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ABSTRACT: A comprehensive understanding of physical and
chemical processes at biological membranes requires the
knowledge of the interfacial electric field which is a key
parameter for controlling molecular structures and reaction
dynamics. An appropriate approach is based on the vibrational
Stark effect (VSE) that exploits the electric-field dependent
perturbation of localized vibrational modes. In this work, 6-
mercaptohexanenitrile (C5CN) and 7-mercaptoheptanenitrile
(C6CN) were used to form self-assembled monolayers
(SAMs) on a nanostructured Au electrode as a simple mimic
for biomembranes. The CN stretching mode was probed by
surface enhanced infrared absorption (SEIRA) spectroscopy to
determine the frequency and intensity as a function of the electrode potential. The intensity variations were related to potential-
dependent changes of the nitrile orientation with respect to the electric field. Supported by electrochemical impedance
spectroscopy, molecular dynamics simulations, and quantum chemical calculations the frequency changes were translated into
profiles of the interfacial electric field, affording field strengths up to 4 × 108 V/m (C6CN) and 1.3 × 109 V/m (C5CN) between
+0.4 and −0.4 V (vs Ag/AgCl). These profiles compare very well with the predictions of a simple electrostatic model developed
in this work. This model is shown to be applicable to different types of electrode/SAM systems and allows for a quick estimate of
interfacial electric fields. Finally, the implications for electric-field dependent processes at biomembranes are discussed.

■ INTRODUCTION

Many processes at biological membranes are controlled by
variations of the transmembrane potential. This is most obvious
for voltage-gated ion pumps and channels for which the specific
functions can readily be linked with experimentally accessible
voltage changes across membranes.1−3 The underlying
molecular cause-action mechanisms are by far not fully
understood, despite the progress in structural analysis. To
elucidate how a change of the transmembrane potential of tens
of millivolts activates the molecular machines, requires a more
detailed consideration of the potential distribution across the
lipid bilayer. In fact, due to the additional contributions of the
surface and dipole potentials, the total potential does not vary
linearly from one side of the membrane to the other.4

Particularly, in the interfacial regions, there are sharp potential
drops over short distances which correspond to high local
electric fields of up to 109 V/m. Such high electric fields are
capable of affecting molecular structures and the transfer of
charges,5−8 suggesting that the modulation of local electric
fields via the transmembrane potential constitute the physical
trigger for molecular changes that activate ion pumps or open
ion channels. A similar mechanism may also hold for
membrane-attached proteins that are assumed to function in

response to membrane potential changes. Albeit plausible, this
interpretation requires further substantiation by quantifying the
magnitude of the electric field strength, which in view of the
complex composition of natural membranes represents a
formidable challenge. In this respect, efforts were made to
use membrane models that mimic essential structural and
electrical features of the natural template but are easier to
investigate.9

Convenient membrane models are based on electrodes that
are coated with layers of amphiphiles, including mono- or
bilayers with incorporated or peripherally bound proteins.9−12

Here the potential at the supporting electrode is the parameter
to alter the electric field across the model membrane. Studies
on biomimetic membranes have indeed provided evidence for
voltage-dependent processes of proteins and peptides.13−18

Using Au or Ag as a supporting electrode, these devices offer
the additional advantage of applying electrochemical and
surface-sensitive spectroscopic techniques. Among them, sur-
face enhanced Raman (SER) and surface enhanced infrared
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absorption (SEIRA) spectroscopy play a particularly important
role since they selectively probe immobilized molecular species
and their structural response to electric field changes.5−8,14−19

Vibrational spectroscopic methods can also be used to
quantify the field strength based on the vibrational Stark effect
(VSE).20 The VSE describes the perturbation of vibrational
energy levels by the electric field according to
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where Δμ⃗ is the difference dipole moment (between the
ground and excited vibrational states), Δα the difference
polarizability, and v0 is the frequency in the absence of an
external electric field E⃗f. For electric field strengths below 1010

V/m, the quadratic term can be neglected,20 and then the
frequency varies linearly with the electric field according to

μ θ≅ − | ⃗|·| ⃗ |·v v v E cos0 f (2)

where θ is the angle between vectors of the difference dipole
moment and the electric field.
Widely used VSE reporter groups are nitrile functions which

give rise to a characteristic IR-active mode around 2250
cm−1.20−38 This mode is an essentially pure CN stretching
vibration such that the difference dipole moment is oriented
along the bond axis pointing from the negative partial charge
on the nitrogen to the positive one on the carbon atom. Unlike
probes based on electronic transitions,4 the small size of the
VSE reporter group offers the advantage of mapping electric
fields with a high spatial resolution in the range of molecular
bond lengths and with a much lower perturbation of the system
of interest. Furthermore, the CN stretching mode is
observed in a spectral region usually free of other interfering
vibrational modes. Thus, it can be detected even in biological
macromolecules and has been successfully employed to
determine local electrostatics in proteins and enzymes in
solution and even immobilized on membrane ana-
logues.21,23−28,30−32,37,38

The present work is dedicated to the electric field analysis at
biomimetic membranes, focusing on self-assembled monolayers
(SAMs) of amphiphiles as the simplest models for biological
interfaces. We have studied SAMs of nitrile-terminated
mercaptans on Au electrodes by SEIRA spectroscopy and
electrochemical impedance spectroscopy (EIS), complemented
by theoretical methods to determine the electric field at the
SAM/solution interface as a function of the electrode potential
E. The results were compared with the predictions of an
electrostatic model for the interfacial potential distribution and
related to earlier SER-spectroscopic results on nitrile-
terminated SAMs.33−36 Finally, we briefly discuss the
implications of the present findings for the electric field control
of biological processes at biomimetic and natural membranes.

■ MATERIALS AND METHODS
Materials. For the synthesis of di(6-hexanenitrile)-disulfide

or di(7-heptanenitrile)-disulfide, the respective 6-bromohex-
anenitrile (1 equiv) or 7-bromoheptanenitrile (1 equiv) was
added to a solution of borhydride exchange resin (1 equiv) and
sulfur powder (1 equiv) in methanol at ambient temperature.
After stirring for 10 min, the resin was filtered off and methanol
was removed under reduced pressure and lyophilized to remove
the water residues. The resulting oil was purified by HPLC. The
purity of the products, di(6-hexanenitrile)-disulfide and di(7-

heptanenitrile)-disulfide were checked by standard analytical
techniques (Supporting Information). These disulfides dis-
sociated into thiolates, which correspond to the thiol species 6-
mercaptohexanenitrile (C5CN) and 7-mercaptoheptanenitrile
(C6CN), upon self-assembly on the Au surface due to the
formation of Au−S bonds. All chemicals used for the synthesis
and for spectroscopic experiments, including n-mercaptobu-
tylnitrile (C4CN) and acetonitrile (ACN), were of highest
purity grade available.

Spectroscopy. Nanostructured Au films were generated by
electroless deposition39 on a trapezoidal-shaped ATR-IR silicon
crystal (W × L × H = 20 × 25 × 10 mm3). The SAM was
formed on the Au film upon immersing the coated ATR-crystal
in a 1 mM solution of the disulfides or the thiol in ethanol.
SEIRA spectra were measured using a Bruker Tensor27
spectrometer or an IFS66v/s FTIR-spectrometer equipped
with a MCT photoconductive detector and a Kretschmann-
ATR setup adjusted to an angle of incidence of 60°. IR spectra
of the nitriles in solution were measured with an ATR setup
which consisted of the same homemade cell as for SEIRA
measurements but lacking the Au-film on the ATR-IR silicon
crystal, or with a thin-layer transmission sandwich cell using the
Bruker IFS66v/s or Tensor27 FTIR-spectrometer. All spectra
were recorded between 1000 and 4000 cm−1 with a spectral
resolution of 4 cm−1.

Electrochemistry. Electrochemical experiments were per-
formed using a μAutolabII/FRA2 instrument controlled via the
FRA and GPES software for EIS and cyclic voltammetry (CV).
The three-electrode system consisted of the Au film as the
working electrode (geometrical area 0.67 cm2 with a roughness
factor of 2.4, corresponding to a real area of 1.6 cm2), a Pt
counter electrode, and a Ag/AgCl (3 M KCl) reference
electrode, to which all potentials cited in this work refer to.
Potential-dependent EIS was performed from +0.4 to −0.4 V in
a frequency range from 0.05 Hz to 100 kHz. CVs were
measured between +0.4 and −0.4 V at scan rates of 0.2 V s−1.
Between these limiting potentials, the SAMs were found to be
stable and thus this range was also used in all other
electrochemical and spectroelectrochemical experiments,
which were carried out in solutions at pH 7.0 (30 mM
phosphate buffer).

Calculations. DFT calculations were carried out using the
B3LYP functional. For geometry optimization, the 6-311G*
basis set was used. The optimized structure was oriented with
the CN bond along the z-axis for the optimization using the
keywords “opt = tight” and “int = ultrafine” and anharmonic
frequency calculation with B3LYP/6-311++G**, while apply-
ing different electric field strengths along the z-axis. To
consider the effect of different solvents on the CN stretching
frequency, the calculations of acetonitrile were carried out
specifying the respective solvent permittivity within the SCRF
model of Gaussian09. In this model, the solvent is described
due to Onsager’s reaction field theory.
All-atom molecular dynamics (MD) simulations were carried

out with C5CN and C6CN SAMs on Au surfaces in aqueous
solution. Each model contained 672 monomers which were
covalently linked via the sulfur atoms to the Au(111) surface
and the chains were initially tilted by ca. 30° with respect to the
surface normal. The sulfur atoms were arranged in a √3 × √3
lattice on the Au surface which resulted in minimal neighboring
distances corresponding to the experimentally determined value
of 4.98 Å.40 In order to maintain this coverage pattern, all sulfur
and gold atoms were fixed at their positions during the
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simulations. Au atoms were treated as uncharged and were
simulated with van der Waals parameters derived by Bizzarri et
al.41 The SAM backbone was treated with the CHARMM force
field for lipids,42 and the parameters for the nitrile group were
adopted from the CHARMM General force field.43 The
generated surfaces were solvated in TIP3P water boxes (ca.
120 × 120 × 110 Å3),44 and the experimentally used ionic
strength was mimicked by addition of Na+ of Cl− ions.
The subsequent all-atom MD simulations were carried out

with NAMD2.10,45 using the CHARMM force field as
described above. After minimizing the energy (30 000 steps),
heating to 300 K (42 ps), and thermally equilibrating the
surface−solvent systems (60 ps), the models were subjected to
15 ns long production runs. During the preparation, position
constraints on all heavy atoms (25 kcal·mol−1·Å−2) were
stepwise released. The following production dynamics was
carried out without constraints except for the fixed atom
positions (vide supra). During the 15 ns simulation, the
number of particles (N), pressure (p = 1 atm), and temperature
(T = 300 K) were kept constant using Langevin piston
dynamics.46 Additionally, no volume fluctuation along the
surface plane was allowed to maintain the perfect lattice of the
sulfur atoms in the periodic system. Real space electrostatics
and van der Waals interactions were truncated above 12 Å.
Long-range electrostatics was calculated with the Particle Mesh
Ewald summation.47 The applied time step of 2 fs was allowed
by restraining all bonds including hydrogen with the SHAKE
algorithm.48

For analyzing the geometric properties of the SAMs and the
resulting hydrogen bonds between the nitrile label and water

molecules, VMD1.8.6 was used.49 Hydrogen bonds were
defined by the criteria that the donor−acceptor distance was
smaller than 3.5 Å and the donor−hydrogen−acceptor angle
smaller than 30°.

■ RESULTS

Electrochemical Measurements. Potential-dependent
EIS measurements were performed between +0.4 V and −0.4
V. Cole−Cole plots were obtained by taking into account the
effective Au surface area of 1.6 cm2 (Figure 1A, C). To exclude
effects based on model-dependent fitting, the potential-
dependent interfacial capacitance CI was obtained graphically
from the radii of the semicircles, multiplied by a factor two
(Figure 1B, D).50,17 Depending on the quality of the SAM and
the surface area, the capacitance varies for different measure-
ments of the same type monolayer (see Supporting
Information, Figure S1). This is reflected by the CI values
which, at the minima of the Ci = f(E) curves, were found
between 5 and 8 μF/cm2 and between 5 and 13 μF/cm2 for
C5CN and C6CN, respectively. The values are within the range
of previously reported data.51,52

IR Spectroscopic Experiments. Several methods have
been used to determine the difference dipole moment (Stark
tuning rate).20 One experimental approach employed also in
this work is based on Onsager’s reaction field theory.
Accordingly, the solute occupies a spherical cavity inside a
continuous dielectric medium represented by the solvent. The
average electric field F⃗ons (in SI units) created by a solvent can
be calculated as a function of solute and solvent properties
according to

Figure 1. EIS measurements of C5CN- (A, B) and C6CN-SAMs (C, D) on nanostructured Au electrodes. Panels (A) and (C) show a selection of
Cole−Cole plots at different potentials: 0.4 V (black ■), 0.3 V (blue □), 0.25 V (olive ●), 0.2 V (orange ○), 0.1 V (red ▲), 0.0 V (magenta ▼),
−0.05 V (gray ◇), −0.15 V (black ◇), −0.25 V (blue ▼), −0.35 V (olive ▲). Panels (B) and (D) represent the resultant capacitance vs potential
plots for C5CN and C6CN, respectively.
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where Na, ε0, ρ, and M are the Avogadro number, the
permittivity in vacuo, the density of the solute, and its
molecular weight, respectively. The static dielectric constant (ε)
describes the capacity of the solvent to be polarized and the
refractive index (n) represents the capacity to polarize its
environment (see Supporting Information, Table S1). The
property of the solute is considered via the gas-phase dipole
moment in the ground state (μ0). Using eq 3, the reaction fields
can be calculated for different solvents, which were used for IR
measurements of the CN stretching frequency. For these
experiments, we have employed acetonitrile (ACN) due to its
solubility in a large range of solvents, in contrast to C5CN and
C6CN. As expected from eq 3, the frequencies follow the
reaction field strength in an approximately linear behavior with
a slope of 1.3 × 10−9 cm−1/(V·m−1) that corresponds to the
modulus of the Stark tuning rate (Figure 2B). This is true for

solvents that have no hydrogen-bonding capacities. In fact, such
specific interactions exert a strong influence on the CN
stretching frequency, which is known to be larger than the VSE
itself.20,26,53,54 To determine this effect quantitatively, we have
measured the spectra of ACN and n-mercaptobutylnitrile
(C4CN) in aqueous buffer solution (pH 7.0, as used for SEIRA
experiments, vide infra).
Comparing the frequencies with those determined in

propylene carbonate, which exhibits a very similar albeit not
identical reaction field as water according to eq 3, we note an
upshift from propylene carbonate to H2O by 7.8 and 8.3 cm−1

for ACN and C4CN, respectively (Figure 3). Using the fit of eq
3 to the experimental data in Figure 2B, the expected CN
frequency for the reaction field of water is 2251.2 cm−1 (based
on the Onsager model in absence of hydrogen bonds),
corresponding to a frequency difference of 8.9 cm−1 compared
to the experimental value in aqueous solution.
Thus, we conclude that for both ACN and C4CN the

frequency upshift due to hydrogen bonding interactions is ca.

8.5 cm−1 in average. Indeed, after correction by this quantity,
also the frequencies of ACN in methanol, ethanol, and
propanol follow the linear relationship in Figure 2B. Similar
hydrogen-bonding induced frequency upshifts have also been
determined for other nitrile compounds indicating that
hydrogen bonding effects are localized on the nitrile function
and represent an incremental contribution to the total
frequency shift.20,26,53,54 Furthermore, previous results also
indicated that the Stark tuning rates for H-bonded and non-H-
bonded nitriles display similar values.26 Note that the
bandwidth (fwhm) of C4CN (but not of ACN) is significantly
increased in H2O (15 cm−1) compared to PC (10 cm−1)
(Figure 3). Such an effect was described before and attributed
to different interactions of the nitrile group with the solvent,
either via the π-orbital or the p-orbital on the nitrogen,55 or due
to different angles of the H-bond in respect to the CN axis.

Density Functional Theory Calculations. DFT calcu-
lations were carried out in two directions. First, the CN
stretching frequency was calculated for ACN in different
solvents using the implicit solvent model provided by
Gaussian09. These data afford a slope of 0.9 × 10−9 cm−1/
(V·m−1) (Figure 2A) which is smaller by a factor of 1.3 than the
Stark tuning rate derived from the experimental data (Figure
2B). Note that the calculated CN stretching frequencies are
distinctly higher than the experimental frequencies due to the
intrinsic errors of the DFT calculations. However, these errors
are systematic such that their effect on the reaction field
dependence can be neglected. Second, DFT calculations were
carried out for C5CN and C6CN in vacuo by employing
external electric fields. Here the optimized structures were
oriented to bring the nitrile bond axis parallel to the direction
of the electric field. This configuration served as the starting
point for the calculation of the anharmonic CN stretching
frequencies. Figure 4 shows a decrease of the stretching
frequencies with increasing electric field strength which can be
described by a linear function. For both C5CN and C6CN, the
slope of the function, i.e., the Stark tuning rate, is determined to
be 3.9 × 10−9 cm−1/(V·m−1).

Figure 2. Dependence of the CN stretching frequency of
acetonitrile on the average reaction field Fons provided by different
solvents as determined by eq 3. (A) Frequencies obtained from DFT
calculations; (B) experimentally determined frequencies from IR
measurements. The data points from left to right refer to isopentane,
n-hexane, n-heptane, cyclohexane, tetrachlormethane, tetrahydrofuran,
dichlormethane, propanol, acetone, ethanol, methanol, dimethyl
sulfoxide, and propylene carbonate. The frequencies determined in
solutions of the three alcohols were corrected for the hydrogen
bonding effects by −8.5 cm−1 (see text and Supporting Information for
further details).

Figure 3. Nitrile stretching modes of (A) ACN and (B) C4CN in
propylene carbonate (black trace) and aqueous solution (blue trace,
buffered to pH 7.0).
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SEIRA Experiments. Potential-dependent SEIRA measure-
ments were performed starting at +0.4 V and then decreasing
the potential in steps of 0.1 V to −0.4 V (Figure 5).

For both C5CN and C6CN, the frequencies decrease with
decreasing potential concomitant with an increase of the band
intensity. These potential-dependent spectral changes were
found to be fully reversible and experiments with different
electrode preparations afforded the same results within the
experimental accuracy, demonstrating the high reproducibility
of the SEIRA experiments. The spectra were analyzed by fitting
Gaussian functions to the experimentally observed bands. It
turned out that despite the slightly asymmetric band shape a

single Gaussian function provided a satisfactory fit that was not
significantly improved by including further Gaussian functions.
The results of spectra analysis are shown in Figure 6. The data
reveal a linear potential-dependence of the SEIRA intensity
whereas the potential-dependent frequency changes follow a
nonlinear behavior.

Molecular Dynamics Simulations. For both C5CN and
C6CN SAMs the model comprised 672 monomers attached to
the surface in a regular array. After equilibration, the average
angles φ between the CN bond axes and the surface normal
were determined for each monomer during entire simulation
period of 15 ns. The resulting angles were averaged over all
monomers leading to ca. 68° and 63° for C5CN and C6CN,
respectively (Figure 7A).
As a control, we also determined the average angles for the

last 5 ns simulation which afforded same results. For C5CN, the
simulations demonstrated a narrow distribution with a sharp
maximum, indicating a homogeneous and stable configuration
of the SAM on the surface. In contrast, the distribution for
C6CN was much broader, independent of the time window of
the simulation, including a substantial fraction of monomers
with CN inclination angles smaller than 63°. The different
orientational flexibilities of the nitrile functions in C5CN and
C6CN are accompanied by different hydrogen bonding
contacts with water molecules, setting the limits for hydrogen
bonding to a distance of 3.5 Å to the nitrile nitrogen and an
angle (CN−H−OH) of 30°. Thus, one obtains, on the
average, 0.57 and 0.63 hydrogen bonds per SAM molecule for
C5CN and C6CN, respectively (Figure 7B). These values have
to be compared to the respective monomers in solution for
which a value of 0.94 was determined.

■ DISCUSSION
To translate the frequency shifts into local electric fields
according to eq 2, we need to know the CN stretching
frequency at zero electric field (ν0), the Stark tuning rate |Δμ⃗|,
and the angle θ between the difference dipole moment of the
nitrile function and the electric field. Here, ν0 can be set equal
to the frequency at Epzc,eff, i.e., the electrode potential at which
the electric field at the SAM/solution interface is zero.

Effective Potential of Zero Charge. The potential-
dependence of the interfacial capacitance, as derived from the
EIS experiments (Figure 1), allows for determining the effective
potential of zero charge, corresponding to the potential of
minimum capacitance.56 The shape of these curves varied
somewhat from measurement to measurement as has been
noted by Becka and Miller.56 These authors attributed the
limited reproducibility mainly to the incorporation of impurities
and ions into the SAM. Such effects may be particularly relevant
when, concomitant to inevitable differences of the (sub)-
nanoscopic roughness of the electrode surface in the individual
experiments, the amount of defects of the SAM is altered.
However, despite these variations, a single minimum at ca.
+(0.2 ± 0.05) V was identified for C5CN SAMs. In contrast,
the C6CN SAMs afforded two usually poorly defined minima at
ca. +0.1 and −0.2 V. Thus, we conclude that the double-well
shape of the capacitance curve is mainly related to the specific
properties of the C6CN SAM. In fact, MD simulations
indicated a distinct difference between C5CN and C6CN
SAMs. Whereas the C5CN SAM adopted a highly homoge-
neous structure as reflected by the narrow distribution of the
nitrile tilt angle with respect to the surface normal (68° with
Δφ ≅ 10°; Figure 7A), the much broader distribution for the

Figure 4. Calculated nitrile stretching frequencies of C5CN (blue) and
C6CN (red) as the function of the electric field EF. The DFT
calculations refer to the molecules in vacuo and the external electric
field was oriented along the CN bond. The solid line represents the
least-squares fit to all calculated frequencies.

Figure 5. Potential-dependent SEIRA spectra in the CN stretching
region of (A) C5CN and (B) C6CN SAMs on an Au electrode.
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C6CN SAM (Δφ > 35°; Figure 7A) points to a substantial
structural heterogeneity, which may be further enhanced by the
nanostructured morphology of the Au support. The broader
distribution of the tilt angle φ is also consistent with the larger
bandwidth of the CN stretching for C6CN than for C5CN
(20 vs 16 cm−1; Figure 5).

For a qualitative discussion of the effective potential of zero
charge we consider the incremental contribution of the SAM
and the SAM/solution interface ΔΦSAM to Epzc,ef f according to

= + ΔΦE Epzc,eff pzc SAM (4)

where Epzc is the potential of zero charge of the bare
polycrystalline Au, for which a value of +0.06 V was
determined.57 For methyl-terminated SAMs, the quantity
ΔΦSAM is mainly controlled by the dipole moment contribution
of the alkylthiol that may be approximated by the dipole
moment of the respective neutral radical thiol.58 The direction
of this dipole moment points from the Au surface to the
solution. Its modulus was calculated to increase with increasing
chain length, which thereby results in an increasing negative
shift of Epzc,eff (ΔΦSAM < 0).59 On the basis of this data and
assuming that this tendency also holds for nitrile-terminated
SAMs, one would estimate that Epzc,eff of Au/C6CN is more
negative by 0.1 V than Au/C5CN solely due to the longer alkyl
chain. However, the polar nitrile group provides an additional
contribution to the overall dipole moment of opposite sign
such that ΔΦSAM may become positive and thus affords an
upshift of Epzc,eff compared to Epzc for both C5CN and
C6CN.54,60 Consequently, one can rationalize the Epzc,eff value
of +0.2 V for Au/C5CN. Taking into account the chain-length
dependent decrease of ΔΦSAM by 0.1 V one would therefore
expect Epzc,eff ≈ + 0.1 V for Au/C6CN which in fact
corresponds to the faint capacitance minimum at more positive
potentials (Figure 1D). According to this interpretation, the
contribution of the nitrile function to the overall dipole
moment of the SAM should depend on the tilt angle φ.
Therefore, the second minimum at more negative potentials in
Figure 1D is tentatively attributed to a domain of the C6CN
SAM that is characterized by larger tilt angles (see Figure 7A)
and thus negligible contributions of its dipole moment to
ΔΦSAM, resulting in a net downshift of Epzc,eff compared to Epzc.

Figure 6. Potential-dependent changes of the frequencies (top) and intensities (bottom) of (A, C) C5CN and (B, D) C6CN SAMs derived from the
SEIRA measurements (Figure 5). The solid lines represent linear and nonlinear fits to the experimental intensity and frequency data, respectively, as
described in the Discussion section.

Figure 7. Distribution of (A) the tilt angle φ of the CN bond with
respect to the surface normal and (B) the number of hydrogen
bonding contacts as derived from the MD simulations. The blue and
red data refer to C5CN and C6CN, respectively.
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This latter population of the C6CN SAM, however, would
hardly be detectable in the SEIRA experiments since the surface
enhancement of the CN stretching mode scales with
(cos φ)2 (vide infra).61 Consequently, for the following analysis
of the SEIRA spectra, we will assume Epzc,eff to be +0.2 and +0.1
V for C5CN and C6CN, respectively.
To our knowledge, there is only one published study on the

potential of zero charge of polycrystalline Au coated by SAMs
of nitrile-terminated alkylthiols.62 Using the electrowetting
technique, these authors reported a value of ca. + 0.24 V for
C11CN that falls in the range of those determined in this work
(vide supra). This concordance lends further credence to the
present results and supports the applicability of the EIS
approach for Epzc,eff determination. Note that also for methyl-
terminated SAMs different techniques (immersion technique,
electrowetting, and differential capacitance measurements)
provided a similar agreement (e.g., ca. − 0.4 ± 0.1 V for
C11CH3), whereas significant deviations are noted when the
same methods were applied to hydroxyl-terminated SAMs
(ΔEpzc,eff ≈ 0.5 V).56,58,62,63 Possibly, the Epzc,eff determination
depends more sensitively on the method if the terminal
functions have hydrogen-bond donor properties.
The Nitrile Stretching Frequency at |E⃗f| = 0. The

frequencies at zero electric field refer to the frequencies at
Epzc,eff and thus can be obtained from frequency-potential plots
(Figure 6A,B), affording 2252.5 and 2250.8 cm−1 for C5CN
and C6CN, respectively. The different values for ν0 can be
rationalized in terms of “odd−even” and hydrogen bonding
effects. First, according to previous data on alkylnitriles,64 the
intrinsic nitrile stretching frequency in aprotic solvents of
C6CN monomers is expected to be lower by ca. 4 cm−1 than
that of C5CN. This difference is two times larger than that of
the experimentally determined ν0 values (1.7 cm−1). However,
hydrogen-bonding interactions, which cause an upshift of the
CN stretching frequency, are different for C6CN than for
C5CN. Taking the average contacts of the nitrile function with
water molecules as a measure for the strength of hydrogen
bonding interactions, one would expect a larger hydrogen-bond
induced frequency upshift for C6CN SAMs (Figure 7B), such
that the different zero-field frequencies can readily be
understood.
Stark Tuning Rate. The Stark tuning rate can be obtained

using various techniques,20 i.e., using vibrational Stark spec-
troscopy (VSS) in a frozen glass, solvatochromic IR measure-
ments, or quantum chemical calculations. Each method is
associated with intrinsic limitations. While VSS represents the
most direct measurement, the result, |Δμ⃗|·f, contains the local
field factor f, which is assumed to be f ≈ 1.5−2.5.20,65 For the
nitrile function, |Δμ⃗|·f was determined to be 4.3 × 10−9 cm−1/
(V·m−1), or |Δμ⃗| ≈ (2.3 ± 0.6) × 10−9 cm−1/(V·m−1) after
correction for f.66 In this work, we have determined the Stark
tuning rate |Δμ⃗| experimentally by solvatochromism analysis
and DFT calculations. Both methods provide a direct measure
for |Δμ⃗|, but also suffer from considerable pitfalls as recently
discussed by Fried and Boxer.20 The value obtained by DFT
calculations is assumed to be overestimated by ca. 25%.
Accordingly, the “real” value would be ca. 3 × 10−9 cm−1/(V·
m−1) instead of 3.9 × 10−9 cm−1/(V·m−1) which is in good
agreement with the value determined for ACN by first-principle
methodology.67

The Stark tuning rate derived from the solvatochromism
analysis using Onsager theory (Figure 2B) is also assumed to be
slightly overestimated due to the neglect of higher order

(polarizability) effects.20 However, at the same time, further
underlying assumptions of the Onsager eq (eq 3) may be
questioned, such as the “spherical cavity” assumption and the
lack of specific solute−solvent interactions. Deviations from the
spherical shape of the cavity, for instance, may instead lead to
an underestimation of the resultant Stark tuning rate. This
becomes apparent in the case of benzonitrile, where
solvatochromism yielded a Stark tuning rate of 1.43 × 10−9

cm−1/(V·m−1) (after correction for the missing factor of 4π/3
in the Onsager equation in ref 22; see also ref 20), but the value
obtained from VSS yielded |Δμ⃗| ≈ 3.2 × 10−9 cm−1/(V·m−1)
based on |Δμ⃗|·f = 6 × 10−9 cm−1/(V·m−1). A similar
underestimation by a factor of ca. 2 (±0.9; based on the fields
calculated for DMSO) results also for different carbonyls when
comparing results from VSS and solvatochromism.65 Thus,
multiplying this factor of ca. 2 to the value of 1.3 × 10−9 cm−1/
(V·m−1) determined for acetonitrile from solvatochromism and
Onsager theory in this work, we obtain a corrected value of ca.
2.6 × 10−9 cm−1/(V·m−1). The same uncertainties hold when
employing the Onsager equation on the basis of DFT-
calculated frequencies, together with the polarizable continuum
model (Figure 2A). Here, an even lower Stark tuning rate is
obtained, i.e., 0.9 × 10−9 cm−1/(V·m−1), which again may need
to be corrected by the same factor of ca. 2 to result in 1.8 ×
10−9 cm−1/(V·m−1).
All of the corrected values for the Stark tuning rate are close

or within the limits of the value obtained by VSS, i.e., |Δμ⃗| ≈
(2.3 ± 0.6)·10−9 cm−1/(V·m−1). Thus, for the following
analysis, we will use the (“corrected”) DFT-calculated value of
3.0 × 10−9 cm−1/(V·m−1), which represents the upper limit for
the Stark tuning rate of aliphatic nitriles, so that in turn the
resultant calculated electric fields in this work represent a lower
limit.

Potential-Dependence of the SEIRA Intensities. The
SEIRA intensity varies linearly with the electrode potential
(Figure 6C,D). Since the surface enhancement of the IR
absorption scales with (cos φ)2,61 i.e.,

φ=I B (cos( ))SEIRA s
2

(5)

with Bs being a proportionality constant, this variation is likely
to reflect the potential-dependence of the tilt angle φ which
one may approximate by a linear function

φ φ= + −E b E E[cos( ( ))] [cos( )] ( )2
0

2
pzc,eff (6)

with φ0 as the tilt angle at Epzc,eff and b a proportionality
constant. Combining eqs 5 and 6 leads to

φ= + −I B B b E E[cos( ) ] ( )SEIRA s 0
2

s pzc,eff (7)

The average tilt angles determined by MD simulations refer
to the case of zero electric field and hence correspond to φ0.
Using these values, linear fits to the intensity vs potential plots
in Figure 6C,D can then be used to determine the constants Bs
and b (Supporting Information, Table S2). For both SAMs, one
obtains very similar results for the potential-dependent
orientation of the nitrile function with b equal to ca. −0.12 V−1.

Potential-Dependence of the Nitrile Stretching Fre-
quency. To analyze the potential-dependent frequency
changes in the SEIRA experiments (Figure 6A,B), we need to
relate the electrode potential with the local electric field EF at
the position of the nitrile functions, i.e., at the SAM/solution
interface. This correlation is based on a description of the
potential drops across the electrode/SAM/solution interfaces,

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.7b08434
J. Phys. Chem. C 2017, 121, 22274−22285

22280

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b08434/suppl_file/jp7b08434_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.7b08434


originally designed by Smith and White,68 and later further
expanded in our group.69,54 In the present work, we extend this
model to account for the different polarities of the alkyl chains
of the SAM and the headgroup region to describe the electric
field at the CN group more accurately and obtain (see the
Supporting Information)

ε ε κ

ε ε κ
=

−

+ +
−

ε ε
ε ε

+
+

⎡⎣⎢ ⎤⎦⎥
E

k

d d
E E

( )
( )S

d d
d d

F
0

0
( )

S 1 2

pzc,eff
1 2 1 2

1 2 2 1 (8)

where ε1, ε2, and εS are the dielectric constants of the alkyl
chains, the headgroup region, and the solution, ε0 denotes the
permittivity, d1 and d2 are the thicknesses of the two SAM
regions, and κ the reciprocal Debye length of the diffuse double
layer at the SAM/solution interface. The parameter k describes
the assumed linear potential-dependence of the charge density
in the outer Helmholtz layer of the SAM/solution interface.
According to eq 8, this electrostatic model predicts a linear
relationship between the electric field experienced by the nitrile
functions and the electrode potential. As discussed in detail in
the Supporting Information, one may substitute θ in eq 2 by

the angle between Δμ⃗ and the surface normal φ. Then |
⎯→
EF| can

be expressed by eq 8 to obtain
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This relationship implies that the electric field vector is
(anti)parallel to the surface normal and its direction is given by
(E − Epzc,eff). Since φ is a function of E, we substitute cos(φ) by
eq 6:

μ
ε ε κ

ε ε κ

φ
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−

+ +

× + − −
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(10)

Equation 10 provides a very good description of potential-
dependence of the frequencies for both C5CN and C6CN
(Figure 6A,B).
Relationship between the Interfacial Electric Field

and the Electrode Potential. The changes of the nitrile
stretching frequencies measured in the potential-dependent
SEIRA experiments can now be used to determine the
relationship between the electrode potential and the electric
field in the SAM/solution interface experienced by the nitrile
function. Here we first use eq 2 after substitution cos(φ) by eq
6 (vide supra; Supporting Information) as determined from the
potential-dependence of the SEIRA intensities, i.e.,

μ θ
= −

−

|Δ ⃗|· + −
E

v v

b E E(cos ) ( )
F

0

0
2

pzc,eff (11)

In Figure 8, these data are compared with the linear
relationship between the electric field strength and the
electrode potential as calculated by the electrostatic model
(eq 8). In general, the model provides a very good description
of the experimentally determined electric field strengths.
Only for large differences of the electrode potential with

respect to Epzc,eff, i.e., |E − Epzc,eff|, we note more substantial
deviations, specifically for C6CN. These deviations can hardly

be attributed to the neglect of the difference polarizability
(quadratic term in eq 1) since this term is negligible at field
strengths up to |EF| ≈ 2 × 109 V/m.28 Instead, they are likely to
reflect the simplifications of the electrostatic model, particularly
the assumed linear potential-dependence of the charge density
σC on the SAM. This quantity refers to the effective charge
distribution in the outer Helmholtz layer of the SAM layer and
includes contributions of the dipoles of water molecules and
the charges of ions in the first molecular layer adjacent to the
nitrile function.
As shown in the Supporting Information, the values derived

for σ0 (E = Epzc,eff) from the electrostatic model can be
expressed in terms of elementary charge units per area occupied
by a nitrile monomer (σCN), yielding 0.1 and 0.03 for C5CN
and C6CN, respectively. These values reflect the charge needed
to compensate for the effective dipole moment of the SAM and
are in line with the different homogeneity of the orientation of
CN head groups for both SAMs (Figure 7A). Accordingly, for
C5CN, the homogeneous orientation of CN groups leads to a
strong net dipole moment associated with a pronounced
attraction of ions and oriented water dipoles whereas, for
C6CN, the broad distribution of CN orientations leads to a
diminished total dipole moment and lower accumulation of
opposite charges. This renders the C6CN SAM surface more
hydrophobic and may account for the considerable difference of
Epzc,eff compared to C5CN that is larger than expected solely
based on the longer chain length.58 Furthermore, the slope |k|
derived from the electrostatic model, may be interpreted as the
local capacitance of the headgroup region, which is estimated to
be ca. 1.4 CV−1 m−1 for a high polarity (ε ≈ 78; see the
Supporting Information). Thus, the value of |k| = 1.27 CV−1

m−1 determined for C5CN demonstrates the highly polar
character of this SAM, whereas C6CN (|k| = 0.34 CV−1 m−1)
displays a more hydrophobic character due to the heteroge-
neous distribution of CN orientations, as described above. In
addition, this result demonstrates that it is possible to estimate
the capacitance of a SAM headgroup region using the present
approach, while it is masked in conventional electrochemical
experiments due to the low capacitance of the alkyl chains
(Ctot

−1 = C1
−1 + C2

−1 ≈ C1
−1, with “1” and “2” referring to the

alkyl chains and headgroup region).
Altogether, the simplicity of the present electrostatic model

allows for a quick and semiquantitative estimate of the
potential-dependence of the interfacial electric field strength
in the potential range that is relevant in many electrochemical
experiments, particularly in bioelectrochemistry.

Figure 8. Variation of the electric field at the SAM/solution interface
with the electrode potential for C5CN (blue) and C6CN SAMs (red).
The symbols refer to the values directly obtained from the frequency
shifts of the CN stretching using eq 11. The solid lines were
obtained via eq 8.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.7b08434
J. Phys. Chem. C 2017, 121, 22274−22285

22281

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b08434/suppl_file/jp7b08434_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b08434/suppl_file/jp7b08434_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b08434/suppl_file/jp7b08434_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b08434/suppl_file/jp7b08434_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b08434/suppl_file/jp7b08434_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.7b08434


General Applicability of the Electrostatic Model. It is
now interesting to compare the present results with previous
studies on nitrile-terminated SAMs assembled on Ag electro-
des.33−35 Oklejas et al. employed mixed monolayers of methyl-
and nitrile-terminated alkanethiols (CxCH3, CyCN, with x and
y indicating the number of methylene groups) on nano-
structured Ag, using surface enhanced Raman spectroscopy to
probe the nitrile stretching frequency.33−35 Upon varying y
while keeping x constant, the nitrile group was placed at
different positions in the double layer of the SAM/solution
interface. For x = 10 (C10CH3) and y = 11 (C11CN) the
lengths of both thiols are similar and the nitrile group is located
in the inner Helmholtz layer.34 This case is most closely related
to the pure C5CN and C6CN SAMs of our study.
Applying the present electrostatic model to the data of that

study, one has to take into account the distinctly more negative
value of Epzc for Ag (−0.92 V).57,70 As for Au, coating by nitrile-
terminated SAMs is expected to shift the potential of zero
charge to more positive values (eq 4). However, this effect is
likely to be relatively small in view of the chain length
dependence of ΔΦSAM (vide supra),58 such that we estimate
Epze,eff to be ca. −0.85 V. On the basis of the approximately
linear potential-dependence of the nitrile stretching frequency
of C11CN/C10CH3 on Ag (Figure S4),34 ν0 is estimated to be
ca. 2250.5 cm−1 which is in the range of the values for C5CN
and C6CN on Au determined in this work. The negative value
for Epzc,eff implies that, in the potential range studied by Oklejas
et al.,34 EF is positive (eq 8) and the electric field points away
from the electrode toward the solution, in contrast to the
opposite direction of the electric field for SAM-coated Au
electrodes in the same potential range. The angle φ at Ag
electrodes is estimated to be ca. 45° by taking into account the
intrinsically smaller tilt angle of the methylene chain for alkyl
thiols on Ag compared to Au (Supporting Information).71 With
these data, the present electrostatic model provides a consistent
description for the potential-dependence of the interfacial
electric field at SAM-coated Ag electrodes (see the Supporting
Information for further details). Furthermore, the modulus of
the electric field at the Ag/C11CN/C10CH3 interface is then
calculated to increase from 2.4 × 108 V/m at −0.8 V to 2.1 ×
109 V/m at −0.2 V.
In this context it is important to refer to recent SER

spectroscopic study on mercaptobenzonitrile SAMs on nano-
structured Ag.36 In that work, the authors demonstrated that
the plasmonically enhanced radiation field at the nano-
structured surface may lead to a static electric field component
that may add to the interfacial electric field.36,72 However, the
photon flux used in the experiments of Oklejas et al.33−35 was
sufficiently low such that their observed frequency shifts reflect
solely the unperturbed (“dark”) interfacial field.
Implications for Electric Field Effects at Biological

Interfaces. SAM-coated electrodes are widely employed as the
simplest biomimetic membrane models as far as the simulation
of the interfacial electrostatics concerned.73 SAMs with a
terminating COOH function have been used to electrostatically
bind cationic proteins such as cytochrome c, the benchmark
protein in bioelectrochemistry.74 At pH values around 7.0,
carboxyl-terminated SAMs are partially negatively charged (pKa
= 8.2),66 which for a mercaptoundecanoic acid (MUA) SAM is
reflected by Epzc,eff of ca. −0.45 and −0.03 V for Ag and Au
electrodes, respectively.58,75 In an earlier study, a crude
estimate, which did not consider the direction of the electric
field, afforded a magnitude for the field strength of ca. 1.5 × 109

V/m for MUA on nanostructured Ag at E = 0.0 V,
corresponding to ΔE = E − Epzc,eff ≅ 0.45 V.69 Nearly the
same value (1.4 × 109 V/m) is obtained from the present
reanalysis of the SERS data on C11CN/C10CH3 (similar SAM
thickness),34 using the same ΔE. Thus, it seems to be that, at
least under conditions when only a minor fraction of the
carboxyl functions is deprotonated (ca. 6% at pH 7.0),69 the
ΔE-dependent interfacial electric field profile of carboxyl-
terminated SAMs on Ag is similar to that of nitrile-terminated
SAMs. If this conclusion also holds for Au electrodes, the
electric field strength for SAMs of mercaptohexanoic acid
(MHA) should be comparable to C5CN (dc ≅ 10 Å), for which
a value of ca. −1.1 × 109 V/m was determined for ΔE = −0.45
V (Figure 8). Thus, not only the direction of the electric field
but also the magnitude are different compared to MHA on Ag,
for which a field strength of 2.0 × 109 V/m was estimated
previously.69

Previous studies of the heme protein cytochrome c
immobilized on carboxyl-terminated SAMs on Ag electrodes
have shown that local electric fields at such thin SAM coatings
are sufficiently strong to affect protein structure and dynamics,
electron transfer rates and redox potential.5−8,69,73,75 Com-
parably large electric fields have also been estimated for
interfaces of biological membranes,4 supporting the view that
SAM-coated metal electrodes represent a suitable platform to
assess the effects of functionally relevant interfacial electric
fields on protein structure and function.

■ CONCLUSIONS
The SEIRA spectroscopic investigation of C5CN and C6CN
SAMs on Au electrodes afforded a linear and nonlinear
potential-dependence of CN band intensities and frequen-
cies, respectively. The linear intensity variations were related to
potential-dependent changes of the angle φ between the
difference dipole moment and the surface normal, which in turn
accounts for the nonlinear potential dependence of the
frequencies. The conversion of these frequency changes into
a potential-dependent profile of the electric field at the SAM/
solution interface relies upon the knowledge of ν and φ at the
potential of zero-electric-field (corresponding to Epzc,eff), and
the difference dipole moment. The determination of each of
these quantities via spectroscopic, electrochemical, and
theoretical methods is associated with specific uncertainties
such that the resultant electric field strengths most likely
represent lower limits. Nevertheless, there is a good agreement
with predictions from the present electrostatic model which
also provides a satisfactory description for nitrile-terminated
SAMs on Ag electrodes. Thus, this model seems to be of
general applicability for a quick estimate of direction and
strength of the interfacial electric field at different electrode/
SAM interfaces.
Specific conclusions of this work are the following: (i) The

potential-dependent profile of the interfacial electric field as
derived from nitrile-terminated SAMs seems to be a good
approximation also for carboxyl-terminated SAMs, at least as
long as the degree of ionization is small. This may be of
particular importance for analyzing electric field effects on
biological processes that are frequently probed at electrodes
coated by partially charged SAMs. (ii) For the same value of |E
− Epzc,eff| and SAMs of similar thickness, the modulus of
interfacial electric field strengths at SAM-coated Au electrodes
is estimated to be lower by a factor of ca. 2 compared to Ag.
Due to the different values of Epzc,eff, the direction of the
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interfacial electric field is opposite for Au and Ag for electrode
potentials between ca. 0.0 and −0.6 V, which covers an
important part of the potential range for studying interfacial
processes of biomolecules. This may account for the different
effects on structure and dynamics of biomolecules probed on
Au and Ag as discussed previously.5 (iii) Finally, the present
results demonstrate that the electric field strengths at SAM-
coated electrodes lie in the range of those predicted for
membrane/solution interfaces,4 such that these electrochemical
devices can in fact be considered as simple mimics for biological
membranes as far as the electrostatics is concerned.
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Ma, Z.; Li, Q.; Shuai, Z.; Zojer, E. Electronic Structure of Self-
assembled Monolayers on Au(111) Surfaces: The Impact of Backbone
Polarizability. Adv. Funct. Mater. 2009, 19, 3766−3775.
(60) Heimel, G.; Romaner, L.; Zojer, E.; Bredas, J. L. The Interface
Energetics of Self-Assembled Monolayers on Metals. Acc. Chem. Res.
2008, 41, 721−729.
(61) Osawa, M.; Ataka, K.; Yoshii, K.; Nishikawa, Y. Surface-
Enhanced Infrared Spectroscopy: The Origin of the Absorption
Enhancement and Band Selection Rule in the Infrared Spectra of
Molecules Adsorbed on Fine Metal Particles. Appl. Spectrosc. 1993, 47,
1497−1502.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.7b08434
J. Phys. Chem. C 2017, 121, 22274−22285

22284

http://dx.doi.org/10.1021/acs.jpcc.7b08434


(62) Sondag-Huethorst, J. A. M.; Fokkink, L. G. J. Electrochemical
Characterization of Functionalized Alkanethiol Monolayers on Gold.
Langmuir 1995, 11, 2237−2241.
(63) Jeuken, L. J. C. AFM Study on the Electric-Field Effects on
Supported Bilayer Lipid Membranes. Biophys. J. 2008, 94, 4711−4717.
(64) Andrews, S. S.; Boxer, S. G. Vibrational Stark Effects of Nitriles
I. Methods and Experimental Results. J. Phys. Chem. A 2000, 104,
11853−11863.
(65) Schneider, S. H.; Boxer, S. G. Vibrational Stark Effects of
Carbonyl Probes Applied to Reinterpret IR and Raman Data for
Enzyme Inhibitors in Terms of Electric Fields at the Active Site. J.
Phys. Chem. B 2016, 120, 9672−9684.
(66) Boxer, S. G. Stark Realities. J. Phys. Chem. B 2009, 113, 2972−
2983.
(67) Ringer, A. L.; MacKerell, A. D., Jr. Calculation of the Vibrational
Stark Effect Using a First-Principles Quantum Mechanical/Molecular
Mechanical Approach. J. Phys. Chem. Lett. 2011, 2, 553−556.
(68) Smith, C. P.; White, H. S. Theory of the Interfacial Potential
Distribution and Reversible Voltammetric Response of Electrodes
Coated with Electroactive Molecular Films. Anal. Chem. 1992, 64,
2398−2405.
(69) Murgida, D. H.; Hildebrandt, P. The Heterogeneous Electron
Transfer of Cytochrome c Adsorbed on Coated Silver Electrodes.
Electric Field Effects on Structure and Redox Potential. J. Phys. Chem.
B 2001, 105, 1578−1586.
(70) Valette, G. Hydrophilicity of Metal Surfaces, Silver, Gold and
Copper Electrodes. J. Electroanal. Chem. Interfacial Electrochem. 1982,
139, 285−301.
(71) Love, J. C.; Estroff, L. A.; Kriebel, J. K.; Nuzzo, R. G.;
Whitesides, G. M. Self-Assembled Monolayers of Thiolates on Metals
as a Form of Nanotechnology. Chem. Rev. 2005, 105, 1103−1170.
(72) Marr, J. M.; Schultz, Z. D. Imaging Electric Fields in SERS and
TERS Using the Vibrational Stark Effect. J. Phys. Chem. Lett. 2013, 4,
3268−3272.
(73) Murgida, D. H.; Hildebrandt, P. Redox and Redox-coupled
Processes of Heme Proteins and Enzymes at Electrochemical
Interfaces. Phys. Chem. Chem. Phys. 2005, 7, 3773−3784.
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