monolayer was transferred to the
gold (111) electrode surface at the surface pressure of 35 mN m -1 using the LB method by vertical
withdrawal of the electrode. The transfer ratio was 1.0 ± 0.1. With such value of the transfer ratio
no relaxation of molecules on the gold (111) surface is assumed.
2.10. Construction of tBLMs
The DPhPC/disulfide 3 and gA-DPhPC(10:90, mol ratio)/disulfide 3 tBLMs were built on
gold (111) surface by vesicle fusion of either pure DPhPC or mixed gA-DPhPC (1:9 molar ratio)
to form outer leaflets on top of the disulfide 3 monolayer. The DPhPC and gA-DPhPC small
unilamellar vesicles solutions were prepared according to Ref. [37, 38]. The dynamic light
scattering experiments performed on vesicles prepared by this method showed that their size
ranged from 30 to 100 nm. Stock solution of DPhPC and gA in chloroform was added to test tubes
to give the total mass of DPhPC and gA at 1 mg. The mixed solution was dried by vortexing in the
test tube under a flow of argon, which allowed for a thin film of lipid to remain as a coating on the
inside wall of the test tube. Dried films were placed in a vacuum desiccator before use to remove
residual solvent. Finally, 1 mL of H2O was added into the test tubes and the lipid was sonicated
for 30 min to obtain the 1 mg mL-1 DPhPC and gA-DPhPC small unilamellar vesicles solution.
The monolayer covered gold (111) electrode was immersed into the vesicles solution for 12 h to
deposit the outer leaflet.
2.11. AFM experiments
Dynamic MAC mode AFM images were acquired with an Agilent Technologies 5500
Scanning Probe Microscope (Agilent N9621-13601 MAC III Mode controller, Agilent
Technologies, Santa Clara, CA, US) in a 1 mM NaF solution. All images were recorded at 21 ±
0.5 °C using type VII MAC cantilevers (Keysight Technologies, Mississauga, ON, CA) with
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nominal spring constant of 0.14 N/m and resonance frequency of 8 - 10 kHz in solution. The AFM
scanner (model N9520A-US07480132) was calibrated with 145-nm Pitch calibration standard for
AFM (Ted Pella Inc, Redding, CA, US) prior to imaging. The topography, amplitude and phase
images were simultaneously recorded at a scan speed between 2.0 to 3.5 lines per second. The
system was allowed to stabilize for a minimum of 30 min before acquiring AFM images. Data
acquisition and analysis were carried out using PicoView 1.49 (Agilent Technologies,
Mississauga, ON, CA) and Gwyddion v2.40 (Czech Metrology Institute, Brno, CZ) software,
respectively.
The force versus distance curve measurements were carried out in solution using V-shape
silicon nitride cantilevers with spring constants of ~0.06 N m-1. The exact value was determined
by thermal tune method prior to each experiment. Force spectroscopy curves were recorded by
measuring the deflection of the cantilever versus the position of the Z-piezo of the scanner. The
time required to record a single force-distance curve was 1 second where the total distance traveled
by the tip was ~400 nm (approach and retraction). The cantilever deflection versus piezo position
curves were converted to force-distance curves (force vs. tip-substrate distance) using software
that was written in-house. For statistical data analysis, a minimum of 100 measurements were
performed.
2.12 PM-IRRAS measurement
PM-IRRAS measurements were performed using a Thermo Nicolet Nexus 870
spectrometer (Madison, WI), equipped with an external tabletop optical mount (TOM) box, a
photoelastic modulator (PEM, Hinds Instruments, Hillsboro, OR), and a synchronous sampling
demodulator (SSD, GWC Instruments, Madison, WI). The PM-IRRAS spectra were collected with
the PEM set for the half-wave retardation at 1600 cm -1 for the amide I region and at 2900 cm-1 for
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the C-H stretching region. The angle of incidence was set to 60o for the amide I region and to 57o
for the C-H stretching region to obtain a large enhancement of the mean square electric field
strength (MSEFS) of the p-polarized radiation on gold surface. At each potential, 4000 IR scans
were added and averaged using an instrumental resolution of 4 cm -1. The detail information about
PM-IRRAS measurement and data analysis was given in Ref. [38, 39].
3. Results and Discussion
3.1 Synthesis of disaccharides 3-5
The synthesis of protected tether and dilution molecules 10 and 11 are described in Scheme
1 and were carried out from known [29, 40] triflate 6 and peracetylated propagyl lactoside 8,
respectively. Triflate 6 was prepared from lactose as we have described previously[29] and
converted to the 4’-thioacetyl cellobioside 7 by nucleophilic displacement with sodium thioacetate
in DMF. 1-Azido-3,7,11,15-tetramethyl-hexadecane 9 (phytanyl azide) was prepared in three steps
from commercially available phytol (mixture of isomers 3,7,11,15-tetramethyl-hexadec-2-en-1ol) following reported literature procedures [31, 41, 42]. In turn, thioacetate 7 and cellobioside 8
were submitted to copper-catalyzed azide-alkyne cycloaddition with phytanyl azide 9 using the
conditions that were established in our previous study [29, 43]. Triazoles 10 and 11 were obtained
in a 79% and 69%, respectively. Zemplén deacetylation of pseudo-glycolipid 10 was carried out,
as described previously using 0.2 M methanolic sodium methoxide at 40 °C [29]. Purification by
silica gel chromatography gave disulfide 3 in 68% yield and thiol 4 in 9% yield. The chemical
structures of the thiol and disulfide derivatives were confirmed by HRMS and NMR (given in the
Supporting Information). 1H NMR spectroscopy of disulfide 3 showed signals corresponding to
H-4’ at 2.74 ppm, while the same signal for thiol 4 appeared, as expected, at lower field (3.5-3.6
ppm) [44]. Similarly, in the
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C NMR, the signal for C-4’ in disulfide 3 appeared at higher field
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(43.3 ppm) than that measured for thiol 4 (55.7 ppm). Disulfide 3 and thiol 4 gave the expected
molecular ions in HRESIMS at 1437.8650 and 720.4438 for [M + H] +. Similar reaction and work
up conditions applied to the deacetylation of pseudo glycolipid 11 gave the diluting disaccharide
5 in 93% which was also characterized by HRMS and NMR spectroscopy (see Supporting
Information).
3.2. Differential capacitance characterization
The differential capacitance curves of disulfide 3 monolayers on gold (111) surface selfassembled at room temperature using methanol and ethanol as solvent are shown in Fig. 3.
Monolayers were stable on the gold surface in the potential region between 0.3 V and –0.4 V,
corresponding to the double layer region of the disulfide 3 monolayer on gold surface. At a
potential below –0.4 V, monolayers began to detach from the gold surface and the capacitance
increased concurrently. The capacitance peak around –0.98 V corresponds to desorption of
monolayers from gold (111) surface. Both monolayers were totally desorbed from the gold
surfaces at the same negative potential (E < –1.05 V). The minimum capacitance of the monolayer
self-assembled in methanol was 7.1 F cm-2; while the minimum capacitance of the monolayer
self-assembled in ethanol was 3.0 F cm-2. Since a lower value of capacitance indicates more order
and fewer defects in the structure of the monolayer, we concluded that the monolayer selfassembled in ethanol was of higher quality than that self-assembled in methanol. This observation
may result from the lower solubility of the disulfide 3 in ethanol than in methanol. All further
experiments were carried out in ethanol as a more suitable solvent for the self-assembly of disulfide
3.
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The differential capacitance curves of disulfide 3 monolayers on gold (111) surface selfassembled in ethanol at room temperature with and without stirring, and the capacitance curve of
disulfide 3 monolayer self-assembled in ethanol at 40 oC without stirring are shown in Fig. 4. It
can be seen from this figure that stirring of the solution during self-assembly gave a better
monolayer that had a minimum capacitance of 2.6 F cm-2. The desorption peak seen at –1.01 V
for the monolayer self-assembled under stirring, was shifted negatively by about 0.03 V when
compared to that of the SAM prepared without stirring. This shift indicated that the monolayer
self-assembled under stirring had a better packing density and fewer defects than the monolayer
self-assembled without stirring. Thus, differential capacitance results illustrated that stirring during
the self-assembly process improved the quality of the disulfide 3 monolayer. Stirring may
accelerate the migration of disulfide 3 to the gold surface, indicating that high mass transport
benefits the self-assembly of disulfide 3. The minimum capacitance of the monolayer selfassembled at 40 oC decreased to 2.1 F cm-2, and the desorption peak was located at –1.00 V,
which was negatively shifted by ~ 0.02 V compared to the monolayer self-assembled at room
temperature. These results demonstrate that high temperature improved the quality of the disulfide
3 monolayer. High temperature may increase the diffusion rate and accelerate the binding between
Au and S atoms, illustrating that the self-assembly of disulfide 3 on gold surface is kinetically
controlled [45]. Two disulfide lipids, 2,3-diphytanyl-sn-glycerol-1-tetraethylene glycol-DLRlipoic acid ester (DPTL) and 2,3-diphytanyl-sn-glycerol-1-octaethylene glycol-DL-Rlipoic acid
ester (DPOL) have been reported as good candidates to build tBLMs on gold surface [46-48]. The
minimum capacitance value of a DPTL SAM on gold (111) surface has been reported to be ~ 1 F
cm-2 [34]. The lower value obtained for the DPTL-based SAM compared to that obtained with
disulfide 3 may be explained by the fact that the DPTL molecules contain two phytanoyl chains
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attached to the PEG linker, leading to a higher density packing of the DPTL thus improving the
quality of the SAM. In contrast disulfide 3 only displays one phytanoyl chain. The synthesis of
thio pseudo-glycolipids displaying a diphytanoyl moiety is still ongoing.
The quality of thiol 4 SAMs was also investigated by the differential capacitance method.
The capacitance curve of a thiol 4 monolayer on gold (111) surface is plotted in Fig. S1, given in
the Supporting Information. The minimum capacitance of the thiol 4 monolayer was ~ 12 F cm2

, demonstrating that thiol 4 did not form a high-quality monolayer on gold (111). The water

solubility of thiol 4 is higher than that of disulfide 3. We propose that solubility of glycolipidthiols is a critical parameter for the quality of glycolipid-thiol monolayers and explains why thiol
4 failed to give acceptable SAMs.
3.3 Measurement of the surface concentration of disulfide 3
The surface pressure-area isotherm of the disulfide 3 monolayer at the air-subphase interface
is shown in Fig. 5. A 2 M NaClO4 aqueous solution was chosen as the subphase to reduce the loss
of disulfide 3 into the water. The pressure-area isotherm of disulfide 3 displayed a similar behavior
to lipid in the liquid expanded state. At low surface pressures (< 2 mN m -1), the disulfide 3
molecules coexisted in the gas and liquid phases. When the surface pressure reached higher value,
a densely packed liquid-crystaline monolayer was formed. The shape of the isotherm is similar to
the compression isotherm for DPTL [34]. By analogy to DPTL, the compression of disulfide 3
molecules can be described as a progressive transition from the “pancake” to “mushroom” and
finally to “brush” state. The disulfide 3 monolayer began to collapse at ~50 mN m -1. At the surface
pressure of 35 mN m-1, a tightly packed disulfide 3 monolayer was formed at the air-subphase
interface, corresponding to a mean molecular area of 142 Å2 and a surface concentration of 1.17 ×
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10-10 mol cm-2. This pressure was chosen as the LB transfer pressure to build a well packed
monolayer on the gold (111) electrode surface.
The charge density curves of bare gold (111) electrode (black triangles), and the disulfide 3
monolayers deposited by the LB transfer (blue squares) and self-assembly (red circles) are shown
in Fig. 6(A). The onset of the disulfide 3 desorption and/or co-adsorption of anions took place at
less positive potentials in the LB monolayer, hence the charge density measurements were
restricted for E ≤ 0.0 V vs. Ag/AgCl. The charge densities of the monolayer covered electrodes
were higher than those of the bare gold (111) electrode, confirming that disulfide 3 monolayers
were deposited on the gold surfaces by both LB transfer and self-assembly. The charge densities
of the monolayer built by self-assembly were larger than those of the monolayer deposited by LB
transfer, demonstrating that disulfide 3 molecules had higher surface concentration in the selfassembled monolayer. The  curves calculated according to Eq. 2 using the charge densities data
shown in Fig. 6(A) for LB deposited (blue squares) and self-assembled (red circles) disulfide 3
monolayers are shown in Fig. 6(B). Scanning from positive to negative potentials,  for both
monolayers first increased reaching a maximum value at –0.6 V potential. At more negative
potentials,  values started to decrease demonstrating that monolayers began to desorb from the
gold (111) surface. At E < –1.05 V, the values of  were close to 0, indicating that the disulfide
3 monolayers had totally detached from the gold surface.
The charge number per adsorbed molecule (l) of disulfide 3 monolayer deposited by the LB
transfer as a function of the electrode potential is shown on Fig. 7. The monolayer was transferred
to the gold surface at a surface pressure of 35 mN m-1. According to the compression isotherm
shown in Fig. 5, the mean molecular area of disulfide 3 at 35 mN m-1 was 142 Å2, corresponding
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to the surface concentration ( ) of 1.17 × 10-10 mol cm-2. The value of l was determined by Eq. 5
using the  data of the LB transferred monolayer shown in Fig. 6(B). In the potential region
between –0.6 V and –0.3 V, the values of –l were close to the number of 2 electrons transferred.
Indeed, the adsorption of disulfide 3 (Fig. 2) involves breaking the S-S bond and forming of two
Au-S bonds, thus the number of electrons transferred (n) during the reductive desorption of
disulfide 3 should be 2. In the positive potential region, from –0.3 V to 0.0 V, the values of –l were
around 1.4 to 1.5, which was smaller than the number of electrons transferred. This deviation was
also found in other disulfide monolayers on gold (111) surface, such as DPTL and DPOL [34, 36].
The deviation of –l from the number of electrons transferred to the disulfide is caused by the
solvent substitution nature of desorption as described by Eq. 3. To emphasize this point, the black
triangles in Fig. 7 plot the values of –l calculated with the help of Eq. 4. This equation shows that
the deviation of –l from the number of electrons transferred to the disulfide is caused by the first
two terms in Eq. 3. representing changes in the double layer capacitance due to the solvent
displacement reaction.
The surface concentrations (circles) and mean molecular areas (squares) for disulfide 3
molecules in the self-assembled monolayer as a function of the electrode potential are shown in
Fig. 8. The surface concentrations were calculated based on Eq. 3, assuming that the values of l
determined for the LB monolayer were the same as those of the self-assembled monolayer. In the
potential region between –0.6 V to 0.01 V, the changes in the surface concentration and mean
molecular area were within the experimental uncertainties. The average value of the mean
molecular area of disulfide 3 in this region was 92 ± 9 Å2, and the average surface concentration
was 1.8 ± 0.2 × 10-10 mol cm-2.

19

The mean molecular area of disulfide 3 in the SAM on gold (111) surface (92 ± 9 Å2) was
larger than that of other disulfide SAMs, such as DPTL (81 ± 9 Å 2) and DPOL (72 ± 8 Å2) [34,
36]. DPTL and DPOL have two phytanyl acyl-chains and contain one tetraethylene or octaethylene
glycol chain as the linker, respectively. The disulfide 3 contains one phytanyl chain and two 4deoxy-4 thio-cellobioside molecules in the linker region. The partial molar volumes of
tetraethylene glycol and cellobiose in water (298 K, 1 atm) were reported to be 166 and
211 cm3 mol-1, respectively [49, 50]. Since disulfide 3 contains two molecules of cellobiose, its
linker region is larger (422 cm3 mol-1) than that in DPTL (166 cm3 mol-1) or DPOL (estimated as
twice that of DPTL 332 cm3 mol-1) and lead to a greater mean molecular area. In addition, while
tetraethylene glycol chains in monolayers of DPTL are coiled at a gold surface [51], the two
disaccharides present as linker molecules in disulfide 3 likely adopt the conformation of cellobiose
and remain hydrated [52]. This desired feature of disulfide 3 also contributes to the greater mean
molecular area calculated for the self-assembled monolayer.
3.4 Construction of tBLM on top of disulfide 3 monolayer
Finally, we attempted to build a tBLM based on a disulfide 3 self-assembled monolayer. A
monolayer of disulfide 3 was self-assembled on gold (111) surface at 40 oC as the inner leaflet.
DPhPC was chosen as the outer leaflet due to the structural similarity of its diphytanyl group with
the acyl chain of disulfide 3. The differential capacitance curves of the disulfide 3 monolayer and
DPhPC/disulfide 3 tBLM on the gold (111) surface are shown in Fig. 9. It can be observed that the
tBLM was stable on the gold surface in the potential region between 0.3 V and –0.6 V. The tBLM
began to detach from the gold surface at potentials below –0.6 V, and the capacitance peak
corresponding to desorption of the tBLM appeared at –1.0 V. The minimum capacitance of the
gold electrode with tBLM was 1.3 F cm-2, demonstrating that a DPhPC outer leaflet was
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deposited on top of disulfide 3 monolayer and that the DPhPC/disulfide 3 tBLM had fewer defects
than the disulfide 3 monolayer. This minimum capacitance close to the value of real cell
membranes (around 1 F cm-2) [53], provides an early indication that disulfide 3 is a good
candidate to build a tBLM on gold surface. However, in our case this is the overall capacitance of
the interface that includes the hydrophilic glycolipid spacer and the hydrophobic fragment of the
membrane. Impedance spectroscopy has to be performed to determine capacitances of these
fragments of the tBLM. For the present study, this low value of the overall capacitance is sufficient
to demonstrate that the membrane could be used for further studies of transmembrane proteins.
3.5 AFM measurements
Fig. 10 shows AFM topography and phase images of the DPhPC/disulfide 3 tBLM. The
good molecular resolution of the topography image allows seeing DPhPC molecules arranged into
irregular rows uniformly distributed across the surface. In general, the phase image reveals
differences in interaction between the tip and the sample. The contrast of the phase image in Fig.
10 is uniform which indicates a uniform behavior of the bilayer and absence of any phase
separation in the imaged film. The force spectroscopy was employed to determine the thickness of
the DPhPC/disulfide 3 tBLM. Fig. 11 (A) shows a typical force curve for the DPhPC/disulfide 3
tBLM coated Au(111) surface. When the tip-sample distance was less than 10 nm, the force
increased due to repulsive interactions (primarily coulombic and hydration forces) between the
cantilever tip and the bilayer. When the tip-sample distance approached 5 nm, a discontinuity was
observed followed by a rapid vertical increase of the force, which corresponds to bending of the
tip against a hard wall of the gold surface. Butt et al [54, 55] have shown that the discontinuity in
the force curve provides information about the thickness of the adsorbed film. Histograms of the
“jump-in” distances from the force-distance curves of the DPhPC/disulfide 3 tBLM are presented
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in Fig. 11 (B). The histograms were fit with a Gaussian distribution giving mean “jump-in”
distances of 5.2 ± 0.6 nm. This number confirms that the bilayer was formed on the gold electrode
surface. In fact, prior to tip penetration, a compressive force was applied to the bilayer surface
causing elastic deformation of the adsorbed film. The magnitude of the elastic deformation
depended on the penetration force and the effective Young modulus of the tBLM [56]. For the
DPhPC/disulfide 3 tBLM the value of the Young modulus is not known. However, the magnitude
of the elastic deformation frequently amounted to about 20% of the measured “jump-in” distance
[57]. Therefore, the expected thickness of the the DPhPC/disulfide 3 tBLM amounted ~6.2 ± 0.6
nm. This number is in a good agreement with the thickness of ~7 nm of a bilayer in which the
inner leaflet contained monosialoganglioside, GM1 and was floating on a SAM of 1-thio--Dglucose modified gold (111) surface [14]. It also indicates that DPhPC vesicles spread at the SAM
of disulfide 3 forming the top monolayer in the liquid crystalline state.
3.6 PM-IRRAS studies
In order to further characterize the tBLM, the PM- spectra of the DPhPC/disulfide 3 in the CH stretching region at different electrode potentials were recorded and plotted in Fig. 12A. There
are many bands under this envelope. With the help of the Fourier self-deconvolution procedure,
they were deconvoluted and the result is shown in Fig. 12B. The details of the deconvolution
procedure were described in Ref. [7, 9, 51]. The intensity and peak positions of the C-H stretching
bands are nearly potential independent. The integrated intensity of the s(CH2) and as(CH2) bands
allows to calculate the direction of the transition dipoles of these vibrations with respect to the
gold surface normal with the help of the formula [39]:
cos 2  

A
3 A

exp

d

cal

d

(7)
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where Aexp is the integrated band intensity in the experimentally measured PM-IRRAS spectra and
Acal is the band intensity in the simulated IR spectrum for a film of randomly oriented molecules.
The vectors of the transition dipoles of asymmetric and symmetric CH 2 stretches are orthogonal
to each other and form a 90° angle with the line of a fully extended all-trans hydrocarbon chain.
Therefore, the average tilt angle of the trans fragments of the lipid hydrocarbon chains (chain) can
be calculated from angles as(CH2) and s(CH2) as [38, 58]:

cos2  as  cos2  s  cos2  chain  1

(8)

The value of chain in the DPhPC/disulfide 3 tBLM in the adsorption state is ~ 35o ± 4o. This
value is slightly higher than the values of chain in the DPhPC/DPTL tBLM (31o ± 4o) [59] and
DPhPC floating bilayer (29o ± 5o) [60]. However, these differences are within the experimental
errors. In conclusion, the acyl chains have similar orientation in these three bilayers built from
lipids with phytanyl chains.
PM-IRRAS was also employed to investigate reconstitution of gramicidin A into the
DPhPC/disulfide 3 tBLM. Gramicidin is a neutral linear hydrophobic peptide with alternating L,Damino acids, which is extracted from Bacillus brevis. In the lipid bilayer, gramicidin adopts a β6.3helix dimer (HD) conformation stabilized by six intramolecular hydrogen bonds between two Nend to N-end oriented molecules. This conformation corresponds to ion channel formation
providing conductivity of monovalent cations across the lipid bilayer [61, 62]. Recently we
investigated reconstitution of this peptide into the DPhPC/DPTL tBLM [38] and hence this is an
ideal system to compare the behavior of a protein in these two tethered bilayers. The results of the
previous study indicated that the best condition for formation of ion channels by gA molecules
corresponds to its concentration of 10 mol% [38]. The same concentration of gA was used in the
present study.
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Fig. 13(A) displays the PM-IRRAS spectrum of the gA-DPhPC(10:90)/disulfide 3 tBLM
on gold (111) surface at the potential of 0.0 V vs. Ag/AgCl. The band at ~1735 cm -1 represents the
C=O stretching in DPhPC molecules. The broad spectral features between 1600 and 1700 cm -1
correspond to the amide I band of gA. The deconvoultion of the amide I band is shown in Fig. 13
(B). The strong band (magenta curve) in ~1636 cm-1 corresponds to the 6.3-helix dimmer
structure; while the bands (blue curves) in 1622, 1649, 1659, 1672, 1680 corresponds the 5.6double helix structure [38, 63]. The IR spectrum of the gA-DPhPC(10:90)/DPTL tBLM was
plotted as the black curve in Fig. 12(A). The two spectra are similar; however, the shoulder
corresponding to 5.6-double helix structure is stronger in the spectrum recorded in the
DPhPC/DPTL bilayer. In the DPhPC/disulfide 3 tBLM, the area of the 1636 cm-1 band is ~72% of
the whole amide I band, indicating that the 6.3-helix structure is the predominant secondary
structure of gA. In contrast the area of the band corresponding to the 6.3-helix dimmer is only
~60% in the DPhPC/DPTL tBLM [38] and ~61% in the DMPC bilayer [64]. This result suggests
that gramicidin molecules are better partitioned between the two leaflets in the DPhPC/disulfide 3
bilayer.
The PM-IRRAS spectra of gA at different electrode potentials are displayed in Fig. 14A. The
intensity of the amide I band is almost the same at positive potential (E ≥ -0.2V), and increases a
little at negative potentials (E ≤ -0.4 V). Using the procedure described in [38], tilt angle of the

6.3-helix axis with respect to the surface normal (helix) can be determined from the integrated area
of the 6.3-helix band in the PM-IRRAS spectra. The values of the tilt angle helix are plotted versus
electrode potential in Fig. 14B. They are equal to 24 ± 4o at potentials higher than -0.2V. This
number is ~5o smaller than helix of gA in the gA-DPhPC(10:90)/DPTL tBLM (29 ± 4o) [38].
However, the differences are within the experimental error. The length of 6.3-helical dimer is
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equal to 2.6 nm [65]. The tilt of 24 ± 4o gives projection of the length on the surface normal ranging
from 2.2 to 2.4 nm. These values are comparable to the hydrophobic thickness of the bilayer
estimated to be ~2.5nm [66] indicating a good hydrophobic matching of the inserted peptide and
the DPhPC/disulfide 3 tBLM. At potentials lower than -0.2 V, the tilt angle decreases to ~19o ±
4o. This is the region where the interfacial capacitance starts to increase indicating an onset of
dewetting of the bilayer from the electrode surface.
Fig. 14C shows that the position of the 6.3-helix band is potential independent. In the gADPhPC(10:90)/disulfide 3 tBLM, the peak center of the 6.3-helix band is located at 1636 ± 2 cm1

. In the gA-DPhPC(10:90)/DPTL tBLM its value is 1632 ± 2 cm-1 [38]. The peak center of the

amide I band depends on the transition dipole coupling mechanism (TDC) and the strength of
intramolecular hydrogen bonds between peptide molecules [67]. TDC originates from resonance
interaction between the oscillating dipoles of neighboring amide groups. Lower wavenumber of
the peak center of the amide I band indicates stronger TDC and/or stronger intramolecular
hydrogen bonds. Higher peak center of the 6.3-helix band in the gA-DPhPC(10:90)/disulfide 3
tBLM illustrates weaker TDC for gA in the DPhPC/disulfide 3 tBLM than in the DPhPC/DPTL
tBLM, which means that gA are more stressed in the DPhPC/disulfide 3 tBLM. The stress may be
caused by asymmetric structure of the DPhPC/disulfide 3 tBLM. Its first leaflet consists of
thiolipid with one phytanyl chain while the DPhPC in the second leaflet has two phytanyl chains.
In contrast, in the DPhPC/DPTL tBLM the two leaflets of the hydrophobic fragment consist of
diphytanyl chains. In conclusion, the PM-IRRAS results demonstrate that gramicidin A is
reconstituted into the DPhPC/disulfide 3 tBLM.
4. Conclusion
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Disulfide 3 and thiol 4 were synthesized and monolayers were deposited on gold (111) surface
using self-assembled and LB transfer methods at difference conditions. The differential
capacitance data demonstrated that the disulfide 3 monolayer self-assembled in ethanol was of
higher quality than that self-assembled in methanol. Furthermore, stirring and increased
temperature during the self-assembly improved the quality of the monolayers. The charge number
per adsorbed molecule and surface concentration of disulfide 3 on gold (111) surface was measured
by chronocoulometry. The mean molecular area of disulfide 3 on gold (111) surface was larger
than that of other disulfides, such as: DPOL and DPTL, which have two phytanyl groups but
smaller linker in the molecule structure. The quality of the thiol 4 SAMs on gold (111) surface was
poor due to its higher water solubility. A DPhPC/disulfide 3 tBLM was built by vesicle fusion of
DPhPC on top of the disulfide 3 SAM. The minimum capacitance of the resulting DPhPC/disulfide
3 tBLM (1.3 F cm-2) was close to the value of a real cell membrane and the AFM force
spectroscopy measurements showed that the DPhPC/disulfide 3 tBLM had a thickness of 6.2± 0.6
nm consistent with the thickness expected for a bilayer. The PM IRRAS studies of gramicidin A
incorporation into the tBLM demonstrated that the peptide is reconstituted into the two leaflets of
the bilayer. These results show that such tBLM is a good model for studies of transmembrane
proteins on a gold surface.
Supporting Information
SI1.pdf: General synthetic methods and analytical data for compound 3–4 7, 10, 11 and Fig. S1
that displays the differential capacitance curves of thiol 4 monolayers self-assembled in ethanol at
20 oC and 40 oC. SI2.pdf: 1H, COSY, 13C and HSQC, NMR spectra for compounds 3–4, 7, 10 and
11.
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35

Au

Figure 1 Schematic representation of construction of the tBLM and role of the pseudo-glycolipid
molecules. For simplicity the phythanyl chains of the disulfide and DPhPC are shown as all- trans
stretched. In reality they are in the liquid crystalline state and are melted.
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Figure 2 Chemical structures of different pseudo-glycolipid molecules.
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Figure 3 Differential capacitance curves of disulfide 3 monolayers on gold (111) surface selfassembled in methanol (black) and ethanol (red) at room temperature. Electrolyte: 0.1 M aqueous
KClO4.
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Figure 4 Differential capacitance curves of disulfide 3 monolayers self-assembled in ethanol at
room temperature with (blue) and without (black) stirring, and differential capacitance curves of
disulfide 3 monolayers self-assembled in ethanol at 40 oC (red) without stirring. Electrolyte: 0.1
M aqueous KClO4.
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Figure 5 Compression isotherm of disulfide 3 at the air-subphase interface. The disulfide 3
monolayer was transferred at a surface pressure of 35 mN·m -1.
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Figure 6 (A) Charge densities curves of bare gold (111) surface (black), and disulfide 3
monolayers deposited by: LB transfer (blue), self-assembly in ethanol at 40 °C without stirring
(red). (B) Charge density differences between the covered and bare gold surface for LB deposited
(blue) and self-assembled (red) monolayers. Electrolyte: 0.1 M aqueous KClO 4.
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Figure 7 Charge number per adsorbed molecule (l) of disulfide 3 monolayer deposited by LB
transfer as a function of the electrode potential calculated by Eq. 5 (red circles) and Eq. 4 (black
triangles).
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molecules in the self-assembled monolayer as a function of the electrode potential.
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Figure 9. Differential capacitance curves of disulfide 3 monolayer (black) and DPhPC/ disulfide
3 tBLM (red) on gold (111) surface. Electrolyte: 0.1 M aqueous KClO 4.
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Figure10 AFM topography and phase images of the DPhPC/ disulfide 3 tBLM assembled at the
Au(111) electrode surface at E~0.1 V vs. Ag/AgCl in 0.1MNaF solution.
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Figure 11 (A) A representative force-distance curve for the gold (111) electrode covered by
DPhPC/ disulfide 3 tBLM measured in a 1 mM NaF electrolyte at temperature 22 ± 2 o C. (B)
Histograms of the width of the jump-in region on the force distance curves.
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Figure 12 A) PM-IRRAS spectra of the DPhPC/disulfide 3 tBLM in the C-H stretching region
recorded at different electrode potentials. The top dashed line represents the simulated spectrum
for a randomly oriented DPhPC/disulfide 3 bilayer. B) Deconvolution of the broad spectral
envelope into the individual bands and bands assignment.
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Figure 13 (A) PM-IRRAS spectra of 10% gA in the DPhPC/disulfide 3 tBLM (red) and
DPhPC/DPTL tBLM (black) in 0.1 M KClO4/D2O, E = 0.0 V vs Ag/AgCl. (B) Deconvolution
result of the amide I and C=O bands in the gA-DPhPC(10:90)/disulfide 3 tBLM. The magenta
curve corresponds to the 6.3-helix dimmer structure, and the blue curves represent the 5.6-double
helix structure.
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Figure 14 (A) PM-IRRAS spectra of gA-DPhPC(10:90)/disulfide 3 tBLM in the amide I region
recorded at different electrode potentials. The top dashed line represents the simulated spectrum
for a randomly oriented gA-DPhPC(10:90)/disulfide 3 bilayer. (B) Tilt angle, helix and (C) peak
center of the 6.3-helix band in the gA-DPhPC(10:90)/disulfide 3 tBLM as a function of the
electrode potential.
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