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ARTICLE INFO ABSTRACT
Am‘clf? history: Hypothesis: Surfactants are commonly used as corrosion inhibitors for oil-and-gas pipelines. The alkyl
Received 16 December 2019 chain of surfactants and their overall conformation contributes to the adsorption, flotation, and foam sep-
[liev1sed;3:eb;uary 2(2)22 aration in the inhibition process. We hypothesize that the conformation of shorter alkyl chains and chem-

ceepte 1 fe ruary 2020 ical nature of surfactants has an effect on the ordering of water molecules at the air-water interface which
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is not yet well understood.

p” &5 Experiments: Alkyl (C4, C6, C8, C10, and C12) dimethylbenzylammonium bromides (Quats) were synthe-
C?t/ iv: zircss'urfactant sized. Aqueous solutions at 0% and with different salt concentrations were studied at the air-liquid inter-
Corrosion face using sum frequency generation spectroscopy. Surface tension and pH measurement were also
SFG spectroscopy conducted for comparisoq. _
Air-liquid interface Findings: Surfactant solutions at 0%, 1%, and 10% salt showed a zigzag trend for the number of gauche
Chain length defects. At 0% salt, an increasing trend of OH band intensity at 3182 cm™! was observed from C6 to C12
lonic strength SFG spectra. Yet, C4 showed a more prominent SFG signal from strongly hydrogen-bonded water mole-
Adsorption cules compared to C6. The headgroup’s chemical nature was found to play a role in the ordering of water

Surface tension molecules for a C4 alkyl chain length. The OH band intensity decreases with increasing ionic strength.
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1. Introduction

Surfactants are useful in applications such as corrosion inhibi-
tion, soaps, paints, adhesives, inks, insecticides, antibacterial, anti-
fungal, and many other applications [1-3]. Depending on the
application, surfactant molecules are being constantly modified
to serve a specific purpose under specific conditions. The combined
use of surface tension and SFG shall help us understand how alkyl
chain length and ionic strength affect the self-assembly, surface
coverage, and CMC of surfactants. These fundamental studies of
surfactants at the air-water interface will provide novel insights
to design new surfactants for a specific field of application.

Surfactants are widely employed as corrosion inhibitors to pro-
tect metal surfaces of pipelines in the oil-and-gas industry due to
their low toxicity, high solubility, high hydrocarbon content, and
ability to adsorb onto metals to retard corrosion [4-10]. These sur-
factants can react with the impurities of the metal surface or
restrict the rate of the anodic or cathodic processes by simply
blocking the active sites or pits present on metal surfaces [9].
The most commonly used inhibitors are from groups of amines,
amides, quaternary ammonium salts, imidazolines, aromatic alde-
hydes, acetylenic alcohols, condensation products of carbonyls,
and alkyltrimethylammonium-based surfactants [6,11-14]. These
compounds are amphiphilic by nature, which contain a hydrophilic
headgroup and a hydrophobic chain group. As the headgroup
adsorbs on the metal surface forming a self-assembled monolayer,
the alkyl chain group arranges itself towards the bulk solution and
provides a barrier for corrosive substances like water and dissolved
gases (CO, and SO;) using electrochemical impedance spec-
troscopy [4,11]. Thus, these surfactants become good candidates
for corrosion inhibition [15].

Both head and alkyl chain groups play an important role in con-
formational changes of surfactants at air-liquid and solid-liquid
interfaces [16,17]. In water-soluble surfactants, the chain groups
project to the air and the headgroup points to the interfacial water
at the air-water interface. The presence of charged surfactants at
the air-water interface shows an overall enhancement of hydroxy
(OH) peaks of interfacial water molecules [18]. Charged surfactants
can create a large electrostatic field in the double-layer region. In
this scenario, interfacial water molecules orient themselves with
the hydrogen of OH bands pointing down for cationic surfactants,
whereas the hydrogen of OH bands for anionic surfactants is point-
ing up [19]. The previous works on conformational changes of sur-
factants and water molecules by varying the headgroup, alkyl
chain group, concentration, and ionic strength using sum fre-
quency generation (SFG) spectroscopy have not yet reported the
combined influences of the above-mentioned factors [16,20-25].
However, the chain length dependence of highly soluble surfac-
tants with fewer carbons (C4-C12) at various salt concentrations
in water has not yet been extensively studied at the air-liquid
interface. Most of these surfactants do not reach CMC even at a
high concentration which is the key factor for maximum surface
coverage. The interfacial behavior of salt-water-surfactant at dif-
ferent chain lengths studied by surface-specific sum frequency
generation spectroscopy (SFG) will be of great interest. As surfac-
tants in water create an electrostatic field which greatly orients
water molecules at the interfacial and double-layer regions, the
presence of salt disturbs the hydrogen-bonding network of water
[26]. The combined influences of the chain length and ionic
strength in water should provide new insights in adsorption, self-
assembly, and interfacial process like corrosion.

Independent studies on chain length and ionic strength in both
air-solid and air-liquid interfaces state that as the number of car-
bon atom increases, a decrease in the number of gauche defects
within the alkyl chains is expected [23,24]. Another study, per-

formed by Richmond and co-workers, reported a decreasing num-
ber in gauche conformations with decreasing chain length at the
liquid-liquid interface [25]. In some other cases, such as studies
with neat ionic liquids, it has been observed that the relative num-
ber of gauche defects increases with increasing chain length
[20,27] On the other hand, the ionic strength dependence shows
that the intensity of the OH stretch band positioned at
~3200 cm! of the interfacial water at a charged surface decreases
with increasing salt concentration due to the screening effect
[18,28-31]. Thus, very few studies were performed that mainly
focused on varying the chain length from C4- C12 in the absence
and presence of inorganic salt at the air-water interface. In addi-
tion, studies on increasing chain length are somehow inconclusive
when the number of gauche defects is concerned at different inter-
faces. Thus, it becomes noteworthy to learn how the conformation
of shorter-chained surfactants and water molecules are arranged at
the air-liquid interface in relation to their ability to form a well-
ordered monolayer, for the same reason that shorter chain alkyl
surfactants are more soluble in water and becomes an ideal inhibi-
tor because of its solubility properties. The insight it provides is
important especially for applications such as corrosion inhibition.

In this study, we investigated conformational changes and mon-
itored spectral profiles of quaternary-based ammonium surfac-
tants with varying chain lengths from C4-C12 in aqueous
solution, and varying salt (NaCl) concentrations at the air-water
interface in CH and OH regions by SFG spectroscopy. SFG spectra
were acquired from 2800 cm~! to 3700 cm~! with ssp and ppp
polarization combinations. Each SFG spectrum was fitted to extract
amplitude and intensity values in order to estimate gauche defects
between the ratio of the methyl symmetric stretch (CHs SS) and
the methylene symmetric stretch (CH, SS) and to determine the
average tilt angle value of CHz group for the C4 Quat molecule.
The fitted values were also useful in plotting the OH stretch as a
function of chain length as well as salt concentration. Surface ten-
sion measurements were also performed for most of the aqueous
solutions of the surfactant to estimate the surface coverage and
find its correlation with SFG results.

1.1. SEG theory

Sum frequency generation (SFG) spectroscopy is a surface-
specific vibrational technique that obtains the vibrational spectra
of the interfacial molecules [32]. The spectral analysis provides
information about identification, conformation, and dynamics of
interfacial molecules [33-36]. SFG spectroscopy provides molecu-
lar surface specificity and sub-monolayer sensitivity. It involves a
nonlinear optical process in which its intrinsic symmetry require-
ment dictates that SFG can only arise from an interface, noncen-
trosymmetric bulk crystals, or bulk chiral molecules [36]. The
centrosymmetry of the bulk can be explained by the isotropic dis-
tribution of molecules, and thus this results in no SF signal arising
from the bulk. However, this symmetry breaks at the interface,
thus creating an asymmetric environment for these interfacial
molecules and becomes SF active.

The SFG signal is generated at the sample surface from the tem-
poral and spatial overlap of the two pulsed laser beams. One laser
beam is the visible beam with the frequency; wyis and the other
beam is the mid-infrared beam with tunable frequency; wr and
the sum of the two frequencies results in the generated output
beam of the SFG process (wsr).

Wsp= Wyis+WIR (1)

SFG intensity is directly proportional to the square of the effec-
tive second-order nonlinear susceptibility, with the incident fixed
795 nm and tunable mid-IR beams.
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Herein, I, is the SFG intensity and x? is the effective second-

order nonlinear susceptibility. 77 is a third rank tensor which can
be further defined by using Fresnel factors and the macroscopic
nonlinear susceptibilities,}(iﬁf, at the interface, as shown in Eq. (3).

Lo = X,(-;: [Liei] [Lye;] [Liex] 3)

Where i, j, and k coordinates represent X, y, z-axes, respectively.
L represents the Fresnel factor while e represents the unit optical
field vector. The macroscopic susceptibility has 27 components,
but due to symmetry constraints obtained at the surface, some of
the components become almost negligible. Therefore, there are
only 7 components left, which correspond to four possible polar-
ization combinations; ssp, ppp, pss, and sps. SFG spectra were col-
lected at ssp and ppp polarization combinations only. The beam
polarizations s and p refer to incident beam perpendicular and par-
allel to the plane of incidence, respectively [28]. The three beams
are listed in the order of decreasing energy; ssp refers to the SFG
beam is (s) polarized, visible beam is (s) polarized, and the mid-
IR beam is (p) polarized.

%%} is composed of the resonant susceptibility, i, and the non-

resonant susceptibility, (2.
2 L2 2
Ly =16+ Xoe (4)

The nonresonant term, x>}, depends on the surface plasmon
resonance of the substrate and is also found to be invariant with

IR frequency [33]. X;f,{ is almost negligible for liquid and dielectric
surfaces.

2) _ N(p?)
X'(e N ; (COIR - CUq + qu) (5)

The resonant term, Xff), as shown in Eq. (5), is due to vibrational
transitions of the interfacial molecules. N is the number density of
vibrational modes,  is the orientational averaged hyperpolariz-
ability, and I'q is the damping constant of g™ vibrational mode,
respectively.wg, wq are the IR frequency and the frequency of
the q™ vibrational mode, respectively [32].

2. Experimental details

2.1. Synthesis and purification of alkylbenzyldimethylammonium
bromide (Quats)

Alkylbenzyldimethylammonium bromides containing five dif-
ferent alkyl chain lengths butyl (C4), hexyl (C6), octyl (C8), decyl
(C10), and dodecyl (C12) were synthesized using established meth-
ods [28,37]. 0.100 mol of N,N-dimethylbenzylamine (Fisher Scien-
tificc, New Hampshire, US) and 100 ml of acetonitrile (Fisher
Scientific, New Hampshire, US) were added into the three-necked
round-bottom flask. After that, the solution in the round-bottom
flask was heated to a reflux temperature of 82 °C. At ~82 °C,
0.100 mol (equimolar) of bromoalkane (Fisher Scientific, New
Hampshire, US) was added dropwise to the solution. Refluxing
was continued for 24 h. The solvent was recovered from the reac-
tion mixture by rotary evaporation. Finally, the trace amount of
solvent and colored impurities were removed by recrystallization
process with deionized water. A solid crystalline Quat was
obtained for C4, C6 and C8 and viscous liquid for C10 and C12.
The structure and the purity of synthesized Quats were confirmed
by 'H NMR spectra with their corresponding purity values avail-
able in Table S1 of the Supporting Information (SI) [28].

2.2. Instrumentation

The SFG set-up utilized Solstice broadband femtosecond
Titanium-Sapphire laser from Spectra-Physics (Santa Clara, CA),
which generated the fundamental beam at 795 nm. The detailed
experimental set-up was described in the earlier publications of
the group [32,38]. The 795 nm visible output beam was sent to
a 50:50 beamsplitter. The 50% reflected beam passed through a
Fabry-Pérot etalon to generate the narrow bandwidth visible
beam. The 50% transmitted beam was sent to an optical para-
metric amplification system (TOPAS-C) and difference frequency
generation (DFG) crystal to generate the broadband mid-infrared
beam. Both visible and IR beams were temporally and
spatially overlapped at the sample surface with incident angles
of 50° and 60°, respectively, which generated the SFG beam at
52° from the surface normal. Then the SFG beam was
collected through a spectrograph and a charge-coupled device
camera.

2.3. Sample preparation

Eicosanoic acid (EA) with >99% was purchased from Sigma
Aldrich (St. Louis MO) and used as received. 2 mg of EA was dis-
solved in 1 ml of chloroform. 25 pl of this solution was used to form
a monolayer in a petri dish containing 60 ml of deionized water.
Self-assembled EA monolayer on the water was used as a reference
sample for the SFG signal optimization at the air-liquid interface.
The SFG spectrum was collected using the ssp polarization combi-
nation [32,38]. 8.0 mM aqueous solutions (60 ml) in deionized H,O
(18 MOhm c¢m) were prepared for the five Quats compounds (C4,
C6, C8, C10, and C12) with 0%, 1% and 10% (w/w) of sodium chlo-
ride (NacCl). Additional solutions with 0.5% and 5% sodium chloride
were prepared for the C8 Quat compound. Freshly prepared sam-
ples were sonicated for ~20 min. The EA solution in a glass Petri
dish was replaced by an equal volume of Quat aqueous solution
in a similar glass Petri dish and equilibrated for 30 min prior to col-
lecting SFG spectral data.

2.4. Data acquisition

The gold and polystyrene films were used to optimize the over-
lap of the two beams and to calibrate the x-axis for the IR fre-
quency, respectively. Gold spectra were collected at ten IR
centers for every 100 cm™! from 2800 cm ' to 3700 cm™! with
one-second acquisition time. All spectra were background-
corrected and stitched together. SFG spectra of the five quaternary
ammonium bromide samples were also acquired at ten IR centers
from 2800 cm™! to 3700 cm™! at every 100 cm™! to probe the
entire CH and OH regions using ssp and ppp polarization combina-
tions. Three trials and background were collected for each run.
Then, each trial was collected for 9 min (3-sec acquisition time
for 180 accumulations). Each summed spectrum was corrected
for the polarization efficiency of the optics and the data used for
fitting and orientational analysis from 2800 cm~! to 3700 cm™!
using Eqs. (6) and (7) [38]. A plot is available in the Supporting
Information, as Fig. S1, which contains a series of individual spec-
trum collected from every IR center including the summed
spectrum.

The energies of the visible beam and IR beam were measured to
be ~26 pJ and ~8 pJ, respectively, at the sample stage.

2.5. Fitting equation
The following Lorentzian line shape equation is considered to

analyze each polarization combination and also accounts for the
line broadening.



224 M.R. Khan et al./Journal of Colloid and Interface Science 568 (2020) 221-233

2

DL i N

I @ -
SFGO(|X | * 7 (R — g + 1)

(6)

(2) | 5
XANR ‘elp

Where p is the phase of the nonresonant response. The nonres-
onant contribution from the bulk and the Gaussian equation are
both included in the fitting equation to account for the mid-
infrared beam’s broadband pulse width Eq. (7). This simplified ver-
sion of the fitting equation that accounts for the CH and OH vibra-
tional modes is presented below.
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The Gaussian curve equation is defined with the spectral width
sy centered at wk. The spectral width Sw; centered at wk is
included in the Gaussian function. The amplitude factors, A, and
Ang, are proportional to the molecular hyperpolarizabilities as
shown above in Eq. (7). The amplitudes, Acy and Aoy, and frequency
positions, w¢y and woy, result from CH and OH vibrational modes.
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where ’Zq wR—0q+lg

3. Results and discussion

As discussed above, the quaternary ammonium bromides
(Quats) surfactants of interest for this study are Quats with 4, 6,
8,10, and 12 carbons for the hydrophobic portion of the amphiphi-
lic compound. Since these Quats are useful in preventing internal
corrosion of oil-and-gas transportation pipelines, an insight
towards its adsorption, self-assembly, and behavior at an interface
is beneficial towards understanding the role of these shorter chain
length surfactants in an aqueous phase.

3.1. Peak assignments

8.0 mM solutions of five Quats in H,O (~60 ml) were character-
ized at the air-liquid (AL) interface by SFG spectroscopy. Fig. 2
shows the SFG spectra taken at the ssp and ppp polarization com-
binations. The vibrational modes arise from the terminal methyl
and methylene groups of the chain (C4-C12), the two ammonium
methyl groups, and benzyl unit of the headgroup (Fig. 1), and OH
stretching modes of hydrogen-bonded water molecules. The Quat
and water molecules were probed in CH and OH regions. Detailed
peak assignments were described in an earlier publication [28].
The peaks of the ssp spectrum (Fig. 2a) are assigned from left to
right, first two peaks can be assigned to the methylene symmetric
stretch (CH, SS) at ~2851 cm™' [39,40] and the terminal methyl
symmetric stretch (CHs SS) at ~2876 cm ™! [39-42]. The next two
peaks can then be assigned to the methylene asymmetric stretch
(CH, AS) at ~2915 cm™! and the methyl Fermi resonance (CHs
FR) at ~2936 cm™'. Fermi resonance mode is due to the Fermi

|,
—N—|C H
Br I n 2n+l

Fig. 1. Quaternary ammonium bromides (Quats), where n = 4, 6, 8, 10, and 12.

interaction of the CHs SS and the overtone of the methyl bending
mode [35,39,40].

The peaks observed at ~2978 cm™' and ~3058 cm™' were
assigned to ammonium methyl symmetric stretch (N-CHs SS)
and ammonium methyl asymmetric stretch (N-CH3 AS) or the
combination of aromatic CH stretch and N-CH3 AS, respectively
[43,44]. The peaks at ~3182 cm™! and ~3384 cm™! are assigned
as OH stretching modes for tetrahedrally and asymmetrically
hydrogen-bonded water molecular arrangements, respectively
[45-48].

In the ppp polarization combination in Fig. 2b, the peaks posi-
tioned at ~2857 cm™!, ~2889 cm~!, ~2915 cm™~!, and ~2961 cm™!
were assigned to methylene Fermi resonance (CH, FR) [39], termi-
nal methyl symmetric stretch (CHs; SS), methylene asymmetric
stretch (CH; AS), and methyl asymmetric stretch (CHsz AS), respec-
tively [40,49]. The CH3 SS in the ppp spectrum is shifted by
~13 cm™! compared to ssp spectrum due to Fermi interactions with
the overtone of the CH; bending vibrations, causing unequal SFG
intensity redistribution [50-52]. A summary of the peak assign-
ments is available in Table 1.

The antisymmetric vyg, mode of the phenyl group was observed
at ~3022 cm™! [53]. The peak positioned at ~3066 cm~! can be
either assigned to ammonium methyl asymmetric stretch (N-CHs
AS)[54] or the symmetric v, resonance of the phenyl group [53]
or the combination of the two modes. Both the OH stretching
modes of water were also observed in the ppp polarization combi-
nation [45,46,48]. In neat water, signal arises from contributions of
different OH bands of interfacial water molecules including the
free OH [31,48]. The addition of surfactants in water enhances
the intensity of hydrogen-bonded OH bands due to the effect of
surface electric field and provides adequate hydrogen bond accep-
tors for the interfacial water molecules which relatively reduces
the number density of the free OH band [31,47,48,55]. Another rea-
son behind the absence of free OH groups at the air-water interface
might be due to more surfactant molecules are adsorbed compared
to the number of interfacial water molecules [28]. At higher surfac-
tant concentration, the surface coverage presents an almost full
monolayer coverage at the air-water interface which results in
reduced or almost no free OH groups [56]. Fig. S2 shows the com-
bined SFG spectra 3600 cm ™' and 3700 cm™!. As presented, only C8
Quat shows a free OH signal in the SFG spectrum. Again, the addi-
tion and the number density of surfactants have affected the low
contribution of the free OH signal at the air-liquid interface. It is
also important to note that after summing all SFG spectra from
the 10 IR centers, the counts of the free OH in the C8 Quat is only
about ~2.5% of the overall SFG signal and not prominent in the SFG
spectrum from 2800 — 3700 cm ™.

3.2. Is the conformation of the alkyl chain dependent on the length of
Quat surfactants from C4-C12?

Five 8 mM aqueous solutions of Quat compounds with an alkyl
chain length varying from C4, C6, C8, and C10-C12 were prepared
for the spectral data acquisition. To test the effects of varying the
chain length, we are first analyzing the SFG spectra of the 8 mM
Quats in water for any change in the alkyl chain conformation.
For well-ordered self-assembled monolayers, the alkyl chain has
an all-trans conformation and their CH, groups lie in a centrosym-
metric environment and thus becoming SF inactive [33]. The SF
spectral profile of a well-ordered monolayer mainly contains the
terminal CH3 group vibrational modes whereas, for a not so well-
ordered monolayer, the SF spectra comprise of vibrational contri-
butions from CHs; and CH, groups. This conformational disorder
in the alkyl chain can be referred to as a gauche defect [33]. Previ-
ous studies reported that the extent of gauche defects in the struc-
ture of a surfactant monolayer increases with the chain length and
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Fig. 2. Fitted SFG spectra of 8 mM (4, C6, C8, C10, and C12 Quat compounds in water (without NaCl) at (a) ssp and (b) ppp polarization combinations.

Table 1
Peak assignments from the fitted SFG spectra of Quats at ssp and ppp polarization
combinations.

Peak assignments ssp Wavenumber ppp Wavenumber

(cm™) (em™)
CH, SS ~2851 -
CH, FR - ~2857
CHs SS ~2876 ~2889
CH, AS ~2915 ~2915
CH; AS - ~2961
CH; FR ~2936 -
N-CH3 SS ~2978 -
Aromatic CH stretch (vo, mode) - ~3022
N-CH3 AS/Aromatic CH stretch ~3058 ~3066

(v, mode)

OH SS ~3182 ~3268
OH SS ~3384 ~3451

then decreases for longer chains [57,58]. In these studies, the
enhancement in the CH, SS intensity was attributed to an increase
in the conformational disorder. Another study reported that the
ratio between CHs SS to CH; SS is inversely proportional to the
degree of packing, which they found to be dependent on the chem-
ical nature of the head group [16]. Therefore, to obtain a quantita-
tive insight into the conformation of the Quat compounds at the
air-liquid interface, the intensity ratio between CH, SS and CHj3
SS was calculated to measure the extent of relative disorder or
gauche defects in the alkyl chain conformation [25]. The peak
intensities of CH, SS and CH3 SS modes were obtained from fitted
ssp spectra in Fig. 2. A plot of CH, SS/CH3 SS intensity ratios as a
function of the number of carbons in the alkyl chain is shown in
Fig. 3a. Intensity ratios ranging from 0.46 4 0.16 to 1.5 + 0.8 indi-
cate that gauche defects were present in all five Quats solutions at
the air-liquid interface. The graph suggests that the formation of
gauche defects has a small dependence on increasing the chain
length from C4 to C12. It is reported in the literature that any chain
length from C16 to C22 forms a well-ordered monolayer [5]. Thus,
SFG spectra from these ordered monolayers have minimal gauche
defects [59]. Therefore, the gauche defects obtained from C4 -
C12 Quats, which do not follow a particular trend, as a function

of chain length can be due to factors such as the selected concen-
tration to prepare Quats aqueous solutions and equilibration time.

The critical micelle concentration (CMC) plays an important
role in how these surfactants adsorb and self-assemble at the air-
liquid interface. If CMC is not reached, a full monolayer or coverage
will be difficult to confirm. Thus, the selection of the bulk concen-
tration of these interfacial molecules can also be affected by the
CMC level. Thus, if the selected concentration, at 8 mM, is below
the CMC value for C4, C6, C8, C10, and C12, then we expect that
the surfactants do not form a full monolayer at the air-liquid inter-
face. Thus, this reflects the observation of gauche defects without
any evident trend. However, although the CMC values for C4, C6,
and C8 are difficult to determine [5], the surface tension values
of the Quat solutions without salt were obtained using the Du
Noily ring method and plotted against concentration [60]. Five sur-
face tension plots are provided in Fig. S3 in the Supporting Infor-
mation. Fig. S3(a-c), plots for C4, C6, and C8 Quat aqueous
solutions did not show more defined transitions to determine their
CMC values even though higher concentrations greater than 8 mM
were reached for C4, C6, and C8. As reported by Nguyen and group,
less sharp transitions observed for C4, C6, and C8 solutions can be
explained with the assumption that the surface excess/surface cov-
erage of the topmost monolayer along with the formation of a sub-
monolayer is unaffected. However, the surface tension value is
consequently reduced due to the change in the conformation of
the confined interfacial water molecules [61]. As the chain length
was increased, the CMC values for both C10 and C12 are estimated
to be ~5 mM and ~0.8 mM, respectively (Fig. S3(d) and Fig. S3(e)).
The CMC values show that at C4, C6, and C8, the spectral profiles
collected at 8 mM are all below their undefined CMC values. On
the other hand, since the spectra acquired for both 8 mM C10
and C12 Quat molecules are above their estimated CMC values,
the liquid surface is assumed to be completely covered with Quat
molecules. However, as shown in Fig. 3(a), the CMC may not have
a direct effect towards the number of gauche defects. The number
of gauche defects increases with increasing alkyl chain length.
Therefore, the formation of a well-ordered monolayer in relation
to critical micelle concentration does not correlate with the
increase in the number of gauche defects.
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In addition, surface excess values were also determined from
these surface tension plots to obtain a better idea of the monolayer
coverage of these surfactants at the air-liquid interface. Therefore,
to determine the surface excess concentrations of these surfac-
tants, the Gibbs adsorption equation (Eq. (8)) can be applied [62-
64].

a oy _

nRT oa

c Ay
“ORT Ac (8)
where I is the surface excess concentration of solutes, a is the activ-
ity which can be replaced with c; the molar concentration of solutes,
y is the surface tension and n = 2 for ionic substances.
AY = Vsuurfactant solution — Vpure water | 64]. Table S2 available in the Support-
ing Information lists the surface excess values for each concentration
of every chain length. A comparison plot between the surface excess
values calculated from the 8 mM concentration of C4-C12 surfac-
tants and intensity ratios (CH, SS/CH3 SS) is presented in Fig. S4.
The surface coverage or surface excess increases with increasing
chain length at 8 mM concentration and starts to plateau at C10.
The increasing number of surface coverage should have a relatively
smaller number of gauche defects because of better packing
between the alkyl chains. However, that is not the case for the obser-
vation obtained for C4, C6, and C8 Quat solutions. The surface
excess/coverage for C10 and C12 aqueous solutions are 5.72 x
10' and 5.41 x 10", respectively. The values are similar to each
other. We suggest that these two concentrations lead to a saturation
point or a full monolayer coverage. However, more points are
needed to make that a valid assumption. Thus, a future study is con-
sidered and not yet regarded in the scope of this work. Comparing
the C10 and C12 surface excess/coverage values versus the intensity
ratios, with the assumption a full coverage is obtained and with an
increased number of gauche defects, this scenario suggests that
the interfacial molecules reached equilibrium and will only fluctuate
due to other factors such as chemical nature of the surfactant, sam-
ple preparation, and equilibration time.

Another factor for the possible observation of gauche defects is
that the 30-minute equilibration time or waiting time was not
enough to form well-organized surfactants at the air-liquid inter-
face at 8 mM solution. Therefore, we prepared 8 mM of C8 Quat
surfactant in water and acquired ssp SFG spectra at 2900 cm~! IR
center from 0, 0.5, 2, 4, to 6 h waiting time to monitor the change
in the CH spectra profile and correlated it to a peak intensity differ-
ence between CH; SS and CHs SS (Fig. S5). The zero (0) time means
the spectrum was collected right away after placing the C8 sample
at the stage. As shown in the SI, the O-time spectral profile still has

distinct peaks of the head group positioned at ~2972 cm™! and

~3065 cm~!. The ratio between the CH, SS and CH; SS slightly
changes from O-hr to 6-hr equilibration time as well, but there is
no considerable effect towards the formation of gauche defects
as a function of time. The results do not directly explain the nonlin-
ear trend between the intensity ratio and the number of carbon
atoms in the alkyl chain. A similar trend of nonlinear dependence
between the number of gauche defects and length of the alkyl
chain was also acquired as 1% and 10% of sodium chloride was
introduced in the 8 mM Quat solutions (Fig. 3b). Since no trend
was also obtained by adding salt, this means that increasing the
ionic strength or the screening effect does not straightforwardly
affect the number of gauche defects.

The overall observation obtained from the number of gauche
defects and increasing alkyl chain can be supported by the expla-
nation reported by Baldelli and Richmond groups wherein shorter
chains usually possess less geometric gauche defects and less steric
hindrance than longer alkyl chains [20,25]. These Quats are highly
soluble in water and their critical micelle concentration (CMC)
below C10 is challenging to determine using surface tension. So,
the 8 mM concentration is not enough to achieve the highest sur-
face concentration and confined conformational mobility with the
nearest neighbors from C4 to C8 as explained by the surface excess
calculation results [20,25]. Longer chain Quat compounds greater
than C12 are found moderately soluble in water and thus not
within the scope of this study.

3.3. Is the conformation of the interfacial water dependent on the
length of the C4-C;> Quat surfactants?

Fig. 2 also shows that the SFG signal of OH stretches from 3000
to 3800 cm™'. As mentioned earlier, the two OH stretching modes
are assigned to tetrahedrally and asymmetrically hydrogen-
bonded water molecular arrangements. Also, the free/dangling
OH typically contributes to the SFG spectrum at the air-liquid
interface where its peak is positioned at ~3650 cm~!. The fitting
parameter results, for example, of 8 mM Quat solution ensure peak
positions, peak assignments, and amplitudes which are available in
Table S3 in the supporting information. The R-square value is also
provided to show the goodness of the fit. In addition, all spectra
were fitted with the corresponding standard deviation obtained
from the three trials of the spectrum for every single point in the
spectrum. The amplitude as a result of the fitting allows finding
the relationship between the chain length, as determined by the
increasing even number of carbons, and the SFG intensity. As the
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two OH stretches changes as a function of the number of carbons,
adding surfactants at the air-liquid interface affects the amount of
the free OH molecules that are able to generate sufficient detected
SFG photons. However, as shown in Fig. 2, the free OH peak is not
prominent relative to other resonances because of several factors
including the presence and concentration of surfactants. It is also
known that higher concentrations lead to the disappearance of
the dangling OH because more surfactants are occupying the sur-
face [47,55,56]. The surface tension as affected by the concentra-
tion also affects the surface coverage. Surface coverage, on the
other hand, affects the surface loading/activity of surfactants at
the air-liquid interface which then reduces the contribution of
the free OH. Also, the non-obvious presence of the free OH is also
dependent on its total number of SFG counts compared to the
SFG counts of the OH stretching mode positioned at 3182 cm™'.
The SFG spectrum of an 8 mM C8 Quat centered at 3600 cm™!
shows a relative count of ~75 of the free OH positioned at
~3650 cm~ . A future experiment is being considered to monitor
the free OH as a function of the increasing concentration of the
surfactant.

Next, the spectral profile of the ssp polarization combination
with a broad peak positioned at ~3182 cm™! indicates ordered
water molecules at the air-liquid interface forming tetrahedral
molecular arrangement in the presence of cationic Quat surfac-
tants. The overall SF intensity of the OH stretch, as a result of the
fitting process, increases from shorter alkyl chain to longer chain
(C6-C12) in the ssp polarization, as shown in Fig. 4. However,
the SFG intensity of the OH stretch in the C4 Quat surfactant has
a higher relative value compared to the C6 molecule. A study per-
formed by Singh and co-workers on the dependence of structural
and orientation transformations of water with varying chain
lengths of alcohol at the air-liquid interface reported that at the
number of carbon atoms of linear chain alcohol from 1 to 3
(n < 4) does not affect the H-bonding capability and orientation
of water molecules and the interface is unstable at n = 4 [65]. On
the other hand, when n > 4, the interfacial water becomes more
strongly H-bonded which was indicated by the maximum peak
positioned at ~3200 cm™'. As shown in Fig. 4, C4 Quat behaves dif-
ferently from C6-C12 surfactants. After waiting for 30 min or more
and performing the experiment multiple times, C4 alkyl chain
length adsorbs similarly at the air-liquid interface when compared
to longer chain length (C8-C12). This behavior indicates a struc-
tural and/or orientational transition of the interfacial water at
the surfactant-water interface which was the same observation
obtained by Singh and colleagues [65]. Also, according to Nguyen
and colleagues, by connecting our surface tension and SFG results,
the formation of an immersed surfactant bilayer results in an unaf-
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Fig. 4. The intensity of OH SS at ~3182 cm™! as a function of the number of carbons
in the hydrophobic chain (0% NacCl).

fected topmost surfactant monolayer and a reduction of surface
tension value when the confined interfacial molecules re-
arranged [61]. The spectral profile of the alkyl chain of the C4
molecule remains similar to other chain lengths, while in the OH
region showed the formation of ordered hydrogen-bonded water
molecules. In addition, the transition is associated with the
hydrophobic size of the chain relative to the size of the cationic
headgroup. To support our explanations, we also check the pH of
all solutions (C4-C12) without salt to make sure that there is no
pH dependence. The pH values for 8 mM Quat solutions are avail-
able in Table S4 of the Supporting Information. Since the pH values
for each Quat aqueous solution are similar, the pH will globally
affect the behavior of all solutions similarly. The pH value of
~5.54 obtains an acid dissociation constant (K,) of ~1.19 x 107,

Next, as shown in Fig. S6, 1 mM concentration of alkyltetram-
ethylammonium bromide (ATAB) surfactants with alkyl chain
lengths of n=4ton =12 (4, 6, 8, 10, 12) solutions were prepared.
This experiment was performed to check whether the headgroup
affects the arrangement of water molecules at the air-liquid inter-
face, especially for the C4 surfactant. However, after analysis, the
ssp SFG spectrum of the C4 TAB solution did not show any evident
vibrational signatures from —CHs, —CHj,, or the —N—CHj3 func-
tional groups (Fig. S6). Therefore, as a result, the structural changes
of interfacial water molecules observed for the C4 surfactant can
also be dependent on the chemical nature of the cationic head-
group. Another possible reason for this observation could also be
because the concentration of the C4 TAB solution is not sufficient
to cause the surface activity of these C4 TAB molecules at the
air-liquid interface. This means that the surface coverage of an
8 mM Quat aqueous solution is not equivalent to the surface cov-
erage of a 1 mM C4 TAB aqueous solution. To further investigate
the concern over the coverage, surface tension measurements were
performed for both C4 Quat and C4 TAB solutions with a concen-
tration range from O to 120 mM. This enables the comparison of
the surface tension values to find the matching concentration of
the 8 mM C4 Quat from the plot of C4 TAB (Fig. S7). The equivalent
concentration was found to be ~102 mM of C4 TAB solution which
will have similar surface coverage with 8 mM of C4 Quat solution.
Then the ssp SFG spectra of 8 mM C4 Quat and 102 mM C4 TAB
solution were acquired. Fig. 5 shows the spectral profiles of the
two solutions. The OH stretch vibrational mode positioned at
~3182 cm! is evident in the ssp spectrum of the 8 mM C4 Quat
solution while not clearly present in the ssp SFG spectrum of
~102 mM C4 TAB solution. The possible reasons for these observa-
tions are (1) the headgroup has a role in the organization of the
water molecules at the air-liquid interface and/or (2) the approach
of finding the matching concentration for 8 mM C4 Quat solution
using the surface tension measurement does not define a 1:1 cor-
relation with the SFG measurements. Looking closely at Fig. 5b, the
SSP spectrum of the 8 mM C4 Quat has the vibrational signature of
the Quat headgroup positioned at 3068 cm™'. This peak is a CH
aromatic stretch of the benzyl group. The comparison of ssp spec-
tra (Fig. S8) of the C4 Quat with 0%, 1%, and 10% shows that the
presence of 1% and 10% salt has effectively reduced the spectral
interference from water molecules and has only emphasized the
contribution of the headgroup at ~3068 cm™'. Therefore, the sur-
face activity of the C4 Quat is also assisted by the headgroup’s
existing interaction and overall conformation in aqueous solution.
In regard to the 1:1 correlation of the Quat and TAB surfactants
concentration for surface coverage equivalence, finding its abso-
lute correlation will require further investigation which will be
performed in our future studies.

This study also supports earlier findings that the SFG signal of
the OH stretches in the 3000-3800 cm ™' region is enhanced in
the presence of surfactants [18,47,50,66]. The adsorption of surfac-
tants at the air-water interface creates a large electrostatic field
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and interfacial water molecules orient themselves relative to the
surface charge of surfactants which enhances the SFG signal at
the OH region. According to the flip-flop model of interfacial water
molecules suggested by Tahara and co-workers, the oxygen of
water molecules is pointed up to the positively charged surface.
On the other hand, the hydrogen of water molecules is pointed
up to the negatively charged surface [47]. Using the flip-flop model
of the charged surfactant-aqueous interface, the cationic Quat
compound orients OH bands of interfacial water molecules with
their hydrogen pointing down from the positive charge of the Quat
headgroup. This study also supports the recent findings by Singh
and co-workers [65] from which the long hydrophobic alkyl chains
of alcohol affect interfacial water differently than the shorter chain
length alcohol. However, according to their findings, the shorter
chain length (n = 1-3) of alcohol does not affect the hydrogen
bonding and the orientation of the interfacial water substantially
and the interface is quite unstable for n = 4, as stated earlier
[65]. Another group found that the adsorption of short-chain alco-
hol at the air-water interface is similar to the classical surfactants
[67]. Critical aggregation concentration (CAC) of alcohol and the
critical micelle concentration (CMC) of surfactants were consid-
ered for comparisons. The alcohols and surfactants possess linear
dependence of Gibbs standard free energy of their adsorption at
the air-water interface as a function of hydrophobic chain length
[67]. Therefore, as shown in Fig. 4, the OH stretch intensity drops
(~3182 cm™!) from C4 to C6 can also be explained by which the
interface becomes unstable because of the reduced interaction
between these shorter chain length surfactants and water
molecules. Thus, resulting in more randomly oriented interfacial
molecules affecting the overall SFG signal of the C6 surfactant in
water. In addition, the major increase of OH stretch intensity for
the longer chains is direct evidence of the effect of alkyl chain
length on the orientation of the interfacial water molecules and
increased hydrophobic interaction between the chains. In a bulk
study, Raman multivariate curve resolution (Raman-MCR)
spectroscopy showed that longer chain length surfactants form
micelle in the bulk and the interfacial water molecules can pene-
trate much deeper into the hydrophobic core of the micelle. This
observation has resulted in more ordered interfacial water mole-
cules [68].

3.4. How do the conformations of both the chain and the water
molecules change with increasing ionic strength?

The effects of salts in aqueous solutions play an important role
in the aggregation behaviors of ionic surfactants [69]. The addition
of salt reduces the electrostatic repulsion between the cationic
headgroups, which results in their much closer assembly to each
other at the air-liquid interface. This also leads to the reduction
of the CMC value as well [57]. As shown in Figs. 6 and 7, the addi-
tion of 1% and 10% salt (see Table S5 for the respective ionic
strengths) in 8 mM aqueous solutions of C4, C6, C8, C10, and C12
Quats affected the conformation of the chain length. Looking clo-
sely at the results of both ssp and ppp polarization combinations,
the changes in the intensity and spectral profiles of Quat molecules
from C4 to C12 are contributions from the interactions existing
between non-polar hydrocarbon (HC) chains and polar head group
- water molecules due to the increasing presence of salt. The SFG
spectra from a 1% NacCl solution show the signal from the chain
(CH; and CH3 groups), the head group (-N-CHs; and CH aromatic
groups) and —OH SS of water molecules (Fig. 6).

Yet, with the increasing number of carbons, a decrease in the
OH SS (at ~3182 cm™!) is observed relative to the intensity of the
—N—CHj5 group while the OH SS at ~3384 cm™' seems to be unper-
turbed. For 1% (0.17 M) salt (Table S5), it is difficult to obtain a clear
trend for the CH spectral profile, however, the vibrational signature
from the headgroup becomes more distinct as the signal from the
OH stretch decreases. Also, the weakly-bonded H,0O molecules
become more prominent relative to the strongly-bonded H,O
molecules. Interestingly, the changes in the spectral profiles of
C4, C6, C8, C10, and C12 in the presence of 10% salt (1.7 M) are
more noticeable (Fig. 7). SFG signal from interactions between
the alkyl chains and arrangement of the head group is still notice-
able from C4- C12 Quat surfactants. However, the SFG signal from
the strongly-bonded water molecules positioned at ~3182 c¢cm™!
had decreased when compared to the results obtained from
8 mM Quat aqueous solution with 1% NaCl. Thus, a lesser contribu-
tion was evident from the constructive interference created
between the OH and CH vibrational modes. The CH spectral pro-
files show no trend, yet carefully analyzing the distinct C4 ssp
and ppp spectra, the intensity ratio between CH, SS and CHs SS
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decreases. This means less number of gauche defects with 1% NaCl.
In addition, we also calculated the tilt angle [28] for the terminal
methyl group of C4 and found the value to be 39° + 27° for 0% salt
and 45° + 84° for 1% salt from the surface normal. The tilt angle of
the terminal methyl group of the Quat surfactant series was deter-
mined by calculating the intensity ratio between the CHs SS and
CHjs AS from the fitted ppp spectra and comparing it with the sim-
ulated curve. The ppp polarization combination was chosen over
the ssp polarization combination to avoid convolutions of the spec-
tral interference between CHs SS and Fermi interactions and the
spectral interference CH and OH region [28,50]. The approach to
generating the simulated curve was reported in previous studies
and the parameters (Table S6) of the simulated SFG curve are listed
in the Supporting Information [38,60]. The parameters considered
for the SFG simulation curve, the simulated curve, the calculated

tilt angle values, and R? values for different chain lengths and salt
concentrations are reported in Table S6, Fig. S9, and Table S7, and
Table S8, respectively.

This observation regarding gauche defects is due to the addition
of salt which reduces the electrostatic repulsion between the head
groups, allowing the close packing of the surfactants at the air-
liquid interface. Therefore, more surfactants are adsorbed at the
interface which facilitates the decrease in its surface tension as
well as reduction of the electrostatic field. The hydrophobic inter-
actions between alkyl chains arranged the polar head group in an
orderly manner to each other. At the same time, the OH group con-
tribution has been reduced affecting the arrangement of the water
molecules in the double-layer region via the formation of hydrogen
bonds along with some contributions from the intramolecular
interaction as a result of the vibronic coupling of the OH SS with
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the bending mode [19,29]. To summarize, Fig. 8 shows the graph
with OH SS at ~3182 cm™! and ~3384 cm™! from 0%, 1%, and 10%

as a function of increasing chain length.
However, the overall effect introduced by salt in the solutions of

increasing chain length does not provide a clear trend. Therefore, in
Fig. S10, the OH stretch was plotted as a function of 0, 1, and 10% salt
concentration for C4-C12 surfactants. There is no clear trend for C6
Quat because, at 0%, the OH intensity is low and increases at 1% and
then decreases again for 10%. However, a decreasing trend of the OH
intensity at ~3182 cm™! is observed from C4, C8, C10, to C12. Conse-
quently, the OH stretch signal at ~3182 cm™' decreases as we
increased the salt concentration from 0, 1% to 10%. The implication
of can be very well-correlated to the affected contributions of the
second-order nonlinear susceptibility, ), and the third-order opti-
cal properties of the bulk water, y®, in view of the overall SFG signal
from a charged interface and decreasing OH stretch interference
[29]. The C6 Quat molecule in water was characterized multiple
times to ensure the repeatability of the spectral results. In such a
case, we must find a reason behind the C6 response to increasing salt
concentration upon monitoring the OH stretch at ~3182 cm™!. The
hydrophobic size of the C4 Quat compound may have affected the
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OH stretch intensity, which resulted in a structural transformation
of the interfacial water and that is why its OH spectra profile is sim-
ilarto C8,C10,and C12.Onthe other hand, the H,O molecules are not
strongly hydrogen-bonded in the aqueous solution of C6 Quat mole-
cules with 0% salt. At 1% salt, an increase in the SFG signal was
obtained at ~3182 cm™!, which indicated that the H,O molecules
at the interface and the double layer are arranged more orderly.
Then, a sudden decrease for the OH SS vibrational mode SFG signal
was observed at 10% salt which resulted in a decrease in the order
between the arranged H,0 molecules.

In the case of the shortest chain length (C4), our results indicated
a more ordered monolayer was achieved by increasing the NaCl
concentration to 1.70 M (Fig. S8). This increased contribution from
the terminal methyl symmetric suggested a considerable effect on
the ordering of short-chain surfactants due to ionic strength when
compared to the presence of no salt and ~1.70 M salt. In addition,
increasing the ionic strength results in a decrease in the OH band
of the interfacial water at a positively charged interface [31]. As
shown in the C4 spectra from 0%, 1%, and 10% salt content
(Fig. S8), the OH band signal is relatively reduced where water
ordering is random; yet has a more ordered hydrocarbon chain.
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Fig. 9. (a) Fitted SFG spectra of 8 mM C8 in water with 0%, 0.5%, 1%, 5%, and 10% NaCl at ssp Polarization combinations and (b) the intensity of OH SS at ~3182 cm™! as a

function of NaCl concentration.
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3.5. How does increasing ionic strength specifically affects the OH
band?

In this discussion, 8 mM C8 Quat molecule was prepared with
0%, 0.5%, 1.0%, 5%, and 10% salt, which has equivalent/correspond-
ing ionic strength values listed in Table S5 available in the Support-
ing Information. Fig. 9a presents ssp spectra for the C8 Quat
molecules and Fig. 9b plots the intensity of the OH band positioned
at ~3182 cm™. The ppp spectra are shown in the Supporting Infor-
mation (Fig. S11). The OH band decreases with increasing ionic
strength. This observation, as noted earlier, is because of the charge
screening effect as a result of increasing the salt concentration. The
Debye screening length is reduced which in effect also affects the
volume of the noncentrosymmetric region at the air-liquid inter-
face resulting in a reduced SFG signal [30]. Also, a decrease in the
overall SFG signal in the CH region is also observed after the addi-
tion of salt but the spectral profile is structurally invariant [29,70].
To summarize, the reduction in both the CH and OH signal is in line
with the contributions coming from the second-order resonant
susceptibility (¥'¥) and the third-order optical properties of the
bulk water (). The ¥® contribution can be qualitatively deter-
mined from the intensity difference between varied salt concentra-
tions; a method developed by Geiger and coworkers [29]. The
addition of 0.5% and 5% of NaCl relatively shows the gradual
decrease in the OH SS at ~3182 cm™'.

In addition to the explanation using the screening effect, the
intensity of the OH bands of the interfacial water at a cationic sur-
factant interface decreases with increasing salt concentration can
also be explained by the counterion effect [26,31,71]. Increasing
salt concentration dramatically changes the interfacial hydrogen
bonding as shown by Doughty and co-workers. Anion can adsorb
into the Quat/water interface and perturb the hydrogen-bonding
networks [71]. Similar studies from Tahara and coworkers using
CTAB and sodium halides show that the OH band intensity of inter-
facial water decreases in the order of the Hofmeister series. High
salt concentration generates Helmholtz electric double layers in
which counterions are present near to the interface region. The
interfacial water molecules are restricted in between the charged
monolayer and counterions and orient themselves by the electric
field. The OH band intensity was found to have decreasing order
with increasing size of the halide ions. The peak frequency shifting
to a higher wavenumber indicates the hydrogen bond is weakened
at CTA*/CI" interfaces [31]. The similar changes in OH band inten-
sity with added salt was also observed in our work. In Fig. S11,
as the salt concentration increases from 0%, 0.5%, 1%, 5%, and
10%, the overall OH bands intensity decreases and the intensity
of OH and at ~3182 cm™~! becomes less prominent and the intensity
of OH band at ~3384 cm™! becomes more noticeable. Thus, the
observation of the peak frequency shifting to a higher wavenumber
can also be explained that due to the presence of CI” counterions at
the Quat/water interface, the interfacial hydrogen-bonding net-
work is disturbed. At 5% and 10% salt, the OH band has almost van-
ished indicating that the number of oriented water molecules
present in the Quat/Cl™ interfaces has decreased [31,71].

4. Conclusion

The chain length dependence of C4, C6, C8, C10, and C12 Quat
surfactants have been successfully studied with different ionic
strengths at the air-water interfaces by SFG. From the SFG spectra,
we can conclude that this series of surfactants retains surface
activity with a considerable number of gauche defects even at
short alkyl chain lengths. The previous studies focusing on chain
length and ionic strength reported their observations about gauche
defects of alkyl chain [16,17,24,25,65] and conformational changes

of interfacial water independently [18,19,28,30,31,65]. The number
of gauche defects decreases with increasing chain length was
observed at air-solid and air-liquid interfaces [23,24] and decreas-
ing trend of gauche defects was also reported with decreasing
chain length at the liquid-liquid interface [25]. On the other hand,
the ionic strength dependence shows that the interfacial water
molecules become less ordered with increasing salt concentration
[18,28-30]. In this work, we reported the combined effect of chain
length and ionic strength variations on the conformational changes
of surfactant-water interfaces. This research provides several new
findings: (1) No clear trend was obtained for the number of gauche
defects as a function of increasing chain length from C4 to C12. Less
number of gauche defects were observed for shorter chain lengths
while an increasing number of gauche defects were observed for
longer carbon chains, (2) The number of gauche defects decreases
for the shortest chain surfactant (C4) as a function of ionic
strength, (3) Increasing the alkyl chain length (C6, C8, C10, and
C12) results to more ordered interfacial water molecules. The
SFG intensity of the OH SS vibrational mode of C8 Quat at
3182 cm! in water has decreased with increasing ionic strength,
(4) At a similar surface coverage, C4 Quat showed SFG signal from
OH SS vibrational modes as a signature for more ordered water
molecules at the air-liquid interfaces compared to a C4 TAB surfac-
tant. While no evident SFG signal from the OH vibrational mode
was observed for C4 TAB surfactant. This result showcases the role
of the chemical nature of headgroup towards the formation of
tetrahedrally arranged water molecules at the air-liquid interface
in the presence of a shorter alkyl chain, and (5) The hydrogen
bonding formation between water molecules was affected and
enhanced in the presence of a C4 Quat surfactant. On the other
hand, a recent study of alcohol with varying alkyl length reported
that the interface is unstable with C4 alcohol [65]. These findings
support previous studies on chain length [16,17,24,25,65] and
ionic strength [18,19,28,30,31]. This work provides an evidence
to consider effective number of carbon on alkyl chain at different
ionic strength, self-assembly of surfactants with different head-
group, and conformational changes of interfacial water molecules
undergone by increasing chain length and ionic strength which
leads to our future work on self-assembly of surfactants at
liquid-metal interface. In addition, we presented the adsorption
behavior of a series of highly water-soluble short-chain surfactants
of limited CMCs which will benefit in designing new surfactants for
a specific environment in corrosion inhibition [18-23], fabric soft-
eners, interfacial processes, self-assembly, micellization, and other
related fields [5,72-74].
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