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ABSTRACT: The characterization of electrical double layers is important since the Stem layer  Diffuse layer
interfacial electric field and electrolyte environment directly affect the reaction

mechanisms and catalytic rates of electrochemical processes. In this work, we introduce _Electrl.c

a spectroscopic method based on a Stark shift ruler that enables mapping the electric potential
field strength across the electric double layer of electrode/electrolyte interfaces. We use Electric
the tungsten-pentacarbonyl(1,4-phenelenediisocyanide) complex attached to the gold field

surface as a molecular ruler. The carbonyl (CO) and isocyanide (NC) groups of the
self-assembled monolayer (SAM) provide multiple vibrational reporters situated at ~ Distance from Ausurface (nm)

different distances from the electrode. Measurements of Stark shifts under operando

electrochemical conditions and direct comparisons to density functional theory (DFT) simulations reveal distance-dependent
electric field strength from the electrode surface. This electric field profile can be described by the Gouy—Chapman—Stern model
with Stern layer thickness of ~4.5 A, indicating substantial solvent and electrolyte penetration within the SAM. Significant electro-
induction effect is observed on the W center that is ~1.2 nm away from the surface despite rapid decay of the electric field (~90%)
within 1 nm. The applied methodology and reported findings should be particularly valuable for the characterization of a wide range
of microenvironments surrounding molecular electrocatalysts at electrode interfaces and the positioning of electrocatalysts at specific
distances from the electrode surface for optimal functionality.

B INTRODUCTION Experimental characterization of the EDL structure is
important as it directly influences the electric potential
distribution within these layers and, therefore, affects the
reaction mechanisms and rates of various electrochemical
processes. Electrochemical impedance spectroscopy, differ-
ential capacitance, or surface tension measurements are
conventionally used to probe the structure of EDL. These
techniques report macroscopic quantities, such as capacitance
or current—voltage plots, which obfuscate discrete molecular
behavior at the interface. As a result, processes like ion-paring
in the double layer, specific adsorption, and strong nonspecific
interaction of ions with the electrode (ion condensation)'®
that severely affect the electrolyte distribution and hence the
electric field profile inside the EDL (typically on the
nanometer scale), cannot be directly probed using these
techniques. On the other hand, vibrational Stark shift
spectroscopy’’*" allows us to directly measure the electric
fields experienced by the molecules at the electrochemical
interface and explore how nuanced changes in the electro-

Understanding and characterizing the nature of electric fields
surrounding catalytic centers at electrode/electrolyte inter-
faces, or confined in molecular microenvironments, is an
outstanding challenge of great current interest. The voltage
applied in a typical electrochemical experiment generates an
interfacial electrostatic potential that is rapidly screened by the
dielectric solvent and the supporting electrolyte in the electric
double layer (EDL), giving rise to large interfacial electric
fields on the order of 1 V/nm at the electrode/electrolyte
interface.”” Surface-bound molecules feel the effect of the
interfacial field and can drastically change their behavior, even
to the extent of changing their chemical reactivity as influenced
by the applied bias potential."*>~'" However, the character-
ization of the interfacial electric field remains challenging.
Here, we introduce a spectroscopic method based on a
molecular Stark shift ruler that enables mapping of the electric
field strength across the electric double layer of electrode/
electrolyte interfaces.

Theoretical models such as the Gouy—Chapman—Stern
(GCS) model,"*™"* later modified by Bockris et al,” s Received: May 25, 2022
commonly used for the analysis and interpretation of EDL. Published: July 29, 2022
According to GCS model, EDL consists of a Stern layer and a
diffuse layer; and the electric potential, as a function of
distance from the electrode surface, first drops linearly within
the Stern layer and exponentially in the diffuse layer.
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Figure 1. (a) Experimental and (d) computed IR spectrum of PDI-W(CO); in DCM. A representative PPP-VSFG spectrum (blue) of PDI-
W(CO)s SAM on the Au surface: (b) experiment, measured at -0.4 V vs Ag/Ag"* reference electrode, and (e) computation. The fit of the
experimental spectrum is shown in black.’> PPP-VSFG spectrum (green) of PDI SAM on the Au surface: (c) experiment and (f) computation. The
fit is shown in black. A cartoon drawing of each molecular system is shown on the right of the respective figure. The green, yellow, and sky-blue-
colored vertical lines represent the frequencies of the free NC group, NC—W, and NC—Au, respectively. Four Lorentzians were used to fit the
experimental spectrum in Figure 1b, whereas two Lorentzians were used to fit the spectrum in Figure 1c (see the SI). The imaginary part of each
Lorentzian used in this fitting exercise is shown underneath the experimental spectrum.

chemical conditions modulate the interfacial environment at a
molecular scale.”' ™’

A great volume of in situ electrochemical Stark shift studies
that involve operando infrared (IR), Raman, and interface-
specific vibrational sum frequency generation (VSFG)
spectroscopies has been dedicated to elucidating the structure
of EDL.******7%% Early works were focused on measuring
Stark tuning rates of small, prototypical species (molecules or
ions) such as CO, CN~, and SCN™ adsorbed on coinage metal
surfaces, giving an estimation of the interfacial electric field
within ~1-3 A from the electrode surface.”>*>*'™*" Larger
molecular probes have also been investigated; for example, in
the case of nitrile-terminated self-assembled monolayers
(SAMs) or our own work on group VII metal carbonyl
complexes, the Stark shift reporter (CN or CO) probes electric
field strength at a single spatial position away from the
electrode surface (3—6 A) ;>#*% and, therefore, cannot measure
the decay of electric potential as a function of distance from
the electrode, by construct. Using the method proposed by
Smith and White*' and later extended by Fawcett,* Eggers et
al.” calculated the potential drop within EDL by measuring
the effect of electric field on the formal potential of a series of
ferrocene-terminated norbornylogous bridges, where the redox
active ferrocene moiety was placed at fixed distances from the
electrode surface. Most recently, Wen et al.** used a series of
seven viologen SAMs on an Au (111) surface, with the 4,4’
bipyridinium Raman marker located at different distances from
the electrode. By monitoring the change in resonant Raman
intensity between different SAMs, they were able to measure
the change in electric field distribution within the EDL. While
these results were scientifically illuminating and encouraging,
one must remember that the interfacial environments of

14331

different SAMs are not identical; the molecular packings are
different, which dictates the extent of electrolyte penetration
within the SAM, affecting the potential of zero charge (PZC)
and the structure of the EDL, in general.

An ideal molecular system to map out the electric field
distribution in the double layer is one that has multiple
localized vibrational markers present at different positions on
the same molecule. For example, 1,4-phenylenediisocyanide
(PDI) forms a SAM on gold surfaces with one of the NC
groups bound to Au while the other NC group is free, ie., a
system with two Stark reporters at two different distances from
the metal electrode. Surface-enhanced Raman spectroscopy
(SERS) measurement of PDI SAM on gold shows a large
response for the NC bound to Au, whereas that of the free NC
group is weak and buried under the much stronger bound NC
peak, making it difficult to determine its frequency
accurately.” Our recent endeavor to measure the VSFG
spectrum of PDI SAM on gold produces a similar result.”* In
the present work, we show that the VSEG response of this
weak NC group of PDI can be greatly enhanced by
synthetically attaching it to -W(CO)y;, allowing one to clearly
identify the corresponding peak position. The choice of this
transition metal complex is deliberate, as group VI metal
carbonyls are well-known for their ability toward catalytic CO,
reduction,”” which makes PDI-W(CO); molecular system an
ideal mimic for attached molecular electrocatalysts.***’
Moreover, the PDI-'W(CO); SAM on gold presents us with
multiple Stark reporters (Au-bound NC group, W-bound NC
group, axial and equatorial CO of W(CO);) within a single
molecular system but located at different spatial distances from
Au electrode. Stark shift measurement of these vibrational
modes under electrochemical conditions has allowed us to map
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out the strength of the electric field at multiple points within
the EDL, presenting the first experimental evidence of its kind
to quantitatively establish the drop of electric potential within
the double layer.

The complex PDI-W(CO); was previously synthesized and
characterized in great detail.”” The Fourier transform infrared
(FTIR) spectrum of PDI-W(CO); complex dissolved in
anhydrous dichloromethane (DCM) is shown in Figure la.
The computed IR spectrum of this complex is shown in Figure
1d. There are two peaks in the region between 2100 and 2200
cm™, corresponding to the NC bound to W appearing at
~2146 cm™! (shaded yellow) and the free NC group at ~2127
cm™' (shaded green). The other three peaks at ~2060, ~2000,
and ~1950 cm™" correspond to three CO stretching modes of
the -W(CO); moiety. As previously shown by Burdett et al.>!
and also confirmed by our own theoretical calculation (see the
Supporting Information), the ~2000 cm™"' mode should be IR
inactive; yet, this mode appears in the solution IR spectrum of
PDI-W(CO); (albeit very weak in intensity). This can be
attributed to a Fermi resonance resulting from its interaction
with the overtone transition (v = 0 — v = 2) of the IR-active
C—H in-plane bending mode of the PDI molecule, which has a
fundamental frequency of ~1012 cm™.* Fermi resonance
originates from vibrational anharmonicity in a molecular
system, and therefore our theoretical calculation, performed
under harmonic approximation, could not predict the
occurrence of this mode.

A representative PPP-polarized VSFG spectrum of the SAM
of PDI-W(CO); complex on the planar polycrystalline gold
surface is shown in Figure 1b. The computed PPP-VSFG
spectrum is shown in Figure le. The details of the experiment
and computation can be found in the Supporting Information.
The free NC group (as shown in Figure 1a,d) binds to the Au
surface, donating its carbon-centered o-lone pair of electrons
without 7-backbonding (Au is an s-band metal) and thus is
blue-shifted by ~50 cm™’, consistent with previous IR, SERS,
and VSEG studies.****™°® The selection rule of VSFG
spectroscopy dictates that for a vibrational mode to be
VSFG active, it must be both IR- and Raman-active.’” To find
the Raman-active modes of the molecule, we measured shell-
isolated nanoparticle-enhanced Raman (SHINER)*® spectrum
of PDI-W(CO); SAM attached to a planar Au surface (Figure
S$3), which shows three prominent peaks corresponding to Au-
bound NC, W-bound NC, and W-bound CO vibrational
modes. Our theoretical calculation also corroborates this result,
which predicts the ~2175, ~2145, and ~2060 cm™! modes to
be both IR- and Raman-active (Figure S7), and therefore, we
find three prominent peaks at respective frequencies in the
experimental VSFG spectrum, as expected from the selection
rule. The ~1950 cm™' mode shows considerable intensity in
the solution IR spectrum, as also predicted by our calculation
(Figure 1). However, this mode is not observed in the
experimental SHINER spectrum (Figure S3), and the
theoretically calculated Raman intensity of this mode is also
negligible as compared to other vibrations (Figure S7). As a
result, the ~1950 cm™' band is absent in the PPP-polarized
VSFG spectrum. Figure 1b also shows a prominent peak at
~2000 cm™, attributed to the Fermi resonance discussed
above. Observation of such a Fermi-resonance transition in
VSEG is not unprecedented and is consistent with previous
literature reports on other systems.”” To extract frequencies of
different vibrational modes of the surface-bound PDI-W(CO),
molecules, the VSFG spectrum is fitted using eq (1)

mentioned in the Supporting Information. Each resonant
mode is modeled using a Lorentzian; the imaginary part of
each Lorentzian is shown underneath the VSFG spectrum.

We also measured the PPP-VSFG spectrum of a PDI SAM
on the Au surface (Figure 1c). The computed spectrum is
shown in Figure 1f. As evident from the experiment, the NC
group bound to gold shows a strong response, whereas the
VSEG intensity of the free NC group is much weaker, making
it hard to identify the corresponding peak position. Attaching
the -W(CO); moiety to this free NC group enhances the
VSFG intensity of this mode by ~25X, as predicted by our
calculation (contrast Figure le,f). Such enhancement manifests
itself in our experimental VSFG spectrum (Figure 1b), with a
clear peak corresponding to NC attached to W at ~2145 cm™".
Moreover, such chemical modification presents us with a new
molecular system with an additional vibrational reporter (CO
attached to W) at an even further distance from the gold
surface, allowing us to measure the electric field strength well
beyond 1 nm from the electrode.

Electrochemical Stark Shift of PDI-W(CO); SAM at Au/
Liquid Interface. The potential-dependent VSFG spectra of
PDI-W(CO); adsorbed on Au is shown in Figure 2a. All
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Figure 2. (a) Normalized PPP-VSFG spectra measured under in situ
electrochemical conditions at nine different electrode potentials (vs
Ag/Ag*). A 02 M tetrabutylammonium hexafluorophosphate
(TBAPFy) in dichloromethane (DCM) is used as the electrolyte
solution. The SAM-decorated Au slide and a Pt wire were used as
working and counter electrodes, respectively. Vibrational frequency of
each mode was extracted by spectral fitting procedure, as described in
the Supporting Information, and plotted as a function of electrode
potential: (b) NC bound to Au, (c) NC bound to W, and (d) CO
bound to W.

spectra were fitted to extract the frequencies of different
vibrational modes of the surface-bound PDI-W(CO);
molecules. The center frequency of each vibration was
extracted (shown in Table S4) and plotted as a function of
potential (vs Ag/Ag"), shown in Figure 2b—d. The shift of the
Fermi-resonance mode frequency is not shown, as we will not
be using it for the calculation of interfacial electric field. The
frequency vs potential plot for each vibrational mode can be
fitted with a linear equation, with the fitted line representing
the slope of the Stark shift in cm™ /v unit. The slopes of NC
bound to Au (Figure 2b) and NC bound to W (Figure 2c) are
of opposite sign, as expected from the opposite direction of
these two NC dipole moments.”® Upon applying external bias,
the generated electric field is assumed to be in the direction
perpendicular to the electrode surface. One of these NC
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dipoles, which is aligned to this electric field, becomes
stabilized, while the other dipole moment vector, opposing
the electric field, gets destabilized, thereby showing opposite
signs of the Stark shift slopes. The magnitude of the slopes
carries information about the strength of the local electric field
experienced by the vibrational probe.

Calculating the Interfacial Electric Field as a Function
of Potential. We correlate this interfacial electric field to the
potential-dependent frequency of the vibrational probes as
follows:

w(p) = w, + M. F(g) (1)

where, F(¢) is bias-dependent electric field strength, @), and
() stand for the vibrational frequencies in the absence of

applied voltage and at potential ¢, respectively. A—/,t is known as
the Stark tuning rate, representing the susceptibility of a
vibrational probe toward applied electric field. We remark that

A7 is related to the change in vibrational transition dipole and
for a localized vibration on a bond or small functional group
reports on the local electric field projected along the

mode.'”""®" To determine A—)pt, we performed density
functional theory (DFT) frequency calculations for PDI-
W(CO); molecule attached to Au cluster, with an external
uniform electric field ranging from —1 to +1 V/nm applied
perpendicular to the surface (Figure 3c). Figure 3a shows the

E 0.12- (a) Uniform electric field
T throughout the molecule
2 . 1.0V/
008 S +1.0 V/nm ®
g 1 ¢ (©
© 0.044
7 ¢ ©® ¢
> 0.00 AN 1.0 V/om
2000 2050 2100 2150 2200 2250 :
-1
Frequency (cm ) o
— — F ¢ @
- 10.4 cm/(V/nm) L
"2 2160 : ¢
5
2. 2120 195 eyt :
g s (V/nm)
2
g 20%0 178 emriy Ceeee
-~ /nm)
2040
Cee

T T T T
-1.0  -0.5 0.0 0.5 1.0
Electric Field (V/nm)

Figure 3. (a) Computed PPP-VSFG spectra as a function of the
external electric field between —1 and +1 V/nm. (b) Theoretically
calculated frequency of each vibrational mode is plotted with respect
to an electric field, and the slope of this plot determines Ay (in cm™/
(V/nm) unit): NC—Au (red), NC—W (blue), and CO—W (green).
(c) Cartoon figure representing PDI-W(CO)s molecule attached to
Au cluster, with an electric field applied perpendicular to the surface.

simulated vibrational spectra of PDI-W(CO); attached to Au
(see the SI for details) as a function of the applied field. The
frequency of each vibrational mode is plotted with respect to
an electric field, and the slope of this plot determines Ay, as
shown in Figure 3b, for three vibrational modes: NC—Au
(red), NC—W (blue), and CO—W (green). It is to be noted
that the calculated Ay for NC—Au and NC—W vibrational
modes have opposite signs, consistent with experimental
observation.

Table 1 above represents the experimental Stark Slope and
the calculated Ap values for Au attached PDI-W(CO);
molecules, as compared to our previously published results
on Au-PDI system. The large values of calculated Ay for all of
the vibrational modes of PDI-W(CO); on Au deserve a special
mention. As shown in Table 1, the value of Ay for the free NC
group of PDI adsorbed on Au is —5.3 cm™'/(V/nm); whereas
in case of PDI-W(CO); on Au, the Ay value of the NC group
attached to W is —19.5 cm™!/(V/nm). Therefore, attachment
of -W(CO); moiety to the free NC group increases its Ay
value by about 4 times. This can be understood as follows:
tungsten (W) is a Sd transition metal and is highly polarizable.
Attaching an NC group to W is achieved via o-donation of a C-
centered electron pair to the empty d orbitals of the metal
center, followed by significant backdonation of electron density
from the W dz orbitals to the 7* orbital of the NC species via
dr—pn interaction. This increases charge separation within
N=C-W species, making it more susceptible toward the
external electric field. We also believe that the higher
polarizability of this N=C—W coupled vibration is responsible
for the enhancement (~25 times) of its VSFG signal intensity
(Figure 1), as compared to that of the free NC group in Au-
bound PDI molecule. The calculated Ay values for Au-bound
NC and W-bound CO groups also appear to be equally strong.
In all of these cases, the common factor is a 5d transition metal
(either Au or W), where each vibrational probe is localized.
Therefore, we conclude that attachment of a highly polarizable
metal center to a vibrational probe, which otherwise has a
small Ay value, can be used as a chemical tool to drastically
enhance its susceptibility toward the applied electric field. A
large Ay value of a vibration makes it easier to experimentally
measure its frequency shift under applied bias, especially in the
region where the electric field strength is very low. For
example, given the electrolyte concentration used in our
experiment (0.2 M), the electric potential is expected to drop
almost entirely within 1 nm distance from the electrode
surface. Despite that, large Ay values of different vibrational
probes of the PDI-W(CO)j; system have allowed us to measure
the electric field strength well beyond 1 nm from the Au
surface, which would otherwise be very challenging to measure.

Starting with eq 1, the expression of the absolute electric
field strength as a function of applied voltage (F(¢)) can be

deduced as shown in the Supporting information.

dw((ﬂ)‘i'(

E =
(@) a0

P = Ppyc) )

do(p)
do
theoretically. @p;c represents the potential of zero charge
(PZC) of the Au/SAM/electrolyte system. Based on literature
reports of various Au/electrolyte systems®> ®° and our
previous work on PDL* we assume the PZC for Au/PDI-
W(CO)S/electrolyte system to be ~ —0.05 V vs Ag/Ag’,
which enables us to calculate the strength of the interfacial
electric field. The calculated absolute electric field strength
(F(¢@)) observed by all three vibrational modes as a function of
applied voltage (@) is shown in Figure 4a, and the slope

(%{Z))) is tabulated in Table 1. We should stress that this

is measured experimentally, while Ap is calculated

calculated electric field does not depend on any specific
double-layer model. However, we remark that an assumption
underlying the use of eq 2 is that the value of Ay obtained for
the vibrational probe under a uniform external electric field
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dw((/)) , Ap, dF(f/))

Table 1. Comparison of L, of PDI, and PDI-W(CO); SAMs on Au

SAM/Au L (A) d“;i:') (em™!/V) Ay (em™'/(V/nm)) dz:") (nm™)
NC—Au free NC NC—Au free NC NC—-Au free NC
PDI” 9.8 16 + 4 1+3 10.3 =53 0.9 + 0.3
PDI-W(CO); 15.3 NC—-Au NC—-w CO—-w NC—-Au NC-w CO—wW NC—-Au NC—-w CO—wW
20.6 + 0.4 —1.6 +£ 0.3 -14 +£ 03 104 + 0.5 —-19.5+ 0.2 —-17.8 + 14 1.98 + 0.04 0.08 + 0.01 0.08 + 0.01

“Results for PDI SAM on Au are taken from our previous publication.”® 'L’ is the estimated thickness of the SAM (DFT molecular length + C—Au

bond). d"c'l—(’/’) is measured experimentally and represents the slope of the change in frequency as a function of applied voltage, while Ay is calculated
»

using DFT. dF((’]) represents the slope of electric field vs voltage plot (Figure 4a).
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Figure 4. (a) Calculated electric field experienced by different
vibrational modes: NC—Au (red), NC—W (blue), and CO-W
(green) as a function of applied voltage. The blue and green plots are
shown on the top in a zoomed-in view. The slopes of these plots are
mentioned in Table 1. (b) PDI-W(CO); molecule on the Au surface.
The DFT-calculated length of the molecule is 1.5 nm. The red, blue,
and green arrows represent the spatial extent of NC—Au, NC—W, and
CO—-W vibrational modes, respectively. (c) Calculated electric field
strength for two different voltages (—0.8 V, black and —0.4 V, purple)
as a function of distance from the electrode surface.

remains unchanged even if the whole molecule is subject to a
nonuniform, spatial-dependent field. We are currently working
toward the development of a more rigorous calculation, where
the Stark shift is computed assuming a distance-dependent
field distribution that the molecules experience in the double
layer and iteratively modify that field profile until it reproduces
the experimentally measured frequencies. We believe such an
approach will be proven useful for conjugated (highly
polarizable) molecules, where the Stark tuning rate of a
functional group may depend on the field strength that the rest
of the molecule experiences. On the contrary, for non-
conjugated weakly polarizable molecules, this would likely not
yield a major difference.

Electric Field Strength as a Function of Distance
From the Au Surface. One important parameter to map out
the electric field strength within the electrochemical double
layer is the spatial location of each vibration of the SAM with
respect to the electrode surface. Our normal mode analysis of
PDI-W(CO); system on Au (111) cluster reveals that each
vibrational mode measured by VSFG is fairly localized,
providing us with vibrational probes of the local field at a
sub-molecular scale (see the SI). As evident from Table SI in
the Supporting information, the 2188 cm™ mode is entirely
localized to the NC stretching vibration attached to Au
(~99%). The ~2149 and ~2048 cm™' modes are somewhat
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mixed, but the former has a predominant contribution from
N=C-W coupled vibration, whereas the latter is mostly
localized on W-bound equatorial carbonyl groups. Thus,
considering the estimated thickness of the SAM (~1.5 nm),
these three vibrational modes (N=C—Au, N=C-W, and
CO,quv—W) are localized approximately at 2.7 + 0.6, 10.5 +
1.0, and 12.5 + 0.0 A, respectively, from the Au surface, as
shown by red, blue, and green arrows in Figure 4b. This allows
us to measure the strength of the local electric field with
Angstrom spatial resolution and to map out how, in a typical
SAM-modified-metal/electrolyte interface (analogous to the
heterogeneous electrocatalytic system with a monolayer of
catalyst attached to the electrode), the electric field decays as a
function of distance from the electrode surface. As evident
from Figure 4c, there is a precipitous drop (~90%) in the
strength of the electric field within 1 nm from the electrode
surface, and beyond that, the decay is much more gradual. We
should emphasize that measuring such a small electric field at
>1 nm distance from the electrode surface has only become
possible because of the large Ay values of the vibrational
probes of PDI-W(CO); molecular system.

Comparing Our Result with Existing Double-Layer
Models. Gouy—Chapman (GC) and Gouy—Chapman—Stern
(GCS) models are two of the widely invoked theories that are
used to explain double-layer structure at an electrode—
electrolyte interface. The classic GC model considers a diffuse
layer near the electrode, and the electric field is assumed to
drop exponentially as a function of distance from the electrode
surface and decreases to the 1/e of its maximum value at the
Debye length, which is estimated to be ~0.23 nm for a 0.2 M
solution of TBAPFy in DCM (¢ = 8.93) and at room
temperature (T = 293 K). On the other hand, the GCS model
assumes a Stern layer and a diffuse layer in the double-layer
structure; the electric potential drops linearly within the Stern
layer, and in the diffuse layer, it drops exponentially. Electric
field is the negative gradient of potential; therefore, a linear
drop of potential within the Stern layer results in a constant
electric field in this region. Now, we want to explore how
effective these double-layer models are into reproducing our
experimental findings. Detailed descriptions and important
equations related to these models are mentioned in the
Supporting information.

Figure S compares our experimental results with GC and
GCS models. The black circles in Figure Sb represent our
experimentally determined electric field at —0.8 V vs Ag/Ag".
The GC model (black dotted line) consistently underestimates
the electric field strength by ~90—95% compared to our
experiment. Such a result is not unprecedented, as this model
does not consider SAM formation on the electrode surface and
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Figure 5. (a) Cartoon picture of PDI-W(CO); molecule on Au,
showing the solvent penetration within SAM and the effective
thickness of the Stern layer (0.45 nm). (b) Electric field (at —0.8 V vs
Ag/Ag+) as a function of distance from the electrode surface: this
work (black circles), simulation based on GC model (black dotted
line), and for different thicknesses of the Stern layer (x,), 0.3 nm
(red), 0.7 nm (blue), 1.5 nm (pink), and 0.45 nm (solid green). As
evident from this plot, simulation with x, = 0.45 nm satisfactorily
reproduces our experimental observation. (c) Simulated electric
potential as a function of distance from the Au surface. For x, = 0.45
nm, the electric potential drops linearly by ~83% within the Stern
layer, and beyond that, the potential drops exponentially in the diffuse
layer.

therefore is far from experimental reality. This result, however,
highlights the importance of the surface-attached molecules
that play a significant role to alter the double-layer structure at
an electrode/electrolyte interface. On the other hand, the GCS
model does consider a Stern layer (which can be approximated
as the SAM) and is better suited to mimic our experiment. We
first assume the extreme scenario where the length of the Stern
layer is equal to the length of the SAM, i.e, 1.5 nm, and the
simulated electric field in this case shows a constant value
throughout as a function of distance from the electrode surface
(pink dotted line), and therefore, is unable to predict the drop
in electric field strength within the SAM, as observed
experimentally. This points to the fact that the effective
thickness of the Stern layer (x,) is smaller than that of the
SAM itself, possibly due to solvent and electrolyte penetration
within SAM.**%° To find the value of x,, we have simulated the
electric field profile within the double layer as a function of
different extent of solvent penetration within SAM, and for x,
= 045 nm, the simulation (solid green line) satisfactorily
reproduces our experimental electric field strength. The
simulated electric fields for x, = 0.3 nm (dotted red line)
and x, = 0.7 nm (dotted blue line) are also shown in the same
plot to demonstrate that the interfacial field profile is hugely
dependent on the extent of solvent penetration within the
SAM. We believe that the bulky nature of the -W(CO); moiety
prevents the formation of a densely packed SAM on the gold
surface, leaving enough room for the solvent and the

electrolyte to penetrate, which makes the effective thickness
of the Stern layer to be ~4.5 A; beyond that, it is just like a
Gouy—Chapman diffuse layer (Figure Sa). In Figure Sc, we
have also plotted the electric potential as a function of distance
from the electrode surface using simulations based on GC
model and for different thicknesses of the Stern layer. For x, =
0.45 nm (solid green line), we estimate that there is a linear
potential drop (Ag = @, — @,) by ~83% within the Stern layer
and an exponential drop further away from the electrode.”**
On the contrary, in the scenario of no solvent penetration
within SAM, i., for x, = 1.5 nm, the electric potential decays
much slowly, and therefore, the same ~83% drop would take
place over a distance of 1.4 nm from the Au surface (Figure Sc,
pink line). Our experiment, along with simulation, demon-
strates that the precipitous drop in electric field happens while
moving across from the effective Stern layer to the diftuse layer.
This result will be an invaluable design consideration in
heterogeneous electrocatalysts, where the catalytic center
should be constrained to be within half a nanometer from
the electrode surface for optimal field-induced performance.
From an experimental perspective, the extent of solvent
penetration within the SAM can be controlled by changing the
size of the cation and anion in an electrolyte solution.
Moreover, changing the solvent (i.e, change in dielectric
constant) will also change the extent of screening of the
electric potential and thereby change the electric field profile in
the double layer. A detailed study to unravel these effects is
underway.

B CONCLUSIONS

We have combined in situ vibrational sum frequency
generation (VSFG) spectroscopic measurements and DFT
calculations of VSFG spectra to probe the electric field across
the double-layer structure in a typical electrode/SAM/
electrolyte interface. The PDI-W(CO); SAM on the Au
surface serves as a mimic for heterogeneous electrocatalysis,
since group VI metal carbonyls are well-known for their ability
toward catalytic CO, reduction. The PDI-W(CO); system has
multiple Stark reporters situated at different distances from the
electrode surface, allowing us to measure the local electric field
with sub-A spatial resolution. Our results show that there is a
precipitous drop (~90%) in electric field strength within 1 nm
from the Au surface and a more gradual further drop farther
away from the surface. We emphasize that our work uses a
single Au/SAM system and is different from previous attempts
that employ a series of SAMs of different lengths. Changing the
molecular length changes the packing density of the SAM,
which controls the extent of electrolyte penetration within the
Stern layer, affecting the potential of zero charge (PZC) and
the structure of the EDL, in general. Our work does not suffer
from these issues and, therefore, is the first attempt of its kind
to map out the electric field strength up to 1.3 nm from the
electrode surface. Moreover, the large value of the Stark tuning
rates (Au) for all vibrational probes in the PDI-W(CO);
system allows us to probe a very weak electric field far away
from the electrode (>1 nm), which would otherwise be
difficult to measure with conventional Stark reporters with Au
values 4—S5 times smaller than in our case.

We have shown that the prediction of GC model is far from
our experimental findings, quite understandably. Under the
realm of GCS model, considering the length of the Stern layer
to be equal to that of the SAM also fails to reproduce the
experiment. Therefore, we have adopted a more realistic
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double-layer model by explicitly considering solvent and
electrolyte penetration within the SAM. Our simulation of
the electric field predicts the effective thickness of the
Helmholtz layer to be ~4.5 A; beyond that, it looks just like
a Gouy—Chapman diffuse layer; and it is the juncture between
these two layers, where the majority drop (~90%) in the
electric field takes place. The electric potential linearly drops
by ~83% within the Helmholtz layer itself. We should
emphasize that our work focuses on characterizing the
interfacial double-layer structure of a SAM-modified electrode
surface (that obviously differs from the one without the SAM)
and mimics the EDL structure of a heterogeneous electro-
catalysis process, where the interface is decorated with a layer
of molecular catalyst. Therefore, the reported conclusions
should be carefully considered when designing a molecular
electrocatalyst, where positioning of the catalytic center at a
particular distance from the electrode surface is of pivotal
importance. Catalytic centers at chiral microenvironments
could also be selectively probed analogously, using chiral SFG
methods.”””® Future works from our groups will focus on
varying different parameters, including the surface coverage of
the SAM, the size of the cations and anions in the electrolyte,
and its ionic strength to systematically control the interfacial
environment and its effect on the electric field profile across
the double layer. Moreover, from the theoretical point of view,
we will design spatial-dependent electric field profiles to
investigate the Stark effect susceptibility of localized vibrational
probes to nonuniform fields. That level of characterization will
provide a realistic model of the double-layer structure for
universal adoption.
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