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Abstract

Sum frequency generation (SFG) vibrational spectroscopy has been developed into an important
technique to study surfaces and interfaces. It can probe buried interfaces /n situ and provide
molecular level structural information such as the presence of various chemical moieties,
quantitative molecular functional group orientation, and time dependent kinetics or dynamics at
such interfaces. This paper focuses on these three most important advantages of SFG and reviews
some of the recent progress in SFG studies on interfaces related to polymer materials and
biomolecules. The results discussed here demonstrate that SFG can provide important molecular
structural information of buried interfaces /n s/t and in real time, which is difficult to obtain by
other surface sensitive analytical techniques.

1. Introduction

1.1 Importance

Interfacial properties largely depend on interfacial molecular structures. Understanding
polymer interfacial structures is particularly important because interfacial properties
influence many applications of polymer materials. Elucidation of polymer interfacial
structures provides an understanding of interfacial molecular mechanisms for coating
protection, adhesion, lubrication, friction, wettability, and biocompatibility. Understanding
the molecular structures of biomolecules such as phospholipids, peptides, proteins, and
DNA at interfaces is also important because their interfacial structures can impact many
biological interactions and many chemical, biological, and medical applications. For
example, understanding the molecular behavior of biomolecules at interfacial membrane
environments can help elucidate molecular mechanisms of various biological functions such
as cell adhesion, enzymatic catalytic reaction, and cell signaling. Interfacial studies on
biomolecules can also help to develop biosensors and biochips with better sensitivity and
stability. However, up to date many interfacial studies have been focused on macroscopic
examinations and/or performance tests. Molecular level understanding of surface and
interfacial structures has not been well developed until the recent emergence of appropriate
techniques.

1.2 Surface sensitive techniques

Many surface sensitive techniques have been developed and applied to various surface
studies. X-ray photoelectron spectroscopy (XPS) is a technique that irradiates sample
surfaces with a beam of high energy, monochromatic X-rays and then measures the kinetic
energy of emitted photoelectrons.1=3 The binding energy of the emitted electrons can then be
deduced to determine the elemental composition of the top surface layers (usually 1-10 nm
thick). Secondary ion mass spectrometry (SIMS) is a technique that bombards a surface with
a focused primary ion beam. Sputtered secondary ions are then collected and analyzed to
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examine the composition of the surface.~7 XPS and SIMS both require high vacuum to
operate and cannot be used to study many biological interfaces which involve aqueous
media. Atomic force microscopy (AFM) is a high-resolution scanning probe microscopy
which uses a sharp tip to interact with a sample surface.8-11 AFM can provide a three
dimensional surface profile without the need for sample pretreatment or high vacuum
environment. However, it is difficult for AFM to measure molecular structures or to probe
buried solid/solid interfaces. Surface plasmon resonance (SPR) is a laser based interfacial
sensitive technique which can study buried interfaces /n situ. It is sensitive to local refractive
index changes at a thin metal film surface due to the adsorption of various materials such as
biomolecules or nanoparticles to the surface.12-16 A linear relationship is often observed
between the adsorbed mass and the resulting refractive index change in the SPR experiment
which can then be used in a variety of biosensor applications. Ellipsometry is an optical
technique used to study thin film dielectric properties.1’19 The change of polarization of
polarized input light is measured after interaction with the sample. Ellipsometry is especially
sensitive for measuring the chirality of materials and is contactless.2%- 21 Although both SPR
and ellipsometry can provide /n situ measurements, they cannot provide molecular structural
information.

Vibrational spectroscopies can provide molecular structural information about surfaces and
interfaces. For example, molecular composition, orientation and time dependent dynamics at
surfaces can be studied by using infrared light to characterize intrinsic vibrational modes of
surface molecules. One important surface vibrational spectroscopy is attenuated total
reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy.22-26 The surface
selectivity of ATR-FTIR is provided by the penetration depth of the evanescent wave which
has the same order of magnitude as the IR wavelength. By applying different polarized
incident light beams, interfacial molecular orientations can be derived in ATR-FTIR
measurements. However, the surface sensitivity of ATR-FTIR is poor; sometimes in order to
probe surface/interfacial structures, it is necessary to subtract large signal contribution from
the bulk media, which can lead to error. Another surface specific vibrational technique is
surface-enhanced Raman spectroscopy (SERS), which enhances the Raman scattering of
molecules adsorbed on rough metal substrates (usually gold or silver).2’-30 The
enhancement factor can be as high as 1014~101% which allows SERS to detect single
molecules.31-33 However, it is difficult to apply SERS to study other surfaces and interfaces.
Buried solid/solid interfaces in particular are difficult to study using above surface sensitive
techniques.

1.3 Sum frequency generation (SFG) vibrational spectroscopy

In the last few decades, sum frequency generation (SFG) vibrational spectroscopy has been
developed into a powerful analytical technique to study surfaces and interfaces.3442 SFG is
a nonlinear optical vibrational spectroscopy which can probe interfaces that are accessible to
laser light. It has been extensively shown that SFG can provide /n7 situ measurements on
buried interfaces in real time. Furthermore, selection rule provides SFG intrinsic sub-
monolayer interfacial selectivity.#3-48 By applying different polarization combinations of
the input/output laser beams, SFG can also be used to determine molecular orientations at
interfaces.38 49-53 SFG experiments do not require high vacuum to perform (as in XPS and
SIMS experiments). Compared to AFM, SPR, and ellipsometry techniques, vibrational
spectroscopic signatures can provide more detailed molecular structural information on
surfaces. SFG spectroscopy also provides /n7 situ measurement of molecular presence and
orientation with great sensitivity at buried interfaces which cannot be obtained using ATR-
FTIR or SERS techniques. SFG spectroscopy has been combined with other spectroscopic
techniques such as IR,>4-56 Raman,54 57: 58 XpS 59-61 yltraviolet-visible (UV-vis)®2
absorption and nuclear magnetic resonance (NMR),%3 as well as microscopic techniques
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such as AFM®4-67 and nonlinear imaging®®: 69 for surface and interfacial studies. Other
analytical techniques such as SPR and quartz crystal microbalance (QCM) have also been
combined with SFG to depict clearer pictures of surface or interfacial molecular
behavior.”%-74 The combined techniques can provide more detailed structural information
for surfaces or interfaces.

In this paper, we will review some of the recent progress in SFG studies on various
interfaces involving polymers and biomolecules. The number of recent publications in this
research field is vast, so we cannot cover all the topics in this review. Here we will focus on
three most important advantages of SFG studies at interfaces. We will also only select a
portion of the papers that illustrate these unique features of SFG. There are many other SFG
review papers focusing on various topics published in the past years. 40: 45, 53,73, 75-94

2. Introduction of IR + visible sum frequency generation (SFG) vibrational
spectroscopy

As a surface sensitive nonlinear optical technique, SFG has been developed for more than
twenty years. Agrowing number of research groups currently use the technique to study
different systems. The theoretical background of SFG has been developed in early
publications.35: 38. 47.50. 95 New SFG data analysis methods have also been developed.96-102
In this review, we will not discuss all aspects of SFG theory but will only focus on some
characteristics which provide SFG uniqueness in interfacial molecular level studies.

SFG is a second order nonlinear optical process. It occurs when two pulsed laser beams, one
with a tunable IR frequency wjg, and the other with a fixed visible frequency wys, spatially
and temporally overlap at an interface. A new signal beam is generated at a specific
direction given by phase matching conditions with a frequency wspg = g + wys. The
intensity of this sum frequency beam is resonantly enhanced when the tunable IR frequency
equals a vibrational transition of a molecule. Therefore, SFG signal intensity plotted against
the input IR frequency provides a vibrational spectrum. SFG can provide molecular level
structural information because molecular vibrational modes are fingerprints of molecules. In
narrowband SFG spectroscopy (usually using picosecond laser systems), an SFG vibrational
spectrum is obtained by detecting SFG signal intensity at each IR input frequency and
continuously tuning the IR frequency.40: 99 Recently, broadband SFG spectroscopy has been
developed based on state-of-the-art femtosecond laser systems. In a broadband SFG system,
the IR generated by the laser has a broad spectrum which covers the molecular vibrational
signatures in a wide wavelength range (up to several hundreds of wave numbers).
Overlapping this broad frequency IR beam and a narrow band visible beam, multiple
vibrational features of the molecule at interfaces are enhanced simultaneously, generating
spectrally separated SFG signal for different vibrational modes.3”: 48: 57 With a spectrometer
and a charge-coupled device (CCD) camera, these multiple molecular features at the
interface can be obtained at the same time.

In addition to standard SFG which uses a frequency tunable IR beam and a fixed frequency
visible beam, double resonance SFG (DRSFG) has been also developed. DRSFG uses a
frequency tuneable IR beam and a frequency tuneable UV/visible beam to overlap at the
interface to probe electronic and vibrational transitions of interfacial molecules.103-105 |
this review, we will not discuss DRSFG in detail but will focus on the SFG experiments
using regular IR+visible picosecond narrowband SFG spectrometers. Furthermore, SFG can
also be combined with non-surface specific vibrational techniques such as coherent anti-
Stokes Raman (CARS) scattering spectroscopy to characterize both surface and bulk
structures of the same specimen in the same environment, 196 but the details will not be
discussed here.
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The interfacial sensitivity of SFG is provided by the selection rule which is different from
linear vibrational spectroscopy (e.g. IR spectroscopy or Raman spectroscopy). SFG is a
second order nonlinear optical process in which the signal intensity is proportional to the
square of the second order nonlinear optical susceptibility of the material )((2) under the
electric dipole approximation. ;((2) is a third rank tensor which changes sign under inversion
operation: 2 (-A=-y@ (1.107. 108 For materials with inversion symmetry, the relation
1A(=n=xP(n holds. Comparing these two relations, we know y@(n= 0. This
demonstrates that no SFG signal will be generated if the material has inversion symmetry
under the electric dipole approximation. SFG signal can only be generated from a medium
with no inversion symmetry. Most bulk materials have inversion symmetry and therefore do
not generate SFG signal. However, at surfaces or interfaces where the centro-symmetry is
broken, y@(-Az y@(n), so the SFG process can occur. In the sample systems reviewed in
this paper, signals contributed from surfaces or interfaces dominate the SFG spectra and
bulk signal usually can be neglected. SFG can probe surfaces or interfaces which are
accessible by visible and IR light /n situand in real time with sub-monolayer

sensitivity.40: 91 SFG signals characterize the molecular vibrational modes of functional
groups at interfaces, which can be used to probe the interfacial presence, coverage, and
orientation of various functional groups. SFG can be applied to investigate interfacial
structures at a molecular level even with very low interfacial coverage. Compared to other
surface sensitive techniques, SFG can provide more detailed structural information about
interfaces such as molecular orientation and orientation distribution.38: 51.87 SFG can also
provide interfacial molecular chirality information by utilizing polarized laser beams, which
is impossible to obtain using other techniques such as circular dichroism (CD)
spectroscopy.89. 109, 110

SFG signal intensity can be expressed as:38

2

@)
L o '/\/gﬂ

Here /jpand /s are intensities of the input IR and visible beams, respectively. Xiﬁz is the
effective second order nonlinear optical susceptibility, which can be expressed as the sum of
a nonresonant term and a resonant term:38
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Here x2 is the nonresonant contribution from the sample. The resonant contribution can be

modeled as the sum of Lorentzians with signal strength or amplitude A, frequency wg, and
line width T, Equation (2) can be used to fit SFG spectrum in the experiment to obtain
quantitative vibrational strength comparisons of different functional groups.

For an isotropic interface in the x-y plane, the effective second order nonlinear optical
susceptibility components can be related to the second order nonlinear optical susceptibility
components of the sample in the lab-fixed coordinating system:38

(2)
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In these expressions, x'2 (IJK=x,y, z) is the local nonlinear second order optical
susceptibility of the material at the interface defined in the lab-fixed coordination.38 6,z and
6,5 are the incident angles of the input IR and visible beams vs. the surface normal,
respectively. The angle Bs-¢ is the output angle of SFG signal vs. the surface normal. L;; (=
X, ¥, 2) is the Fresnel coefficient which is a function of beam input angles and the refractive
indices of materials forming the interface.3® wgr w,,sand wpare frequencies of the sum
frequency beam, the visible beam and the IR beam, respectively. Moreover, ssp, sps, pss and
ppp are different polarization combinations of SFG measurement (ssp indicates s polarized
signal, s polarized visible beam, and p polarized IR beam).

The measured SFG second order nonlinear optical susceptibility components defined in the
lab-fixed coordination system can be related to the molecular hyperpolarizability
components through molecular orientations considering the coordinate transformation.*’

N

2)_ Q)

Xﬁn? 5 Z <R11RJ1RK1.>B ijk=a,b,c )
K=xyz

In this expression, N is the surface number density and &y is the vacuum permittivity. R is
the transformation matrix from the molecular frame (a,b,c) to the lab frame (x,y,z).

Hyperpolarizability component ﬁff,? is the product of dipole transition moment component

2
fxand the Raman tensor element a j;, Bf_-,-k):aij - Hk. The angle brackets here mean ensemble

average, indicating that the macroscopic susceptibility is the ensemble average of the
hyperpolarizability of each molecule projected to the lab frame multiplied by the total
molecule density and divided by vacuum permittivity. R is usually a function of three
angles, azimuthal angle ¢, twist angle v, and tilt angle 6.*7 Therefore, we have:

W2=2 S 08 k=abe g

0 7K =x V2

For an isotropic surface, the azimuthal angle can be averaged between 0 to 2. Then the
expression is reduced to

W2=2 N fw.0s ik=abc

OI]K—xyz

If the distribution of twist angle is considered to be random, then
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Orientation analysis of different functional groups such as methyl (CHs),38: %0 51 methylene
(CH,),111. 112 gromatic C-H stretch,113-117 g -helical 5 99 and B-sheet190: 109 has been
reported and will be discussed later in this review.

3. Molecular presence and order can be monitored using SFG in situ

As discussed above, one of the unique properties of SFG is /n situ measurement of buried
interfaces, which allows minimum disturbance of the interfacial molecules compared to
other analytical techniques. Therefore, such measurements can best reveal the interfacial
molecular structures which can then be correlated to interfacial mechanisms and properties.
SFG has been applied to study different interfaces 7 sitv involving polymers and
biomolecules, which will be discussed below.

3.1 Polymer interfaces

Polymer materials have wide applications in different environments and thus it is important
to elucidate their interfacial structures and properties in different conditions. One common
condition is polymer/water interface since many polymeric materials are extensively used in
aqueous environments. For example, polymers such as poly(methacrylate)s, silicones, and
polyurethanes are routinely used as implants in the human body118 and marine vessels use
anti-biofouling polymer materials to reduce or prevent biofouling in the ocean,119-122
Therefore, it is important to characterize polymer surface structures in agueous
environments to understand and to help improve their performance. Extensive research has
shown that SFG is a powerful tool to probe and analyze buried polymer/water interfaces. To
the best of our knowledge, the first SFG study of polymer/water interface was carried out in
1997.123 In this work, Somorjai and his co-workers applied SFG to study the surface
structure of polyurethane with poly(dimethylsiloxane) (PDMS) grafted as end groups in
water. The results indicated that the investigated polymer surfaces underwent significant
surface restructuring when transferred from air to water. In air, the hydrophobic PDMS
segments covered most of the surface. In water, the hydrophilic polyurethane backbone
tended to cover the surface while the hydrophobic PDMS end groups retreated from the
surface. Since then, SFG has been widely applied to study surface structures of various
polymers in water.

3.1.1 Poly(methacrylate)s—A report using SFG to study structural behavior of poly(2-
hydroxyethyl)methacrylate ()0HEMA) in hydrated and dehydrated states was published in
1999 by Chen er a/124 It was shown that in water, ethylene glycol groups which have
stronger polarity tend to migrate to the polymer/water interface, contributing SFG signal at
2854 cm™L. At the same interface, methyl symmetric stretching and Fermi resonance signals
at 2880 and 2945 cm~1 were observed which suggested that ordered methyl groups were
also present at the interface. In air, the pHEMA surface was only covered by methyl groups,
forming a hydrophobic conformation.

In 2001, the surface restructuring behavior of poly(methacrylate)s in water was studied in
our group using SFG.125 It was found that surfaces of poly(methacrylate)s with different
side chain lengths exhibited different restructuring behaviors when in contact with water.
For poly(methyl methacrylate) (PMMA) which has the shortest side chain, a strong
symmetric C-H stretching resonant signal at 2955 cm™! (Figure 1a) suggested that ordered
ester methyl groups dominated the PMMAV/air interface. When contacted with water, the
intensity of the dominating 2955 cm™~1 ester methyl symmetric stretch signal decreased,
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which was mainly due to the change of refractive index, not the surface structural change.
This shows that the PMMA surface is more or less similar in air and in water. For poly(n-
butyl methacrylate) (PBMA), the ssp spectrum in air is dominated by a methyl symmetric
stretching mode and a Fermi resonance at 2875 and 2940 cm™1, respectively (Figure 1b). In
water, the ssp spectrum was dominated by a methyl asymmetric stretch at 2960 cm=2, while
a methylene group asymmetric stretch signal at 2910 cm~1 was also detected. This suggests
that PBMA undergoes surface restructuring when contacted with water. During water
contact, ordered methylene groups segregate to the surface, while the different methyl
signals detected from the PBMA surface in air and in water indicate the different
orientations of surface methyl groups in different environments. The detailed orientation
analysis on surface methyl groups will be discussed in the section 4 of this review paper.
The ssp SFG spectrum collected from the poly(n-octyl methacrylate) (POMA) surface in air
is dominated by contributions from both methylene and methyl groups, which indicates that
both types of groups tend to adopt some surface order in air. While in contact with water, no
SFG signal was observed, which suggested that functional groups at the POMA/water
interface are randomly oriented. This study indicates that poly(methacrylate)s with different
side chain lengths exhibit different surface restructuring behaviors in water. The surfaces are
dominated with different surface functional groups with different orders.

3.1.2 Poly(dimethyl siloxane) (PDMS)—PDMS and other silicone materials are widely
used in applications to minimize biofouling through fouling release mechanisms.119. 120,126
In situ studies on silicone materials in water are important in understanding such fouling
release mechanisms and in developing novel coatings to control biofouling. SFG has been
applied to study molecular surface structures of various types of PDMS materials in air and
water.127 Four model PDMS materials including tetraethoxysilane-cured hydroxyl-
terminated PDMS (TEOS-PDMS), platinum-cured vinyl-terminated PDMS (Pt-PDMS),
platinum-cured vinyl-terminated poly(diphenylsiloxane)-co-poly(dimethylsiloxane) (PDPS-
co-PDMS), and PDMS-co-polystyrene (PDMS-co-PS) have been investigated using SFG in
air and water.127 The results suggested that all the above PDMS surfaces in air and in water
are dominated by ordered methyl groups.}2” Weak SFG signal generated by —Si-CH,-CH,-
has been detected at 2865 and 2920 cm™1 from Pt-PDMS surface, indicating that in addition
to the methyl group, these cross-linking groups were also present with order on the surface.
SFG signal of the aromatic C-H stretching modes has also been detected from the PDMS-
co-PS surface, showing that phenyl groups were also present on the copolymer surface.
Moreover, surface restructuring of methyl groups for all the above PDMS samples has been
observed after contacting with water and a non-polar solvent FC-75. This research
demonstrated that SFG is sensitive to detect small surface structural differences on various
PDMS surfaces in air and in water.

PDMS chain conformation in spread monolayers and multi-layers at the air/water interface
has also been characterized using SFG.128 PDMS methyl groups were found to be
completely disordered when the surface density was low. At higher surface densities, two
adjacent methyl groups point into the air, with one nearly parallel to the interface and the
other directed more to the surface normal. At even higher surface density (the first collapse
regime), PDMS form odd-numbered multi-layers.

Fouling release coatings with biocide moieties covalently bound to a PDMS matrix have
been developed as a new contact-active material for the control of marine biofouling through
both fouling release and anti-fouling mechanisms. In order to design and optimize such
coatings, it is necessary to study their surface structures and ensure that both the active
biocide moieties (for anti-biofouling) and PDMS functional groups (for fouling release) are
present on the surfaces and at the interfaces. SFG has been applied to study the surface and
interfacial segregation of biocide moieties (e.g., triclosan (TCS) or tetradecyldimethyl (3-
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trimethoxysilylpropyl) ammonium chloride (C-14 QAS)) tethered to a PDMS matrix.129
PDMS coatings containing various amounts of TCS (0 wt % to 25 wt %) have been studied
in air, in water, and after contact with water and exposed to air again. In air, SFG spectra
showed that Si-CH3 group dominates the surface of all PDMS incorporated with TCS
samples, similar to pure PDMS as discussed before. In water, SFG methyl intensities for all
samples were weak, indicating TCS moieties may segregate more to the interface to reduce
PDMS interfacial coverage. Samples were then removed from water and dried. Compared to
the original surfaces, SFG methyl intensities collected at dried surfaces showed no
significant change with TCS contents smaller than 8.75%, while a decrease in PDMS SFG
methyl signal was observed for the PDMS samples with TCS contents higher than 8.75%.
The SFG PDMS signal intensity decrease indicated that the surface segregation of TCS
moieties occurred for the PDMS coating with higher than 8.75% TCS. This reduced the
surface coverage of PDMS methyl groups, resulting in weaker PDMS methy!| signals. These
spectral features were well correlated to the anti-fouling activity testing experiments.129 The
incorporation of more than 8.75% TCS moieties was needed to ensure adequate TCS
interface segregation and good anti-fouling property. For the study of C-14 QAS, signal
from biocides on surfaces can be directly detected for the PDMS materials in air and in
water. SFG results can be correlated to the anti-fouling activities qualitatively.12°

Various quaternary ammonium salt (QAS) moieties with different chain lengths (chain
lengths of Ry and Ry) have been chemically bound to PDMS as antimicrobial/anti-
biofouling coatings.230 Ry is the longest aliphatic chain attached to quaternary ammonium
nitrogen atom, Ry, is the aliphatic chain separating the trimethoxy silane and the nitrogen
atom. The surfaces and interfaces of such materials in air, water and nutrient growth
medium (NGM) have been investigated using SFG. The results show that QAS molecules
segregate to the coating surface in air for all the samples, while chain lengths of R; and R,
affect surface structures. Surface restructuring of all samples was observed in water and
NGM. Interfacial structures of different materials probed by SFG were well correlated to
their antimicrobial activities. It was shown that the chain lengths of Ry and R, can greatly
affect the coating surface behavior in contact with NGM. When the Ry is short and the Ry is
relatively long, the Ry chain can shield the quaternary ammonium nitrogen atom from water
molecules, resulting in a hydrophobic surface which is affected by NGM less. In this case,
QAS moieties can segregate to the interface and reduce biofouling (as shown in Figure 2a).
When both R, and R; are short, the Ry chain cannot effectively protect the quaternary
nitrogen atom from exposure. In this case, the coating surface is strongly affected by NGM.
QAS moieties were not able to effectively segregate to the interfaces to reduce microbial
biofilm formation. When R is long, it is more mobile, which may interact with Ry more
easily. This may lead to the exposure of the quaternary nitrogen atom to water. In this case,
NGM can effectively interact with the positively charged nitrogen atom, which may result in
inhibition of interactions of microorganisms with the coating surface and reduce biofouling
(as shown in Figure 2b).

Other compounds such as cationic, anionic, and zwitterionic polyelectrolytes (PEs) have
also been tethered to a PDMS matrix through surface-initiated ultraviolet (UV)
polymerization.13! SFG has been applied to examine the surface and interfacial molecular
structures of such materials /n situ. The studies show that —Si-CH3 groups segregate to
PDMS surfaces along with grafted PEs in air for all material. In water, only the surface-
tethered PE groups could be detected, indicating that the polymer surface restructured at the
water interface. SFG has also been used to investigate PDMS surfaces that had been exposed
to ultraviolet (UV) and oxygen plasma.132

In this section, we show that PDMS materials are widely used for fouling release. SFG can
be used to examine interfacial structures of different PDMS materials in water 7 situ, which
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may help to develop molecular level understanding of PDMS fouling release mechanism
and help to rational design fouling release materials.

3.1.3 Polymer/Silane Interfaces—Another type of important interface to study is the
buried polymer/polymer interface. Polymer materials such as polyurethanes, silicones, and
epoxies are widely used as adhesives in industry and everyday life. Adhesion properties of
these polymer adhesives are determined by their interfacial structures. Therefore,
characterizing interfacial structures between adhesives and different substrates, especially
polymers, is important for understanding adhesion mechanisms. The related research can
also help to develop better adhesives or adhesion promoters (small molecules added to the
polymer adhesive to enhance its adhesion performance).

Silane molecules are widely used as adhesion promoters in industry. In order to study their
adhesion promotion behavior at polymer/adhesive interfaces, it is necessary to investigate
the molecular structures of the polymer/silane interfaces first. Silane behaviors at different
polymer interfaces have been systemically investigated using SFG. For example, Chen et al.
studied buried polymer/silane interfacial molecular structures using SFG.133 In this study,
the polymers investigated include deuterated polymethyl methacrylate (¢PMMA) and
deuterated polystyrene (a-PS), while the silanes examined includen-octadecyltrichlorosilane
(OTCS), n-octadecyltrimethoxysilane (OTMS), and (3-aminopropyl)trimethoxysilane
(ATMS). The SFG results show that silane molecules adopt different molecular
conformations at different polymer/silane interfaces due to different interfacial molecular
interactions. At the aPMMAJ/OTCS interface, methyl end groups in OTCS favorably
interact with the PMMA surface dominated by ester methyl groups and tend to order at the
interface. However, OTMS methoxy head groups tend to interact with PMMA ester methyl
groups and show some order at the &-PMMA/OTMS interface. At the &:PS/OTCS interface,
methylene group from the OTCS backbone dominated the SFG spectra. At the :PS/OTMS
interface, both methylene backbone and methoxy headgroups from the silane could be
detected at the interface. A schematic representation of the polymer/silane interfaces
determined from the above results using SFG is shown in Figure 3. Different from the
methyl terminated silanes discussed above, after the ATMS molecules contacted a polymer
surface, the polymer/ATMS interface lost order quickly, leading to the disappearance of the
SFG signal. Different interfacial behaviors of ATMS compared to OTMS and OTCS are
likely due to the nature of the amino endgroup.

Loch et al. studied hydrogen bond formation at polyethylene terephthalate (PET)/silane
interfaces.134 Ester carbonyl groups on a PET surface were found to form hydrogen bonds
with amino endgroups on ATMS based on a slightly red-shift in SFG signal contributed by
the PET ester carbonyl stretch. The shift was not observed at the interfaces between PET
and (3-glycidoxypropyl)-trimethoxysilane (y-GPS) or between PET and n-
butyltrimethoxysilane (BTMS). The latter two silanes, y-GPS and BTMS, do not have
hydrogen bond donors, therefore they cannot form hydrogen bonds with PET. Absolute
orientation studies of the functional groups at the PET/ATMS interface using nonresonant
SFG signal generated from a TiO, thin film suggested that the methoxy headgroups of
ATMS oriented toward the silane bulk while the amino endgroups were oriented toward the
interface. Differently, at the PET/BTMS interface, the BTMS methoxy headgroups face
toward the interface.

SFG was also utilized to monitor silane diffusion into polymer matrices. Silanes such as
ATMS, N-(2-aminoethyl)-3-amino-propyltrimethoxysilane (AATMS), and -y-GPS were
observed to diffuse into polymer films.135.136 The details of these results will be discussed
later in this paper (section 5.1).
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It was reported that the mixture of y-GPS and methylvinylsiloxanol (MVS) (mixture
abbreviation: SAPM) could improve the adhesion of an addition-curing silicone elastomer to
plastics and metal substrates better than y-GPS alone.137 To further understand the adhesion
mechanism, SFG has been applied to study the interface between PET with deuterated
ethylene glycol subunits (dPET) and SAPMs with different y-GPS/MVS mixing ratios.138
When SAPM with a y-GPS/MVS ratio of 1:1 (w/w) was used, silane methoxy headgroups
adopted greater net orientational order along the surface normal than that at dPET/y-GPS
interface. This provided insight into the correlation between strong adhesion and specific
molecular features such as methoxy group ordering at the interfaces for curable silicone
adhesives.

We have shown that SFG can be used to study the behavior of different silanes at various
polymer interfaces. Molecular level information about silane functional groups at polymer
interfaces can be examined /n situ. The SFG study of silane behaviors at polymer/silane
interfaces can help to understand adhesion promoting mechanisms by correlating molecular
structure at buried interfaces to adhesion properties. However, it is necessary to study the
polymer/adhesive (incorporated with silanes or silane-MVS mixtures) interfaces directly, as
in real conditions.

3.1.4 Polymer/adhesive interfaces—SFG has been used to study silicone adhesives
with incorporated silane molecules which more closely resemble industrial

conditions.139 140 The silane behavior at interfaces of cured and uncured silicone has been
studied using SFG. Three different silanes: -y-GPS, OTMS and (tridecafluoro-1,1,2,2-
tetrahydroctyl) trimethoxysilane (TDFTMS), with the same methoxy headgroups but
different backbone and endgroups were used to incorporate into silicone matrix in contact
with polymer substrate PET.139 For the PET/silane or PET/(silane+MVS) interfaces, y-GPS
methoxy groups were found to be ordered and the presence of MVS increased the interfacial
order. However, MVS tended to decrease the order of methoxy group of OTMS18C while
no change was observed for TDFTMS case at the PET/silane interfaces. After incorporating
the three silanes or their mixtures into silicone, before curing, y-GPS+MVS is the only
mixture that shows significant methoxy group order at the PET/uncured PDMS interface.
After curing PDMS, the methoxy group was shown to order at the PET/-y-GPS incorporated
silicone interface and the PET/(y-GPS+MVS) incorporated silicone interface. The other two
silanes and silane MVS mixtures did not order at the silicone/PET interfaces. The -y-GPS
+MVS mixture is a known adhesion promoter for silicone to PET polymer. Therefore, the
adhesion mechanism is related to the methoxy group ordering, which was only present at
interfaces between PET and -y-GPS or -y-GPS+MVS mixture incorporated silicone
elastomer.

Following the above silane endgroup study, silane headgroups have also been compared to
correlate the headgroup effect to the adhesion mechanism.140 Three different
methoxysilanes including -y-GPS, (3-glycidoxypropyl) methyl-dimethoxysilane (y-GPMS),
and (3-glycidoxypropyl) dimethyl-methoxysilane (y-GPDMS) which have the same
endgroup and backbone, but different headgroups were investigated. At the PET/silane and
PET/(silane+MVS) interfaces, it was found that MVS greatly increased the methoxy group
ordering in y-GPS at the interface, slightly affected methoxy group ordering in y-GPMS at
the interface, and disordered the methoxy group ordering in y-GPDMS at the interface.
When mixed with silicone elastomer and cure the samples, the SFG signal probed from
methoxy groups at the PET/PDMS (incorporated with -y-GPS alone) interface was stronger
than that at the PET/PDMS (incorporated with y-GPS+MVS mixture) interface. For -y-
GPMS case, the SFG signal from methoxy groups at the PET/PDMS incorporated with
silane with or without MVS interfaces were similar. No methoxy SFG signal could be
detected for the addition of y-GPDMS and -y-GPDMS+MVS into PDMS at the PET/PDMS
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interface after curing. Strong adhesion was related to the interfacial segregation and ordering
of methoxy groups at PET/silicone interfaces. The methoxy signal strength also decreased in
the curing process, which was related to interfacial chemical reactions and/or diffusion,
leading to stronger adhesion. A related study on the ethoxysilane headgroup effect on PET/
PDMS adhesion found a quantitative correlation between headgroup methyl signal change
and adhesion strength. 141

Epoxy materials are widely used as packaging materials in microelectronic industry and
silane materials are extensively used to enhance adhesion of epoxy adhesives. SFG studies
have been applied to study silane incorporated into both model epoxies and commercial
epoxies.142 Bisphenol A digylcidyl ether (BADGE) was investigated at PET interfaces with
and without silane adhesion modifiers. The molecular structures at PET/BADGE and PET/
BADGE silane mixture interfaces were similar before curing. After curing, small amounts of
certain silane molecules altered the interfacial structures. OTMS(18C) methyl endgroup
tended to become highly ordered at the PET/BADGE interface. The ordering of methyl
groups at the interfaces was correlated with weak adhesion while disordered interfacial
structures were correlated with strong adhesion. The results were further supported by
studies of two commercial epoxies at different polymer interfaces including PET and
polystyrene (PS).142 Molecular level studies on interfacial structures of epoxy materials
provide in-depth understanding of interfacial properties and performance of packaging
materials.

The above studies show that SFG can be used to understand interfacial molecular structures
of polymers and adhesive materials /7 situ, which may lead to a better understanding of
adhesion mechanisms. It will also help to develop adhesive and adhesion promoters with
better performance.

3.2 Biological interfaces

The importance, limitations and potential applications of using SFG to study biological
interfaces were demonstrated in an early publication.143 SFG studies on biological interfaces
have grown tremendously in recent years alongside rapid developments in the field. With
the advantage of /n situ detection, SFG can be used to characterize low concentrations of
different biomolecules such as lipids, peptides and proteins at various interfaces. For
example, SFG can be used to study membrane orientations of antimicrobial peptides at a
peptide solution concentration close to or even below the minimum inhibitory
concentration.144. 145

3.2.1 SFG studies on protein adsorption—Protein adsorption is an important process
that occurs on biomedical device surfaces. SFG has been developed as a unique tool to study
protein adsorption since it can provide /n situ interfacial molecular understanding. In 2002,
Wang et al. reported an SFG study of bovine serum albumin (BSA) adsorption at different
substrates including silica, PS and PMMA.146 SFG spectra were collected from adsorbed
proteins exposed to different environments including air, water, benzene, carbon
tetrachloride, and FC-75 (a hydrophobic fluorinated solvent from 3M).146 It was found that
adsorbed BSA molecule can exhibit different structures at different interfacial environments.
This study was focused on SFG signals detected in the C-H stretching frequency range
(between 2800 to 3100 cm™1). The results indicated that the adsorbed BSA tended to form a
hydrophobic configuration between two hydrophobic media, whereas a hydrophilic
configuration was observed between two hydrophilic media. At the interface of two media
with different hydrophobicities, BSA configuration prefers to have hydrophobic groups
aligned. These results show that the hydrophobic effect is a significant factor directing BSA
adsorption.
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A thin film model was used to interpret SFG spectra of BSA adsorption in more detail. 147
An adsorbed protein layer is usually several to tens of nanometers thick, which is different
from a traditional sharp interface between two materials. In the thin film model, SFG signal
is considered to be generated from the entire protein layer adsorbed at the interface.
Nonlocal contributions to SFG spectra of interfacial adsorbed protein layer usually can be
ignored.147. 148

SFG studies have also been carried out to investigate effects of protein solution pH and
protein interfacial coverage on protein interfacial structures. It was demonstrated that SFG
C-H stretching signals collected from the BSA solution/air interface and BSA solution/ad-PS
buried interface were similar at each protein solution pH. Although the detected SFG spectra
were different at different protein solution pH values, the contributions from the C-H
stretching signals were very similar. The differences were due to the interferences between
the C-H signal from BSA and the O-H signal from water. At different protein solution pH
values, the interfacial O-H stretching signals from water were very different, but the protein
C-H stretching signals were not.14” However, SFG spectra in the C-H stretching frequency
range were different at the BSA solution/different substrate interfaces, due to different
interfacial interactions.148 Related studies in the C-H stretching frequency region have also
been reported on BSA as a function of surface coverage at the air/solution interface.14? It
has also been demonstrated that SFG can study isotope labeled proteins for their
adsorption.150 Polarization mapping, a data collection and analysis method based on SFG
spectroscopy, has been developed to more reliably fit the SFG spectra detected from
complex samples such as interfacial proteins and polymers.%7

SFG has also been used to study adsorption behavior of peptides, serving as a model for
complicated proteins.’l 151153 As an example, Mermut et al. published a study which
combines QCM, AFM, and SFG to elucidate the molecular adsorption behavior of a 14-
amino acid amphiphilic peptide LK14 on hydrophilic silica and hydrophobic PS surfaces.’?
The results suggest that LK 14 peptide have different adsorption behavior at surfaces with
different hydrophobicities.

We have shown that SFG can be applied to study protein or peptide adsorption on various
substrates including polymer materials /n situ. However, SFG signals in C-H region are
usually contributed from protein side chains. In order to characterize more details of protein
structures at interfaces, it is necessary to examine protein backbones.

Amide | (mainly contributed from the C=0 stretching) SFG study can provide deeper
understanding of protein structures at interfaces because it can directly probe protein
backbone structure and will not have interference with any water O-H stretching signal
which makes spectral analysis on C-H stretching signals difficult.14” In 2003, SFG detection
of interfacial protein amide I signal in the C=0 stretching frequency range was reported.1>4
The feasibility of using the near total-internal-reflection geometry to monitor SFG amide |
signals contributed from interfacial proteins was demonstrated.1%4

SFG has been used to investigate fibrinogen adsorption at polymer/protein solution
interfaces in both the C-H and C=0 stretching frequency ranges. We will discuss these
studies in later section 5.2 as examples for time-dependent SFG investigations. The above
studies show that SFG is a powerful tool to study protein adsorption at various interfaces /n
situ.

3.2.2 SFG studies on model cell membranes—Cell membrane is an important

biological interface in nature. The interaction of biomolecules and other small molecules
with lipid membranes is of general interest in biology, biophysics and medical research. For
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example, antimicrobial peptides (AMPs) interact with certain types of membrane lipid
components in a specific way. Molecular level understanding of such interactions in situ is
crucial to reveal general peptide-membrane interaction mechanisms. SFG has proved to be
powerful in monitoring such interactions. More specifically, SFG has been applied to
investigate the molecular behavior of a novel membrane-active antimicrobial arylamide
oligomer 1,155 and peptides such as magainin 2,196 melittin,>> MSI594,157 tachyplesin 1,100
pexiganan (MSI-78),144 cell penetrating peptide, 14> alamethicin,18 and amyloid
polypeptidel59: 160 jn model cell membranes. Supported lipid bilayers have been extensively
used as model cell membranes in these studies, which can be prepared by the Langmuir-
Blodgett-Schaeffer method.161 The detailed results reported in these publications will be
discussed in the following sections as examples of orientation analysis and time dependent
SFG investigations. Here we will just briefly discuss the peak assignments of amide | signal
for different secondary structures in SFG experiments.

Combined with IR and Raman studies, it was shown that in SFG spectra, the a-helical signal
is centered at ~1650 cm™1, whereas the B-sheet structures have featured peaks centered at
~1635 and ~1685 cm™L. Such assignments were proved using two model peptides with well
characterized structures: MS1594, which adopts an a-helical structure at the interface, and
tachyplesin I, which has a rigid antiparallel p-sheet structure both in solution and at
interfaces.1®” Recent studies on the peptide alamethicin indicate that when an a-helix
connects to a 31g-helix, it may contribute to a peak centered at 1670 cm™L. The 31g-helix
itself may also contribute to a 1635 cm™1 peak.56: 158

It is also possible to use SFG to analyze the interaction of larger molecules such as proteins
with lipids. The interaction of proteins with artificial lipid membranes will be discussed in
section 4.2 as examples for SFG molecular orientation study. Here we will just use one
protein as an example for the interfacial presence study.

Human islet amyloid polypeptide (hIAPP) has been studied using polarized SFG at the air/
water interface.1®? hIAPP consists of 37 amino acids and is intrinsically disordered. Upon
interaction with cell membranes, hIAPP can misfold into p-sheet aggregate structure. This
change is considered to be associated with human type Il diabetes. However, rat islet
amyloid polypeptide (rIAPP), which differs from hlAPP by six amino acids, does not
misfold into B-sheet structures at cell membranes. A fundamental study of interactions
between cell membrane and hIAPP at the molecular level can help to better reveal the
molecular pathology of type Il diabetes. SFG spectra in the amide | region of hIAPP and
rlIAPP were collected in the presence and absence of 1,2-dipalmitoyl-smglycero-3-
[phospho-rac-(1-glycerol)] (DPPG) lipid at the air/water and air/D,0 interfaces under ssp
and psp polarizations. In the psp polarization, which is more sensitive to chiral structures,
SFG spectra allowed the assignment of ~1620 cm™1 and ~1660 cm™1 bands to asymmetric
and symmetric stretches of parallel p-sheet, respectively. Further, B-sheet psp signal could
not be detected for hIAPP unless DPPG was present, and could not be detected for rIAPP
either in the presence or absence of DPPG (Figure 4). For ssp spectrum, which is more
sensitive for achiral structures, the only case with spectral change in shape and peak position
over time was when both hIAPP and DPPG were present. These results suggest that the
interaction between membrane lipids and hIAPP leads to misfolding of hIAPP to ordered
parallel B-sheet structures.1®® Another SFG study on hIAPPs combined chiral SFG and ab
initio quantum chemistry calculations to analyze its orientation at the lipid/aqueous
interface.160

3.2.3 SFG studies on DNAs—DNA is another type of important biological molecule

besides peptides and proteins and has been extensively studied. However, many of the
fundamental principles and behaviors of DNA such as oligonucleotide hybridization,
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adsorption orientation, etc. are not clearly understood due to the lack of appropriate
analytical techniques. The uniqueness of SFG in the study of DNA lies in the ability to
provide /n situ structural information at biological interfaces. C-H oscillators such as methyl
and methylene groups, together with carbonyl and amine groups in DNA offer a wide
vibrational spectral window for SFG studies on DNA. Studies have shown that SFG can
provide important structural information of DNA strands at interfaces.

DNA can form complexes with cationic lipids and can enter cells through endocytosis. The
study of molecular level interactions of DNA/lipid association has the potential to improve
gene therapy. In an SFG study of DNA/lipid complex by Wurpel et al., the electric screening
of a 1,2-dipalmitoyl-3-trimethylammonium propane (DPTAP) monolayer by polyanionic
DNA was observed indirectly by monitoring the water signal decrease.162 Water at the
charged lipid interface is more ordered than in the bulk through the alignment of water
dipoles by the interfacial electric field. The addition of ions such as NaCl or A-phage DNA
resulted in a screening of the positively charged lipid and changed the interfacial water
ordering. As the concentration of NaCl or A-phage increased, SFG water signals decreased.
Further, it was shown that as the water reoriented, less than one monolayer of water
remained between the DNA and DPTAP monolayers.162 A schematic representation is
shown in Figure 5. Further studies focused on DNA interaction with different lipids
including DPTAP, diC14-amidine and a zwitterionic lipid 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) in the presence and absence of calcium ion.163 Again, the DNA/
lipid complexation was monitored indirectly through the O-D stretching signal of D,0. It
was shown that D,O structure differs between DNA adsorbed to cationic lipid monolayers
and to zwitterionic lipid monolayers. The interaction of DNA and diC14-amidine could be
monitored in the C-H stretching frequency range directly, and it suggested that the
adsorption of DNA to the lipid increases the ordering of lipid tails.163

The impact of metal monovalent and divalent cations on 20-mer single-stranded DNA
(ssDNA) and double-stranded DNA (dsDNA) covalently bound to silicon (111) surface has
recently been investigated using SFG.164 The molecular structural change of DNA was
indirectly monitored through the change in a silane linker layer. The SFG intensity ratio of
asymmetric methyl and methylene C-H stretches (r~/d™) provided a good measurement of
the molecular order of the silane self-assembled monolayer (SAM) linker. The presence of
monovalent cations such as Na* and K* increased ordering along the ssDNA strands,
whereas the divalent cations such as Mg2* and Ca2* disordered the strands. Divalent cations
have stronger affinities with DNA, so they tend to distort the sSDNA strands at the interface
more than monovalent cations. It was also reported that upon hybridization, the formerly
discussed trend was reversed. Moreover, the distortion of dsDNA in the presence of divalent
cations is much less than that of ssDNA, which may be attributed to the better rigidity of the
duplex compared to single strands. A hypothetical representation of cation-induced
structural changes of a DNA/linker monolayer on a silicon surface is shown in Figure 6.

Gold has also been used as a DNA immobilization substrate. Howell et a/. chemically
immobilized ssDNA on gold substrate via the thiol groups and studied the air/solid,
phosphate buffer saline solution (PBS)/solid, and D,O/solid interfaces. 85 Adenine and
thymine homo-oligonucleotides showed significant structure differences in the C-H
stretching frequency region in different environments such as air and D,0. The signal in the
amide | vibrational region indicated that in air, non-thiolated DNA tended to lie down on the
gold surface whereas thiol-linked DNA tended to arrange in a brush-like structure. Thiol-
linked DNA also showed significant structural differences in air and D,0.165 Other SFG
studies of DNA,166. 167 including on platinum substrates have also been reported.168
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To summarize, SFG studies on DNA can help to develop molecular level understanding of
DNA structures at different biological surfaces or interfaces /n situ.

3.3 Other interfaces

In this paper we only focus on SFG studies of certain polymer and biological interfaces.
Here we showed that SFG is a unique interfacial selective technique that can probe
interfacial molecular presence /n sifuwith high sensitivity. The /n situ detection capability
ensures that the interfaces do not need to be broken to expose to different environments.
SFG can probe interfaces that are accessible to IR and visible laser beams, providing
vibrational measurements similar to IR spectroscopy for ordered molecular functional
groups, and giving interfacial molecular presence information with high sensitivity. In
addition to the interfaces discussed above, recent research has also demonstrated this unique
advantage of SFG through studies on polymer/metal interfaces,16% 170 polymer/polymer
interfaces, 1’1 water/oil interfaces,172: 173 water/vapor interfaces,88: 174 liquid/gas
interfaces, 175 176 solid/vapor interfaces, 1’7 etc. It is difficult to summarize all such
published SFG research. Other review papers in the field may help to gain further

understanding of the technique and its applications on many other different
systems. 40 45, 53,73, 75-94

4. Molecular orientations at interfaces can be derived using polarized SFG

In situ molecular level detection of the interfacial presence of functional groups is just one
of the unique advantages of SFG. Here we will briefly introduce the theory of using SFG to
measure interfacial molecular orientations of certain functional groups, which is another
important advantage that further demonstrates the uniqueness of SFG as a quantitative
interfacial analysis technique.

4.1 C-H functional group orientation analysis

The orientation analysis of functional groups at interfaces using SFG lies in the relation
between interfacial second order nonlinear optical susceptibility and molecular
hyperpolarizability demonstrated in equation (8). Three angles, azimuthal angle ¢, twist
angle y, and tilt angle &are used in Euclidean space to describe the orientation of a rigid
body. Therefore, the orientation of a functional group, such as a methyl group, pointing in
any direction, can be described using these three angles in the lab frame. The relationship

2 . . . .
between x'® and ﬁfﬂf as described in equation (8) has been deduced systematically.% It has

1JK
also been shown that the relationship can be greatly simplified based on certain assumptions
or prior knowledge. An example is a functional group of a molecule on an isotropic surface
with a free rotation symmetry vs. the principle axis, where azimuthal angle ¢ and twist angle

wcan be averaged from 0 to 2r.9% To deduce the orientation angles, sometimes certain
. - 2
components of the molecular hyperpolarizability (or /3,3,3) need to be known. In such cases

C . . 2
the bond additivity method is usually needed to obtain ﬁﬁjk) from measured or calculated
Raman polarizability component a;and dipole transition moment component s, of the
vibration mode under study.111

What we can quantitatively obtain from an SFG spectrum after fitting the signal using the

Lorentzian equation (2) is the effective second order nonlinear optical susceptibility Xiﬂ).
. . . . . 2
Using the relations described in equations (3)~(6), Xﬁ,ﬁg can be correlated to Xjf,g through

Fresnel coefficients, which can be calculated at certain input angles for certain species with

known refractive indices. Moreover, x'2 can be further correlated to molecular
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hyperpolarizability ijz,\) through surface number density N of the functional group and the
three orientation angles as described in equation (8)~(10). The value of N may be estimated,
but for many cases it is not required for orientation determination. “N” can be eliminated by
measuring orientation using the ratio of certain components of the nonlinear susceptibility,
which can be measured using different polarizations of the input and output laser beams in
the SFG experiment, or using the SFG signals detected in the same polarization but
belonging to different vibrational modes. To further explain these approaches, we will use
PMMA as an example to show how to derive the surface molecular orientation of an ester
methyl group in air.

Wang et al. have shown that ester methyl groups dominate the PMMA surface in air.>!
Methyl groups can be treated as holding Cs, symmetry in most cases. Molecular

hyperpolarizability ﬁszk) can be simplified based on the molecular symmetry.111 In SFG, such
hyperpolarizability can be further simplified due to the isotropic surface and rotational
symmetry for the C3,, symmetry. For example, in Cs,, the non-vanishing hyperpolarizability

2) . .
components ﬁfjk for the C-H symmetric stretches are g2 and Bio= g}c, while for

asymmetric stretch, the only non-zero component is g2 .51 9 For the second-order
nonlinear optical susceptibility of C-H stretching vibrational modes of molecules with Cs,
symmetry, there are only four non-vanishing components:

X=X D= D xoo=x ), x122.49 The relation between different second order nonlinear

optical susceptibility components in the lab frame and molecular hyperpolarizability
components in the molecular coordinate system can be simplified and expressed as:38: 1. 95

For the symmetric C-H stretch:

1
Xives=Xores= 5 NBece (147) cost) ~(1-r) {cos’0)] 1)

1
2 2 2 2 2
Xitks s =K omes =X oms= 5 NBece (1-n)l (cost) ~ (cos’)]  (12)

X2 =NBRL 7 (cosh) +(1-r) (cos*0)]  (13)

For the asymmetric stretch:

1
Xy smraas=—5 Nzl (cos6) — (cos’0)]  14)

1
2 2 2 2 2
Xf'm)x,as :X;y;,as :Xg'z;,as =X.£zi,as= ENB(cu)a <C053 9> (15)

X;%;’GS:NBE%,L[(COSB) - <cos30>] (16)

Here ‘s’ and ‘as’ indicate symmetric and asymmetric C-H stretching modes, respectively.
For symmetric C-H stretching modes, =82 /32.. In these equations, it is assumed that the

aac

polymer film is isotropic, and the ester methyl group can rotate freely around the principle
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axis. Accordingly, the azimuthal angle ¢ and twist angle y are averaged from 0 to 2r. If we
assume the distribution of @is a 8-function, then {cos6&) and {cos36) can be substituted by
cos@and cos36. Sometimes, the orientation angle distribution can be modeled by a Gaussian
function: [6)= Cexp[-(8- 6)%/(202)], where & is the center of distribution, o is the root-
mean-square distribution width.178: 179 Here the asymmetric stretching signal is considered
to be contributed by the two degenerate modes.189 Although some reports showed that the
two modes may actually not be degenerate,181 for most cases we believe that it is reasonable
to use the above equations for methyl group orientation studies by assuming that the
asymmetric stretching modes are degenerate. 51 182

An important relation for the above equations is that 2., and %, always have the

opposite sign as y2 ,, and x\. ... This indicates under above assumptions, symmetric and

asymmetric modes of a methyl group always negatively interfere with each other in an ssp
spectrum. It is difficult to accurately measure the number density of surface molecules
probed in the SFG experiment. Therefore, it is usually necessary to eliminate the number
density N when using the above equations for orientation calculations. By taking the ratio

of, for example, X_E,i;,s/xﬁi,,s, the number density N and molecular hyperpolarizability Bgq.

can be eliminated. Thus the ratio of symmetric C-H stretch X§§;,s/x<§§,,s can be expressed as a

function of molecular tilt angle ©and r. The value of r can be obtained by calculation.111
However, sometimes it is difficult to obtain an accurate value of r. Instead, a range of r
values were reported in the literature.3® To avoid the use of r, one can choose to use the

hyperpolarizability component ratio of the asymmetric C-H stretch such as Xg)z,m/)(_@,m,

L . . (2) (2)
which is only a function of 6. To deduce the tilt angle 6, \»z.as/Xyzvas| can be plotted as a

function of & (equation (14) and (15)). In SFG experiments, X.p (e.g., ¥ and x'2)) can be

measured in different polarizations (e.g. ssp and sps polarizations), and the value

2 2
gsl)),as/X‘(s‘p‘)v,as = |(ASSP,{LS'/FSSp,aS)/(ASPS,US/FSPS,QS)

can be obtained through spectral fitting

. . @ @ . @ @
using equation (2). Further, WXssp.as/Xsps.as| value can be associated to Yyyz.as/Xyzy.as| value

value deduced from

2 2
through equations (3)—(6). Finally, according to the ;y)z,us/)(;z;uus

2 2
measurement and ;}’)z,as/)(;z;’,as plotted as the function of @ (obtained from equation (14)
and (15)), the tilt angle &can be deduced.

Using the asymmetric stretching mode of PMMA and the method mentioned above, the
PMMA ester methyl group surface orientation can be derived to be between 33° vs. surface
normal with a &-angle distribution and 0° vs. surface normal with a Gaussian angle
distribution of 31°.51 Interfacial structures of poly(n-butyl methacrylate) (PBMA)/air and
PBMA/water have also been investigated by Wang, et a/182 It was found that side chain
methyl groups of PBMA dominated the surfaces in both air and water. As shown in Figure
7, the peak at 2960 cm™1 is assigned to the side chain methyl asymmetric stretch. It can be
clearly resolved in the sps spectra in both air and water, and in the ssp spectrum in water. In
ssp spectrum collected in air, this peak shows as a shoulder of the peak at 2940 cm™1, which
was assigned to a methyl Fermi resonance. Side chain methyl group orientation can be

measured using ;%)z,us/)(%,us obtained from fitting the ssp and sps spectra. The tilt angle of
the side chain methyl group of PBMA in air assuming a &-distribution is 37° vs. the surface
normal, while in water, the angle is measured to be 57° (Figure 8). This indicates that side
chain methyl group tends to stand up in air, while tilts more toward the surface in water.
Further analysis showed that PBMA side chain methyl group orientation distribution was
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narrower in water than in air, which suggested that the PBMA surface became more ordered
in water.182

Similar orientation analysis method has also been developed for methylene group, which has
C,y symmetry. For a system with no azimuthal angle and twist angle dependence, the non-
vanishing susceptibilities for methylene group are:183

For symmetric stretch:

1 1
2 2 2 2 2 2 2 2
XivesHores= g (Bt By +2BE2) (cost) + N (Bioe+Byy 28 ) {cos’0)  a7)

1
2 2 2 2 2 2 2 3
Xions™omes s oms== 7N (BB —2Bcer) (cost) — (cos’d)) - ug)

X2 = —N (Bea+By.) (cosh) —%N (BB —2B%.) (cos®a)  (19)

For asymmetric stretch:

2 2 1 e 3
chx)z as ng)z as— & Ezc)u (<COSH> - <COS 6>) (20)
2 2 2 2 2 3
X(vz)x as _thz as _XEZ; as _/\/gyz as= Nﬁgu)u <COS 9> (21)

)(9; aS—N,BE,%.)a ((cos@) - <cos3 9>) (22)

From these equations we can find that the methylene asymmetric stretch bears the same
expressions as those in methyl group, except the difference of hyperpolarizability ,3(2) and

aca

B2 . These equations can be further simplified through the relations of B% elements.111 For

1IK
example, the relation . +B%) ~ 281, eliminates all terms with Si.+B). ~28%,, 111183 and

all symmetric susceptibilities only have a {cos6) term or vanish. The relation g2 ~ 0.7452),
further associates asymmetric stretches with symmetric stretches.111. 183 The fact that
‘opposite signs need to be applied to symmetric and asymmetric stretches’ also holds here
for methylene group as for methyl group.

Orientation analysis methods have been developed for studying more complicated methyl
groups. For example, a (CH3),X moiety with two neighboring methyl groups has a fixed
bond angle of ~112° on average. In this case the vibrational hyperpolarizabilities of the two
individual methyl groups need to be combined in the molecular frame. The transformation
from lab frame to molecular frame can be achieved by considering each methyl group as a
unit atom. Therefore, each methyl group still has a Cs, symmetry, but the two methyl groups
connected to the same Si atom are considered to adopt a C,, Ssymmetry. A vector bisecting
the angle between two methyl groups is then defined as the molecular orientation axis for
twist and tilt angle (Figure 9). Such SFG data analysis results have been reported.?8 Using
such a method, a mixture of 2-propanol and water was studied at the liquid/vapor
interface.?8 At low 2-propanol mole fractions (x;s,<0.025), the two methyl groups tend to lie
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down on the liquid/vapor interface. As the 2-propanol fraction was increased in the mixture
(0.025<xi5,<0.68), one methyl group started to orientate towards the vapor, while the other
one oriented nearly parallel with the interface but pointed down into the mixture slightly. At
higher 2-propanol fractions in the mixture (X;j50=0.68), one methyl group was nearly parallel
with surface normal to the vapor, whereas the other one was slightly orientated downward to
the mixture (Figure 10). A recent study used a similar method to determine PDMS methyl
group orientation at buried silica/PDMS and PET/PDMS interfaces considering both tilt
angle and twist angle.18* It was found that Si(CHsz), groups tend to have large tilt angles
with small twist angles at the PET/PDMS interface. At the silica/PDMS interface, Si(CHz)»
groups tend to adopt a broad distribution of tilt angles with large twist angles. Furthermore,
the absolute orientations of PDMS Si(CH3), groups have also been determined at various
interfaces. It was shown that PDMS Si(CHs), groups orientate towards the PDMS bulk
rather than towards the substrates at both interfaces.184

It is also possible to achieve orientation analysis of (CH3),X using a single methyl
orientation method plus some basic assumptions that simplify the system. For example, in
order to calculate the orientation angle of PDMS which has two CHs3 groups connected to a
Si atom, at the surface of water with low PDMS coverage, the polymer backbone can be
considered to lie parallel onto the surface. This means that the (CH3)-Si-(CH3) plane is
perpendicular to the water surface. Therefore, the two methyl groups tilt angle (&) and (&)
satisfy (6y) = 110° - (8,). Under this assumption, it is possible to use a single methyl group
orientation equation to obtain the PDMS methyl group orientation on the water surface.128
PDMS chain conformation at the air/water interface has been derived based on this model,
and the results have been discussed in 3.1.2.128

In addition to methyl and methylene group orientations, SFG orientation analysis for other
molecular functional groups has been performed. For example, the orientation analysis of
phenyl ring has been developed and many compounds with aromatic groups have been
studied using SFG.113-117 phenyl group tilt orientation can be derived utilizing the signal
strength ratio of type Il (V7p, Voop) and type | (Voga, Vo, V7,) Vibrational modes in ssp SFG
spectra (assuming isotropic surface and free rotation along principle axis):114

(2)

x| 182, 2 ((cos36) — (cosh))
@172, \7+20) (cost) +(1-27) (cos36y )| @

where =% /8% The value of r and 82, /8%

cee,l aac,l* caa,ll aac,!

2 2
(for example 5%, /82%..,116) can be

obtained using the bond additivity method.118 By fitting SFG spectra, LYE;)H/XE?, can be

obtained and can be associated to (2)11/)((2)1 through equations (3)—(6). Together with the

above equation, the phenyl tilt angle can be derived. It was shown that phenyl rings in PS
are oriented more towards the surface normal at the PS/air interface, while they tend to lie
down at the PS/sapphire interface.114 Another research on surface structures of epoxy and
phenolic resin showed that adsorbed water molecules on the phenolic resin surface can form
hydrogen bonds with the surface phenol groups, changing the phenol orientation from the
‘lie down’ to ‘stand up’, as shown in Figure 11.116 SFG has also been used to characterize
the interfacial molecular structures and orientations of phenyl groups at polystyrene/comb-
polymer interfaces'1® and organic counterions bound to a charged surfactant monolayer.113
It has also been shown that for certain aromatic groups on the surface, it is necessary to
consider both the tilt and the twist angles.11’
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In this section we summarized the SFG orientation analysis methods of C-H functional
groups including methyl, methylene, and aromatic groups. We show that using polarized
SFG, it is possible to obtain molecular orientation information of such functional groups at
surfaces or interfaces.

4.2 Amide | group orientation analysis

The molecular orientations of biomolecules at different interfaces are of great importance in
understanding biomolecule functions and interaction dynamics at such interfaces. /n situ
molecular level study on biomolecules at interfaces is still challenging due to the lack of
appropriated techniques. Recently, SFG was proved to be unique in examining such
systems. We can certainly apply the above discussed SFG molecular orientation
measurement methods on different C-H functional groups to study biomolecules. However,
such studies usually only provide structural information on biomolecule side chains. To
determine orientations of biomolecules such as peptides and proteins at interfaces, it would
be better to directly study their backbones. As demonstrated in section 3.2.1, SFG can be
used to collect peptide/protein amide | signals, which were mainly contributed from the
backbone C=0 stretches. The methods for interfacial orientations analysis of different
secondary structures such as a-helices and B-sheets using SFG amide | signals have been
systemically developed.

Here we will first discuss the orientation determination of helices, which are the most
distributed secondary structures in proteins. Many antimicrobial peptides adopt a-helical
structures in the cell membrane and therefore it is important to study their membrane
orientations to understand their antimicrobial activity and selectivity. Similar to the
orientation analysis on C-H groups, by combining group theory, coordinate transformation
and polarized SFG, it is possible to derive molecular orientation information of an a-helix
from SFG experiment.>® For amide | modes of a-helices, both the A and E; modes have
been shown to be SFG active.%9 Using a near total reflection SFG experimental geometry,

ssp and ppp SFG spectra of amide I signal can be obtained, which correspond to )(Ei)z and

2 respectively. For the near total reflection geometry, x'r, is only related to 2 in

equation (6) because Lyy ~ 0. Assuming isotropic surface in x-y plane and random twist

angle distribution, the relationship between XS)Z)(% and molecular hyperpolarizability

components can be written as:>®

For A mode:

1
X2 =X =5 [ (1+7) (cost) — (1-r) (cos’0)| B2t (29)

L= [ o+ (1) (cos'0) 62 a5

For E; mode:

X, =x'?, =N (cost) — (cos’6) | B2, (26)

g Ey

X(z)“ =2N [(cos@> - <cos3 9>] 2 27
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where =2 /52). Since the peak centers of the signals contributed from the A and E;
modes are very close, which cannot be distinguished by SFG, the total second order
nonlinear optical susceptibility for the amide I signal for a-helices is usually considered to
be the sum of the A and E; modes.?° We therefore have

2) 2 2 2) 2 2 ey ae - .
Xi,yz,,oml=/\ff,yi4 +Xf).z)_51, ZZZ,,D,C,FX;)A +Xi:?gl. Utilizing the bond additivity method, it can be

shown that 52, /8%, ~ 0.59 and 2, /8%, ~ 0.31 for a-helix.% 185 By plotting the ratio of

adac cce aca cce
() (2

yyz,wm,/)(zzz,wmz as a function of 6, together with the measured I/\/;i)z,totul//\/gz,total value
obtained in the polarized SFG spectra (from ssp and ppp spectra), the tilt angle of an a-helix
can be derived. According to the plots using equations (24) to (27), it is possible to deduce
the ensemble molecular orientation of {cos6) and {cos36). If we assume all the helices adopt
the 3'§ame orientation, i.e. a 8-distribution, we can replace {cos6) and {cos36) with cos6 and
€0s°6.

If a-helical peptides at the interface adopt multiple orientations, e.g., adopt two different
orientation angles &; and 6, it would be difficult to use SFG measurements only to deduce
the orientation distribution. However, SFG can be combined with other spectroscopic
measurements such as ATR-FTIR to determine more complicated orientations. ATR-FTIR
can provide an independent orientation measurement on {cos?6).186. 187 |f molecules have
two orientations with two different tilt angles, assuming the fraction of total molecules
adopting tilt angle 6; being M, then the fraction for the molecules adopting &, is 1-N.

Thus we have:

(cosB) =N (cosb;) +(1-M) {cosbt,) ;
§c0529§ =N 2005291 g +(1-M) §c05292§ 5 (29)

cos30) =N (cos36; ) +(1-M) {cos>6,

After obtaining three independent measurements of {cosé), {cos26) and {cos36) from SFG
and FTIR, it is possible to derive {cos8,), {cos&) and M for interfacial a-helices with two
orientation distribution preferences. If the a-helical peptides adopt more than two different
orientations, additional independent measurements are needed. For example, {cos*6) can be
measured using four-wave mixing spectroscopy.187

By applying the orientation analysis method described above, orientations of helical
structures at different interfaces can be measured experimentally. For example, SFG was
combined with ATR-FTIR spectroscopy to study molecular interactions between melittin
and a solid substrate supported DPPG bilayer.>® Several trial distribution functions were
used to deduce the orientation distribution of melittin inside a bilayer. It was found that the
melittin orientation distribution could not be described using a simple distribution function
such as &-function or single Gaussian distribution. A maximum entropy function has been
used to fit the experimental results. The results suggest that melittin a-helices tend to exist
in two main populations in the DPPG bilayer at the experimental concentration: about one-
fourth of melittin molecules orient nearly perpendicular to the surface, whereas the rest of
the molecules orient parallel to the bilayer surface, as shown in Figure 12.%° This study
clearly shows that the combination of linear and nonlinear spectroscopic techniques can
provide additional molecular orientation information than either technique alone.

SFG has been applied to investigate how AMPs such as MSI-78 disrupt certain lipid
bilayers.144 It is believed that the orientations of AMPs in lipid bilayers are related to their
antimicrobial activity and selectivity. An SFG study of MSI-78 compared its interactions
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with a model bacteria membrane (DPPG or 1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-
rac-(1-glycerol)] (POPG) bilayers) and a model mammalian cell membrane (DPPC or 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayers). It was shown that at the
DPPG/d-DPPG bilayer at low peptide concentration of 400 nM, MSI-78 helix oriented with
a tilt angle ~70° vs. the surface normal. At a higher peptide concentration of 600 nM,
MSI-78 helix inserted into the bilayer with a tilt angle ~25° vs. the surface normal. At even
higher concentration, multiple orientations of MSI-78 were observed, suggesting the
formation of toroidal-type pores in the lipid bilayer. For POPG/POPG bilayer, MSI-78 can
disrupt the bilayer at 500 nM via toroidal pores. However, MSI-78 did not interact with the
DPPC bhilayer even at a much higher concentration (~12 000nM). For the POPC/POPC
bilayer, there was no interaction between MSI-78 and the bilayer below peptide
concentration of 800 nM. The SFG measurement results in this research indicated that
MSI-78 interacted with bacterial membranes strongly, while interaction with mammalian
cell membranes was not as pronounced.144

SFG orientation studies have also been applied to cell penetrating peptides (CPP).145 CPP
Pep-1 adopted an orientation nearly perpendicular to a bilayer at a low concentration (0.28
to 1.4 wM), whereas a broad orientation distribution was adopted at a higher concentration
(7.0 pM).

An a-helix unit has 18 amino acid residues with five turns. That is to say, in an a-helix
every turn has 3.6 peptide units. For a 31 helix, every turn has three peptide units. SFG
orientation analysis has been performed on a 31 helix.9° SFG and ATR-FTIR studies have
been performed on a 20-residue hydrophobic antibiotic peptide: alamethicin.® It was shown
that alamethicin adopted a mixed a-helical and 31p-helical structure in fluid-phase lipid
bilayers. In al,2-dimyristoyl-dss-srglycero-3-phosphocholine-1,1,2,2-ad4-N,N,N-trimethyl-
ag(d-DMPC)/1,2-dimyrist oyl-sr+glycero-3-phosphocholine (DMPC) bilayer, the main a-
helix at the N-terminus of alamethicin adopted a tilt angle of about 63° versus the surface
normal, while the 319-helix at the C-terminus oriented with a tilt angle of about 43° versus
the surface normal. Further study investigated the alamethicin orientation in POPC bilayers
in contact with peptide solutions with different pH values.1%8 At pH=6.7, the a-helix at the
N-terminus and the 31¢-helix at the C-terminus tilted about 72° and 50° versus the surface
normal, respectively. At pH=11.9, the tilt angles of the a-helix and 31p-helix decreased to
about 57° and 45°, respectively. The increase in pH changes the membrane potential and
induces the decrease in both bent and tilt angles of helices in alamethicin (Figure 13).

Besides helices, p-sheet is also an important secondary protein structure. Similar to a-
helices, the orientation analysis method for anti-parallel p-sheets with D, symmetry has also
been developed.100: 109 According to group theory, B-sheets with D, symmetry have four
vibrational modes: A, B4, By, and Bs. The A mode is only Raman active, while all the three
B modes are both IR and Raman active, i.e. SFG active. The detailed orientation analysis
methods for anti-parallel B-sheets can be found in the literatures.100: 109 The methodology
has been successfully applied to derive the orientation of tachyplesin I, a 17 amino acid
peptide with an anti-parallel B-sheet structure in aqueous environments, adsorbed to PS
surfaces and interacting with a DPPG/d-DPPG bilayer. Both tilt angle and twist angle of the
B-sheet at the interfaces were determined.100 Further, it was shown that even with a random
twist angle, polarized SFG can be used to detect interfacial chiral signal by detecting B, and
B3 modes.199 Strong chiral SFG vibrational spectra from tachyplesin | peptide at the
interface can be detected directly.199 Chiral SFG detection has been reported in a series of
publications.188-192 Chiral molecules in bulk materials can contribute chiral SFG signal due
to molecular chirality. However, the chiral SFG signal from tachyplesin | at interfaces is
contributed by interfacial molecules due to molecular arrangement.109
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By monitoring the secondary structures of larger biomolecules using polarized SFG,
orientation information of proteins at different interfacial environments can be obtained. An
example to demonstrate the feasibility of SFG studies on membrane proteins is to observe
the spontaneous membrane insertion process of cytochrome bs (Cyt-bs) and its mutants.193
A wild-type Cyt-bs is a tail-anchored membrane protein with molecular weight of ~16 kDa.
The protein is composed of three distinct domains with different dynamics: a membrane-
spanning anchor, a heme-containing soluble domain, and a linker region connecting the
former two domains. Even though Cyt-bg has been studied extensively, the membrane
insertion properties of Cyt-bs remained unclear. In the SFG study, Cyt-bs mutants (m-Cyt-
bs), in which eight amino acids in the linker region were removed or partially removed, were
studied as comparisons to the wild-type Cyt-bs. By measuring the amide | signal in ssp and
ppp polarized SFG spectra, the tilt angle for membrane anchoring helix in wild-type Cyt-bg
was determined to be 15° with respect to the ADMPC/dDMPC interface normal at 25 °C,
indicating that wild-type Cyt-bs can insert into a ADMPC/dDMPC bilayer. However, m-Cyt-
bs adopted a different tilt angle compared to the wild-type Cyt-bs on bilayers. It was
deduced that the shorter the linker, the larger the tilt angle vs. the surface normal. For m-
Cyt-bs with eight amino acids deleted in the linker region, the tilt angle of the membrane
anchor helix was determined to be ~70° vs. the surface normal using SFG, showing that this
mutant could not insert into the lipid bilayer. These experimental results clearly indicated
that the length of the linker in Cyt-bs can influence membrane insertion properties of Cyt-bs.
This study also included the effects of temperature and lipid content on Cyt-bg insertion. It
was shown that the insertion of m-Cyt-bs required higher temperature and was dependent on
the lipid phase.192 This research demonstrated the feasibility of determining molecular
orientation of a membrane protein in lipid bilayers /n situ using SFG.

Orientations of protein complexes have also been examined using SFG, using heterotrimeric
guanine nucleotide-binding proteins (G proteins) as examples.1?4 G proteins are membrane
associated proteins that are widely involved in many biological processes such as signal
transduction. It is still unclear how G proteins and their subunits interact and order at cell
membrane surfaces. By monitoring the SFG signal in the amide | frequency region, the
orientation analysis on a-helices shows that GBy, a dimer formed by G protein subunits Gp
and G, has a tilt angle —35° against the POPC/POPC bilayer interface normal (Figure
14).194 This study assumed the twist angle of GBy is fixed on the bilayer surface. However,
this assumption may not be valid. Recently, a computer program was used to deduce the
orientation of complicated proteins with many helices.102 The program can read arbitrary
PDB protein structures and calculate the susceptibility ratio corresponding to different SFG
polarizations as a function of protein orientation (involving both twist and title angles). At
the same time, SFG experiments were carried out to observe GBy-G protein coupled
receptor (GPCR) kinase 2 (GRK2) complex formation at the lipid bilayer surface in situ.
GRK2 is a kinase enzyme responsible for cell signaling. The orientation of GRK2 in
complex with GBvy at the lipid bilayer interface was unknown. The membrane orientation of
the GBy-GRK2 complex obtained from SFG study was different from predictions.192 GBy
appeared to change its orientation after binding to GRK2. These studies showed that SFG
has great potential in deducing orientations of large protein complexes at various interfaces.

In summary, this section summarizes some of the recent SFG progress in determining
molecular orientations at polymer and biomolecule related interfaces which highlight the
uniqueness of SFG in interfacial molecular orientation study. Utilizing polarized SFG
spectra, it is feasible to obtain interfacial orientations of various functional groups such as
methyl, methylene, and phenyl groups, as well as protein secondary structures such as
helices and B-sheets.
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5. Time dependent SFG studies on molecular structural changes at
interfaces

The third important advantage of SFG studies on interfaces is to monitor the real time
molecular structural change. In a typical time-dependent SFG experiment, the input laser is
tuned to the vibrational resonant frequency that is of interest, and SFG intensity is monitored
as a function of time. The repetition rate of the pico-second laser used in our SFG
experiments is 20 Hz. To get a reliable data point, usually SFG signal should be collected
with at least 20 shots or 1 second. Therefore, the time-dependent change in seconds should
be able to be monitored using pico-second SFG system. For a femto-second broadband SFG
system, an SFG spectrum usually can be collected in hundreds of millisecond and therefore
the time-dependent SFG spectra can be obtained with better time resolution. In this paper,
we will focus on the time-dependent processes studied using pico-second SFG systems.

5.1 Time dependent SFG studies on polymer related interfaces

SFG spectroscopy has been applied to study the molecular structure of a moving polymer/
liquid interface.13% In the study, SFG was applied to monitor AATMS diffusing into a
polymer matrix including PMMA and PS. At initial contact of AATMS with d-PMMA, the
SFG signal of silane methoxy groups at 2840 and 2945 cm™1 could be detected (Figure 15).
As time passed, the SFG spectral intensity decreased and finally disappeared. Additional
experiments utilizing a d-PMMA film on top of a PS film in contact with AATMS proved
that silane molecules can diffuse into the polymer matrix, resulting in intensity changes of
the silane signal. AATMS diffused into PS much faster than into PMMA. Time dependent
SFG intensity was monitored at the AATMS/d-PMMA interface with varying d-PMMA film
thickness. Silane required longer time to diffuse through thicker polymer films. The
diffusion coefficient of AATMS was calculated to be in the order of 10713 cm?/s by fitting
the time-duration dependence of silane diffusion through the PMMA films with different
thicknesses using a Fickian model (Figure 16).13%> Compared to typical small molecules such
as O, and CO,, the diffusion of AATMS into polymer films was quite slow.

In another study by Loch ef al., SFG was applied to monitor interfacial diffusion of another
silane y-GPS and a silane adhesion promoting mixture SAPM, in contact with polymers.136
v-GPS and SAPM were found to diffuse through d-PMMA, but dissolved d-PS. However,
their diffusion speed and dissolution speed were different. PS/d-PMMA bilayer experiments
have also been used to support the diffusion interpretation. Such results were quite different
from y-GPS and SAPM behavior at PET interfaces, which showed no diffusion but
segregation of methoxy group at interfaces with a net orientation order.138

As discussed above, SFG is capable of measuring diffusion coefficients of very slow
diffusion processes because of its excellent surface selectivity. Only very thin films (tens of
nanometers) need to be used in the study. Using a traditional technique, e.g., ATR-FTIR,
much thicker films are needed.195-197 The diffusion measurement for slow diffusion would
take significantly longer.

5.2 Time dependent SFG studies on biomolecules at interfaces

Recently, time dependent SFG has been applied to study time-dependent behaviors on
various biomolecules such as peptides and lipids at interfaces. For example, SFG was used
in /n situ studies of peptide and protein immobilization on surfaces.”- 198199 Chemical
immobilization of peptides and proteins on surfaces has found many applications such as
biosensors and implant devices. The structure such as orientation of immobilized
biomolecules generally determines their function. Therefore, characterizing orientations of
immobilized molecules is important. A quantitative SFG study of an a-helical peptide
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cecropin P1 (CP1) showed that when it was chemically immobilized on a substrate, it
adopted a more ordered orientation compared to when it physically adsorbed to the
surface.198 In the study, a maleimide-functionalized PS (PS-MA) surface was used as solid
substrate for chemical immobilization. CP1 was modified on the c-terminus by a cysteine
residue so that it could be chemically bound to the maleimide group of PS-MA. PS film was
used as a solid support for physical adsorption of CP1. In order to form a better
understanding of environmental effects on the CP1 immaobilization process, the study was
continued by varying CP1 concentration, assembly state (monomer or dimer), and solvent
composition.199 Monitoring the time dependent SFG signal of amide | at 1650 cm™1 showed
that with higher peptide concentration, CP1 immobilization reaches equilibrium faster. The
time-dependent SFG study also showed that the immobilized CP1 changed orientation as a
function of time.199

Time dependent SFG has also been applied to study protein adsorption such as fibrinogen.
Fibrinogen (~340K) is a blood protein that is considered to be related to thrombosis.2% It
has three hydrophobic domains (one center E domain and two D domains) connected by two
a-helical coiled-coils, with each D domain connected to an aC domain by an a.C chain
(shown in Figure 17). ATR-FTIR and QCM were combined with SFG to study fibrinogen
adsorption to different polymers.2%0 If the adsorbed fibrinogen adopts a linear structure, it
nearly has an inversion symmetry, leading to no or weak SFG amide | signal. However, very
strong amide I signal centered at ~1650 cm™1 was detected at the PS/protein solution
interface. This indicates that fibrinogen adopted a bent structure at the interface. SFG has
also been used to study fibrinogen adsorption on different polymer surfaces. Figure 18
shows the time-dependent SFG spectra changes in the amide | frequency range of fibrinogen
adsorbed to three biomedical polymers with different hydrophobicities including poly(ether
urethane) (PEU), silicone-poly(carbonate urethane) (SPCU), and perfluorinated polymer
(PFP). The amide | signal decreased as a function of time for fibrinogen adsorbed on PEU,
while it slightly increased for those on SPCU and PFP. It was demonstrated that fibrinogen
interacted with hydrophilic surfaces (PEU) via aC domain, whereas it interacted with more
hydrophobic surfaces (SPCU or PFP) via the D domain as shown in Figure 19. Further study
using SFG supplemented by ATR-FTIR showed that there was no significant secondary
structural conversion after fibrinogen adsorbed to PS. However, the side chains of
fibrinogen immediately changed after adsorption, whereas the main bent structure of
fibrinogen slowly changed into a linear structure that was oriented parallel to the PS
surfaces.201

Time-dependent SFG is an ideal technique to study lipid flip-flop in a membrane bilayer.
Lipid flip-flop is also known as lipid translocation, which is the transbilayer phospholipid
movement in bilayer membranes. By labeling certain lipid species, studies have shown that
lipid flip-flop in a bilayer membrane is possible in the absence of a protein-mediated
process, although the flip-flop speed is usually slow, on the order of hours.202: 203 SFG has
been applied to monitor the kinetics of flip-flop process by preparing asymmetric supported
lipid bilayers with different compositions (deuterated and hydrogenated lipids) in the inner
and outer leaflets. For lipid bilayers with identical lipid compositions for both leaflets, the
destructive interference of fatty acid methyl stretches in SFG show little signal in the
spectrum. Differently, in an asymmetric bilayer, where no destructive interference can
occur, both deuterated and hydrogenated vibrational stretches of methyl group can be
observed from two different layers. Monitoring such vibrational modes using time
dependent SFG, changes in membrane lipid composition due to the exchange between
leaflets can be followed by signal decay.2%4 Using this method, the flip-flop kinetics of an
1,2-distearoyl-srglycero-3-phosphocholine (DSPC)/dg3DSPC bilayer at various
temperatures was studied using SFG.204 Using an exponential function to fit the decay
signal at different temperatures, the rates of DSPC transhilayer movement (k) were
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determined (as shown in Figure 20). It was found that at 25 C°, the lipid flip-flop was
extremely slow (population inversion time is ~18 days). However, at 51.3 C°, just several
degrees below the phase-transition temperature of DSPC, the time required for population
inversion decreased to 25.9 min. Above the phase-transition temperature of DSPC, the rate
of flip-flop was too fast to measure using SFG. A following study focused on the
measurement of intrinsic flip-flop rate and activation energy of DMPC, DPPC, DSPC and a
labeled lipid 1,2-dipalmitoyl-sr-glycero-3-phosphoethanolamine-7,n-Dimethyl-n-(2°,27 6,
6’-tetramethyl-4"-piperidy I) (TEMPODPPC).295 |t was found that the flip-flop rates for
DMPC, DPPC, and DSPC at 5 C° below their main phase transition temperature of the
lipids ranged from 196x107° s71, 42.2x107° 571 to 15.2x107° s71. The labeled
TEMPODPPC had a significantly lower flip-flop rate compared to DPPC, which indicated
that chemical structural modifications of lipids can greatly affect lipid flip-flop kinetics and
thermodynamics in model membrane systems.205

Further studies showed that lipid flip-flop can be affected by transmembrane peptides such
as gramicidin A,206 WALP,3 and melittin,20” membrane lateral pressure,2%8 as well as
cholesterol.209 These studies provide new insight into transbilayer migrations of
phospholipids in different biological conditions and the effects of different membrane
factors in membrane dynamics. They suggest that SFG is an ideal analytical technique for
membrane lipid dynamics study.

Time-dependent peptide interactions with cell membranes have been widely studied. SFG
has been used to study interactions between melittin and a DPPG bilayer.210 Melittin, which
has 26 amino acid residues, is among the best studied membrane-active peptides. In the
study, a DPPG/a-:DPPG or a-DPPG/DPPG (inner leaflet/outer leaflet) bilayer was prepared
on a fused silica or CaF, substrate.?10 The asymmetric bilayer generated strong SFG signals
from both C-H (in CHs) and C-D (in CD3) vibrational stretches at 2875 and 2070 cm™1.
When melittin disrupted the bilayer, the C-H or C-D signal intensities tend to decrease.
Time dependent SFG signals at 2875 and 2070 cm™1 indicated that melittin interaction with
the DPPG bilayer was concentration dependent. At a high concentration (15.6 M), melittin
disrupted both leaflets immediately after the injection of the peptide to the subphase in
contact with the lipid bilayer. At an intermediate concentration (3.9 M), melittin tended to
interact strongly with the outer leaflet first, and then the inner leaflet. As the concentration
decreased further (0.78 and 0.156 M), the interaction of melittin with bilayer becomes
weaker. Here for most cases, melittin disrupted the outer leaflet first, then the inner leaflet.
However, for tachyplesin I, it was shown that the peptide disrupted both leaflets
simultaneously.83 These research shows time dependent SFG can be applied to study many
biological interactions involving peptides/proteins and membrane lipid bilayers.

In this section, we used some examples of polymer and biomolecule interfacial studies to
show that SFG is a unique analytical tool to monitor and analyze molecular kinetics and
dynamics at interfaces in real time and /n situ.

6. Summary and outlook

In this review, we focused on three unique features of a nonlinear optical analytical
technique SFG. Using various examples in polymer and biomolecule related interfaces, it
was shown that SFG has great advantages over other surface sensitive techniques including
in situ interfacial presence detection, interfacial orientation analysis, and time dependent
interfacial kinetics and dynamics study, all of which at the molecular level. (1) For the
interfacial presence detection, we discussed polymer related interfaces including
poly(methacrylate)s and PDMS surfaces in water, polymer/silane interfaces, polymer/PDMS
interfaces, and polymer/epoxy interfaces. It was shown that SFG can provide molecular
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level understanding on polymer materials at different interfaces, fouling release mechanism
of PDMS, and adhesion mechanism, etc. Biological related interfaces were also discussed.
Protein adsorption at interfaces was studied to show different adsorption mechanisms for
various substrates and different proteins. The interactions of biological molecules and model
cell membranes have been shown as examples for understanding membrane related
interactions. DNA behaviors at different interfaces have also been discussed to show the
uniqueness of SFG for /n situ detection. These studies show that SFG is a very sensitive
surface and interface analytical technique which can provide detailed molecular presence
information /n situ. (2) For the molecular orientation analysis, we summarized the
methodologies for studying orientations of methyl, methylene, aromatic functional groups
using SFG spectra collected in the C-H stretching frequency region, and for determining
orientation of protein secondary structures such as helices, p-sheet using SFG amide |
signals. Polymer materials such as PMMA, PBMA, PDMS, PS and phenolic resin were used
as examples for polymer orientation analysis. The orientation determination of helices and
B-sheet in the amide I frequency region can provide detailed orientation information of the
backbone of large biomolecules such as proteins. Using polarized SFG, molecular
orientations at interfaces can be determined /n situ even with very low interfacial coverage.
By combining SFG with other spectroscopic technique such as polarized ATR-FTIR, more
detailed molecular orientation information, such as multi-orientation distributions can also
be obtained. (3) For time dependent SFG, it was shown that silane diffusion into polymer
materials can be detected and measured. SFG can be used to measure systems with very
slow diffusion speed which are difficult to measure using other spectroscopic techniques.
Time dependent SFG studies on biomolecules interacting with different substrates and
model cell membranes have also been shown. It was demonstrated that time dependent SFG
study is a powerful analytical tool to study chemical immaobilization, protein adsorption,
lipid flip-flop in a bilayer, and peptide-lipid bilayer interaction. Time dependent SFG is a
powerful spectroscopic technique to study interfacial kinetics and dynamics /n situin real
time.

SFG has been applied and is being applied to many different systems to bring new insight or
complementary support for scientists. Further research will continue to boost SFG
applications in polymer and biological related interfaces. More complicated interfaces will
be examined, and other research tools, including various spectroscopic and microscopic
techniques will be combined with SFG in future research. SFG data analysis methods will be
further developed. With the progress in laser technology and nonlinear optics, SFG systems
will be more versatile and powerful in many applications. SFG will also become more
compact and affordable for more research groups. Many new research frontiers have been
and will be developed utilizing SFG and its combination with other state-of-the-art
techniques.
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Figure 1.

(a) SFG spectra of PMMA before, during, and after contacting water, left: ssp, right: sps. (b)
SFG spectra of PBMA before, during, and after contacting water, left: ssp, right: sps.
Reprinted with permission from ref. 125. (2001 American Chemical Society)
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Figure 2.

(a) Schematic for the molecular surface structure with N(R,)=3 in water (N(R>) is the
number of carbon atoms for R5). (b) Schematic for the molecular surface structure with
N(R2)=11 in water. Reprinted with permission from ref. 130. (2010 American Chemical
Society)
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Figure 3.

Schematic demonstrations of different silane molecules at different polymer/silane
interfaces. The boxes represent the bulk silane liquid. The molecular segments including
headgroup, backbone, and endgroup of silane molecules are described by the figure legend.
Reprinted with permission from ref. 133. (2003 American Chemical Society)
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The psp spectra of hIAPP without DPPG (t=0 and 10 h) and after addition of DPPG (t=10h)
at the (a) air/D,0 and (b) air/H,0 interfaces. The psp spectra of rlIAPP without DPPG (t=0
and 10 h) and after addition of DPPG (t=10h) at the (a) air/D,0 and (b) air/H,0 interfaces.
Reprinted with permission from ref. 159. (2010 American Chemical Society)
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Figureb.

(a) The presence of a cationic lipid monolayer at the air-water interface aligns the first few
water layers, generating strong vibrational SFG signal. (b) The binding of DNA and cationic
lipids screens the electric charges, disorders the water molecules, leads to a sharp decrease
of the water signal. Reprinted with permission from ref. 162. (2007 American Chemical
Society)
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Figure®6.

(a) Monovalent cations do not affect the geometry of ssDNA. The underlying linker
monolayer keeps its ordered conformation. (b) Divalent cations induce ssSDNA deformation
and the deformation perturbs the linker monolayer. (¢) Hybridization in the presence of
divalent cations does not introduce further disruption to the linker monolayer structure.
Reprinted with permission from ref. 164. (2008 American Chemical Society)
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Figure7.
SFG spectra of PBMA in air and water for (a) ssp, (b) sps polarization combinations.
Reprinted with permission from ref. 182. (2002 American Chemical Society)
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Calculated |A )7 2/ Ayzy.ad O methyl group as a function of orientation angle &y and angle
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Reprinted with permission from ref. 182. (2002 American Chemical Society)
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Figure9.

(a) Molecular frame coordinates: the (a,b,c) axis is for methyl group fixed coordinates and
the (A,B,C) axis is for isopropyl group fixed coordinates. The C axis bisects the two methyl
groups (vector v), and the A axis is set in the plane of the two methyl groups. (b) The
geometry of 2-propanol in laboratory frame coordinates. 6, y and ¢ are the tilt angle, the
twist angle about v and the azimuthal angle about z-axis for isopropyl group. Reprinted with
permission from ref. 98. (2006 American Chemical Society)
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Figure 10.

Molecular orientation of 2-propanol at the liquid/vapor interface; gray, red, and blue spheres
denote carbon, oxygen, and hydrogen atoms, respectively. (a) Xjso<0.025, (b) X;50=0.073, ()
Xiso>0.68. Reprinted with permission from ref. 98. (2006 American Chemical Society)
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HO
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Figure11.
Schematic representation of phenol group stands up more after exposure to humid air.
Reprinted with permission from ref. 116. (2009 American Chemical Society)
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Figure 12.
Schematic demonstration of the two orientations of melittin inside a lipid bilayer. Reprinted

with permission from ref. 55. (2007 American Chemical Society)
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Figure13.

(A) The definition of tilt angle (81 and 6,) and bend angle ¢=(61—-6,) of alamethicin in
POPC/POPC bilayer. (B) Schematic demonstration of pH dependent channel gating action
of alamethicin. Reprinted with permission from ref. 158. (2012 American Chemical Society)
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Figure14.

(Left) SFG amide | spectra of interfacial Gpy (25 pg/mL) adsorbed onto a POPC/POPC
bilayer; (Right) Gp+y orientation deduced based on SFG intensity ratio obtain from left
spectra. It tilts —35° against the surface normal from the “zero” position defined earlier in
ref. 159. Reprinted with permission from ref. 194. (2007 American Chemical Society)
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Figure15.

SFG spectra (ssp) collected from the PMMA/AATM interface as a function of time. The
thickness of the a-PMMA film used here is 150 nm. Reprinted with permission from ref.
135. (2004 American Chemical Society)
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Figure 16.

(Left) Time-dependent SFG signal intensities at 2840 and 2945 cm™~1 as AATM molecules
diffuse into PMMA films of different thicknesses: (a) 20, (b) 70, (c) 150, (d) 210, and (e)
269 nm. (Right) Diffusion kinetics fitted by the Fickian model. Reprinted with permission
from ref. 135. (2004 American Chemical Society)
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Figure17.
Structure of a fibrinogen molecule. Reprinted with permission from ref. 200. (2005
American Chemical Society)
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Figure18.

SFG spectra collected in the amide I range of fibrinogen adsorbed to (a) PEU, (b) SPCU,
and (c) PFP in PBS buffer at different time (in min). Time dependent SFG signal of a-Helix
(d) from fitting SFG spectra for fibrinogen adsorbed to PEU (closed circles), SPCU (open
circules), and PFP (closed triangles). Representative error is shown for the fibrinogen/PEU
sample. Reprinted with permission from ref. 200. (2005 American Chemical Society)
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(a) A few possible fibrinogen configurations at the interface. The a-helix SFG signal from
each set of coiled coils is shown by solid arrows, and the net a-helix SFG signal is shown by
white arrows. Here a.C chains are not shown. (b) Schematic of fibrinogen structural changes
with time after adsorption on PEU. (¢) Schematic of fibrinogen structural changes with time
after adsorption on SPCU or PFP. Reprinted with permission from ref. 200. (2005 American
Chemical Society)
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Figure 20.

CHs3 symmetric SFG intensity decay for DSPC/DSPC-dg3 bilayer at various temperatures;
the blue line was recorded at 41.7 °C, green at 45.7°C, and red at 50.3°C. The dashed lines
are fitted data using equation (3) in ref. 169. Reprinted with permission from ref. 204. (2004
American Chemical Society)
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