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Abstract: Molecular interactions at interfaces have a significant effect on the wetting properties
of surfaces on a macroscale. Sum frequency generation (SFG) spectroscopy, one of a few
techniques capable of probing such interactions, generates a surface vibrational spectrum sensitive
to molecular structures and has been used to determine the orientation of molecules at interfaces.
The purpose of this review is to assess SFG spectroscopy's ability to determine the molecular
orientations of interfaces composed of fluorinated organic molecules. We will explore three
different types of fluorinated organic material-based interfaces, naming liquid-air, solid-air, and
solid-liquid interfaces, to see how SFG spectroscopy can be used to gain valuable and unique
information regarding the molecular orientation of each interface. We hope this review will help
to broaden the understanding of how to employ SFG spectroscopy to obtain more complex

structural information for various fluorinated organic material-based interfaces in the future.

Keywords: sum frequency generation vibration spectroscopy; SFG; self-assembled monolayers;
SAMs; fluorinated; molecular orientations; liquid-air interfaces; solid-air interfaces; solid-liquid

interfaces
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1. Introduction

The interface between two media, where molecules are exposed to an environment
different from that found in the bulk, is where the chemical interactions (i.e., van der Waals
interactions and hydrogen bonds) takes place and dictates how the two media behave
macroscopically. For example, it is well established that hydrophobic materials, such as
polytetrafluoroethylene (PTFE), exhibit a low surface wettability, allowing water drops to easily
roll off these surfaces due to the poor chemical interactions between the atoms on their surfaces
and water molecules.! These phenomena can only be explained by meticulously examining
atoms and molecules at buried interfaces to ascertain their composition, structure conformation,
orientation, and bond interactions between two media. Among these interfaces, solid-liquid and
solid-air interfaces can provide extremely valuable information about the orientation of contact
liquids, the orientation of terminal groups on surfaces, and molecular interactions that affect the
macroscale properties of a surface.*’ Numerous surface analytical techniques including
ellipsometry, contact angle goniometry, Raman spectroscopy, X-ray photoelectron spectroscopy
(XPS), and infrared spectroscopy such as polarization modulation-infrared reflection-adsorption
spectroscopy (PM-IRRAS).%® have been used to investigate properties of various organic-based
surfaces, such as their basic structural orientations, wettability, and chemical compositions at
interfaces.*>° Additionally, atomic force microscopy (AFM) has also been utilized to obtain
detailed information about the nanometric lateral resolution of such surfaces.!®"1? This technique,
however, is limited in its ability to provide an advanced understandings of buried surfaces, such
as the direction and interaction of different types of liquids in contact with solid interfaces, or the
tilt angle and conformational features at solid-air and solid-liquid interfaces. Interestingly, while
all of the aforementioned techniques provide valuable data that broaden our understanding of
surface and interfacial chemistry at nanoscales, valuable insight into buried surfaces can be
obtained only from a unique surface-sensitive technique called sum-frequency generation
vibrational spectroscopy (SFG-VS).413-14 A quick summary and comparison between SFG and

other surface techniques are illustrated in Figure 1.
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compared to other surface techniques.

SFG-VS is a coherent second-order nonlinear optical spectroscopy technique that is used
to analyze interfaces and surfaces. In a typical SFG-VS, two optical sources combine at the probed
interface to generate an output beam with a frequency equal to the sum of the visible and infrared
photons, as illustrated in Figure 2.'* Due to the SFG signal generated by each measurement is
quite weak, despite the fact that SFG equipment is normally equipped with extremely bright visible
and infrared sources, the obtained signal is still quite low. However, the output signal generated
by the SFG technique is free of background signal due to the nonlinear mixing process. The
intensity output from SFG is estimated by fitting the resonances to a Lorentzian line shape

according to equation 1,'5-!8 where Iggg is the intensity of the SFG signal, yz'® and yng® are the
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resonant and nonresonant contributions to the second-order nonlinear susceptibility, Ay and I'y
denote the amplitude and linewidth of the gth vibrational mode at a frequency of @, the infrared

frequency is wr, Ang and € are the nonresonant amplitude and phase of the substrate, respectively.
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Figure 2. Illustration of two laser beams, a visible beam (green arrow) and an infrared beam (red
arrow), incident on a substrate from which the sum frequency generation (SFG) laser beam is
generated. The illustration is not to scale, and the area covered by the laser beams is on the order

of one millimeter.

By selecting different polarization combinations of the input and output light (typically ssp, ppp,
sps, and pss where the indexes refer to the SF, visible, and IR beams, respectively), the Cartesian
components of the susceptibility tensor x® can be deduced. Since the magnitude of the measured
susceptibility tensor is sensitive to the degree of the polar orientation of the molecules, the
information provided by the polarization analysis of the interface allows a determination of the

molecular orientation with respect to the surface normal.!®

The primary advantage of the SFG-VS technique is its ability to probe the vibrational
frequencies/modes and electronic properties of the surface when the initial frequencies from the

infrared and visible sources are tuned properly.?>?! Additionally, chemically specific information
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such as molecular number density, molecular conformations and orientations, chemical change
dynamics, and relaxations of molecular surfaces and interfaces can also be obtained.'* More
detailed explanation of the SFG technique are available in the literature.!32223

The fabrication of "tunable interfaces", whose physical, chemical, or electronic properties
can be dynamically modified or tuned, can be accomplished by applying external stimuli such as
temperature, pressure, electric or magnetic fields, or by altering the interfacial composition or
morphology. Deposition of organic thin films on metal substrates via self-assembled monolayers
(SAMs) has been reported and widely used to develop monolayer organic thin films on such
interfaces, as well as to control the properties of metal surfaces at the nanoscale.?*?° Numerous
solid-liquid and solid-air interfaces have been investigated using these model surfaces composed
of self-assembled and chemically bound molecules on a surface due to the monolayers' ability to
mimic the physical properties of more complex systems.>333 These monolayer thin films have
been used in a wide variety of applications, including biologically relevant surfaces,’*38 lubricants
for microelectromechanical systems (MEMs),**#! and corrosion inhibitors.*>-47

Notably, the physical properties of organic thin films can be altered by the type of
functional groups on the adsorbate molecules. For example, SAMs generated from n-alkanethiols
with a chain length greater than 10 carbons exhibit a trans-extended configuration, tilted ~30° from
the surface normal on Au substrates due to the presence of attractive van der Waals forces between
the adjacent alkyl chains.3%48-5! Investigation of the interfacial structure of alkanethiol thin films
revealed significant implications for their wetting properties.*!3>33 Specifically, altering the length
of the alkanethiol adsorbates by changing the number of carbon atoms in the alkyl chain results in
an alteration of the terminal functional groups' orientation (upright or tilted). This change in
terminal group orientation has been shown to originate "odd-even" effect in the wettability of the
surfaces and can be observed by advancing contact angle measurements.>2->°

Changing the terminal functional group of a monolayer to a group other than the n-alkyl
moiety has been shown to have a direct effect on the resulting film's physical properties.32:60-68 [t
has been demonstrated that using terminal fluorinated tailgroups has a significant effect on the
interfacial properties of the thin films in unexpected ways.*3154% Due to the increased steric
constraints and the helix-like structure of the fluorinated tailgroups, the tilt angles of fluorinated
organic thin films relative to the surface normal were found to be significantly smaller than that of

n-alkanethiol-based SAMs. Moreover, because of the low surface energies of fluorinated groups,
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fluorinated SAMs exhibit remarkably lower wettabilities than organic thin films generated from
n-alkanethiols.’* Additionally, the surface dipole effect generated by the CF—CH junction has a
crucial effect on the wettability of SAM surfaces; specifically, the dipole of the terminal CF—CH
bond has a strong influence on the "odd-even" effect, as indicated by the inverse "odd-even" trend
observed for polar aprotic liquids.>*7! This phenomenon was rationalized based on compensation
between the adjacent dipoles and the contacting liquid, which leads to diminished dipole-dipole
interactions with contacting liquids for thin films with more titled chains than for thin films with
more upright chains. This behavior is in contrast to normal SAMs (e.g., n-alkanethiol-based
SAMs) with markedly weaker surface dipoles exposed at their interfaces.’*’! However, the dipole
effect can be intentionally reduced by increasing the degree of fluorination, which corresponds to
dipoles being buried deeper into the monolayer. Consequently, a significant decrease in film
wettability was recorded when the number of terminal fluorinated carbon atoms on the chain of
the absorbate molecule increased.>*7!

Understanding fundamental interfacial properties (e.g., conformation, dipole moment
change, and interfacial structure) of fluorinated SAMs and other fluorinated organic material-
based interfaces enables the development of new types of organic thin films and organic material-
based interfaces with precise control over desired interfacial properties. In consideration of that,
this review highlights key studies that employed SFG technique to investigate fluorinated-based
organic thin films and fluorinated organic material-based interfaces in order to gain a better
understanding of these unique types of interfaces with a focus on liquid-air, solid-liquid, and solid-
air interfaces. Table 1 provides an overview of data types and key information obtained from SFG

technique for each category.
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1

2

2 Table 1. Data Types and Key Information Obtained from SFG Spectroscopy for Liquid-Air,
s Solid-Air, and Solid-Liquid Fluorinated Organic Material-Based Interfaces

6 Types of Interfaces | Data Obtained from SFG Key Information

7

8 - explore molecular orientations and
? o conformations and/or disordered surface
10 liquid-air interfaces - molecular arrangements )

1 structures of fluorinated groups at
12

13 liquid/air interfaces.

14 :

15 - molecular arrangements - depict proposed molecular arrangement
1? of fluorinated groups in films with
18 centrosymmetric and  one-direction
19

20 R headgroup ordering.

2 solid-air interfaces ‘ ‘ . o . ‘

2 -extraordinary  interfacial | - rationalize the extraordinary advancing
;i properties contact angle patterns based on
25 fluorinated group acting as a surrogate
26

27 surface.

;g - confirm alignment of liquid interactions
30 o - liquid orientations on | based on the directions of the dipole
31 solid-liquid interfaces | . .

32 interfaces moment of surface fluorinated functional
33

34 groups.

35

36

37

38

39 2 SFG Spectroscopy to Probe Fluorinated Material-Based Liquid-Air Interfaces

40 .1 . . . c e e .

o Finding molecular dynamics and interactions at the air-liquid interfaces of fluorinated
jé molecules are of paramount interest due to their potential applications in industry and medicine,
44 as well as providing valuable and fundamental understandings of surface and interface chemistry
45

46 at nanoscales.”>7* The simplest molecular structure of semifluorinated compounds that form
2; monolayers at air/water interfaces can be presented in a general formula of CF3(CF;),,(CH,),H.7>76
49 Moreover, semifluorinated amphiphiles, which embed a polar group (e.g., alcohol, carboxylic acid,
50

51 and thiol) into a non-polar fluorinated hydrocarbon chain, enhance the stability of molecules at air-
52 . . . . . ..

53 water interfaces via forming monolayers, bilayers, and micelles.”*?” For characterizing these
gg interfaces, the routine surface techniques, such as X-ray, atom scattering spectroscopy, infrared
56 adsorption and Raman scattering spectroscopies are not appropriate to use for air-liquid systems
57

58 7

59



oNOYTULT D WN =

Analyst

due to requiring the probing interfaces to be stable under a high vacuum environment while the
optical techniques ranging from infrared spectroscopy to ellipsometry are not surface-specific
because the obtained signals from these methods are governed dominantly by molecules in the
material bulk, which have much larger numbers compared to the relatively small number
molecules at the outer layers of surfaces.”®’® On the other hand, SFG spectroscopy, a nonlinear
optical technique, is a powerful technique for studying the dynamics of molecules at air-liquid
interfaces due to its surface-specific properties, producing signals only at surfaces where the
inversion symmetry of molecules is destroyed. Thus, SFG output generates a spectrum of the air-
liquid interfaces and provides meaningful information about molecular orientation, conformation,
as well as structure of the surface. Consequently, SFG spectroscopy has come into use for
fluorinated molecules in the C—F stretching region at various air-liquid interfaces, even though
such studies showed difficulties in the accurate assignment of the resonances in the spectra and
the determination of CF; group orientations at the interfaces in some cases.”’-80-82

In 2007, Tyrode et. al. used SFG spectroscopy to study the air-water interface of monolayer
generated via the ammonium perfluorononanoate (APFN) (Figure 3a).%° In this study, SFG spectra
of the CF; and COO- stretching allowed estimating the orientations of the headgroup and tailgroup
of APFN. The SFG spectra at the critical micellar concentration of APFN (8.9 mM) exhibited
two distinct overlapping peaks at 1369 and 1408 cm™' under the ssp and ppp polarization
combinations. In the meanwhile, the sps spectrum showed the strongest peak at 1665 cm™! as
shown in Figure 3b. The peak at 1408 cm! was assigned to the symmetric carboxylate stretch
(vs£09-) based on previous bulk IR and Raman studies while the peak at 1665 cm! in sps spectrum
was determined as the antisymmetric stretch of the carboxylate group (v,“°°-). Unfortunately, the
determination of peaks ranging from 1320—1380 cm™! was ambiguous, but they had a relationship
with the fluorocarbon vibrations, contributing either to axial symmetric CF, stretching vibration
or to the vibration of the terminal CF; group. To support the peak assignments in the CF region,
the authors provided additional SFG spectra of a monolayer of 2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-
hexadecafluorononanoic acid (F16C9 acid), which possess terminal CF,H instead of CF; group of
heptadecafluorononanoic acid (F17C9 acid) (Figure 3a). The ssp and ppp spectra of the air-water
interface of F17C9 acid monolayers at 1369 cm!, which was also observed in the APFN
monolayers, exhibited the plausible asymmetric CF; stretch. On the other hand, the absence of the

peak at 1369 cm™! in the SFG spectra of the CF,H-terminated F16C9 acid monolayer under the
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ssp and ppp polarization combinations provided strong evidence of the asymmetric CF; vibration
at 1369 cm™! while the axial CF, stretch still observed in these spectra (Figures 3¢ and d). Based
on the assigned frequency of the CF,/CF; and COO- stretching vibrations, the authors showed that
SFG is a powerful tool to analyze the orientations of fluorinated surfactants at air-water interfaces.
The results showed that the COO- and the CF; group showed slightly and significantly tilted angles
from the surface normal, respectively (30—40° and 60-70°). Moreover, while the average
orientations of terminal CF; and carboxylate groups remain constant at air-liquid surfaces at
concentrations above 1 mM with no evidence of gauche defects in the fluorocarbon chain, an
increase in the tilt angles of both groups makes them more lying to the surface plane at

concentrations below 1mM.
2504 15

—=—ssp : s
(a) R R R i (b) 1—*—ppp ‘JT =
3 F F, E o 9
200 - sps {'
: . APFN 3 oo
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Figure 3. (a) Molecular structures of the APFN, F17C9 acid and F16C9 acid. (b) SFG spectra
for APFN solution at 11.6 mM obtained under the ssp, ppp, and sps polarization combinations.
SFG spectra for APFN, F17C9 acid, and F16C9 acid solutions under the ssp (¢) and ppp (d)
polarization combinations. Reproduced from ref. 80 with permission from [American Chemical

Society], copyright [2007].
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In 2008, Iwahashi et. examined the structure and configuration of triflate anion (OTf) at
the air/1-butyl-3methylimidazolium trifluoromethansulfonate ([bmim]OTY) interface using SFG
spectroscopy (Figure 4a).8! The SFG spectra of [bmim]OTf under ssp and ppp polarizations in
Figure 4c showed two distinct peaks. The peaks at 1043 and 1231 cm!' were assigned to the
symmetric stretch of SO; and CF; groups, respectively, while the strong peak at ~1162 cm! in the
IR spectra of [bmim]OTf showed in Figure 4b is not prominent in the SFG spectra because of the
weak Raman activity. For the SFG spectrum of LiOTf(aq) shown in Figure 4e, the peaks at 1059
and 1237 cm™! correspond to the symmetric stretch of SO; and CFj3, respectively. Notably, the
SFG spectra shown in Figures 4c¢ and d exhibited the opposite asymmetric shapes of the symmetric
SO; and CFj stretches and ab initio calculations indicated that the orientation of the CF; group of
OTf anion points away from the bulk liquid while the SO3 group points toward the bulk liquid.
Furthermore, by comparing SFG spectra with the bulk IR (Figures 4b and c), the structural
difference of [bmim]OTT at the surface and in the bulk was able to be evaluated. The peak
positions of the symmetric stretch of CF3 at ~1231 cm! were similar in both the IR and SF spectra,
implying that the SO; group interacts strongly with the [bmim]+ cations. The peak position at
1043 cm! of the symmetric stretch of SOj; in the SP spectra shown in Figure 4¢ was blue-shifted
by ~12 cm! and had a much sharper peak compared to that in the bulk IR shown in Figure 4b,
indicating that the OTf anion had better homogeneously and strongly interactions with the
neighboring molecule [bmim]+ cations at the surface than in the bulk. Moreover, the broad bulk
IR peak at 1032 cm! in Figure 4b reversely showed that the OTf anions of [bmim]OTf loosely

interacted with [bmim]+ cations in the bulk.

10
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Figure 4. (a) Structures of the ionic liquid, (b, d) IR spectra of [bmim]OTf and LiOTf¥, (c, e) SFG
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spectra of [bmim]OTf and LiOTf under the ssp and ppp polarization combinations. Reproduced

from ref. 81 with permission from [American Chemical Society], copyright [2008].

Karageorgiev et. al. analyzed the average conformations of docosyl ethyl ether (EE) and
docosyl trifluoroethyl ether (FEE) monolayers at air/water interfaces despite the limitations of
classical SFG spectroscopy where the SFG signal is proportional to the square of the interfacial
nonlinear susceptibility and does not yield the net polar orientation of interfacial water.®? Instead,
to determine the rearrangement of the neat water surface caused by the FEE headgroup, the author
restricts the analysis to the peak of the free OH groups whose positive polar orientation is well-
known.8? Normally, monolayers formed from nonfluorinated amphiphiles create a positive dipole
potential at the boundary with water while monolayers with CF; terminal polar headgroups (e.g.,
OCH,CF3) generate a negative dipole: monolayers, bilayers, micelles, or biomembranes generated
from natural nonionic amphiphiles orient the positive sign of the polar moiety toward the nonpolar
group, forming a positive dipole potential at the air/water boundary. To determine the
conformation of the polar heads of monolayers, the authors used a three-capacitor model by

applying equation 2:

11
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Here AV is the surface potential of the monolayer, A is the area per amphiphilic molecule, € is the
effective dielectric permittivity of the film and u is the molecular dipole moment (w: from the
rearrangement of the interfacial water dipoles by the monolayer, h: from the dipoles of the
hydrophilic head, and t: from the CH; terminals of the hydrocarbon tails). In Figure 5a, the 3200
cm! peak of the pure water surface was blue-shifted by 100 cm™! in the spectra of EE hydration
water along with the decrease of peak intensity below the 3350 cm!' region. The extinct
discrepancy between the ssp spectra of neat water and the ssp spectra of EE hydration water
exhibited a rearrangement from the pure water surface, which stemmed from a strong short-range
interaction between the polar headgroups of EE (OCH,CH3) and water. On the other hand, the
spectrum of the FEE hydration water is accordant with the spectrum of the neat water surface at
the region below 3600 cm! as shown in Figure 5b. It means that the headgroups of FEE

(OCH,CF3) would be unable to disrupt the coordinated system of water. The increase of oscillator
strength of the free OH is, however, the positive % term that cannot be responsible for the

negative potential of the FEE monolayer. One possible contributor to the negative potential of
FEE monolayer is that the polar headgroup on FEE monolayer predominates to the trans-trans-
gauche conformation (upward oriented C—F bond in Figure 5c-right confirmation) so that such
negative dipole moment component of C—F bond on the upward polar headgroup contributed to
the negative dipole potential of the FEE monolayer while the same orientation of EE headgroups

contributed to the positive term.

12
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31 disordered monolayer-water transition zone. Reproduced from ref. 82 with permission from
gg [American Chemical Society], copyright [2013].

s

g? Most recently, Volpati et. al. expanded the study of fluorinated alkane molecules at air-
38 water surfaces to elucidate the influence of the length of the fluorinated- or hydrogenated
23 segments.”” In the study, a series of Langmuir monolayers of semifluorinated thiols
2; CnFam+1ChH2,SH were characterized by SFG spectroscopy, leading to a better understanding of
43 the orientation and structure of the semi-fluorinated chains in surfaces of these monolayers. The
Zg peaks assignment for semifluorinated thiol FIOH10SH Langmuir monolayer was demonstrated by
j? comparing its SFG spectrum with spectra of semiflourinated carboxylic acid F1I0H10COOH and
22 alcohol F10H100H monolayers. The summarized values obtained under the ssp and sps
50 polarization combinations are summarized in Table 2. Moreover, the peak intensities for CH,-ss¢
g; at 2845 cm!, which was arising from a gauche defect in the chain, and CH,-ssP at 2874 cm™!, which
gi symmetric methylene stretched near the polar thiol group of Langmuir monolayers of
gg semifluorinated thiols containing 10 fluorinated carbons (Figure 6a), were increased by increasing
57

58 13
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the number of CH, groups from 6 to 10 then 12 or by increasing the length of the fluorinated
segments from 6 to 8 and 10 in the molecules with a fixed 12 CH, groups (Figure 6b). Such
behavior implied that the increment of either the hydrogenated or fluorinated chain length
increases the disordering effects (called gauche defects), which agrees well with the previous
results of self-assembled monolayers of partially fluorinated thiols on gold.®® Moreover, the
orientation of the CF; group on these Langmuir monolayers was also evaluated using the amplitude
ratios of ssp/ppp and sps/ppp as well as the model calculations by Tyrode et al.®% The SFG spectra
of the F1I0H10SH Langmuir monolayer featured two prominent peaks at 1358 and 1378 cm’!
assigned to symmetric asymmetric stretches of CF;, respectively. The data also pointed out that
the CF; groups in the Langmuir monolayers of F10H6SH, F10H10SH, F10H12SH, and
F8H12SH have tilt angles ranging from 35° to 45° from the surface normal, exhibiting upright
orientations of the fluorinated chains.

Thus, the studies have shown the versatility of SFG spectroscopy as one of the most useful
techniques to investigate the structures at air-liquid interfaces due to its being highly surface
specific. Especially, it can provide valuable information about the molecular orientations and
conformations of fluorinated compounds on liquid-air surfaces. Although difficulties of SFG for
studying liquid-air surfaces remain due to the lack of quantitative analyses, combining SFG with
molecular dynamics calculations and/or other experimental techniques will stimulate further

advances in the field in the future.

14
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Table 2. Assignments of CH Stretches of Langmuir monolayers of Alkanethiols,

Analyst

Semifluorinated Alkanethiols, Alcohols, and Carboxylic Acids’’

Normal modes of vibration

HisSH  F0HSH F,(H;(CCOOH F,,H;(OH

Peak positions (£3 cm™)

CH,-ssS-symmetric stretch from gauche 2845 2845 2845 2845
defects
CH,-asY-asymmetric stretch from gauche 2920 2920 2920 2920
defects
CH,-ssP-symmetric stretch CH, near polar n/a 2874 2868 2834
groups
CH,-asP-asymmetric stretch CH; near n/a 2944 2931 2890
polar groups
CH,-ssF-symmetric stretch CH, near n/a 2881 2881 2881
fluorinated groups
CH,-asF-asymmetric stretch CH; near n/a 2938 2940 2941
fluorinated groups
CHj;-ss-symmetric stretch of methyl group 2883 n/a n/a n/a
CHj;-as-asymmetric stretch of methyl 2965 n/a n/a n/a
group
CH;-FR-Fermi Resonance of methyl 2940 n/a n/a n/a
group

3. SFG Spectroscopy to Probe Fluorinated Material-Based Solid-Air Interfaces

Ji et al. pioneered the use of SFG spectroscopy to determine highly specific molecular-
level information about the orientation of a fluorinated compound.®3 The authors use Teflon
(poly(tetrafluoroethylene)) to generate thin films using shear-depositing techniques, as this
technique forms highly oriented PTFE films.3485 Using this type of PTFE film is intended to settle
the long-standing controversy surrounding the assignment of the CF, vibrational modes of PTFE.
The study employed three distinct combinations of input and output polarizations: ssp, sps, and
ppp (each letter denotes the type of polarization of SFG output, visible input, and infrared input,
respectively). At 1142 cm™! and 1204 cm!, the author claimed that only the sps polarization
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combination for the CF, band of the PTFE film was observed. To verify that the signal obtained
originated from the PTFE/substrate, CCl, was added between the PTFE and the substrate. The
absence of peaks from the CF, band of the PTFE film or CCl, indicated that CCl; must interfere
with the ordered structure of the PTFE thin film. These results suggest that these two bands
originate from the PTFE/substrate. To derive information from the SFG spectra, the author utilized
existing vibrational mode studies of PTFE.8 The author argued that, based on the helical structure
of PTFE at room temperature, the normal vibration mode should have the following symmetries:
A4, Ay, Eq, or E,. Nevertheless, infrared and Raman can only be activated in the E; symmetry
mode. The author concluded, based on the observed sps polarization and E; mode, that the PTFE
surface must be aligned along the shearing direction with the E; vibration mode. These studies
represent the first utilization of SFG spectroscopy to identify the surface vibrational spectra of
PTFE, which directly supports the assignment of the CF, vibrational modes of PTFE.

Later, Cornelius and coworkers reported the use of SFG spectroscopy to study fluorinated
materials at the solid-air interface.?’” The studies used fluoroalkylsilane adsorbate FAS-17, which
is well-known for its high thermal stability, low surface energy, and exceptional hydrophobicity®®
to form organic thin films on SiO, substrates. The authors emphasized a key challenge of
fluoroalkylsilane thin films is the formation of thin films that deviate from the ideal system (e.g.,
heterogeneous multilayer thin films) via crosslinking of two- or three-dimensional structures due
to the hydrolysis of the chlorosilane precursors to form bonds between adjacent molecules or
between the silane absorbates and the substrates.®”-#8 One of the factors affecting the homogeneity
of silane adsorbates-based thin films is the fabrication variables such as deposition time, adsorbate
concentration, and temperature.3¥%0 Understanding how each factor affects the performance of
developed thin films is critical for fluoroalkylsilane monolayers due to such thin films have been
widely used to fabricate organic electronic devices.’'~** Notably, these devices' performance and
quality were dependent on the crystallinity and homogeneity of the silane thin films.?'~*4 Thus,
the authors reported the studies on the deposition of SAMs generated from the fluoroalkylsilane
precursor FAS-17 on SiO, over a time range of 2s to 5 and 20 minutes.

The resultant film's homogeneity was determined using SFG spectroscopy in conjunction
with other surface techniques including ellipsometry and contact angle. SFG analysis revealed
that the peak positions of both ssp and ppp polarizations were 1345 and 1370 cm'! for fluorinated

silane thin films generated after 5 and 20 minutes of developing time, respectively. These
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observed peaks have been attributed to the asymmetric CF; stretching. Interestingly, the two-
second developing time resulted in the absence of the asymmetric CF; stretching peak at 1345 and
1370 cm™! in the obtained film. The absence of SFG signals indicated that the silane monolayer
thin film had insufficient surface coverage and lacked a well-ordered orientation. This
phenomenon was also observed in contact angle studies with a significantly lower average contact
angle of 89° for the thin firm generated by the shortest deposition time (2 sec) compared to samples
fabricated with a medium (5 min) or a long (20 min) deposition time, which had 111° and 110°
contact angles, respectively.

At first glance, SFG and contact angle data for the thin films generated using a medium (5
min) and a long (20 min) deposition time suggested that both films had similar coverage and
orientation properties. Nonetheless, the authors noted that the formation of an inhomogeneous
multilayer organic thin film was observed at the longest deposition time (20 min) with the
ellipsometry thickness of 3.10 nm, which was 2-3 times greater than the expected monolayer thin
film of the C10 carbon chain (1.34-1.6 nm) while the thin film generated using a medium
deposition time (5 min) exhibited the monolayer thickness values of 1.42 nm with a tilted angle of
approximately 29° to the surface normal.”* Thus, combining SFG spectroscopy with other surface-
sensitive techniques revealed useful information for identifying the optimal conditions for
generating/preparing high-quality homogeneous SAMs from silane precursors and avoiding the
formation of low-coverage/highly-disordered or heterogeneous multilayer thin films based on the
deposition time.

Moreover, SFG techniques were also used in conjunction with infrared and Raman
spectroscopies to deduce the molecular arrangement of buried perfluorosulfonated ionomer
(PFSI) films such as Nafion at the solid-air interface on a Pt substrate. Nafion materials, one of
the most widely used perfluorosulfonic acids, are important for proton transports in polymer
electrolyte fuel cells (PEFCs). Yagi and coworkers investigated the molecular structure of six
different PFSI thin films with thicknesses of 1, 2, 5, 9, 26, and 33 nm formed at Nafion interfaces

on Pt substrates, as shown in Figure 7.9
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Figure 7. Molecular structure of perfluorosulfonated ionomer (Nafion). Reproduced from ref. 95

with permission from [American Chemical Society], copyright [2014].

The results showed that the peak positions/shapes and intensities of several bands in the
SFG spectrum of the Nafion thin films were independent of film thickness in the range of 9 to 33
nm, as illustrated in Figure 8a. Interestingly, when the band thicknesses were less than 6 nm, a
significant decrease in band intensity was observed. However, the authors discovered that SFG
techniques have a much higher sensitivity than Raman spectroscopy, which is only effective on
Nafion film with a thickness of 33 nm. Additionally, the authors characterized all the films by
attenuated total reflection infrared spectroscopy (ATR-IR). Interestingly, the ATR-IR spectra of
these Nafion thin films on Pt substrates were shaped differently compared to the SFG and Raman
spectra and had some vibrational bands overlapping (Figure 8b). The authors asserted that the
multiple band overlaps resulted in significant changes in band shapes and slightly different band

frequencies. The study also showed detailed assignments of each spectrum's peak positions.?>
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Figure 8. (a) SFG spectra of Nafion thin films on Pt substrates with thicknesses of 1, 2, 6, 9, 26,
and 33 nm. (b) ATR-IR, VSFG, and Raman spectra of Nafion thin film with 33 nm thickness.

Reproduced from ref. 95 with permission from [American Chemical Society], copyright [2014].

The authors primarily used the peak positions at ~1060 cm! of these spectra (v{(SO5°)) to
determine the molecular arrangement of the buried interfaces in these thin films. Plotting the IR
intensities at ~1060 cm! for the Nafion films with different thicknesses revealed a linear
correlation between the VSFG intensities at ~1060 cm™! and the film thicknesses (Figure 9, red
squares). In comparison, the plot between the intensities of the SFG peaks and the film
thicknesses showed an intensity saturation for the Nafion thin films with thickness greater than 6
nm (Figure 9, blue circles). The authors explained the linear trend in the ATR-IR spectra by
assuming that the ATR-IR technique detected all vibrational bands in Nafion thin films whereas

SFG techniques detected signals only at the interface, where the thin film's inversion symmetry
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was broken. Thus, the increasing intensity trend of the ~1060 cm™! SFG peak in the 1 to 5 nm
films can be attributed to the single directionally ordered SO5- terminals at the interfaces while
the plateau in signal intensity of this peak in the films with a thickness higher than 5 nm can be

attributed to the SO5™ terminal chain saturation toward the corresponding interfaces.
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Figure 9. Thickness depends on the integrated area of the IR absorption band and fitted amplitude

A1o60 and SFG band at ~1060 cm™'. Reproduced from ref. 95 with permission from [American

Chemical Society], copyright [2014].

Based on this information, the authors proposed a molecular arrangement on the Nafion
thin films with the SO5™ terminal groups perpendicular to the interface to facilitate the signal
acquisition, as shown in Figure 10. The molecular arrangement depicted in Figure 10a is less
likely to be true because when the vy (SO;™ ) modes are oriented in opposite directions, the
disappearance of the v4(SO3") modes should be observed. Moreover, contact angle
measurements with water on Nafion/Pt interfaces of 101.2° confirmed a hydrophobic interface
nature, which is similar to the plasma-polymerized perfluorocarbon film.*® Such hydrophobic
surfaces are expected from the molecular arrangement depicted in Figure 10b with the
fluorinated side chains pointing to the interface rather than the arrangement depicted in Figure
10c. Consequently, the author divided the molecular arrangement of PFSI molecules in the

Nafion films formed on Pt surfaces into two regions based on these findings. The first region is
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within the 5 nm thickness and is purposed to align the PFSI molecules by orienting the
hydrophobic part opposite to the Pt surface, as illustrated in Figure 10b. In the second region,
which appears in the films with thicknesses greater than 5 nm, the arrangement of sulfonate
groups should maintain the inversion symmetry by establishing a random molecular arrangement
to generate a macroscopic centrosymmetry.”’ As a result, the authors proposed that the
molecular arrangement of PFSI molecules in Nafion films formed on surfaces of Pt combines the
centrosymmetric and one-direction order of SO5- groups in two different regions, as illustrated in
Figure 11. Thus, this investigation showed that SFG techniques are crucial in determining thin
film configurations that cannot be determined solely via the use of ATR-IR and/or Raman

techniques.
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Figure 10. Possible molecular arrangements of sulfonate terminals generated at (a) both Nafion-
Pt and air-Nafion interfaces, (b) Nafion-Pt interface, and (c) air-Nafion interface. Reproduced

from ref. 95 with permission from [American Chemical Society], copyright [2014].
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Figure 11. Proposed molecular arrangement of PFSI molecules in Nafion films formed on Pt
surfaces. Reproduced from ref. 95 with permission from [American Chemical Society], copyright
[2014].

In 2019, SFG spectroscopy was utilized by Okuno and colleagues to examine polymer thin
films generated from two different side chains of fluoroalkyl acrylate polymers: poly(2-
perfluorohexylethyl acrylate) (p-C6FA) and poly(2-perfluorooctylethyl acrylate) (p-C8FA).%8
The observation of such a large difference between the reported contact angles of p-C6FA and p-
C8FA (47° and 110°, respectively) led to further orientation studies at the molecular level.”® To
confirm the molecular structure and conformation at the surface, the author used SFG spectroscopy
in conjunction with other characterization techniques such as X-ray diffraction, Raman
spectroscopy, and quantum chemical calculations. However, this review will focus only on the
SFG studies.

According to previous research, the spectral band between 1300 and 1500 cm! can be used
to determine the orientation of the terminal CF; group. To assign the band of the terminal CF;
group within that range, the author used an air/PFNA solution as a reference, with the prepared
PFNA solution concentration exceeding the critical micelle concentration since previous SFG
reports on hydrogenated alkyl chains indicated that if the surfactant concentration was greater than
the critical micelle concentration, the molecules of the surfactant will be well-aligned.!0%10!
Utilizing ssp, sps, and ppp polarization, the following results were obtained: both the major
negative band and the major positive band at 1370 cm'! were detected with ssp and ppp
polarization, respectively. However, the vibration signature was not detected with the sps
polarization combination. Based on all available data, the author concluded that the band at 1370
cm! belongs to the fluoroalkyl group, which is consistent with a previous study of the band at
1369 cm!, which belongs to the terminal CF3 group.??

After determining which peak to examine, the authors continued their research using air/p-
C6FA and air/p-C8FA interfaces. The results from the air/p-C8FA interface showed bands similar
to the reference air/PFNA solution, with a negative band and a positive band at 1370 and 1377
cm! detected with ssp and ppp polarization, respectively, and no vibration signature from the sps
polarization combination. No bands were observed in the ssp and sps polarizations at the air/p-
C6FA interface, but a weak band was observed with the ppp polarization. Based on the SFG data,
the author concluded that the p-C8FA interface was densely packed with the CF; terminal group
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pointing toward the air at an approximate tilt angle of <10°. Furthermore, the side chains of p-
C6FA were oriented parallel to the interface and contained a number of gauche defects. This
behavior was proposed by the author on the basis of dipole-dipole interactions, with the longer
fluoroalkyl chains exhibiting stronger interactions and greater order in the film.!9? These results
demonstrated that the band at 1370 cm! in SFG studies of fluorinated films can be used as a marker
to detect the orientation of the CF; group and to predict the crystallinity of the film generated from
a fluorinated compound.

In 2020, Marquez and coworkers reported the SFG studies of fluorinated organic thin films
generated from fluorinated alkanethiols with a progressively increasing n-alkyl chain atop the
fluorocarbon chain on Au substrates.* As illustrated in Figure 12, the authors used a series of six
fluorocarbon- and eleven hydrocarbon spacers equipped with seven different n-alkyl chain
terminal groups (HnF6H11SH, where n = 1-7). These specific designs were chosen to capture
the entire concept of the HC-FC inverted dipole and to fully comprehend its influence. The HC-
FC inverted dipole is generated from methyl terminated fluorinated SAMs that exhibit an odd-
even effect in unusual directions with an odd-even effect trend that is opposite to that of the CF3-
terminated thin films.!%® Several surface techniques were used to characterize the thin films in this
study as well as their fully hydrocarbon counterparts including ellipsometry, XPS, PM-IRRAS,
contact angle goniometry, and SFG. Interestingly, both contact angle goniometry and SFG studies

revealed anomalous results.
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Figure 12. Molecular structures of SAMs generated from the HnF6H11SH thiol series.
Reproduced from ref. 4 with permission from [American Chemical Society], copyright [2020].

The authors investigated contact angles with three distinct liquids: nonpolar liquids
(decalin, hexadecane, bromonaphthalene, and perfluorodecalin), polar aprotic liquids
(nitrobenzene, dimethylsulfoxide, dimethylformamide, and acetonitrile), and polar protic liquids

(water, formamide, and glycerol). Unlike the contact angle data for fully hydrocarbon alkanethiol
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SAMs (HmSH with overall carbon count from 18 to 24), which showed that odd chains had lower
contact angles than even chains in all types of liquid,>*!%4 the contact angle trend for increasing
the number of n-alkyl terminal chains atop a fluorocarbon chain (HnF6H11SH, total carbon count
from 18 to 24) revealed strange patterns for all three types of liquids, as illustrated in Figure 13.
To better understand these unusual phenomena, the authors used SFG techniques to investigate the
orientation of the terminal groups at the liquid-air interfaces on these fluorinated thin films. The
antisymmetric (v,scH3), symmetric (vt3), and Fermi resonance (vprH3) SFG peak positions of the
terminal methyl C—H stretching on these film surfaces were indicated by gray dotted lines in Figure
14 awhile the position of antisymmetric (v,“",) and symmetric methylene C-H stretching (v,¢H,)
were indicated by black dotted lines in the same figure. Interestingly, drastically blue shifts were
observed for the methyl C—H stretching v, and v,“3 on shot terminal alkyl chain thin films
(HnF6H11SH, where n = 1-3) compared to the SFG peak positions obtained from the films of
longer terminal alkyl chains thiols (HnF6H11SH, where n = 4-7) and n-alkanethiol (H18SH).
The authors hypothesized that the absence of blue shift for the longer terminal alkyl chain SAMs
is due to the effect of the fluorinated carbons beneath the terminal alkyl chains dissipated after

three CH, groups.
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Figure 13. Comparison of advancing contact angle values between HmSH and HnF6H11SH

SAMs using different contacting liquids: (a) nonpolar liquids, (b) polar aprotic liquids, and (c)

polar protic liquids. Reproduced from ref. 4 with permission from [American Chemical Society],

copyright [2020].
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stretching peak positions are marked with black dotted lines. (b) Average methyl group tilt angle
of the HnF6H11SH fluorinated SAMs, derived from the SFG spectra. Reproduced from ref. 4

with permission from [American Chemical Society], copyright [2020].

Further characterization of the SFG was carried out by examining the orientation of the
terminal methyl group, particularly the tilt angle. The range of expected terminal methyl group
tilt angles can be plotted using the SFG peak intensities of the antisymmetric v,,¢", and symmetric
v¢H, methylene C—H stretching peaks from ppp spectra, as shown in Figure 14b. For nonpolar
liquids such as decalin and hexadecane, the systematic decrease in contact angles for the
HnF6H11SH SAMs with n = 1-3 can be explained by the unfavorable interactions between the
underlying fluorinated moieties and the contact liquids, such unfavorable interactions decrease
with the increase of the carbon number of the terminal alkyl chain. With the HnF6H11SH SAMs

with n = 4-7, the dispersive effect was completely lost, with no detectable change in contact angle

27



oNOYTULT D WN =

Analyst

values. The same explanation also applies to the perfluorodecalin solvent with the favorable
interaction between the liquid's fluorine moiety and the underlying fluorinated chains weakens
when the length of alkyl chains increases, resulting in the rise of contact angle data and being
consistent with the SFG data. Similarly, the increasing contact angle trends for polar aprotic
solvents (DMSO, DMF, and ACN) and polar protic solvents (water, formamide, and glycerol)
supported the hypothesis that the effect of the dipole-dipole interaction diminishes when the dipole
becomes buried in the films. Additionally, the authors indicated that the odd-even effect was
observed only on the HnF6H11SH SAMs with n = 1-7 when probing with nonpolar liquids due
to the reported different tilt angles of the terminal methyl groups obtained from SFG data. The
absence of an odd-even effect in polar aprotic and polar protic solvents is attributed to these liquids
intercalating on the disordered top alkyl chains on the SAM surfaces. These findings have
demonstrated that SFG techniques are critical and necessary tools for rationalizing the interfacial
properties of fluorinated organic thin films. It is important to note, however, that the use of SFG
data to interpret trends in contact angle date requires careful scrutiny because SFG spectra are
carried out in air, and there is no liquid in contact with the molecular film.

Despite the fact that numerous studies on the orientation of fluorinated thin films on solid-
air interfaces have been conducted, a straightforward explanation for the hydrophobic properties
of fluorinated films with a strongly charged dipole moment at the interface has not been
forthcoming. It is plausible, however, that strong dipole moments at the interface should interact
strongly with highly polar liquids (e.g., water) via charge-dipole or dipole-dipole interactions,
leading to a high wettability of the polar liquid.!%>-1% Nevertheless, the wettabilities of polar
liquids on the Nafion/Pt fluorinated thin film appear hydrophobic in nature with a contact angle of
101.2° as previously mentioned.”> This peculiar behavior prompted the hypothesis that a
hydrophobic layer should exist on top of the fluorinated surface, which found experimental support
in 2021 when Zhang and colleagues confirmed the existence of an ordered layer of hydrophobic-
like water at a polytetrafluoroethylene (PTFE) interface.!” The observed contact angle of 125°
for water is consistent with hydrophobic behavior at the PTFE interface, which correlates with
hydrophobic properties of the Nafion/Pt interface.”

In further studies, the observation of a water signal from SFG spectroscopy allowed for the
examination of the hypothesized hydrophobic-like ordered water layer at the PTFE/Air interface.
Three major SFG peaks at ~3280 cm!, ~3440 cm’!, and 3680 cm™' were used to validate the
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structure of the water layer. These peaks correspond to strongly H-bonded water molecules,
loosely H-bonded water molecules, and the OH stretch of non-H-bonded water molecules (referred
to as "dangling OH"), respectively. In addition, it was confirmed that the CaF,/PTFE interface did
not lead to the formation of a water layer by using D,O as a test liquid. Testing the SFG signal
from other substrates including PS/air, PET/air, and PVC/air surfaces also showed no sign of a
water layer. These observations indicated that in the absence of the fluorinated moieties, which
contain strong charged dipoles at the interface, no water layer is formed. To predict the orientation
of the dangling OH, quantitative analysis of the SFG peak was fitted with the equation described
in the literature. The authors concluded that both hydrogen-bonded and dangling OH groups were
directed toward the PTFE film because all three bands displayed positive phase signs while the
nonresonance was negative. This concept has been further supported by ultrafast vibrational
dynamics techniques that will not be discussed in this review because they fall outside of its scope.
Similarly, the authors emphasized the previously reported behavior of OH pointing toward the
interface of CCl,/H20, which possesses a large charge-dipole interaction comparable to that of
fluorinated moieties.!%®
Based on these findings, the authors concluded that the position of the dangling OH and

the strength of the hydrogen bonds within the layer are responsible for the creation of an ordered
water layer. This layer acts as a hydrophobic layer due to the confinement of a hydrogen-bond
network at the macroscopic level on top of the hydrophilic nature at the molecular level of the
PTFE film. With these considerations in mind, these SFG-based findings enable researchers to
rationalize the surprising hydrophobic characteristics of dipole-containing fluorinated films in the
presence of highly polar liquids.
4. SFG Spectroscopy to Probe Fluorinated Material-Based Solid-Liquid Interfaces

Despite the fact that several studies of the chemistry of fluorinated organic thin films have
been reported and discussed in the previous sections, information regarding the interaction of
contact liquids with thin film interfaces remained limited due to the scarcity of techniques available
for detecting buried interfaces. Recently, Rodriguez and coworkers demonstrated the first study
of surface dipoles causing uniform orientation of contacting polar liquids on CF; terminated thiol
SAMs on gold using SFG techniques.!?® Specifically, the authors used SAMs derived from two
partially fluorinated alkanethiols CF;(CH;),SH (F1HnSH with n = 16 and 17), one partially
deuterated fluorinated thiol CD3(CF;)¢(CH,);0SH (D1F6H10SH), and a fully deuterated
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alkanethiol (D18SH, as a reference) to probe acetonitrile (CH3CN), a polar aprotic solvent, with
ppp and ssp SFG spectra. The SFG setup used in this study involved the interaction of a CaF,
window and an Au substrate via the use of acetonitrile contact liquid. The authors began by
examining the interaction between the CH3;CN/CaF, window and the CH3;CN/Au substrate
separately in order to determine the signal contributions from these interfaces because the output
signals from SFG technique can also interact with those layers, resulting in an additional signal
toward the CH;CN/SAM interface. The initial interaction study of the CH;CN/CaF, window
without a substrate revealed no signal in the ppp spectrum. The detected signal at 2245 cm’!,
which corresponds to nitrile stretching (CN stretching), was found to be tenfold lower than the CN
stretching signal obtained from the reference interface CH;CN/D18SH, as shown in Figure 15.
According to the authors, the results signal from the CH;CN/CaF, window had no effect on the
CH;CN/SAM interface. In comparison, the second CH3CN/Au substrate interaction exhibited a
distinct dip signal on ppp CN stretching and an asymmetric line shape on ssp CN stretching at
2245 cm'. However, the authors explained that these signals are associated with acetonitrile's
preferential binding to Au, which is beyond the scope of this study because acetonitrile's
preferential binding to Au should be mediated by an organic monolayer. Thus, no contribution

effect of the CH3;CN/Au substrate on the CH;CN/SAM interaction was observed.
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Figure 15. SFG spectra in CN stretching region on different solid-liquid interfaces. Reproduced

from ref. 109 with permission from [American Chemical Society], copyright [2020].

Once the authors had established that no other interactions are interfering with the
CH3;CN/SAM, the investigations were continued with solid—liquid interface studies of
CH;CN/SAM by using SFG spectra to determine the orientation of acetonitrile molecules in
contact with SAMs derived from F1HnSH with n = 16 and 17, and D1F6H10SH. The authors
identified the acetonitrile orientation based on the tilt of the terminal dipole moment in each
developing thin film. Specifically, the fully trans-extended conformational order of F1IH17SH
molecules on their SAM made the terminal fluorinated group parallel to the surface normal, which
should align the dipole moment position of acetonitrile in the same direction as the dipole moment
generated by the terminal CF; group, head-to-tail (Figure 16). Because F1IH16SH contains one
fewer carbon atom than F1H17SH, the tilt of the terminal CF; group for FIH16SH SAM is angled
away from the surface normal. This allows a dipole moment to align differently from acetonitrile
compared to the head-to-tail alignment from F1H17SH. Similar behavior was observed with
D1F6H10SH thin film since it has the same overall carbon as FIH16SH. An illustration of this

hypothesis is shown in Figure 16.
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Figure 16. Illustration of the hypothesis of acetonitrile orientations toward terminal fluorinated
groups on SAMs. Reproduced from ref. 109 with permission from [American Chemical Society],

copyright [2020].

These hypotheses have been confirmed by the results of SFG studies. Specifically, the ssp
and ppp spectra observed from D18SH SAM served as internal references for interpreting the
directional peaks, the peaks exhibited "dips" at 2060 and 2109 ¢cm!, which correspond to the CDs
group. The authors asserted that the dip characteristics are due to the CD; groups pointing away
from the surface. Thus, "peak" can be interpreted in the opposite direction of "dips" (i.e., toward
the surface) as illustrated in Figure 17a. Other interpretations of the "dips" and "peaks" in the CN
and C—H stretching regions for ppp and ssp polarization combinations of acetonitrile in contact
with F1IHnSH (n = 16 and 17) and D1F6H10SH SAMs are shown in Figure 17 along with a
comparison of the expected peak orientations and the observed peak orientations obtained from

SFG spectra (Table 3).1%°
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Figure 17. SFG spectra on regions (a) CN stretching and (b) CH stretching from the
CH;CN/sample surfaces (CaF, window or bare gold). Reproduced from ref. 109 with permission

from [American Chemical Society], copyright [2020].

Table 3. Comparison of Expected and Observed Resonance Orientations of Acetonitrile Liquid
Regarding Acetonitrile Methyl and Nitrile Stretching Modes

v."H3 Resonance orientation v.“N Resonance orientation
Expected peak

Surface orientation? Observed, ppp Observed, ssp Observed, ppp Observed, ssp

bare Au i 1 t l 1
D18SH t t t t t
F1H17SH ) ) t l’ )

F1H16SH } ] ] } ]
D1F6H10SH J, l j, l l

9The expected SFG resonance orientations are for both the CH; and CN modes and are based on

intuition regarding van der Waals forces and permanent dipole-induced dipole interactions that

can plausibly influence the acetonitrile-surface interactions.

Based on this information, the authors concluded that the methyl group of acetonitrile
interacted with the FIH17SH SAM interface in a head-to-tail configuration, pointing toward the
SAM surface (Figure 16). The C—H SFG spectrum of the FIH16SH SAM exhibited a distinct
dip, confirming that acetonitrile's CH; group points away from the surface. The CN spectrum of
CH;CN/F1H16SH surface exhibited an asymmetric peak with a negative amplitude. This
indicated that the acetonitrile nitrile group points toward the FIH16SH SAM surface, possibly
with antiparallel-oriented dipoles. Only dips in the SFG spectrum were observed at the
CH;CN/D1F6H10SH interface, indicating that the CH; moiety of the acetonitrile liquid is pointing
away from the D1IF6H10SH SAM surface and the CN group is pointing toward the surface of this
thin film. This study showed that SFG techniques have a significant impact on investigating solid-
liquid interfaces allowing to predict the orientation of the contact liquid toward underlying
interfaces with different directions of dipole moment, thereby paving the way for one of the first
direct evidence of the dipole-influenced wettability behavior of these unique model fluorinated

surfaces.
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5. Conclusions

This review article manifests the advantage of utilizing sum frequency generation
vibrational spectroscopy (SFG-VS) techniques for the investigation of fluorinated material-based
interfaces for further understanding of these liquid-air, solid-air, and solid-liquid interfaces.
Specifically, SFG-VS methods provided valuable information about the orientations of fluorinated
molecules at air-liquid interfaces, where the structure of an interface can be easily perturbed by
changes at the surface. The polarization dependence of CF; and/or CF, stretch modes can be used
to determine the orientation of monolayers at air-liquid interfaces. In addition, uncommon
behaviors of the contacting liquids interacting with the monolayer thin films of fluorinated
adsorbates, in which fluorinated groups act as a surrogate surface, can now be fully explained.
Furthermore, with the dips and peaks characteristics obtained from SFG spectra at studied
interfaces, the prediction of complex behaviors regarding contact liquid orientation toward the
interfaces, which cannot be achieved with other surface techniques (e.g., ellipsometry, contact
angle goniometry, Raman spectroscopy, X-ray photoelectron spectroscopy, and infrared
spectroscopy), can be interpreted. Based on these benefits of SFG-VS techniques, a more
sophisticated understanding of the interfacial properties of monolayers can be achieved, which will
bring positive impacts on the development of surface material sciences and their practical

applications in the future.
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