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ABSTRACT: We study the properties of the interface of water and the
surfactant hexaethylene glycol monododecyl ether (C12E6) with a
combination of heterodyne-detected vibrational sum frequency generation
(HD-VSFG), Kelvin-probe measurements, and molecular dynamics (MD)
simulations. We observe that the addition of the hydrogen-bonding
surfactant C12E6, close to the critical micelle concentration (CMC),
induces a drastic enhancement in the hydrogen bond strength of the water
molecules close to the interface, as well as a flip in their net orientation.
The mutual orientation of the water and C12E6 molecules leads to the
emergence of a broad (∼3 nm) interface with a large electric field of ∼1
V/nm, as evidenced by the Kelvin-probe measurements and MD
simulations. Our findings may open the door for the design of novel
electric-field-tuned catalytic and light-harvesting systems anchored at the
water−surfactant−air interface.

■ INTRODUCTION

Over the last few decades, there has been a significant interest
in the behavior of water at inorganic and biological interfaces.1

Although it is well appreciated that the structure, dynamics,
and electronic properties of water change near interfaces, many
aspects regarding the spatial extent and magnitude of these
perturbations continue to be a topic of intense theoretical and
experimental study.2 One aspect of specific interest that has
recently emerged is the appearance of electric fields near
interfaces and their effect on chemical reactivity.3

Electric-field fluctuations are at the heart of chemical
reactions such as electron and proton transfer in aqueous
solution, in the active sites of proteins, or near DNA.4 The role
of the electric fields is particularly pertinent when there is a
breaking of symmetry in the system: for example, at aqueous
interfaces due to the presence of ionic charges leading to the
formation of a double layer.5 Even in the absence of ionic
charges, it has been noted that an electric field can be created
by a network of oriented water molecules at interfaces.6

However, the precise microscopic origin of such electric fields
in heterogeneous environments involving water and other
solutes remains elusive, since different species can contribute in
nontrivial ways to alter the electrical potentials. The ability to
control these electric fields has enormous potential for the
development of green-energy technologies.3b,f,7

In this study we investigate the surface of an aqueous
solution of the surfactant hexaethylene glycol monododecyl
ether (C12E6), using a combination of heterodyne-detected

vibrational sum frequency generation (HD-VSFG), Kelvin-
probe vibrating electrode measurements, and molecular
dynamics (MD) simulations. C12E6 forms one of the
members of a well-studied class of nonionic surfactants that
contain a poly(ethylene oxide) group as the polar headgroup
and an aliphatic chain as the tail. This class of surfactants has
been extensively studied over the years for their physical
properties.8 Moreover, C12E6 is an interesting system, as this
molecule shows a high potential in the formation of soap films
for artificial photosynthesis applications.8h

Our findings indicate that C12E6 creates a broad (∼3 nm)
interface with strongly enhanced dynamic correlations and a
hydrogen-bonding network involving both copenetrated water
and surfactant groups. The surfactant also induces changes in
the water orientation at the interface. These structural changes,
observed both by HD-VSFG measurements and MD
simulations, create a net interfacial electric field of ∼1 V/nm
pointing toward the bulk, which is confirmed by Kelvin-probe
surface potential experiments.

Received: May 18, 2021

Articlepubs.acs.org/JACS

© XXXX American Chemical Society
A

https://doi.org/10.1021/jacs.1c05112
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

A
M

O
L

F 
on

 S
ep

te
m

be
r 

15
, 2

02
1 

at
 1

4:
46

:0
8 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rahul+Gera"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huib+J.+Bakker"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ricardo+Franklin-Mergarejo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Uriel+N.+Morzan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gabriele+Falciani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luca+Bergamasco"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luca+Bergamasco"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jan+Versluis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Indraneel+Sen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Silvia+Dante"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eliodoro+Chiavazzo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ali+A.+Hassanali"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.1c05112&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c05112?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c05112?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c05112?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c05112?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c05112?fig=tgr1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.1c05112?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf


■ MATERIALS AND METHODS
Experiments. Heterodyne-Detected Surface Sum-Frequency

Generation (HD-VSFG). Surface-sensitive VSFG has matured over
the years in providing a molecular-level description of interfaces. This
technique has been discussed in detail in different reports.1a,c,f,9 In
brief, we perform VSFG by focusing two laser pulses with frequencies
ωIR and ωvis, on the surface with spatial and temporal overlap. The
mid-infrared pulse (ωIR) is resonant with the vibrational frequencies
of molecules present at the interface, while and ωvis is a visible pulse
used for upconverting the signal to the sum frequency ωSFG (ωSFG =
ωIR + ωvis). Light at ωSFG can only be created in noncentrosymmetric
media under an electric dipole approximation, thus making the sum-
frequency generation process highly surface specific. The intensity of
the sum frequency light created is given by ISFG ∝
|χ(2)|2IvisIIRLSFG

2LIR
2Lvis

2, where χ(2) is the macroscopic second-order
nonlinear susceptibility, Ivis and IIR are the intensities of the incoming
visible and mid-infrared radiation, respectively, and LSFG, LIR, Lvis are
the Fresnel coefficients for the SFG, IR, and visible light, respectively.
We also measure the VSFG spectrum of a reference sample for which
the sum-frequency generation is nonresonant, to normalize the
measured signal on the spectral intensity distribution of the infrared
pulse. χref

(2) is independent of ωIR and ωvis. Thus, using
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spectrum is obtained. χ(2)(ωSFG = ωIR + ωvis) can often be expressed
as a sum of Lorentzian vibrational resonances and a nonresonant
background signal
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where ωn, An, and Γn are the frequency, amplitude, and damping
constant of the vibrational mode n of the molecule at the interface,
respectively, and ANR is the nonresonant background. A direct
determination of χ(2)(ωSFG) from the conventional intensity VSFG is
not possible, as the intensity VSFG is proportional to |χ(2)|2, which
strongly depends on the interference of the nonresonant background
and the resonant contributions to χ(2). This problem can be solved by
performing heterodyne-detected VSFG (HD-VSFG),1a,9a,10 which
gives direct access to the real and imaginary parts of χ(2). Imχ(2) is a
direct representation of the vibrational spectrum of the molecules at
the interface and can thus be directly compared to bulk infrared and
Raman measurements.1a,9a,10 Moreover, the sign of Imχ(2) reflects the
orientation of the molecular group that carries the normal vibrational
mode.
The details of the experimental setup have been previously

reported.11 Briefly, the ∼3 mJ, 35 fs, 800 nm pulses from a
regenerative Ti:sapphire amplifier (Coherent Legend), working at a 1
kHz repetition rate, are split into two parts. About 2 mJ of the
fundamental beam is used to generate a mid-infrared (mid-IR) beam
using a tunable home-built optical parametric amplifier (OPA) and a
difference-frequency-generation (DFG) stage. The ωIR value from the
OPA + DFG was centered at ∼3000 nm, and the pulses had an energy
of ∼12−14 μJ. Another part of the fundamental beam is sent through
an etalon to stretch the femtosecond beam to a few picoseconds and
to narrow the frequency bandwidth to 15 cm−1. This beam acts as
ωvis. In HD-VSFG we generate ωSFG both from a gold substrate that
acts as a local oscillator (LO) and from the sample. The two SFG
responses are delayed in time with respect to each other by passing
the local oscillator ωSFG beam through a silica plate (∼1 mm). The
two ωSFG beams are sent into a monochromator and detected with an
electron-multiplied charge-coupled device (EMCCD, Andor Tech-
nologies). The interference pattern of the two beams makes it possible
to extract the real and imaginary parts of χ(2) using a Fourier
transformation. Imχ(2) is obtained by comparing the HD-VSFG signal
with a reference HD-VSFG signal whose phase of the SFG light is
known.1a,12 We obtain the reference HD-VSFG signal from a z-cut

quartz crystal. The typical acquisition time of an HD-VSFG spectrum
is 55 s. The measurements reported in this paper are recorded with a
ssp (ωSFG, ωvis, ωIR) polarization combination.

The stock of C12E6 surfactant (≥99% pure) was purchased from
Anatrace and used without further purification. We prepared solutions
with different surfactant concentrations in Millipore water.

Kelvin-Probe Surface Potential. The Kelvin-probe experiments
were carried out using a custom-made reduced volume (50 mm × 148
mm) Teflon Langmuir trough (KSV-NIMA, Finland). The trough
was placed under a hood and equipped with a surface potential sensor
with a vibrating electrode (SPOT, KSV-NIMA). The surface pressure
was measured in the same trough using a Pt-Wilhelmy probe. The
experimental setup is shown in the Figure S4 in the Supporting
Information.

Before use, the Teflon trough was carefully cleaned with ethanol
and rinsed several times with ultrapure water to remove any trace of
contaminants. The SPOT stainless-steel counter electrode was treated
in a UV/ozone chamber for 15 min before placing it in the trough.
The trough was filled with a measured volume of ultrapure water (43
mL), and the water surface was carefully cleaned by a vacuum
aspirator. The measurements were carried out at 22 °C.

The surface pressure of the pure water was given a reference value
of 0 mN/m. The vibrating electrode was placed at 2 mm above the
surface of the pure water, and a baseline recording was started. After
300 s, a small volume of the surfactant stock solution (0.04 M) was
accurately measured and injected at the bottom of the trough using a
Hamilton syringe to reach the desired final concentration (c = 0.07
mM). At the same time, a corresponding volume of water was
removed from the trough, in order to minimize the change of the
water level. The surface potential changes and the surface pressure
were continuously recorded for at least 6000 s (see Figure S3).

The C12E6 surfactant (BioXtra ≥98.0% (TLC), Sigma-Aldrich)
was used without further purification. The surfactant was dissolved in
ultrapure water (resistivity 18.2 MΩcm) at a concentration c = 0.04
M and allowed to stabilize for at least 24 h.

Computational Methods. Molecular Dynamics Simulations.
To study the physical properties of the water−C12E6 mixture in
comparison to those of the water−air interface, we performed
molecular dynamics (MD) simulations of both systems. Figure 1

depicts the simulated water−C12E6 mixture. The system consists of
two interfaces each composed of 48 surfactant molecules close to the
critical micelle concentration (CMC).8e,13 The cell dimensions of the
periodic system are 5 nm in both the x and y directions and 30 nm in
the z direction. A total of 4055 water molecules were added to build
the surfactant−water system illustrated in Figure 1. More details of
the simulation can be found in ref 8h.

All of the MD simulations were performed using the open source
package GROMACS.14 In these simulations, we employed the SPC
model for water molecules15 and a combination of united-atom
TRaPPE and OPLS-AA16 force fields for C12E6. The alkyl groups in
C12E6 were described with a united-atom approach, whereas the
oxygen atoms and OH groups were modeled explicitly. This
combination of interaction potentials was adapted from previous

Figure 1. Representative snapshot of the simulated system. The
C12E6 molecules form layers at the interfaces between water and
vacuum. Carbon, oxygen and hydrogen atoms are depicted in green,
red, and white, respectively.
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studies8k,17 that have been shown to reproduce several experimental
parameters such as the surface tension and the thickness of the
interface.8f,18 Furthermore, we will show below that this force field
provides good agreement with both the Kelvin probe and with the
SFG measurements for the water−C12E6 mixture. For the short-
range nonbonded interactions, a cutoff length of 1.0 nm was chosen
for a shifted Lennard−Jones potential, while the long-range
electrostatic interactions were taken into account via the particle
mesh Ewald-switch19 (PME-switch) method with a Coulomb
switching cutoff of 1.0 nm. A long-range dispersion correction was
used to truncate the van der Waals interactions. All bonds were
constrained using the LINCS algorithm.20 A time step of 2 fs was used
for the Verlet integrator. All simulations were conducted in a
canonical ensemble (NVT) at 298.15 K using the Nose−Hoover
thermostat21 with a time constant of 2.0 ps. The simulations were
carried out for 180 ns, where the first 20 ns was used for equilibration.
Hydrogen Bond Analysis. In order to understand how the

surfactant changes the water structure, we determined the topology of
the hydrogen-bond network. The local water topology is defined by
the distribution of the number of hydrogen bonds that are donated
(D) and accepted (A) by a water molecule.22 Far away from the
interface, water molecules will only participate in hydrogen bonds
with other water molecules, whereas close to the interface they can
form hydrogen bonds both with other water molecules and with
surfactant headgroups. The hydrogen bonds were defined using the
criterion developed by Luzar and Chandler.23

Information Theory Metrics to Study Collective Water−
Surfactant Dynamics. We quantified the correlated motions of
water and surfactant molecules with a degree centrality metric (Dc).24

The Dc is a score, assigned to every atom in the system, that in this
study accounts for the total dynamic correlation between that atom
and its neighborhood.
In order to obtain a Dc metric, we utilized the linear approximation

of the mutual information (MI) introduced by Lange et al.25 The
mutual information between two particles is defined as

[ ] = [ ] + [ ] − [ ]x x H x H x H x xMI , ,i j i j i j (1)

where xi represents the positional fluctuations (xi = ⟨xi−xi⟩, xi being
the three-dimensional position vector) and H denotes the entropy of
the random variables. The positivity of MI[xi,xj] rests on the
inequality H[xi,xj] ≤ H[xi] + H[xj], which becomes an equality if both
variables are independent.
The linear mutual information (LMI) relies on a Gaussian

approximation of the probability density that can be expressed as

i
k
jjj

y
{
zzzπ

= − −p x x
Cov

x x x x( , )
1

8 det( )
1
2

( , )Cov ( , )i j
ij

i j ij i j
T

3
1

(2)

where Covij = ⟨(xi, xj)
T(xi, xj)⟩ is the covariance matrix, and the

entropies H are evaluated analytically as

= [ + ]H x x q( , )
1
2

ln det Covi j ij (3)

where q = 6(1 + ln 2π) = 17.02726. In this study we focus on the
correlations that arise from local directional interactions (i.e.,
hydrogen bond, dipole−dipole, or van der Waals interactions).
Hence, our estimator accounts for the correlation between each atom
and its most immediate neighbors. Therefore, instead of the standard
covariance we defined a local covariance Ĉovij as

ˆ
λ= −[ − ]x x x x x x(Cov ) ( , ) ( , ) exp ( )/ij i j

T
i j i j

2
(4)

The exponential term in eq 4 damps the covariance contribution
associated with distant atoms and leaves only the local components
with a characteristic distance parameter of λ. In the present work we
employed λ = 5 Å, which accounts for the first and second solvation
shells.
We can now define a local linear mutual information (LLMI) as

ˆ ˆ ˆ
= + −LLMI

1
2

(ln det Cov) (ln det Cov ) (ln det Cov )ij i j ij (5)

where
ˆ

= ⟨ ⟩x xCov ( ) ( )i i
T

i represents the marginal covariance. With
this definition we can introduce our Dc metric as the total LLMI per
neighbor:

∑
λ

=
⟨ −[ − ] ⟩

D
x x

LLMI

exp ( )/
i

j

N
ij

i j
c 2

(6)

where Dc
i is the degree centrality for the ith atom in the system,

indicating the strength of the dynamic “cross-talk” between atom i and
its neighbors.

The Dc distribution can be projected on the perpendicular axis to
the surfactant plane (z axis), which enables a determination of the
water−surfactant and water−water correlations as a function of the
distance to the interface.

In an infinite time limit the Dc distribution becomes uniform due to
water diffusion. Therefore, in order to retain the local properties of Dc,
we extracted 20 replicas of 3 ps trajectories with a 1 fs time step. The
resulting z-projected distribution is obtained by averaging the 20
replicas.

■ RESULTS AND DISCUSSION
We performed SFG measurements for neat water and solutions
with different concentrations of C12E6 in water (see Figure 2

and Figures S1 and S2 in the Supporting Information for |χ(2)|2,
Imχ(2), and Reχ(2) spectra for different concentrations of
C12E6). The spectrum of the neat air−water interface shown
in Figure 2 consists of a broad band centered at ∼3400 cm−1,
attributed to the OH stretching vibrations of water molecules
that donate hydrogen bonds to other water molecules, and a
narrower band around 3700 cm−1, assigned to the stretching
vibrations of non-hydrogen-bonded water O−H groups.9a,12a

The orientation of the water molecules at the interface can be
directly obtained from the sign of Imχ(2). The Imχ(2) value of
the broad band centered at ∼3400 cm−1 has a negative sign,
whereas the Imχ(2) value of the narrower band around 3700
cm−1 is positive. This implies that the water molecules which
donate hydrogen bonds to other water molecules have a net
orientation of their O−H groups toward the bulk of the liquid,
whereas the non-hydrogen-bond-donating hydrogens of the
OH groups are directed toward the air.9a,12a

Adding C12E6 to water at concentrations larger than 1 μM
leads to the disappearance of the band at ∼3700 cm−1. This

Figure 2. (a) Steady-state SFG intensity spectra of the air−C12E6−
water interface measured at CMC ≈ 70 μM of C12E6. (b) Steady-
state Imχ(2) spectra of the air/C12E6/water interface measured at
CMC ≈ 70 μM of C12E6.
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concentration is much lower than the critical micelle
concentration (CMC) of C12E6, which is ∼70−80 μM.26

(see Figure 2 and Figure S1 in the Supporting Information for
a detailed comparison of the spectral evolution at different
concentrations). The loss of the signal at 3700 cm−1 with an
increasing concentration of C12E6 shows that the surface of
water becomes covered by a layer of surfactant molecules. The
most striking observation upon adding C12E6 is the change in
sign of the Imχ(2) value of the hydrogen-bonded OH groups.
The negative Imχ(2) value between ∼3200 and ∼3600 cm−1 of
neat water changes to a strong positive Imχ(2) value between
∼3000 and ∼3400 cm−1. This change of sign for Imχ(2) shows
that the net orientation of the hydrogen-bonded water
molecules at the surface changes from pointing toward the
bulk to a net direction toward the surfactants or the air. Adding
the surfactant to the solution also leads to a significant red shift
of the response of the hydrogen-bonded OH groups. More
specifically, the broad negative feature at ∼3400 cm−1 is red-
shifted to a more intense positive band centered at ∼3200
cm−1. The red shift of the response implies that the hydrogen
bonds of the water molecules near the interface have become
stronger, indicating that the water molecules form strong
hydrogen bonds with the headgroups of the surfactants. It is
important to note that the red shift in the spectra does not
arise from hydrogen bonds being accepted by water molecules
from the hydroxyl alcohol group. This hydrogen bond is not
expected to be much stronger than the hydrogen bond
donated by a water molecule. Instead, the red shift is explained
by the strong hydrogen bonds that are donated by water
molecules to the oxygen atoms of the surfactant headgroup.
These oxygen atoms have a relatively large partial negative
charge, thereby leading to a stronger donated hydrogen bond
in comparison to that involving the top layer of water
molecules to water molecules underneath.
In addition to the strong positive band at ∼3200 cm−1, the

Imχ(2) spectrum of the C12E6 solutions also shows a weak
negative feature at ∼3500 cm−1. In a previous intensity SFG
study by Tyrode and co-workers for solutions of C12E4,
C12E5, and C12E8, which are structural analogues of C12E6,
the increase of a weak response near 3500 cm−1 was also
observed. This response was assigned to weakly hydrogen
bonded water molecules in the tail region of the surfactant
molecules.8g,27 In the same work, the net orientation of the
OH groups of these water molecules was studied by VSFG
intensity spectra measured under different polarization
conditions, using information about the hyperpolarizability
tensor elements for water based on molecular symmetry.8g,27

On the basis of this analysis, the authors concluded that the
OH groups of the water molecules with vibrational frequencies
of ∼3500 cm−1 would be oriented toward the tail of the
surfactant molecules: i.e., away from bulk water. In the present
HD-VSFG measurements, we determine the orientation
directly from the sign of Imχ(2). We observe that Imχ(2) has
a negative sign at these frequencies, which unambiguously
shows that the weakly hydrogen bonded OH groups of water
molecules between the tails of the surfactant molecules have a
net orientation toward the headgroup of the surfactant or the
bulk of the solution.
The addition of C12E6 also leads to an increase in signal

contributions between ∼2800 and ∼3000 cm−1. These signals
are attributed to the CH stretching vibrations of methylene,
−CH2− ,and methyl groups, −CH3 of the ethylene oxide
headgroup, and the alkyl tail group of the surfactant. The

Imχ(2) spectrum of C12E6 (Figure 2b) shows a negative peak
at ∼2826 cm−1 and a negative shoulder at ∼2895 cm−1, which
are attributed to the symmetric stretching and the Fermi
resonance of the terminal CH3 group, respectively. In addition,
a small positive band is observed at 2935 cm−1, which is
attributed to the asymmetric C−H stretching mode of the
−CH3 group. The signs of these responses show that the
terminal methyl groups of the aliphatic chains of C12E6 are
pointing toward the air.8a−g When the concentration of C12E6
is increased and approaches the CMC, the response of the C−
H stretching vibrations of the surfactant molecules in the
frequency region 2800−3000 cm−1 increases in comparison to
that of the water O−H stretching vibrations (see Figure S1 in
the Supporting Information). This change is a direct
consequence of the evolution in the packing of the surfactant
at the interface as its concentration is increased: the surface
area per molecule at full surface coverage (near the CMC)
corresponds to approximately ∼62 Å2 per surfactant
molecule.8a Such tight packing at the interface with increasing
concentration increases the relative amplitude of the C−H
stretching region in comparison to the O−H stretching region
of the spectrum, in line with previously reported work with the
structurally similar surfactant C12E5.8g,27 The tighter packing
with increasing surfactant concentration also leads to a
narrowing of the negative Imχ(2) signal at ∼3500 cm−1, as
can be seen in Figure S1 in the Supporting Information. This
narrowing is primarily the result of a loss of signal at
frequencies >3550 cm−1. The initial broad signal near ∼3500
cm−1 reflects structural heterogeneity: i.e., a large variation in
hydrogen-bond strength of the water molecules that percolate
in the hydrophobic tails. As the concentration of the surfactant
is increased, the alkyl tails become more closely packed, which
will push part of the water molecules into the bulk and force
the remaining water molecules to adopt only a few specific
hydrogen-bond configurations, thereby narrowing the feature
at ∼3500 cm−1.
To better understand how the mutual polarization of the

water and surfactant alters the dielectric properties, we
measured the surface potential of the water−C12E6 interface
via a vibrating-electrode method, or Kelvin probe, according to
the working principle described in the Figure S4 in the
Supporting Information. The potential difference is measured
between an upper electrode, vibrating vertically at 2 mm above
the gas−liquid interface, and a fixed counter electrode
immersed in the liquid. This technique then allows a
characterization of the changes in the electric potential of
the air−water interface induced by surfactant monolayers. The
surface potential is defined as

= −V V Vsurf 0 (7)

where V and V0 are the potentials in the presence or absence of
the surfactant monolayer, respectively.28 Close to the CMC
conditions, we find that the surface potential is +0.7 V. The
positive sign in the surface potential obtained with the Kelvin-
probe measurements is consistent with previous measurements
of nonionic surfactants.29

In order to elucidate the microscopic origin of the spectral
features observed in the HD-VSFG experiments and the
change in the surface potential observed in the Kelvin-probe
measurements, we performed molecular dynamics simulations.
At the interface, water molecules can form hydrogen bonds
with other water molecules as well as surfactant molecules. In
particular, the hydrophilic parts of the surfactant have ether
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oxygens (see Figure 1) that can accept hydrogen bonds from
water molecules. We thus examined the concentration of some
of the hydrogen-bonding patterns of water molecules, as shown
in Figure 3a. The 0 on the z axis corresponds to the Gibbs
dividing interface (GDI): i.e., the position along the interface
where the density of water is half that of the bulk. The labels in
the figure correspond to different types of water molecules. For
example, I2O2 corresponds to water molecules that accept and
donate two hydrogen bonds. The S and W labels correspond
to hydrogen-bonding patterns determined either with only
water molecules or with both water (W) and surfactant (S).
Interestingly, we observe that the surfactant headgroups act

as hydrogen-bond acceptors, increasing the local concentration
of I2O2 and I1O2 (Figure 3a). This corresponds to a decrease in
non-hydrogen-bonded (dangling) O−Hs, since these water
molecules now donate hydrogen bonds to the ether oxygens of
the surfactant. The relative enhancement in the interfacial
population of water molecules that donate and accept two
hydrogen bonds points to an overall strengthening of the
hydrogen-bond network, in agreement with the red shift
observed in the SFG spectra (Figure 2). Interestingly, previous
studies of the air−water interface have shown that there is a
very thin layer of less than 0.5 nm that exhibits hydrogen-
bonding structures different from those in the bulk.1a,9a,30 In
contrast, at the air−surfactant−water interface, the changes
occur over a rather large length scale of approximately 3 nm.

In Figure 3b it is seen that the water molecules just below
the surface acquire a strong orientation with their OH groups
pointing toward the surface, in excellent agreement with the
observation of a strong positive Imχ(2) value centered at 3200
cm−1 in Figure 2b. The water molecules that are in the
hydrophobic region of the surfactant tails have a net
orientation toward the bulk, which is again fully consistent
with the observation of a negative Imχ(2) value near 3500 cm−1

in Figure 2b.
To better understand the collective dynamic perturbation of

the hydrogen-bond network induced by the presence of
C12E6, we turn next to employing an information theory
metric. The dynamic behavior of the water molecules is
significantly altered in the interfacial region. We demonstrated
this by employing a degree centrality indicator (Dc) as
introduced in Materials and Methods. The Dc

i value is a
score associated with the degree of correlation between the
motion of the ith molecule and its local environment. The
more synchronized these motions are, the higher the Dc

i value
becomes. In this analysis, two types of Dc distributions were
employed: (i) considering only water motions (Dc‑wat) and (ii)
including both waters and surfactant molecules (Dc‑tot).
Figure 4a shows that the Dc‑wat values increase considerably

at the interface with respect to the bulk. This indicates that the
intrinsic water−water correlations are enhanced at the water−
surfactant interface, which is consistent with the strengthening

Figure 3. (a) Density of the different types of hydrogen-bonded water molecules by including surfactant groups as possible acceptors/donors of
hydrogen bonds. The acronym IxOy refers to a water molecule with x hydrogen-bond donors and y hydrogen-bond acceptors. (b) Projection of the
total dipole moment of the water molecules on the z axis as a function of the distance z from the GDI. The blue curve corresponds to the water at
the air−water interface and the red dashed curve to the water at the C12E6−water interface. A positive sign indicates a net dipole orientation
toward the air.

Figure 4. (a) Total z projection of the Dc distribution for the water−C12E6 system (black triangles), for the waters in the presence of C12E6 (blue
circles), and for the waters in a water−air interface (red squares). (b) Amplification of the right panel. The background depicts the water−
surfactant interface. Oxygen, hydrogen, and carbon atoms are depicted in red, white, and green, respectively.
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of the hydrogen-bond network discussed earlier. Furthermore,
the interfacial increase of the Dc‑tot distribution is much more
pronounced than that of the Dc‑wat values (as seen in the
enlarged plot in Figure 4b). This means that the dynamic
correlations between water and headgroups are much stronger
than those observed between water molecules. These results
demonstrate that the strong water−surfactant interactions alter
the intrinsic dynamics of water molecules at the interface. The
interaction with the headgroups thus amplifies the water−
water correlated motions. As will be discussed below, this
mutual arrangement of water and surfactant leads to
considerable changes in the dielectric properties of the
interface.
To understand the microscopic origins of these changes, we

examined various dielectric-related properties from atomistic
simulations. Figure 5a shows the total charge density profile at
the water−C12E6 surfactant interface (solid black line) as well
as the separate charge contributions coming from water (solid
blue line) and surfactant (solid red line). The specific water
orientations and local dipoles of the surfactant conspire
together to yield several layers of alternating positive and
negative charges over a length scale of approximately 3 nm.
The origin of the modulated charge distribution at the

water−C12E6 interface can be well understood by considering
the separate contributions of the surfactant and the water
molecules, as illustrated in Figure 5a. The interfacial charge
distribution consists of two adjacent charge bilayers: (i) a
major charge bilayer (Figure 5a,c, upper positive and negative

layers) originating from the polarization between headgroups
and hydrophobic tails and (ii) a minor (more subtle) charge
bilayer (Figure 5a,c, lower positive and negative layers) arising
from the interplay between water and headgroup relative
orientations. The interfacial water molecules that are
embedded by the hydrophobic tails have their OH groups
directed toward the bulk, while the much more abundant
hydrogen-bonded water molecules deeper down have their O−
H groups pointing toward the interface, in particular toward
the ether oxygen atoms of the surfactant headgroup. The net
result of this charge distribution is a clear charge separation
with the negative charge being located closer to the bulk in
comparison to the positive charge. The molecular origins of
these features are schematically summarized in the cartoon of
Figure 5c.
The neat water−air interface features only a double layer of

charge, as shown in Figure 5d. The upper positive charge is
due to the dangling hydrogens from the disrupted hydrogen-
bond network right at the interface. The oxygen atoms of these
water molecules give rise to an excess negative charge that is
closer to the bulk. The hydrogen-bonded water molecules have
a net orientation that opposes this charge distribution, but this
constitutes only a minor contribution.
As a consequence of the charge density distributions

described above, an electrostatic potential arises across the
interface. We determined the net total electric field, as well as
the individual water and surfactant contributions (Figure 5b).
The water−C12E6 interface is characterized by an electric field

Figure 5. The top panels show the charge density (a) and electric fields (b) obtained for the surfactant−water interface. Black curves refer to the
total charge density/fields, while the blue and red curves are the individual contributions coming from the water and surfactant, respectively. The
bottom panels correspond to the charge density (d) and electric field (e) arising at the air−water interface. Panels (c) and (f) illustrate the
molecular arrangement responsible for the ensuing charge and electric field distributions.
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of ∼1 V/nm. Interestingly, the electric field at the air−water
interface shown in Figure 5e has a similar magnitude but
extends over a much shorter length scale of less than 0.5 nm.
While the values of electric fields at the water−surfactant

and air−water interfaces are similar, the origins of the electric
fields in the two systems are very different. The change in the
sign of Imχ(2) in Figure 2b thus does not directly report on the
magnitude of the total surface electric field but on the
contribution of the hydrogen-bonded water molecules to this
field. For the water−surfactant system this contribution
dominates, while for neat water−air the surface electric field
is dominated by the dangling OH groups (see Figure 5c,f).
It is important to note that local electric fields on the same

order of magnitude as that mentioned above also exist around
bulk water.31 However, Figure 5 shows that, while the net
electric field of bulk water is zero because of the randomized
local orientation induced by thermal fluctuations, the
interfacial arrangement of both water and surfactant creates a
permanent nonzero electric field.
The surface potential measured by Kelvin-probe experiments

can be directly compared with the electric potential, VMD,
determined from molecular dynamics simulations by integrat-
ing the electric field reported in Figure 4. The electric
potentials obtained from the MD simulations are VMD

wat‑surf =
1.15 V and VMD

wat‑air = 0.62 V for the water−surfactant and
water−air interfaces, respectively. Therefore, we can estimate
the surface potential with the MD simulation values, yielding
Vsurf MD = VMD

wat‑surf − VMD
wat‑air = 0.53 V, which is in good

agreement with the Kelvin-probe measurements (0.7 V). The
consistency between the simulated and experimental measure-
ments serves not only as a confirmation for the determined
interfacial dielectric properties but also as a cross-validation for
the numerical techniques employed, as well as the approx-
imations involved in our calculations. It is clear that, in order to
compute properties such as the SFG spectra, the inclusion of
electronic polarization and charge transfer will be important, as
has been shown in several studies.

■ PERSPECTIVES AND CONCLUSIONS
In this work, we have combined sum-frequency generation
vibrational spectroscopy, Kelvin-probe surface potential
measurements, and molecular dynamics simulations to study
the structural and dielectric properties of the C12E6-surfactant
interface. This surfactant is currently being prototyped for use
in soap bubbles in applications for artificial photosynthesis
(https://cordis.europa.eu/project/id/828838; https://
sofiaproject.eu/).
We find that, close to the CMC, this nonionic surfactant

creates an enhanced dynamically correlated hydrogen-bonding
network, involving both penetrated water and surfactant
groups. The surfactant also induces changes in the water
orientations at the interface. These structural and orientational
changes observed in the SFG are fully consistent with our MD
simulations.
Surface potentials and electric fields have been discussed in

both experimental and simulation contexts of various
interfaces.17,32 Very recently, there has been a growing interest
in the use of electric fields to enhance catalytic processes in
different types of chemical reactions.3b,f,33 At the C12E6−
water interface, we show that the structured hydrogen-bond
network creates a region on the nanometer length scale with a
net electric field on the order of 1 V/nm pointing from the
vacuum to the bulk. These predictions from the simulations are

subsequently confirmed by comparing with surface potential
Kelvin-probe experiments. Even though the magnitudes of the
fields are similar at the water−air and water−C12E6−air
interfaces, the changes occur over different length scales (0.5
nm vs 3 nm), leading to a large difference in the magnitude of
the surface potential.
One of the commonly employed models to interpret the

surface potential from Kelvin-probe experiments considers a
dipole field created by the surfactant molecules that is
embedded in a continuum dielectric of solvent medium.34

This model indicates that the interfacial water within the
surfactant has a much smaller dielectric constant in comparison
to bulk water. Similar features have been observed for water
under confinement.35 The reduction of the dielectric constant
of water at the interface and the electric fields in this system
arising from both the water and the surfactant molecules have
enormous implications for their use in applications such as
artificial photosynthesis and catalysis in general. More
specifically, a photocatalytic molecule embedded in the
surfactant will experience electric fields of varying magnitudes
and directions depending on the extent of water or surfactant
that surrounds it. Preliminary work from our group shows that
electric fields like those observed in the C12E6−water system
can change the HOMO−LUMO gap in ruthenium-based
photocatalysts by at least 0.5 eV. Furthermore, it has been
shown that water interfaces can exhibit much more chemical
reactivity toward several volatile organic compounds.36 These
effects are expected to play a key role in chemical reactions
associated with CO2 reduction and water oxidation in artificial
photosynthesis applications.
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