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Revealing the factors that affect the vibrational frequency of Stark probe at interface is a pre-requirement
for evaluating the absolute interfacial electric field. Here using surface-enhanced infrared absorption
(SEIRA) spectroscopy, attenuated total reflection (ATR) spectroscopy and molecular dynamics (MD), we
reveal the assembled C=N at gold nanofilm exhibits a reduced Stark tuning rate (STR) referring to the
vibrational frequency shift in response to electric field comparing with the bulk which was regulated by
the electron transfer between S and Au. These findings lead to a deeper understanding of the vibrational
Stark effect at the interface and provide guidance for improving the interface electric field theory.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Interface is an important aspect of chemistry on which many
enzyme-catalyzed and electrochemistry reactions all take place
[1,2]. Electrochemical interfaces involving electrodes/electrolytes
are not only the most common interfaces, but also typical models
for studying interfacial reactions [3,4]. The promotion or suppres-
sion of the electrochemical reaction can be modulated by changing
the electrode potential [5-7], but it is worth noting that the inter-
facial electric field itself exists intrinsically which would inevitably
affect the progress of the reaction at the interface. The composi-
tion, charge, polarity, solvent properties, and hydrated ions at the
interface will all affect the interface electric field [7-10] which has
brought greater difficulty to the challenging direct measurement of
interfacial electric field. An accurate and quantitative description of
the interface electric field is of great significance for revealing the
underlying biological and chemical reaction mechanism, and it is
also a great challenge in the study of the interfaces.

Vibrational Stark effect (VSE) describes a molecular vibration
that is sensitive to the local electrostatic field will show a field-
induced change in the vibrational frequency and spectral intensity
[11], which provides a direct way to measure local electric field
by employing a molecular probe having polar bonds [12]. Nitrile
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group (CN) has attracted extensive attention as a VSE probe to
indicate changes in the local electric field due to its large dipole
moment and the distinguished absorption band from most studied
functional groups [13], which have been used to detect the elec-
tric field in the active site of enzyme [14] and the distribution
across the electric double layer of electrode/electrolyte interfaces
[15]. This method is based on the calibration between the vibra-
tional frequency shift of the probe and the electric field applied
either by an electrode or by surrounding solvent with different di-
electric constant [16,17]. It is worthy to note that the experimental
vibrational frequency shift can be derived from factors other than
VSE that would interfere with the accurate assessment of the elec-
tric field [18,19] which may cause the misjudgment of the electric
field. Hence it is the urgent task to reveal the factors that affect
the frequency shift of the stark probe at the interface.
Surface-enhanced infrared absorption (SEIRA) spectroscopy is
an exquisitely surface sensitive technique by taking advantage of
enhancement and near-field effect of nanostructure metal film,
resulting an enhancement factor of 10-1000 for molecules ad-
sorbed to the metal film and the decay of the enhanced signal
within 10nm (Fig. 1a) [20,21], while attenuated total reflection
(ATR) spectroscopy detects the characteristics of the bulk because
the penetration depth of the evanescent wave generated in the
ATR mode is about 0.5-2 um (Fig. 1b) [22]. 4-Mercaptobenzonitrile
(MBN) is an widely used probe for reporting local electric fields
in the study of electrode/solution interface [17,23] because it can
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Fig. 1. (a, b) Diagram of MBN at interface and in the bulk. (c) ATR spectra (blue line) and SEIRA spectra (red line) of MBN in solvents with different polarity. SEIRA spectra
(d) and ATR spectra (e) of the CN vibration plotted as a function of the local electric field obtained by calculation. The slope, m is f-STR, where f (the local field correction

factor) is a scalar estimated to be ~2.

be directly attached to the metal through the sulfhydryl group
with uniform adsorption orientation and the conjugated structure
of the benzene ring makes CN sensitive to the changes in elec-
tronic structure [23]. Applying these methods combining with sol-
vatochromism and molecular dynamics (MD) simulations, we re-
veal the difference in Stark tuning rate (STR) between the bulk so-
lution and the interface referring to experimental vibrational fre-
quency change with a local electric field which is different from
intrinsic STR referring to the difference dipole moment of the bond
between the ground and excited vibrational states in the presence
of an external electric field. We found that the decrease of STR at
interface was not only due to the reduced solvation reaction field
at the interface but also induced by electron transfer between S
atom of sulfhydryl molecule and Au nanofilm. Our research reveals
the multiple reasons for the reduction of the STR at the interface
and lay a foundation for better understanding the interfacial VSE
and evaluation of local electric field.

SEIRA and ATR spectra of MBN were recorded at 1 cm~! reso-
lution with 512 scans after taking different solvents as background
spectrum to measure the vibrational response of MBN at inter-
face and in the bulk. As shown in Fig. 1c, the characteristic ab-
sorption peak attributed to v(C=N) of MBN between 2150 cm!
to 2300 cm~! exhibits a more pronounced red shift at interface
(red curves) than in the bulk (blue curves) which might reflect the
fact that CN experiences different electric fields and/or CN exhibits
different STR in these two modes. To understand how the mag-
nitude of electric field around the CN varies in different systems,
we performed MD simulations to calculate the ensemble-averaged
electric field of different kinds of solvents in the bulk and at in-
terface, respectively (Tables S2 and S3 in Supporting information).
As reported, the interfacial electric field is slightly smaller than the
bulk due possibly to an extra electric field induced by metal image
dipole when bonding of MBN with gold interface [17]. Neverthe-
less, the STR of MBN at the interface (0.055 cm~!/(MV/cm), Fig. 1d)
is still smaller than that in the bulk (0.115 cm~'/(MV/cm), Fig. 1e),
suggesting that the sensitivity of the MBN frequency to local elec-
tric field at the interface is lower than that in the bulk free state,
that is, relative to the bulk, after assembling at interface, the same
electric fields along the CN induces a smaller change in its vibra-
tional frequency. Discovering the origin of the difference can help
us to better understand the interfacial VSE.

The intermolecular interaction may influence the electron struc-
ture, which in turn affects infrared vibration wavenumber further
affects its STR. r-7r interaction is an intrinsic interaction caused by
intermolecular overlapping of p-orbital in 7 conjugated molecules
containing aromatic groups [24]. In order to explore whether there
is a difference in - interaction of MBN at interfacial assembly
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Fig. 2. (a) The ATR spectra of MBN with different concentrations. (b) The SEIRA
spectra of MBN with different concentrations. (c) EIS measurements of MBN SAM
with different concentrations on nanostructured Au electrodes. (d, e) Diagram of
-7 interaction of MBN in the bulk and at interface.

state and in the bulk, considering the stacking effect strengthens
with the increase of the concentration and will lead to a red shift
of characteristic absorption peak in the infrared spectrum [25], we
monitored the ATR spectra of MBN with different concentrations.
Although with the decrease of concentration, the signal-to-noise
ratio gets worse after normalization, the characteristic absorption
peak of CN still can be clearly identified (Fig. 2a). As the con-
centration gradually increased from 10 mmol/L to 50 mmol/L and
finally to 100 mmol/L, the band of CN exhibits a red shift from
2232.6 cm~! to 2232.2 cm~! and finally to 2231.2 cm~! (Figs. 1c
and 2a), indicating the enhancement of intermolecular -7 inter-
action. To further verify m-7 interaction induces the red shift of
CN, we recorded the spectra dried with Ar stream after taking Si
prism exposed in air as the background spectrum. The removal of
solvent makes MBN tend to arrange like a stack of coins, so we
observed 2.6 cm~! red shift (from 2231.2 cm~! to 2228.6 cm™!)
of CN after solvent removal in 100 mmol/L MBN, and it further
red shifts with the increasing concentration. The appearance of
shoulder peak after drying solvent may come from MBN clusters
of different sizes [25]. Notably, when different concentrations of
MBN were assembled on Au nanofilm, the band of CN remained



M. Zhu, E Liang, L. Wu et al.

o

a

With N,

e
el

ether

With Ar

Ar

2226.5
2225.9

Normalized Absorbance

DR
LL&&&E&LL&&L&

2235 22.30 22.25 22.210
Wavenumber (cm™)

Fig. 3. (a) Diagram of electron transfer between S and Au in hexane (top panel)
and ether (bottom panel). The green dot circles represent N, (top panel) and ether
(bottom panel), respectively. (b) The corresponding SEIRA spectra of MBN in hexane
with (purple line)/without (black line) N, stream (top panel) and SEIRA spectra of
MBN in ether with (pink line)/without (black line) Ar stream (bottom panel).

unchanged at 2224.0 cm~! (Fig. 2b). To explore whether it roots
in the adsorption saturation of MBN at interface or in the un-
changed m-m interaction after assembling in different concentra-
tions at interface, electrochemical impedance spectroscopy (EIS)
was used to characterize the formation of self-assembled mono-
layer (SAM) [26]. As shown in Fig. 2c, the interfacial capacitance
varies with SAMs assembled in different concentrations, implying
the unsaturated adsorption of MBN at interface. Consequently, the
constant absorption peak of CN should result from unchanged 7 -
7 interaction among MBN after assembling in different concentra-
tions at interface. According to the orientation of the aromatic ring,
the m-m interaction between aromatic molecules can be roughly
divided into three prototype configurations [27]: Edge to face T-
shaped configuration (Fig. 2d-1), parallel-displaced configuration
(Fig. 2d-2) and sandwich configuration (Fig. 2d-3) with gradu-
ally decreased stability [28]. When MBN is dispersed in the bulk
with free orientation, they prefer T-shaped configuration between
molecules [29,30] rather than the other two configurations, result-
ing in stronger w-m interaction while only sandwich configuration
exists at interface (Fig. 2e) due to the fixed orientation caused by
the formation of Au-S bonding. The interaction between molecules
causes the migration of the electron cloud and then induces the
shift of the absorption band in the infrared spectrum. As for w-w
interactions mentioned above, the quadrupole-quadrupole interac-
tion is attractive for the T-shaped and parallel-displaced configura-
tions, while is repulsive for sandwich configuration [31]. Therefore,
the equilibrium of repulsive forces between adjacent molecules
does not change the electron cloud distribution, so it shows the
same characteristic absorption peak position. Theoretically, if -7
interaction causes the difference between interface and bulk, SEIRA
spectra of CN in MBN should be blue-shifted relative to ATR spec-
tra due to weaker ;-7 interaction, which is contrary to what we
have observed experimentally, so it is not the case.

The most intuitive difference between interface and the bulk is
the formation of the Au-S bond. When S atom bonds to Au, there’s
electron flow from Au to S [32] possibly because S is more elec-
tronegative than Au which is similar to that more electronegative
atoms are more likely to act as electron acceptors [33] which af-
fects the electronic structure of the whole molecule and further
induces vibrational frequency shift. Analogously, oxygen-containing
species can easily interact with Au due to its higher electronega-
tivity (3.44) comparing with Au (2.54) which interferes the elec-
tron transfer between S and Au and further induced vibrational
wavenumber shift. To verify this speculation, we recorded sample
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spectra of MBN assembled in hexane and ether and then dried
with air stream after taking Au nanofilm exposed in air as the
background spectrum (Fig. 3a). As shown in Fig. 3b, the band
of CN in ether shows the maximal absorption at 2226.5 cm~!
(black line in bottom panel), which is blue shifted by 0.6 cm~!
(from 2225.9 cm~! to 2226.5 cm~!) comparing with that in hexane
(black line in top panel), resulting from the reduction of electron
transfer between S and Au due to the interaction between the O
atom of gaseous ether and Au. Hence, we speculate that the occur-
rence of electron transfer between S and Au contributes to the vi-
brational wavenumber of CN which makes it differ from that in the
bulk. In order to prove it, we dried with N, instead of air stream
due to its higher electronegativity (3.04) to obtain sample spec-
tra under the reduction of the electron transfer between S and Au
(Fig. 3b, purple line in top panel), CN vibration undergoes a blue
shift of 1.0 cm~! (from 2225.9 cm~! to 2226.9 cm~!) indicating the
electron transfer between S and Au could contribute to the red-
shift of the vibrational Stark probe CN. To further verify this con-
clusion, we repeated the above experiment with ether instead of
hexane and Ar stream instead of nitrogen stream to obtain sample
spectra that increases the electron transfer between S and Au after
removing ether vapor (Fig. S1 in Supporting information). Results
as we expected (Fig. 3b, pink line in bottom panel), CN vibration
undergoes 0.6 cm~! redshift (from 2226.5 cm~! to 2225.9 cm™1).
To further verify the important contribution of electron transfer to
the redshift of CN comparing with that in the bulk, MD trajectory
analysis was applied to obtain CN vibrational density of states of
MBN (Figs. S2 and S3 in Supporting information), which is in good
agreement with the experimental result that CN vibration exhibits
a more pronounced red shift at interface than in the bulk. As for
the mechanism which the electron transfer between S and Au in-
ducing the red-shift of CN in MBN, electron flowing from Au to S
increases the electron density of MBN molecule and strengthen the
anti-bonding orbitals of CN overlap resulting in the red-shift of CN
[34] which is a significant factor why there is a clear red shift of
CN vibration in MBN-assembled Au interface than in the bulk. Elec-
tron transfer-induced red-shift of CN wavenumber also occurred
on other metal interfaces. As reported, the Au/MBN/air system pre-
sented CN stretching frequencies around 2226 cm~! [13] which is
red-shift than Ag/MBN/air system (around 2230 cm~!) [13,35,36].
Both of them are red-shifted than gas phase (2238 cm™!) [13]
which verified the electron transfer from metal to S resulting in
the red-shift of CN. The stronger interaction between S atom and
Au than Ag [37,38] induced larger electron transfer resulting in
lower wavenumber of CN assembly on Au which further confirm
the electron transfer-induced red-shift of CN wavenumber.

Since the zero-charge potential of the Au electrode is lower
than the open circuit potential (Fig. S4 in Supporting information),
Au has a positive surface charge in solution. To reveal the contri-
bution of the interfacial positive electric field to the vibration of
CN, salt ions were introduced to shield interfacial electric field and
compress the electric double layer (Fig. 4a), which results in a red
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Fig. 4. (a) Diagram of MBN in interfacial electric field. (b) SEIRA spectra of MBN in
H,0 with (red line)/without (black line) the addition of 10 mmol/L phosphate buffer
solution.
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shift of 2.4 cm~! (from 2232.7 cm~! to 2230.3 cm~!) of the band
of CN (Fig. 4b), indicating that the positive interfacial electric field
induced a blue-shift of the vibration of CN. Whether blue shift or
red shift of vibrational probe depends on the direction of the elec-
tric field and the electric dipole moment. When the direction of
the electric field is parallel to that of the electric dipole moment,
the vibrational transition energy from the ground state to the ex-
cited state decreases, resulting in the red shift of spectrum. Con-
versely, antiparallel of the direction of the electric field to the elec-
tric dipole moment results in blue shift of the absorption of Stark
probe [12]. Thus the potential-induced blue shift of CN vibration is
contradictory to the red shift of the assembled CN at Au electrode
relative to CN vibration in the bulk, so this is not the dominant
cause of the difference between the interface and the bulk.

An accurate and quantitative description of the interface elec-
tric field is of great significance for revealing the underlying bi-
ological and chemical reaction mechanism, and it is also a great
challenge in the study of the interfaces. Revealing the factors that
affect the vibrational frequency of Stark probe at interface is a pre-
requirement for evaluation the absolute interfacial electric field.
Herein, combining SEIRA spectroscopy, ATR spectroscopy and MD
calculations, we found solvent electric field, intermolecular -7
interaction, electron transfer between S and Au, interfacial elec-
tric field all contribute to the vibrational frequency shift of CN.
We reveal the assembled C=N at gold nanofilm exhibites a reduced
STR comparing with the bulk which was regulated by the electron
transfer between S and Au. Our research lays a foundation for bet-
ter understanding the interfacial VSE and provides guidance for es-
tablishing quantitative model to evaluate the local electric field.
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