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ABSTRACT: Understanding interfacial phenomena is important
in processes like corrosion, catalysis, and electrochemical reactions.
Specifically, in corrosion inhibition, the assembly of adsorbed
surfactants at metal−water interfaces in well-packed, ordered layers
is desired. We provide direct evidence of the role of alkyl tails of
surfactants in the formation of ordered adsorbed layers at metal−
water interfaces. We have employed surface-specific sum frequency
generation (SFG) spectroscopy to probe the in situ adsorption and
self-assembly of cationic surfactants, alkyldimethylbenzyl ammo-
nium bromides of tail lengths n = 4 (C4) and 12 (C12), without
any applied potential or stimulus, at the gold−water interface. Our
SFG measurements show that C12 Quat adsorbs as an ordered
monolayer, whereas C4 Quat adsorbs in a disordered monolayer.
All-atom molecular dynamics (MD) simulations of these surfactants corroborate with SFG results. These findings provide new
insights on how hydrophobic interactions between alkyl tails of surfactants affect their self-assembly at metal−water interfaces.

Internal corrosion of oil-and-gas pipelines is a major health,
safety, and environmental problem that is estimated to cost

roughly $7 billion/yr in the United States alone.1 Corrosion
inhibitors are surfactant molecules that are injected in the oil-
and-gas pipelines to retard corrosion.2 Surfactants are
amphiphilic compounds. Due to their chemical structure,
surfactants tend to adsorb onto solid metal surfaces from
aqueous solution. These surfactants are understood to create a
hydrophobic barrier for corrosive substances like carbon
dioxide (CO2), hydrogen sulfide (H2S), and water (H2O),
which slows the rate of corrosion.3,4 For effective corrosion
inhibition, it is desired that the alkyl tails of adsorbed
surfactants form a well-packed, ordered layer on the metal
surface.5 This raises an important question as to how the alkyl
tails affect the adsorption morphologies of the surfactants.
Previous studies of the adsorption of anionic and cationic
surfactants on metal oxide surfaces suggest that the initial
adsorption is driven by the affinity between the charged head
groups of the surfactants and the surfaces upon application of a
stimulus (concentration and pH changes).6,7 Atomic force
microscopy and surface-enhanced Raman spectroscopy have
also revealed the presence of ordered layers of adsorbed
surfactants on metal surfaces, which suggests that hydrophobic
interactions between the alkyl tails play a role in the adsorption
process.8,9 However, there has not been any direct measure-
ment of the molecular configurations in the adsorbed layers.
Other studies have examined the adsorption behavior of
monolayers on a metal surface at the air−solid and liquid−
solid interfaces facilitated by an applied potential.10−14

However, the spontaneous adsorption of surfactants from
aqueous solution to the metal surface without external stimuli
has not been investigated as yet.
In this report, for the first time, the in situ adsorption of

cationic surfactants (Quats) and their assembly, in ordered
morphologies without any assisting mechanism studied via
SFG spectroscopy, has been reported. SFG has been employed
previously to observe preadsorbed monolayers before exposure
to a liquid environment under electrochemical conditions15,16

and to also directly observe corrosion and electrochemical
reduction products at the metal−liquid interface.17,18 Observ-
ing in situ organization of surfactants on metal surfaces is
challenging and predicting the adsorption behavior is difficult
because of the many interactions that are involved in the
adsorption process. We have studied the adsorption and self-
assembly of C4 and C12 Quat surfactants using SFG to also
understand the effect of the length of alkyl tails on the
adsorption behavior. In this study, we present direct measure-
ments of molecular-level details of the adsorbed layers of C4
and C12. Along with SFG, we have also performed fully
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atomistic simulations of C4 and C12 at the gold−water
interface.
SFG spectroscopy is an interface-selective technique that has

been popularly used to obtain vibrational spectra of
monolayers formed on metal and dielectric surfaces at a
molecular level.13,19−21 The spectral analysis provides
information about conformation, chemical identification,
orientation, and dynamics of adsorbed interfacial mole-
cules.22,23 The details of SFG theory and setup have been
described elsewhere.21−26

The adsorption behavior of alkyldimethylbenzylammonium
bromide (Quat) of two different tail lengths (n = 4 and n = 12,
henceforth referred to as C4 and C12, respectively) at the gold
metal−liquid interface was investigated by SFG spectroscopy.
The application of the SFG technique to the water−solid
interface is experimentally challenging due to the strong
absorption of the infrared beam by the water molecules along
with the nonresonant background coming from the metal
surface. Here, we probed this interface using the geometry
shown in Figure 1 where the incident beams (visible and

infrared) passed through the fused silica window and the liquid
to the metal surface. Then, the beams including the SFG beam
were reflected from the metal surface through the liquid and
the window. The solution was sandwiched using a ∼250 μm
thickness Teflon spacer between the fused silica window and
the metal surface. The thickness of the spacer is sufficient to
reduce interference between the window and the gold metal
surface and other experimental artifacts. The systematic
suppression of the nonresonant contribution from the metal
surface was achieved while maintaining the SFG spectral
profile. This approach contributes toward expanding applica-
tions of SFG to study other phenomena at the metal−liquid
interfaces. The details on data acquisition and fitting analysis,
including the results for the determination of the average tilt
angles, are available in the Supporting Information. The
structure of the surfactant molecules and a schematic showing
adsorption of C4 molecules from the solution scheme are
shown in Figure 1.
C4 and C12 Quat solutions of concentration 0.4 mM in

D2O, which is below the critical micelle concentrations
(CMCs) of both C4 and C12 Quat,22 were allowed to
equilibrate for an hour inside the SFG cell. D2O was used to
avoid any interference from the OH vibrational modes in the
analysis of the CH vibrational modes. The spectra were
collected by suppressing the nonresonant contribution from
the gold substrate.27 The time delay for ssp and ppp
polarization combinations were ∼2.40 ps and ∼3.00 ps,
respectively. The delays were determined by collecting the
spectra at different times until the nonresonant background
was sufficiently suppressed. An example of how this
suppression was developed at different timing delays is
shown in Figure S2 for C12 Quat. In Figure 2, the C4 Quat
ssp spectrum (Figure 2(A)) contained a prominent methylene
asymmetric stretch peak (CH2 AS) at ∼2907 cm−1.28,29 The
other CH stretches are less prominent (peak assignments and
positions are reported in the SI).22,26,30,31 The methyl
asymmetric stretch was not evident in the ssp spectrum
compared to other vibrational modes, especially to the
methylene groups that dominated the surface. In the C12
Quat ssp spectrum, sharp peaks of the terminal methyl
symmetric (CH3 SS) (∼2884 cm−1) and methyl symmetric

Figure 1. (A) Structure of quaternary ammonium-based surfactant
molecules employed in this study. The subscript n indicates the
number of CH2 groups in the alkyl tail (where n = 3 and n = 11
carbon atoms are C4 and C12, respectively). (B) Schematic diagram
of a C4 molecule’s mechanism of adsorption from the (1 and 2)
solution to the gold metal surface (3).

Figure 2. Fitted SFG spectra of 0.4 mM C4 and C12 Quat in D2O at (A) ssp and (B) ppp polarization combinations.
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stretch split by the Fermi resonance interaction with the
methyl bending mode (CH3 FR) (∼2945 cm−1) are
observed.31,32 In the C4 Quat ppp spectrum (Figure 2(B)),
CH3 SS, CH2 AS, and methylene asymmetric stretch (CH3
AS) vibrational modes are observed at ∼2880, ∼2917, and
∼2972 cm−1, respectively.30,31,33 In addition, the CH3 AS
present is more evident in the ppp spectrum while it is not
evident in the ssp spectrum; the possible reason for this
observation can be because most of the AS vibrational modes
are not aligned along with the s-polarized lights of the visible
and SF beams in the ssp polarization. The CH3 AS is otherwise
evident in the ppp spectrum. As the polarization of both
incident beams is parallel to the incident plane (p-polarized),
AS stretches are probed by the p-polarized visible and IR
beams while only p-polarized SFG signal is recorded. This
could be because CH3 AS vibrational modes lie parallel to the
incident plane.34,35 On the other hand, peaks of the CH3 SS
and CH3 AS peaks are observed and prominent in the C12
Quat ppp spectrum.30,32,33 Tables S3 and S4 summarize the
peak positions from fittings and assignments, which are
available in the SI.
The C12 spectrum in Figure 2 is dominated by CH3

vibrational modes while the CH2 modes are barely noticeable.
This observation indicates that the C12 alkyl tail is ordered
because the tails are arranged in trans conformation. As a
result, the tails have a close-packed arrangement due to the
increased hydrophobic tail−tail interaction and initial
adsorption driven by the affinity of the charged headgroup to
the gold metal surface.6,7,36 In contrast, the C4 spectrum is
dominated by the CH2 mode and the CH3 modes are less
visible. This observation indicates that the C4 alkyl tail is less
ordered, resulting in a random orientation and more gauche
defects due to weaker hydrophobic interactions between the
shorter tails.37 However, Coulombic interactions between the
C4 surfactant and the metal surface are still significant enough
that the C4 Quat surfactant is observed at the gold metal−
liquid interface. Also, the average tilt angle (θ) values of the
methyl (CH3) terminal group of C4 and C12 Quat (Figure 3)
were estimated from the fitted data.26 The θ is the angle of the
terminal methyl group from the surface normal. The θ values
were determined by taking the intensity ratios between the
CH3 SS and CH3 AS from the fitted ppp spectra.22,26 Then, the
intensity ratios must be intersected with the SFG simulated

curve to estimate the θ (Figure 3).25 The θ values are 51° ±
13° and 46° ± 0.1° for C4 and C12, respectively. The θ values
of C4 show a large standard deviation, indicating that the
molecules are not ordered, unlike in the case of C12 molecules
with a smaller deviation. On the other hand, a large deviation
may also be due to the goodness of the fitting of the SFG raw
spectra. The smaller deviation in the tilt angle of C12 is a
consequence of stronger hydrophobic effects between the tails
of the surfactants, which leads to an ordered structure. In
addition, we are also reporting the distribution angles for both
C4 and C12 Quat molecules. The distribution angles for C4
are 22° ± 3° (60° tilt angle), 27° ± 3° (70° tilt angle), and 29°
± 4° (80° tilt angle), whereas for C12 we have the following
values of 27° ± 0.03° (50° tilt angle), 34° ± 0.04° (60° tilt
angle), 37° ± 0.04° (70° tilt angle), and 38° ± 0.04° (80° tilt
angle). This also means that the distribution angles estimated
for every tilt angle are narrow, ranging from 22° to 38°, which
is less than 90° (defined as a broad distribution).22,26,34,38,39

Table S6 summarizes the average tilt angles and distribution
angles for the methyl groups of C4 and C12 Quats.
The adsorbed configurations of C4 and C12 Quat molecules

were studied via MD simulations. Following previous
works,40,41 we initiated the simulations by organizing the
surfactants in a SAM configuration at the gold metal−water
interface (Figure S3). Canonical ensemble MD simulations
were performed with a vapor space of 20 Å to ensure that the
system was maintained at saturation pressure.42 The
simulations were run for 580−773 ns. Equilibration was
ensured by comparing the ensemble-averaged distribution of
surfactants, water, and counterions of successive time periods
of 40 ns. Details of the simulation setup are available in the
Supporting Information. Figure 4 shows configurations of the
C4 and C12 Quat molecules after the MD simulations.
A distribution of tilt angles is also computed from MD

simulations and is shown in Figure S4. The average tilt angles
are found to be 59.3° ± 1.4° and 52.1° ± 1.0° for the C4 and
the C12 molecules, respectively. The values of average tilt
angles obtained in the MD simulations are in qualitative
agreement with the estimated average tilt angles from SFG
spectroscopy.
Figure 5(A) shows the distribution of orientation of alkyl

tails of the surfactants with respect to the surface normal,
averaged over the last 120 ns of simulation. We have calculated

Figure 3. (A) The fitted SFG intensity ratios (CH3 SS/CH3AS ppp) are matched to the SFG simulated curves as a function of the tilt angle to
estimate the average tilt angles, and (B) the fitted SFG amplitude ratios (CH3 SS/CH3AS ppp) are also matched to the SFG simulated curves as a
function of the distribution angle (σ) to estimate the distribution of tilt angles for C4 and C12 Quat molecules. The percent errors are calculated at
a 95% confidence limit.22,26,27,34,38,39

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://dx.doi.org/10.1021/acs.jpclett.0c02517
J. Phys. Chem. Lett. 2020, 11, 9901−9906

9903

http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c02517/suppl_file/jz0c02517_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c02517/suppl_file/jz0c02517_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c02517/suppl_file/jz0c02517_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c02517/suppl_file/jz0c02517_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c02517/suppl_file/jz0c02517_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c02517/suppl_file/jz0c02517_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02517?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02517?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02517?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c02517?fig=fig3&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c02517?ref=pdf


the orientation of the alkyl tails by first defining the end-to-end
vector as a vector joining the nitrogen atom of the polar head
to the carbon atom of the terminal CH3 group. The orientation
profiles show that a fraction of C4 Quat molecules adsorbed
with their molecular axis perpendicular to the surface normal.

The distribution profile is calculated as θ
θ

⟨ ⟩
⟨ ⟩
H
N

( )
sin

wherein ⟨H(θ)⟩

is the ensemble-averaged histogram of the angle θ between the
end-to-end vector of the adsorbed molecules and the surface
normal and ⟨N⟩ is the ensemble-average number of adsorbed
molecules. The distribution profile shows that C12 Quat
molecules are predominantly aligned close to the surface
normal. On the other hand, the distribution of C4 Quat
molecules has a peak at ∼90° and a distribution around 25°.
This suggests that while the adsorbed C12 Quat molecules
form an ordered configuration, the adsorption of C4 molecules
is disordered. These MD results support the observations for
C4 and C12 molecules using SFG.
Figure 5 (B) shows the distribution of the angle that the

normal vector of the aromatic rings form with the surface

normal. This distribution is also calculated as θ
θ

⟨ ⟩
⟨ ⟩
H
N

( )
sin

where

⟨H(θ)⟩ is now the ensemble-averaged histogram of the angle
between the normal vector of the aromatic rings of adsorbed
molecules and the surface normal. A peak in the distribution at
θ ≈ 0° implies that in the adsorbed state of both C4 and C12
Quat molecules, the aromatic rings predominantly lie flat on
the surface. An important conclusion from these distributions
is that the alkyl tails of C12 molecules mostly stand up on the
surface. This is further confirmed from Figure S5, which shows
the distribution of the angle between the alkyl tail and the
normal vector to the aromatic ring of the adsorbed molecules.
Analogous to Figure S5 is Figure S6, which shows the same
distribution but for the molecules in the bulk aqueous phase.
Most adsorbed C12 molecules are bent as compared to their
conformation in the bulk phase. We have confirmed the
validity of our simulation results by studying a larger
simulation system with twice the surface area and the number
of C12 molecules (Figure S10). Overall, our MD simulation
results verify the experimental findings that the C12 molecules
form a well-ordered adsorbed configuration, whereas the C4
molecules are adsorbed in random orientations. Also, the MD
simulations reveal details about conformations of the adsorbed
molecules in the ordered monolayer.
In summary, by performing interfacial analysis using sum

frequency generation (SFG) spectroscopy, we have studied the
unassisted adsorption behavior of surfactants onto the gold
metal surface from aqueous solution. This study demonstrates
that the in situ SFG spectroscopy is a powerful tool to probe
the adsorption and self-assembly of cationic surfactants and
perform orientational analysis at the liquid−solid interface.
The longer alkyl tail surfactant (C12) formed an ordered
monolayer onto the metal surface and has a trans conformation
because of strong tail−tail interactions. However, the shorter
alkyl tail surfactant (C4) formed a less ordered or randomly
oriented monolayer on the metal surface due to the weak tail−
tail interactions. We attribute these findings on tail lengths,
conformation, and adsorption as key factors for SAM
formation. Our simulation results corroborate with experi-
ments, showing that the C4 molecules adsorb in random
orientations, whereas the C12 molecules adsorb in a well-
packed, ordered monolayer configuration. These fundamental
findings will also lead to our future work on the adsorption of
surfactants on the commercial-grade mild steel at different
ionic strengths or salt concentrations with and without the
applied potential to mimic the actual corrosive environment.

Figure 4. Snapshots of the configuration of (A) C4 molecules and (B)
C12 molecules at t = 677 ns and t = 500 ns. Red beads represent the
aromatic rings, and the yellow beads represent the alkyl tails. Water
molecules are represented in cyan color, and the gold lattice is
represented by orange beads. The blue beads represent bromides. The
length of a C12 molecule is 15.27 Å.

Figure 5. Distribution of orientation of (A) alkyl tails and (B) normal vector of the aromatic rings with respect to the surface normal of adsorbed
C4 and C12 molecules. Inset in (B) shows the aromatic rings of C12 Quats that are close to the surface. A good fraction of them lies parallel to the
surface. Error bars in (B) are smaller than the size of the markers.
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This systematic study will facilitate the design of better
corrosion inhibitors for specific corrosive environments. These
findings are important for studying liquid−solid interfacial
phenomena such as corrosion and for designing better
corrosion inhibitors for oil-and-gas transportation pipeline
industries.
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