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ABSTRACT: Interfacial electric fields play crucial roles in boundnc
electrochemistry, catalysis, and solar energy conversion. LEIPIEN R SFG
Understanding of the interfacial electric field effects has been
hindered by the lack of a direct spectroscopic method to probe
of the interfacial field at the molecular level. Here, we report
the characterization of the field and interfacial structure at Au/
diisocyanide/aqueous electrolyte interfaces, using a combina-
tion of in situ electrochemical vibrational sum frequency
generation (SFG) spectroscopy, density functional theory Au electrode
(DFT) calculations, and molecular dynamics (MD) simu-
lations. For 1,4-phenylene diisocyanide (PDI), 4,4’-biphenyl
diisocyanide (BPDI), and 4,4”-p-terphenyl diisocyanide
(TPDI), our results reveal that the frequency of the gold-bound NC stretch mode of the diisocyanide self-assembled
monolayer (SAM) increases linearly with the applied potential, suggesting that SEFG can be an in situ probe of the strength of the
electric field at electrode/electrolyte interfaces. Using DFT-computed Stark tuning rates of model complexes, the electric field
strength at the metal/SAM/electrolyte interfaces is estimated to be 10°~10° V/m. The linear dependence of the vibrational
frequency (and field) with applied potential is consistent with an electrochemical double-layer structure that consists of a
Helmholtz layer in contact with a diffused layer. The Helmholtz layer thickness is approximately the same as the molecular length
for PDI, suggesting a well-ordered SAM with negligible electrolyte penetration. For BPDI and TPDIL, we found that the
Helmboltz layer is thinner than the monolayer of molecular adsorbates, indicating that the electrolyte percolates into the SAM, as
shown by molecular dynamics simulations of the Au/PDI/electrolyte interface. The reported analysis demonstrates that a
combination of in situ SFG probes and computational modeling provides a powerful approach to elucidate the structure of
electrochemical interfaces at the detailed molecular level.
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1. INTRODUCTION electric field on the vibrational frequency of a normal mode)
has been shown to be a powerful molecular spectroscopic probe
of the local field strength.”~"> The vibrational Stark effect has
been successfully investigated to explore the electric fields in
proteins, providing important insights into the roles of
electrostatic potentials in enzyme catalysis.'®""® The vibrational
Stark effect has also been used to study electric fields at
electrochemical interfaces.”™>’ Because of the challenge in
measuring the vibrational spectrum of a monolayer (or
submonolayer), many previous studies have utilized surface-
enhanced Raman spectroscopy (SERS), including different

Interfacial electric fields, applied externally or induced by
photoexcitation, are known to play crucial roles in electro-
chemistry, catalysis, and solar energy conversion processes.'*
Because of the difficulty of a direct measurement of the
interfacial electric field strength, a fundamental understanding
of its effects on reaction dynamics is still lacking. In
conventional electrochemical measurements, interfacial field
strengths are often inferred from measured macroscopic
quantities (capacitance and current—voltage curves) through
models of electrochemical double-layer structure, such as the
Gouy—Chapman—Stern model.' However, it is highly desirable
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vibrational probes adsorbed on rough electrodes.”’~** How-

ever, the complexity of such interfaces has hindered a
quantitative investigation of electrochemical double-layer
structure and the spatial variation of the interfacial field.
Here, we characterize the interfacial structure and field
strength of planar Au electrode/electrolyte interfaces using a
combination of in situ electrochemical vibrational sum
frequency generation (SFG) spectroscopy, density functional
theory (DFT) calculations, and molecular dynamics (MD)
simulations. We focus on three aromatic diisocyanides (Figure
1) with isocyanide groups probing the field across the
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Figure 1. SFG spectra of Au/diisocyanide/air interfaces. Left:
representative SFG spectra (open circles). Right: schematic structure
of (a) PDI, (b) BPDI, and (c) TPDI adsorbed on the Au electrode
(yellow). Solid red lines are simulated SFG spectra based on DFT
calculations, whereas broken lines correspond to the resonance
components used in the fit (offset for clarity).

Helmobholtz bilayer at increasing distances from the Au surface,
including 1,4-phenylene diisocyanide (PDI), 4,4'-biphenyl
diisocyanide (BPDI), and 4,4”-p-terphenyl diisocyanide
(TPDI). Aromatic para-substituted diisocyanides have been
shown to covalently bind on planar gold electrode surfaces
through only one isocyanide (NC) group at high surface
coverage, forming ordered self-assembled monolayers
(SAMs).>*~** Here, we probe the frequency shift of the NC
groups under applied gotentials, using in situ electrochemical
SFG spectroscopy.” ® Since SFG does not require back-
ground subtraction or rough metal surfaces (or metal
nanoparticles), as does electrochemical IR spectroscopy’’ or
SERS,**™* respectively, it can be used as a sensitive probe of
adsorbates on planar electrodes.”~* Our results show that the
frequency of the surface bound NC stretch model increases
linearly with applied potentials (from —0.7 to +0.1 V vs Ag/
AgCl in 0.1 M NaClO, aqueous electrolyte), indicating a linear
dependence with applied bias of the electric field at the surface.
Using Stark tuning rates computed by density functional theory
(DFT), the electric field strength at the metal/SAM/electrolyte
interface can be determined. Furthermore, assuming an
electrical double-layer structure that consists of a Helmholtz
and diffused layer, it can be shown that the slope of the linear
dependence of measured NC stretch frequency on applied bias
is a direct probe of the thickness of the Helmholtz layer, which

can be used to probe the extent of electrolyte percolation into
the SAM layers of PDI, BPDI, and TPDI. Finally, we carried
out molecular dynamics simulations to provide further
molecular level insight into the structure of the interface.

2. RESULTS AND DISCUSSION

SFG Spectra at Au/Air Interface. Figure 1 shows the SFG
spectra of diisocyanide SAMs absorbed on gold films in the NC
stretching region. Details of the preparation of the SAM of PD],
BPDIL, and TPDI on Au films (SAM/Au) as well as the
experimental setup for the SFG measurement are provided in
the Supporting Information. The vibrational SFG intensity
from the sample can be modeled according to**~**
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where ;(I({’Ze)ff and )(I%)’eff are the effective resonant and
nonresonant nonlinear susceptibility tensor elements, respec-
tively, which are products of susceptibility tensor elements and
Fresnel coeflicients. )(ggff arises from the adsorbate and can be
approximated as a sum of Lorentzian functions, where A, . @,
and I'; are the effective amplitude, frequency, and damping
constant, respectively, of the gth-vibrational mode of the
adsorbate and wp is the frequency of the IR pulse. The
nonresonant part, ;&R]eff, is the product of the susceptibility
tensor elements of the Au substrate and Fresnel coefhicients and
can be considered to be constant for a given SFG spectrum in
the form of a nonresonant amplitude Ay . and phase 6.

The SFG spectra of PDI, BPDI, and TPDI on gold are
dominated by strong bands at 2183, 2188, and 2194 cm™),
respectively, which are blue-shifted by ~60 cm™ when
compared to the spectra of the free diisocyanides in KBr or
as pure solids.””*>**>° These strong bands are attributed to the
NC group bound to the Au surface.””*>** In addition, a weak
peak around 2128 cm™ can be observed for all samples, which
has been assi¥ned to the free NC groups not bound to the gold
surface.””*>*'~>> Moreover, the peak width of bound NC
stretching mode (15—18 cm™) is much larger than the free NC
mode (~9 cm™'), which can be attributed to the
inhomogeneity of the adsorption sites on the polycrystalline
gold surface.””*>*' These results are consistent with previous
IR, SERS, and SFG studies showing that aromatic diisocyanides
adsorb on gold surfaces through only one NC group while the
other NC group points away from the surface.””**>>#0#»5153

Electrochemical Stark Shift of Diisocyanide at Au/
Liquid Interfaces. Figures 2a—c show representative
potential-dependent SFG spectra of PDI, BPDI, and TPDI
SAMs bound to Au electrodes, immersed in supporting
electrolyte of a 0.1 M NaClO, aqueous solution. Potential-
dependent SFG spectra for the three diisocyanide SAMs were
measured using an in situ electrochemical SFG setup, described
in the Supporting Information (Figure S1). The SAMs were
found to be stable in the potential range between +0.1 and —0.7
V vs Ag/AgCl. Desorption of diisocyanide molecules from the
gold surface occurs when the potential is more negative than
—0.9 V or more positive than +0.1 V. As shown in Figures 2a—
¢, these spectra are dominated by the bound NC stretching
mode, whose frequency shifts significantly with applied
potential. In addition, weak free NC peaks can be also
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Figure 2. Bias-dependent SFG spectra. Representative potential-dependent SFG spectra of (a) PDL, (b) BPDL and (c) TPDI SAMs on gold
electrodes with 0.1 M NaClO, solution as electrolyte. The potentials (vs Ag/AgCl) are given in the panels. The spectra are offset for clarity. Lower
panels present the corresponding potential-dependent frequencies of bound NC and free NC groups for (d) PDI, (e) BPDI, and (f) TPDI SAMs.
Black squares represent measured frequencies of bound NC groups based on spectral fits. Red circles represent estimated frequencies of free NC

groups. Blue lines are linear fits.

Table 1. Bias-Dependent Frequency and Field of Bound NC and Free NC Groups for PDI, BPDI, and TPDI SAMs on Au with

0.1 M NaClO, Aqueous Solution as the Electrolyte

SAM/Au dw/d¢p [em™'/V]? Ay [em™/(MV/em)]* dF/d¢ [10® (V/m)/m)]?

molecule L [A]° bound free bound free bound x, [A]°
PDI 9.8 16 + 4 1+3 —-1.8 £ 0.1 03 £+ 0.1 9+3 9.8 + 34
BPDI 14.1 23+ 3 2+5 —-1.6 + 0.1 0.1+ 0.1 1S+3 69 + 1.5
TPDI 18.3 21 + 6 72 -1.5 + 0.1 00+ 0.1 14 +5 7.1 2.6

“Estimated thickness of the SAM (DFT molecular length + C—Au bond). bExperimentally measured dw/d¢ with error bars estimated from linear
regression. “DFT-calculated Stark tuning rate (Au) used in eq 2 with error bars estimated from linear regression. “Derivative of field vs applied
potential (dF/d¢) calculated using experimentally measured dw/d¢) and computed Ay according to eq 3 for bound NC. “Helmholtz layer thickness,

determined from dF/d¢ according to eq S.

observed for SFG spectra measured between 0.1 and —0.4 V. At
more negative potentials, the free NC stretching modes cannot
be clearly resolved due to destructive interference with the
much stronger signal of the bound NC stretching mode.

Figures 2d—f show the corresponding frequencies of the
bound and free NC stretches as a function of applied potentials.
The experimental frequencies of the bound NC are obtained
from fits to the spectra, according to eq 1, with fitting results
shown in Figure S2, and the fitting parameters listed in Table
S4. The peak positions of the free NC are estimated from the
raw SFG spectra directly because they cannot be precisely
determined by fitting. These results show that the frequency of
the NC stretch increases linearly with the applied potential.
The slope of the increase, ie, dw/d¢, shows significant
variation between SAM/Au samples prepared from the same
molecules (see Table S5 for details) which is an indication of
sample variation. In Table 1, we report the averaged dw/d¢
values obtained from multiple samples, which are 16, 23, and 21
cm™/V for PDI, BPDI, and TPD], respectively. The result of
PDI on Au is similar to previous observations using SERS.*"**
The frequency shifts of the free NC mode are significantly
lower than those for the bound NC, with dw/d¢ values near
zero (Table 1).

18676

The observed potential-dependent NC stretching frequency
@(¢) can be related to the bias-dependent interfacial electric

field F (¢) through9’16

(@) = @ — A F () @)
in which wj is the frequency in the absence of field and Ay is
the difference in the dipole moment between the ground and
excited vibrational states, also known as the Stark tuning rate.
From eq 2, it is possible to relate the measured slope of
frequency change as a function of bias dw/d¢ to the derivative
of the field with respect to the applied potential, according to
eq 3.

df _ 1 do
dp Ay de 3)

In eq 3, F and Ay are the amplitudes of the field and Stark
tunning rates, respectively, and we have assumed that the
diisocyanide molecules stand perpendicular to the electrode
surface (see below), with dipole change parallel with the
interfacial field. Therefore, if Au can be independently
determined by experiment or computational modeling, the
SEG results can be used to determine directly the interfacial
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field strengths and to test models of the interfacial structure, as
shown in the following section based on DFT calculations of
Ap.

DFT Calculation of SFG Spectra and Stark Tuning
Rates. All DFT calculations were performed for Au, and Au,
model clusters with the Gaussian 09 Revision D.01 software
package,” using the B3LYP hybrid functional,” the 6-311G+
+(d, p) basis set for nonmetals atoms, and the def2SVP
pseudopotential and basis set for Au atoms.’**” Details of the
methodology can be found in the Supporting Information
(section S). To validate the computational model, we first
compare the experimental and DFT simulated SFG spectra of
PDI, BPD], and TPDI As shown in Figure 1, the calculated
spectra consist of a dominant intense signal at ~2185 cm™" that
corresponds to the Au—NC bound group and a weaker band at
~2130 cm™ associated with the free NC (Table S6). These
signals have opposite phases and interfere with each other and
with the nonresonant background of Au, giving rise to the
observed spectra. The overall agreement between simulated
and experimental spectra is excellent, supporting the validity of
gold cluster calculations to study the localized effect of the
surface on the vibrational properties of the adsorbates and
provide rigorous first principle interpretations of complex SFG
spectra.36" 859

A normal-mode analysis performed on these molecules
reveals that upon binding to the surface each vibration becomes
localized on each isocyanide bond (see Figure S3). Note that
for an untethered molecule in the gas phase the two vibrations
are mixed, giving rise to symmetric and asymmetric stretching
modes. Binding to the surface breaks the degeneracy, localizing
the vibrations on each CN and providing local modes that
report on the field at a submolecular length scale. To
characterize the nature of isocyanide bond to the Au surface,
we carried out a detailed analysis of frontier orbitals in terms of
projected density of states (see Figure S4 and Supporting
Information for more details). The picture that emerges from
the frontier orbital analysis shows that the diisocyanide/Au
interaction is consistent with the well-known Blyholder
model® with two competing interactions. On the one hand,
donation of the carbon o lone-pair electrons of the NC group
to Au reduces the antibonding character of this orbital and,
hence, increases the strength the NC bond. On the other hand,
back-donation from the gold orbitals to the z* orbitals of the
NC group weakens the bond. For the present case, the former
(0 donation) contribution is larger, and as a result, the NC
frequency increases and the bond length decreases upon
coordination to a gold surface (Table S6). Note that since the
unbound NC group is only slightly affected by the surface, both
its NC stretching frequency and bond length are similar to
those found in the free molecule. These observations are
consistent with previous studies®"*> of diisocyanides bound to
gold surfaces and support our DFT models.

To obtain Ay, we computed the change in @y for both
bound and free NC bonds after applying a uniform electric field
along the Au—C bond in both positive and negative directions
(see eq 2). For the bound group (Figure 3, top panel) the
correlation of frequency and applied field (up to 10° V/m) is
approximately linear. For the free NC case (Figure 3, bottom
panel), the variation of frequency as a function of the applied
field is less pronounced and displays some asymmetry between
positive and negative fields. Ay values determined from linear
fits to the DFT data are shown in Table 1 (columns S and 6).
Two issues are worth mentioning about the values reported in
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Figure 3. DFT field-dependent frequencies (symbols) of bound (top

panel) and free (bottom panel) isocyanide groups along with the best

linear fits (lines). PDI: blue circles, solid lines. BPDI: black squares,

dashed lines. TPDI: red diamonds, dotted lines.

Table 1: (i) Au for bound and free NC have opposite signs, as
expected from the different orientation of the two NC dipole
moments; (ii) the magnitude of the Stark tuning rate for the
bound NC is at least an order of magnitude larger than for the
free NC, showing the dramatic effect of the surface on the
susceptibility of the frequency shift, as shown by both the DFT
dipole moment and molecular orbital descriptions (Supporting
Information, section S6).

Electric Field Strength and Double-Layer Structure at
Au/Liquid Interface. From the DFT Stark tuning rate, Ay,
and the experimentally determined bias-dependent frequency
change, dw/d¢, we determine the change in field strength as a
function of the applied bias, using eq 3. Table 1 lists the values
of dF/d¢ for the bound NC probes of PDI, BPDI, and TPDL
Determination of the absolute field strength at the electrode/
electrolyte interface, as a function of the applied voltage,
requires knowledge of the potential of zero charge, ¢hp;c, of the
gold—SAM system (i.e., the potential at which the net electric
field is zero). The ¢hpy( of evaporated Au electrode is ~0.2 V vs
Ag/AgCL® while the ¢hp,c for the Au (111) single crystal
surface and polycrystalline Au surfaces are ~0.3 V**** and ~0
V,% respectively. Unfortunately, as the applied bias approaches
+0.1 V, the diisocyanide SAM samples become unstable,
preventing direct experimental measurement of ¢pzc. Assuming
that ¢pc is +0.2 V vs Ag/AgCl and using the values of dF/d¢
reported in Table 1, the electric fields inside the SAMs are
estimated to be in the range of 0.54 X 10°—1.1 X 10° V/m at
applied potentials of +0.1 to —0.7 V, on the same order of
magnitude as reported for the nitrile-terminated SAM on Au
and Ag electrodes.”

The linear dependence of the probe frequency with the
applied bias (Figure 2) suggests that the electric field at the NC
group depends linearly on the applied bias (eq 3). To
understand this dependence, we found it instructive to consider
a simple electrostatic model based on the electric double-layer
structure of a SAM-modified gold electrode shown in Figure
4299798 11 this model, we assume a Helmholtz layer between x
= 0 and x, (in which there are no electrolytes) and a diffused
layer of electrolytes at x > x,. For the PDI SAM with high
surface coverage, as used in this work, it has been shown that
adsorbed PDI molecules orient perpendicularly to the surface.>”
Thus, for a fully ordered and well-packed SAM, «, corresponds
to the length of SAM molecule plus the Au—C bond, which, as
determined by DFT calculations, is 9.8, 14.1, and 18.3 A for
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Figure 4. Top: model for Au/SAM/liquid interface. Bottom:
schematic depiction of the variation of the potential across the
electrode/liquid interface.

PDI, BPD], and TPD], respectively (Table 1). With electrolyte
percolation into the SAM, x, can become smaller than the
length of the molecule. The spatial distributions of the
electrostatic potential and electric field strength at this electric
double-layer model can be solved similarly to the Gouy—
Chapman—Stern model." Within this model, the field strength
experienced by the probe molecule (and the bound isocyanide
group) between x = 0 and x, is constant and is given by

Xy 4)

The field strength at x, can also be determined by the potential
drop at the diffuse layer:

8kgTn® [ zedh,
sinh
€€, 2k T

F(0) =

F(0) =

©)

In eqs 4 and 5 ¢y and ¢, are the potential, relative to the
potential of zero charge (¢hpyc), at the electrode surface and x,,
respectively, £ (=78) is the dielectric constant of the aqueous
solution, & is the permittivity, kg is the Boltzmann constant, T
is the absolute temperature in K, z (=1) is the absolute charge
of the ion, e is the elementary charge, and n° is the electrolyte
concentration. Using eqs 4 and 5, the derivative of the field with
respect to the applied potential (¢,) is given by eq 6, where k is
the inverse Debye length.

ze,
dF(0) k COSh(szT)
d, 1+ kx, cosh( Ze¢2)

2k, T

(6)

According to eq 6, at large applied potentials, the field strength
F(0) becomes linearly dependent on the applied potential, with
a slope of 1/x,. Thus, at this limit, the experimentally measured
dw/d¢p value can be used to determine the thickness of the
Helmbholtz layer via eqs 3 and 6. Althou;h ¢pyc of Au can be
affected slightly by SAM modification,”””” it is clear that most
of the measurement range (0 to —0.7 V vs Ag/AgCl) falls in the
large applied potential limit. As shown in Figures 2 and 3, the
measured frequency varies linearly with the potential,
consistent with this expectation. From the measured average
dF/d¢ values, we calculated the Helmholtz layer thicknesses x,
to be 9.8 + 3.4, 6.9 + 1.5, and 7.1 + 2.6 A for PDI, BPDI, and
TPD], respectively (see Table 1). For PDI, the thickness is
close to the length of the SAM, suggesting that the SAM is well
packed with negligible amount of electrolyte inside the SAM.

For BPDI and TPD], the Helmholtz layer thickness is shorter
than the molecular length, suggesting that these SAMs are not
as well packed and that there is significant penetration of the
electrolyte inside the SAM. This is presumably the result of the
relatively free rotation about the carbon—carbon bonds
between phenyl rings of BPDI and TPDI and the rings
sweeping out a larger volume between adjacent neighbors than
would occur for strictly planar molecules. It is important to
point out that there is considerable variation of the measured
dw/d¢ (and hence the x,) values for different SAM covered
electrodes prepared from the sample molecules (see Table SS).
It likely reflects variation of the quality of the SAMs among
these samples.

Molecular Dynamics of SAM on Gold. To gain
microscopic insight into the structure of the electrode/liquid
interface, we performed MD simulations of NaClO, aqueous
solutions in contact with a PDI-coated (111) gold slab. The
initial configuration for these simulations corresponds to two
different PDI monolayer surface densities. On the basis of cyclic
voltammetry measurements of PDI SAM in ferrocene/
tetrabutylammonium hexafluorophosphate (TBAPF;)/acetoni-
trile solution, we estimated that the gold surface coverage of
PDI is roughly 20% (Supporting Information, section S7).
Therefore, we attached PDI molecules to the gold surface on a
regular grid using a (2 X 2) unit cell, which corresponds to a
gold coverage of about 25%. For comparison, we also
performed simulations using a (/3 X 4/3) unit cell of PDI
arranged on the gold surface (coverage of about 33%). The
model system was allowed to equilibrate with the aqueous
electrolyte solution for 100 ps, and then a run of 2 ns was
performed at constant temperature of 298 K to obtain statistical
averages. Figure Sa shows a representative snapshot of the
simulation cell (further details of the simulation procedure and
parameters are provided in the Supporting Information, section
S8).

Figure Sb shows the results for the water density distribution
as well as the (center-of-mass) density distribution of ions,
pi(z), as a function of distance from the gold slab for the (\/ 3 X
\} 3) SAM distribution. The density profiles were computed by
dividing the simulation cell in SO0 bins of width 0.2 A and
averaging the number of each species over 2 ns of the
production run. The ion profiles reveal a very tightly adsorbed
layer of anions at the monolayer surface (located at z &~ 10 A,
dashed vertical line) in contact with a more diffuse layer of
cations that extend approximately 15 A from the SAM interface
into the bulk electrolyte. The alternation of negative and
positive layers resembles the double-layer model and is similar
to the oscillatory behavior found near graphene or metal
electrodes in aqueous solutions”"”* and molten salts.””~"> The
analysis of the water density distribution is also instructive. The
presence of the monolayer produces some ordering of water
molecules next to the SAM interface as evident from the peaks
observed at z = 9.6 and 12.2 A. Beyond 10 A from the interface,
the influence of the monolayer is negligible, and the bulk water
density distributjon is recovered. These results suggest that the
well-packed (/3 X 4/3) monolayer does not allow for ion
penetration, consistent with the values of the Helmholtz layer
thickness found for PDI using the experimental measurements
(Table 1).

Figure Sc shows the water and ion distributions for the 2 X 2
SAM model. The distributions of cations and anions are similar
to those shown for the (1/3 X 1/3) monolayer, with a slight
shift (~0.6 A) of the maximum of the distribution of the anions
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Figure S. Molecular dynamics simulation of the electrochemical
interface. (a) Typical molecular dynamics snapshot of 1 M NaClO,
aqueous solutions in contact with a PDI-coated gold slab. (b, c)
Density profiles for the water and ions (Na*/ClO,”) as a function of
distance to the gold slab for \/ 3 X /3 (b) and 2 X 2 (c) model
systems. Densities are normalized to the bulk value. In both graphs,
the vertical dashed line indicates the thickness of the monolayer.

toward the interior of the monolayer. We note that water
molecules can penetrate the PDI monolayer and get in close
contact with the gold surface, as shown in the water density
profiles inside the SAM region and the peak at z = 3 A. Analysis
of snapshots from the MD simulations reveals that within the
SAM the solvent molecules are arranged in the form “water
wires” that penetrate the monolayer from the bulk reservoir.
Interestingly, this type of mechanism has been recently
proposed to explain the ion permeability of nonpolar thiol-
based monolayer in contact with electrolytes solutions at high
voltage potentials.”® Although a complete mechanistic analysis
of this process for the case of isocyanide monolayer is beyond
the scope of this study, the overall picture that emerges from
these results suggest that although the ion distributions are
quite insensitive to the SAM distribution, the permeability of
the monolayer to water molecules is very sensitive to the
arrangement of molecules on the electrode.

Figure 6 shows the mean electric potential across the
monolayer for both \/ 3 X 4/3 and 2 X 2 monolayer
distributions. The electric potential was computed by numerical
integration of the Poisson equation (eq 10):

RO

dz? & (10)

where pq(z) is the charge density (including the PDI charges)
at a particular z position and &, is the vacuum dielectric

Figure 6. Mean electric potential profile as a function of the distance
from the gold slab for /3 X \/ 3 (a) and 2 X 2 (b) distributions. Also
shown are the contribution of water and ions to the electric potential.
Vertical dashed line indicates the thickness of the monolayer.

constant. Inside the monolayer and next to the interface, the
electric potential exhibits significant oscillations due to the
order distribution of water and ions and the order PDI
monolayer.”"”* After the oscillatory range, the electric potential
reaches a constant value in the bulk region indicating screening
of the potential. The decomposition of the potential profiles
into contributions from water and from ions reveals that the
permeability of the monolayer to the solvent slightly modulates
the potential inside the SAM, as can be appreciated from the
blue and red lines in Figure 6. It is interesting to note that the
potential drop follows an exponential decay as expected from
Debye—Hiickel-like theories, 15 A away from the gold, where
the influence in the structure of electrolyte solution is
negligible.

Although the oscillatory structure of the electric potential
inside the monolayer is much more complex than modeled by
mean-field or double-layer descriptions, it is still possible to
estimate the electric field strength inside the SAM from Figure
6. Considering that the potential drop between the surface and
the free NC is in the range 0.25—1.25 V and that the length of
the monolayer is ~10 A, a mean-field approximation of the
form F = AW/Az gives an electric field strength of the order of
108—-10° V/m, which is in excellent agreement with the results
obtained from the SFG experiment.

3. CONCLUSIONS

We employed in situ electrochemical vibrational SFG spectros-
copy in combination with DFT calculations and MD
simulations to study the electric double-layer structure at the
aromatic diisocyanide SAM Au electrode/liquid interface. By
comparing experimental and theoretical SFG spectra, we
identify two NC stretching bands corresponding to bound
and free NC groups, with the bound CN peaks at 2183, 2188,
and 2194 cm™" for PDI, BPDI, and TPD], respectively, and the
much weaker free NC peaks at ~2128 cm™". The frequency of
the bound NC stretching modes increases linearly with the
applied potential (from —0.7 to +0.1 V versus Ag/AgCl, in 0.1
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M NaClO, aqueous electrolyte), with slopes (dw/d¢) of 16,
23, and 21 cm™'/V for PDI, BPDI, and TPD], respectively. A
much smaller slope is observed for the free NC group. DFT
calculations of model complexes reveal constant Stark tuning
rate values within the experimental potential range. Our results
suggest a linear dependence of interfacial field with applied bias
with slopes (dF/d¢) that can be computed from the observed
dw/d¢ and computed Stark tuning rate. For an electrochemical
double-layer model consisting of a Helmholtz layer and a
diffused layer, the dF/d¢ value is a direct measure of the
effective thickness of Helmholtz layer at large applied
potentials. For PDI, the layer thickness is in good agreement
of the molecular length, suggesting small to negligible
penetration of electrolyte inside the SAM. For BPDI and
TPDI, the effective layer thickness is much smaller than the
molecular length, suggesting significant electrolyte penetration
inside the SAM. Assuming a @p;c value of +0.2 V (vs Ag/AgCl)
for aqueous 0.1 M NaClO, electrolyte, we found that the
electric field is on the order of 10°~10° V/m at the metal—
electrolyte interfaces for all the isocyanide molecules studied in
this work. Finally, PDI SAM/Au electrolyte interface was also
modeled by molecular dynamics, revealing an electrochemical
double-layer structure that is consistent with that deduced from
the in situ electrochemical SFG measurement.

Our study demonstrates that electrochemical SFG spectro-
scopic measurement in combination with DFT calculation and
molecular dynamics simulation can provide detailed molecular
level understanding of electrochemical interfaces. We expect
this integrated approach to be applicable to catalyst—metal and
catalyst—semiconductor interfaces, providing a powerful tool
for investigating the effects of interfacial field on the electro-
and photocatalytic processes.
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