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Abstract

Total internal reflection (TIR) optical spectroscopies have been widely used for decades as non-
destructive and surface-sensitive measurements of thin films and interfaces. Under TIR conditions, an
evanescent wave propagates into the sample layer within a region approximately 50 nm to 2 pm from the
interface, which limits the spatial extent of the optical signal. The most common TIR optical spectroscopies are
fluorescence (i.e., TIRF) and infrared spectroscopy (i.e., attenuated total reflection infrared). Despite the first
report of TIR Raman spectroscopy appearing in 1973, this method has not received the same attention to date.
While TIR Raman methods can provide chemical specific information, it has been outshined in many respects
by surface-enhanced Raman spectroscopy (SERS). TIR Raman spectroscopy, however, is garnering more
interest for analyzing the chemical and physical properties of thin polymer films, self-assembled monolayers
(SAMs), multilayered systems, and adsorption at an interface. Herein we discuss the early experimental and
computational work that laid the foundation for recent developments in the use of TIR Raman techniques.
Recent applications of TIR Raman spectroscopy as well as modern TIR instruments capable of measuring
monolayer-sensitive vibrational modes on smooth metallic surfaces are also discussed. The use of TIR Raman
spectroscopy has been on a rise and will continue to push the limits for chemical specific interfacial and thin

film measurements.
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SA Scanning angle
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Introduction

The chemical characterization of surfaces and interfaces is indispensable for state-of-the-art research in
separations, heterogeneous catalysis, energy harvesting and storage devices, and electrochemistry. In order to
understand the properties of interfaces, many destructive and non-destructive microscopic and spectroscopic
methods have been extensively deployed. Electron microscopy techniques and scanning probe microscopies
(e.g., atomic force microscopy) can provide primarily structural information about an interface with atomic
spatial resolution. While these techniques offer an unrivalled spatial resolution, they provide limited chemical
information. They also have a limited ability to measure dynamic information and structural information below
the top-most surface layer without destructive sample preparation methods.

Total internal reflection (TIR) vibrational spectroscopies (e.g., attenuated total reflection infrared
spectroscopy and TIR Raman spectroscopy) can non-destructively measure chemical composition and
molecular orientation at an interface with minimal sample preparation. TIR vibrational spectroscopies, like other
TIR optical spectroscopies, use evanescent waves to provide interfacial selectivity and sensitivity. The
fundamental principles behind TIR Raman spectroscopy have been reviewed by Bain et al. [1-3]. Briefly, the
TIR phenomena occurs at an interface between two dielectric materials of differing indices of refraction: n; (for
the total internal reflection element or prism) and 1, (for the sample), where 71, is greater than 1,. The incident
light travels from the dielectric material with a higher refractive index to the lower refractive index material at

an angle greater than or equal to the critical angle 6., as described by Snell’s law:

. = sin™! (:—2) (1)

1
At the critical angle, there is no transmitted wave that propagates through the sample 7,, but there is an
evanescent wave generated at both sides of the interface. The evanescent wave travels parallel to the interface

and exponentially decays from the interface. The penetration depth of the evanescent wave, d,,, is where the

intensity drops to a value of 1/e, and on the sample side is given by:

Ao 1

dy=20—S )
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where A, is the wavelength of light with an incident angle 8;. The properties of the evanescent wave confine the
measured vibrational signals to the interface. Comparing TIR Raman and infrared signals, in addition to
different selection rules, Raman spectroscopies have the benefit of using shorter wavelengths of light. This
results in a smaller penetration depth of the evanescent wave and an increased surface sensitivity. Also, the
penetration depth of the evanescent wave varies across the infrared spectrum because the excitation wavelength

is varied to collect the absorption spectrum. Raman scattering produces minimal spectral interference from



peaks associated with water, and maybe better suited for aqueous samples. On the other hand, IR signals

generally result in better detection limits. Table 1 summarizes key similarities and differences between ATR-IR

and TIR Raman spectroscopies, and serves as a guide to when either technique may be preferred.

Table 1
Raman spectroscopies

Selected comparisons of attenuated total reflection infrared (ATR-IR) and total internal reflection (TIR)

ATR-IR

TIR Raman

Requires a change in the dipole moment

Requires a change in polarizability

Adsorption of IR radiation

Inelastic scattering (measures relative frequencies)

Excitation light in mid-IR region, reflective optics generally
required

Range of excitation wavelengths may be used (UV,
visible, or IR)

d,, varies with the excitation wavelength, which may
complicate ATR-IR depth profiling measurements

A single excitation wavelength is used, which may
simplify depth profiling measurements

d,, is generally greater than 1 um

d,, is generally in the range of 100 nm to 1 um

Water background from sample may be problematic

Fluorescence background from sample or prism may
be problematic

Collected spectral range often dependent on the ATR
crystal (ex: diamond 45,000-10 cm™!; a-Al,O3 50,000-1,780

Possible to measure low Raman shifts with many
prism types

cm’!'; ZnSe 20,000-650 cm!; Ge 5,500-830 cm™)

Signal enhancement is generally not needed Raman scattering signal may be low, signal

enhancement may be required

Commercial instruments are readily available Home-built instruments currently in use

Measurement of all types of samples including organic and inorganic solids, liquids, powders, pastes, gases, as well
as biological specimens

Self-assembled monolayer detection has been reported

Real-time adsorption measurements can be performed

Even though the first reports of TIR Raman spectroscopy occurred approximately a half century ago,
relatively few papers have been published covering TIR Raman spectroscopy compared to other TIR optical
spectroscopies. This is partly due to the discovery and subsequent focus on surface-enhanced Raman
spectroscopy (SERS) [4-8]. While SERS measured at a roughened noble metal surface provides large signal
enhancements, it has drawbacks for some applications. These include: a signal enhancement that can only be
achieved at a couple of nanometers distance away from the plasmon-supporting surface, thus limiting the
distance over which the signal can be achieved and the thickness of the sample that can be studied; and the need
for a roughened substrate, which prohibits the study of smooth films, such as those found in many electronic
devices (e.g., polymer-based organic light-emitting diodes and organic solar cells) [9,10]. (Similarly, tip-
enhanced Raman spectroscopy can also be used to study interfaces, but for some applications, it has the
disadvantages of SERS as well as other scanning probe microscopies).

In this review, the fundamental work that paved the way for recent advances in TIR Raman
spectroscopy is briefly outlined [11-20]. In recent years, TIR Raman spectroscopy has received renewed interest

due in part to improvements in Raman instrumentation that have expanded the types of samples that can be



studied [21-27]. Recent advances and applications of TIR Raman spectroscopy will also be covered including
studies of thin polymer films [28-35], SAMs [2,36], phospholipid bilayers at liquid interfaces [25], and
hydrogen bonding at silica/water or ice interfaces [24]. TIR Raman spectroscopies have been combined with
smooth [37-43] and rough [44,45,40,46,47] noble metal substrates for signal enhancement; the latter is

equivalent to SERS under TIR conditions. Only the former will be covered in detail in this review.

Modeling the TIR Raman Signal

Prior to the first experimental demonstration of TIR Raman spectroscopy, the appropriate theory for
modeling the signal was reported. The reflected light from the interface can be modeled by Fresnel reflectivity
coefficients, R, and R, where the subscript refers to the polarization of the incident light. P-polarized light has
an electric field oriented parallel to the plane of incidence and s-polarized light has an electric field
perpendicular to that plane. Fig. 1a shows the Fresnel reflectivity curves as a function of the incident angle at a
sapphire prism/organic layer interface. As expected, the 57.551° critical angle for this interface is marked by a
sharp increase in the reflected light intensity. Hansen [14] derived the equations for the electric field intensity
under conditions of TIR illumination in two-, three-, or multi-layered systems. The oscillation of the produced
electric field in the x and z directions results from p-polarized incident light and the oscillations in the y plane
results from s-polarized light (Fig. 1b). Thus, controlling the polarization of the light can be used to measure, for
example, the orientation of molecules at an interface. The electric fields in the y and z directions are maximum
at the critical angle for the sapphire prism/organic layer interface under TIR (Fig. 1b).

D’Hooge et al. [48,49] generated the theory of Raman scattering that is produced by evanescent
excitation. The Raman scattering generated at the interface containing a homogenous sample is proportional to
the electric field intensity within the sample and the depth over which the Raman signal is collected. At a given
incident angle, the depth over which the Raman scattering is generated, Dy, decreases twice as fast as the

evanescent wave since the Raman scattering is proportional to the electric field intensity:

d
Dps = 710 3

where d,, is the penetration depth expressed in equation 2. The depth over which the Raman scattering is
generated can be adjusted at different incident angles above the critical angle to perform axial depth profiling
measurements (Fig. 1¢). When the incident angle changes from 58° to 59°, D¢ changes by ~186 nm for a
sapphire prism/organic layer interface. This represents an improvement compared to confocal Raman

spectroscopy, which provides an axial spatial resolution of hundreds of nanometers to microns. Confocal Raman



spectroscopy is also limited in its ability to measure thin films, especially in the presence of a bulk layer that
also produces a Raman signal. The axial spatial resolution at the interface can also be tuned by controlling the
variables of wavelength and refractive index of the interfacial materials. Depending on these variables, the

maximum Dgg typically ranges from tens of nanometers to a few microns.
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Fig. 1 Calculated a reflected light, b electric field intensity, and ¢ depth over which Raman scattering is
generated Dy as functions of incident angle for a sapphire (n = 1.7619) / organic layer (n = 1.4868) interface at
Ao = 785 nm. P-polarized incident light (a, green) produces electric fields oscillating in the x- (b, blue) and z-
planes (b, green) and s-polarized incident light (a, gray) produces an electric field orientated in the y direction
(b, gray). The properties of the Raman signal depend on whether it is collected on the prism side or sample side

of the interface.



Experimental TIR Raman Spectroscopy

TIR Raman spectroscopy was first experimentally demonstrated by Ikeshoji et al. to analyze a liquid of
carbon disulfide using a flint-glass prism [50]. Fig. 2 shows their TIR Raman spectra collected over a range of
incident angles. The Raman scattering is at a maximum near the critical angle (6, = 70.8°) and decreases with
increasing incident angle (Fig. 2a). This is due to the aforementioned decrease in the electric field intensity and
Dy at larger incident angles. Ikeshoji and coworkers showed that TIR Raman spectroscopy can provide an
adequate signal from a solution at an interface and the ability to model the Raman scattering as the incident

angle is changed.
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Fig. 2 a TIR Raman spectra of carbon disulfide solution (Nsampic = 1.6180) at a hemispherical flint glass (Nglass =
1.7130) prism illuminated with 632.8 nm light. b Experimentally measured TIR Raman scattering intensities of
the 654 cm! peak (symbol) and calculated fit (solid line, details of the fit can be found within the reference) as
functions of incident angle. The critical angle of the hemispherical flint glass/carbon disulfide solution was
70.8°. Reprinted from [Ikeshoji T, Ono Y, Mizuno T (1973) Total Reflection Raman Spectra; Raman Scattering
due to the Evanescent Wave in Total Reflection. Appl. Opt. 12 (10):2236-2237. doi:10.1364/A0.12.002236]

(ref. [50]), with permission from AIP Publishing.

In 1993, Nickolov et al. used TIR Raman spectroscopy to study the O-H stretching vibrational bands of
water (3200 and 3420 cm™) at two interfaces [51]. One was a hydrophobic surface composed of a 25-layer
Langmuir-Blodgett film of w-tricosenoic acid adjacent to a sapphire prism, and the second interface was a
hydrophilic surface that consisted of only the sapphire prism. They concluded that the O-H Raman band
changes at the hydrophobic interface compared to the hydrophilic interface due to an increase in the hydrogen

bonding of water molecules at the interface with w-tricosenoic acid.



In order to achieve high axial resolution depth profiling with TIR Raman spectroscopy, the penetration
depth of the evanescent wave must be carefully controlled. This requires accurate control of the incident angle
of light upon the interface. In 2010, a scanning angle (SA) Raman spectrometer with 785 nm excitation was
reported for measuring interfacial phenomena with a 0.05° angle resolution using adjustable translation stages
and a variable angle galvanometer mirror [52]. This angle resolution correlates to probing analytes near a planar
interface with tens of nanometer spatial resolution perpendicular to the interface (i.e., axial resolution) [53-55].
As a proof of concept, this instrument was used to collect the Raman scattering from a zinc selenide prism
/benzonitrile interface over a range of 35-180 nm with 1 nm axial resolution. Compared to a conventional
confocal Raman microscope, the resolution of the SA Raman technique shows a 1000-fold improvement. A 532
nm SA Raman instrument was also reported (Fig. 3) that had mechanical design improvements and the benefits
associated with the use of a shorter excitation wavelength (e.g., resonant enhancement, decrease in the
acquisition time, and smaller Dys) [56]. Resonance enhancement of the TIR Raman signal has been shown using

a 532 nm laser to measure visible-light absorbing organic polymer photovoltaic films [57].
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Fig. 3 a Schematic diagram and picture of a 532 nm SA Raman instrument built around an optical microscope.
Amp: amplifier, BE: beam expander, CCD: charge-coupled device, DAQ: data acquisition device, FC: fiber
collimator, LM: Leica microscope, L1: aspheric focusing lens, L2: collection lens, PC: computer, PSMF:
polarization-maintaining single-mode fiber optic, P: prism, PD: photo-diode, RS: rotational stage, Spec:
spectrometer, WP: half wave-plate. Reprinted from Anal. Chim. Acta, 848, Lesoine MD, Bobbitt JM, Zhu S,
Fang N, Smith EA, High angular-resolution automated visible-wavelength scanning angle Raman microscopy,
61-66 (ref. [56]), Copyright (2014), with permission from Elsevier. b SA Raman spectra of nitrobenzene at a

sapphire interface. The color amplitude scale represents the Raman scattering intensity. As expected, the largest



TIR Raman signal for all Raman peaks is measured near the critical angle of 61.2° and exponentially decays

towards higher incident angles.

Polymer and Waveguide Samples
Polymer films are one of the most commonly studied samples using TIR Raman spectroscopy. Many of

these polymer films are waveguides. A waveguide consists of a dielectric layer with a thickness greater than or

equal to ﬁ, where A, is the excitation wavelength and 7, is the refractive index of the polymer. The electric
2

field intensity calculated within a 1 um polymer waveguide film (1, = 1.5099) is plotted as a function of
incident angle in Fig. 4a. There is a maximum in the electric field intensity at two angles: 50° (labeled mode 1)
and 57° (labeled mode 0). At both angles, the electric field intensity can be calculated as a distance across the
interface (Fig. 4b, where the polymer is from 1000 to 2000 nm in this calculation). The 1 um polymer film acts
as a radiative or “leaky” waveguide, which is caused by the interference from counter propagating reflections.
The number of antinodes within the waveguide layer in the electric field intensity is given by the mode integer
(Fig. 4b). Since the scattering intensity is proportional to the electric field intensity, this indicates that the
Raman signal is not generated uniformly throughout the waveguide. In addition, the profile of the Raman
scattering generated throughout the film is different at 50° and 57°. The spatial dependence of the generated
Raman signal within the waveguide film is influenced by the refractive index and thickness of the polymer as
well as the excitation wavelength, incident angle, and polarization of the excitation light. Harnessing the spatial
dependence of the generated Raman signal within waveguide samples as a function of incident angle, SA
Raman spectroscopy can be used to determine physical properties of the waveguide such as the refractive index,

thickness and composition.
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represent the interface locations.

Rabolt and coworkers [58-62] studied the waveguide nature of thick polymer films and multilayered
polymer films. Their initial findings showed that the excitation light can be coupled into a polymer waveguide
film and produced Raman spectra with 1 to 2 orders of magnitude better signal-to-noise ratio than a bulk sample
[58]. Following this study, Rabolt et al, studied bilayer films consisting of poly(methyl methacrylate) on
poly(vinyl alcohol) and polystyrene on poly(vinyl alcohol) [59,63]. They calculated the electric field as a
function of the distance throughout the dielectric waveguide bilayer. By controlling the incident angle of light,
they excited waveguide mode 0 or 1 and collected the Raman spectra of bilayer films [59]. Subsequent work
reported small molecule diffusion within the waveguide [64], and a variety of polymer types at different

thicknesses and using different excitation wavelengths [60-62].



In 1980, Carius et al. applied TIR Raman spectroscopy to evaluate the degree of polymerization in a 6
pum thick polystyrene film prepared by thermal polymerization of a styrene monomer directly onto a
hemispherical glass prism [65]. The TIR Raman spectra were acquired with 488 nm excitation and the incident
angle was used to control the depths over which the Raman signal was collected, which was confirmed by
modeling the intensities of the 3060 cm™ band (CH stretch). They studied the incident angle from 67.5° to 77.5°
with d,, values ranging from 125 to 400 nm. The ratios of the Raman intensities of the 1633 cm™ (monomer,
C=C band) and 1603 cm™! (polystyrene, ring stretching mode) peaks were used to determine the ~1% monomer
composition that remained after polymerization.

Also in 1980, Iwamoto et al. showed that TIR Raman spectroscopy can be used to measure a polymer
bilayer film [66-68]. Fig. 5Sa shows the TIR Raman spectroscopy apparatus they used to collect the data for
bilayer films composed of 0.05 um polystyrene (closest to the internal reflection element) and 30 um
polyethylene (Fig. 5b). Fig. 5b reveals only peaks corresponding to polyethylene were measured when the
excitation light passes straight through the sample, while the same film illuminated under TIR produced a
spectrum corresponding to polystyrene. Under TIR no peaks for polyethylene were measured since its location
was beyond the distance over which the Raman signal was collected [67]. Additionally, Iwamoto and coworkers
[68,67] measured the Raman signal for a bilayer film as the thickness of the polymer closest to the internal
reflection element increased. The TIR Raman spectra of polystyrene (closest to the internal reflection element)
and polycarbonate bilayer films were collected. They showed that there is a decrease in the TIR Raman intensity
ratio of the 890 cm™! polycarbonate to the 1001 cm™! polystyrene peaks with increasing polystyrene thickness as

the polycarbonate layer moves farther away from the internal reflection element.
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Fig. 5 a Sample configuration used to collect b the Raman spectra of 0.05 um polystyrene (surface layer) coated
on top of 30 um polyethylene (base layer) film collected using (top of the figure) the conventional illumination
through the sample and (bottom of the figure) the TIR illumination. The polystyrene, sapphire, and silicon
rubber peaks (sample holder) are denoted with a S, SP, and R, respectively. The TIR Raman spectrum is
collected at the incident angle of 64.8°. Reprinted from [I[wamoto R, Miya M, Ohta K, Mima S (1981) Total
internal reflection Raman spectroscopy. J. Chem. Phys. 74 (9):4780-4790. doi:10.1063/1.441757] (ref. [67]),

with the permission of AIP Publishing.

More recently, SA Raman spectroscopy with a high incident angle resolution was used to analyze
solid-solid interfaces composed of blended and conjugated polymer films in organic photovoltaic devices.
Meyer et al. used the SA Raman technique to measure poly(3-hexylthiophene):phenyl—C61—butyricacid methyl
ester blend morphology on varying photovoltaic device substrates, such as sapphire, Au, and indium tin oxide
(ITO) [69]. Compared to conventional Raman spectroscopy, the TIR Raman signals were 4x larger and
enhanced at the incident angle of 35.00°. This incident angle is close to the critical angle of 34.581° for a
sapphire/air interface. The authors concluded that the molecular order of poly(3-hexylthiophene) depended on
the underlying substrate based on the peak width of the 1447 cm™! thiophene C=C stretch, which was different
for the three substrates that were studied.

Bobbitt et al. measured the chemical content and the location of buried interfaces of polymer bilayer
and trilayer waveguides composed of poly(methyl methacrylate)/polystyrene and poly(methyl

methacrylate)/polystyrene/poly(methyl methacrylate), respectively (Fig. 6) [70]. The thicknesses of the



poly(methyl methacrylate) layer closest to the prism and the poly(methyl methacrylate) layer farthest from the
prism were varied between 160 to 420 nm in the trilayer system while the polystyrene layer was kept at a
constant thickness of 180 nm. Fig. 6a-f shows the SA Raman data for trilayer films and the fit of the SA Raman
signal to the electric field calculated using three-dimensional finite-difference time-domain methods. A
recursive algorithm for calculating the electric field within each individual component in the multilayered film
(with a 10 nm step size) was developed and used to model the SA Raman data for the bilayer and trilayer
polymer films. The authors found that the SA method provided a 7 to 80 nm axial spatial resolution for probing
the buried interfaces between the polymer layers in the trilayer system [70]. Furthermore, Bobbitt and
coworkers simultaneously determined the refractive indices, thicknesses, and the chemical compositions of
mixed polymer films consisting of polystyrene-block-poly(methyl methacrylate):poly(methyl methacrylate) at

several volume ratios [71].
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Fig. 6 Trilayer films are composed of a-¢ 160 nm poly(methyl methacrylate)/180 nm polystyrene/420 nm
poly(methyl methacrylate) and d-f 300 nm poly(methyl methacrylate)/180 nm polystyrene/310 nm poly(methyl
methacrylate). a,d Calculated electric field intensity plots as functions of incident angle and distance from the
prism interface for the trilayer films. The color scale represents the electric field intensity. b,e SA Raman
spectra of trilayer films with the aforementioned thicknesses plotted on a color scale representing the SA Raman
scattering intensity. ¢,f Plots of the 1605 cm™! polystyrene and 812 cm™ poly(methyl methacrylate) peak
amplitudes as a function of incident angle. The black line represents the best sum squared electric field (SSEF)
fit to the experimental data. Reproduced from Bobbitt JM, Smith EA (2017) Extracting interface locations in
multilayer polymer waveguide films using scanning angle Raman spectroscopy. J. Raman Spectrosc. 49

(2):262-270. doi:10.1002/jrs.5275 (ref. [70]), Copyright (2017), with permission from John Wiley and Sons.

Surface-Plasmon-Polariton-Enhanced (SPP) Raman Spectroscopy
Plasmon-supporting substrates can be incorporated into TIR Raman measurements to study phenomena
occurring at the metal interface as well as to enhance the signal. Under TIR conditions, a noble metal film (e.g.,

Au, Ag, Pt) adjacent to a prism can support non-radiative electromagnetic surface waves (surface plasmon



polaritons, SPPs) when the electron oscillation frequency of the metal film matches the wavevector of the
incident light. Only SPP Raman spectroscopies utilizing smooth planar noble metal films will be discussed
herein. Burstein and collaborators in 1969 were the first to propose the use of Ag films in a TIR configuration to
enhance the Raman scattering intensity of adsorbates [72]. Ushioda and collaborators used both experiment and
theory to conclude that there is a significant enhancement of the Raman scattering intensity of adsorbates on a
metal surface. They found a 200x increase in the Raman scattering intensity of a BK-7 prism/Ag film/pyridine
sample/air interface in the Kretschmann configuration with a 514.5 nm laser beam, after finding that a 57 nm
thick Ag film generated the largest electric field [73]. Furthermore, they found that the angle where propagating
surface plasmons were excited in the metal film (the SPR angle) slightly differed from the angle where the
highest Raman signal was generated due to the difference in the incident and scattered light energies.

Modern SPP Raman spectroscopy instruments can collect spectra as a function of incident angle with
monolayer sensitivity. The SPP Raman signal of a 1.25 M pyridine solution at a Au film interface as a function
of incident angle is shown in Fig. 7a [37]. The signal is well-modeled by the calculated values for the electric
field and Dgg (Fig. 7b-d). The Raman scattering is enhanced 4-fold at the angle where SPPs are most efficiently
excited in the metal film [37]. SPP Raman spectroscopy was also demonstrated by Etchegoin et al. [74] using
Nile blue adsorbed on 50 nm Au and Ag films at an air interface and excited with 647 nm light. In addition, SPP
Raman scattering from a smooth silver film with 532 nm excitation was used to measure a small molecule-
protein interaction at the metal surface [75]. The 1631 cm™! Raman band (aromatic C=C stretch) of Atto610-
labeled biotin was observed upon binding to the protein avidin. Subsequently, the authors added silver colloids
to generate the surface roughness required for SERS.

A limitation to measuring the Raman signal at SPP-supporting films is that only p-polarized excitation
can be used to enhance the Raman signal, unless the sample is a waveguide or is adsorbed to a waveguide
surface. P- and s-polarized excitation light can be used to collect Raman signals generated from waveguide
modes, which can provide information about molecular orientation [76]. By scanning the incident angle of light
while simultaneously collecting the Raman signal from a plasmon waveguide sample, the angle where the
maximum Raman signal was generated was used to build a calibration curve for polymer thickness [77]. A
follow-up of this work conducted by Bobbitt and coworkers [78], showed that a similar analysis could be

performed by simultaneously scanning the incident wavelength and angle of light.
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Films. Anal. Chem. 84 (10):4300-4306. doi:10.1021/ac203355a, (ref. [37]). Copyright (2012) American

Chemical Society.

Directional Raman Scattering

Large collection efficiencies are achieved when the Raman signal is collected on the prism side of a
prism/metal/sample interface under TIR conditions (Fig. 8a). This is due to the directionality of the scattered
light in the form of a hollow cone, called the surface plasmon polariton (SPP) cone (Fig. 8b). Simon and Guha
[79] were the first to report an experimentally measured SPP cone. They determined that the directional Raman
signal collected on the prism side (Fig. 8c) was larger than the Raman signal measured on the air side.
Braundmeier and Tomaschke [80] proposed two mechanisms for the generation of the SPP cone observed on a
Ag film under TIR conditions: 1) momentum conserving optical coupling and 2) scattering from surface
irregularities or roughness coupling [80]. The excitation of surface plasmons in the plane of the metal film (in-
coupling) and the scattered light through the prism (out-coupling) results in the directional emission of the SPP
cone at a sharp and defined angle. Equation 4 illustrates the incident angle 8;,,. that results in the SPP cone,

where 7, is the refractive index of the prism and € is the dielectric function of the metal film.
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Otto and coworkers experimentally demonstrated directional Raman scattering from carbon
contaminates and Rhodamine 6G adsorbed on Ag films by collecting the signal from the full SPP cone radiating
from a Weierstrass prism (hyperhemispherical prism) [81]. Byahut and Furtak designed an instrument to collect
the directional Raman signal of p-nitrosodimethylaniline adsorbed on smooth and rough Ag films [82,40,83].
They showed that the highest intensity of the 1613 cm™ ring stretching mode of p-nitrosodimethylaniline
occurred at the incident angle of 44.29°, the angle where the SPP cone is generated. Futamata and coworkers
[84,41,85-87] demonstrated monolayer sensitive Raman measurements of copper phthalocyanine monolayer on
Au, Ag and Cu metallic substrates by means of collecting the directional Raman signal generated from the prism

side of the Otto configuration (prism/air gap/metal/sample).
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Fig. 8 a The Kretschmann configuration (hyperhemispherical prism/50 nm Auv/air) used to collect b the surface-
plasmon-polariton cone (SPP cone) acquired with a 785 nm laser at the incident angle (6;,,.) of 35.53°. ¢
Calculated and normalized far-field angular radiation pattern depicting the directionality of the 785 nm Rayleigh

scattered light through the prism. The far-field intensity on the air side was multiplied by 20.

While measurements of the SPP cone were reported by Braundmeier and Tomaschke [80] and Simon

and Guha [79] in the 1970s, they did not quantify the SPP cone properties. Nyamekye and coworkers developed



a directional Raman spectroscopy instrument (Fig. 9a) capable of collecting the full Raman scattering signal
generated from the SPP cone as a function of incident angle while simultaneously collecting an image of the
SPP cone [38,39]. The instrument had monolayer Raman sensitivity and the SPP cone encoded the same
information measured by surface plasmon resonance. Self-assembled monolayers, thin polymer films and
waveguide polymer films were measured on the same instrument [38,39]. Since the instrument design utilized
translational stages (as opposed to the rotational stages commonly used in SPR sensing), faster acquisition times
with a 0.06° angle resolution were possible. By utilizing a smooth planar metallic film, simple and accurate

models of the experimental results were possible (Fig. 9¢).
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Fig. 9 a Instrument schematic of the directional Raman spectroscopy instrument. b An image of the SPP cone
and ¢ the directional Raman spectrum encoded within the cone for a 90 nm polystyrene film adsorbed on a 50
nm Au film. The SPP cone and the spectrum were acquired at the SPR angle of 47.00°. d Directional Raman
scattering intensity as a function of Raman shift and incident angle. The color scale represents the Raman
scattering intensity. e Peak amplitude versus incident angle of the 1001 cm™ mode of polystyrene (symbol) and
the calculated sum square electric field fit (solid black line) to the experimental data obtained from d.
[Nyamekye CKA, Weibel SC, Bobbitt JM, Smith EA (2018) Combined measurement of directional Raman
scattering and surface-plasmon-polariton cone from adsorbates on smooth planar gold surfaces. Analyst 143
(2):400-408. doi:10.1039/C7TAN01299C] (ref. [38]) — Reproduced by permission of The Royal Society of

Chemistry.

Directional Raman spectroscopy has been demonstrated by Li et al. [44] to measure a p-
aminothiophenol monolayer adsorbed on a Ag substrate with p-polarized 532 nm excitation. They reported that
the directional signal emanating through the prism at 44.5° was ~10% stronger than the Raman scattering signal
on the air side. Qi and coworkers reported experimental [88,89] and calculated [90-92] directional Raman

scattering from monolayers and waveguides. Neither Li nor Qi reported an experimentally measured SPP cone.



The calculations provided by Qi and coworkers, however, showed that the wavelength of the excitation source,
analyte, and indices of refraction of the interfacial layers (mainly the type of metal film: Au, Ag, Pt) influenced
the SPP cone properties. Most recently, Yukhymchuk and coauthors developed a directional Raman
spectroscopy instrument to measure Rhodamine G6 adsorbed on Ag surfaces [93]. An elliptical mirror enabled
the collection of the directional signal emanating from the full SPP cone, although the cone was not imaged. The
operation of the elliptical mirror enabled a wider angular range for data collection, as opposed to using a
collection lens in the instrument developed by Byahut and Furtak [40]. As with previous work, they showed the
information measured is akin to that measured by surface plasmon resonance.

The directional Raman signal can also be produced by waveguide samples. Similar to the waveguide
studies discussed above, the plasmon waveguide samples enable both p- and s-polarized light to generate modes
in the waveguide and produce enhanced electric fields oriented in the x-, y-, and z-directions. Nyamekye et al.
[39] recently reported the experimental collection and modeling of the waveguide-coupled SPP cone with
reverse-Kretschmann (Fig. 10a) and Kretschmann (Fig. 10d) illumination geometries. In the reverse-
Kretschmann configuration with the light illuminating the interface from the sample side and perpendicular to
the interface, all the waveguide modes are excited simultaneously [91,90]. This enables the direct comparison of
all the waveguide modes in a single image (Fig. 10b,c). The sensitivity (i.e., the change in the waveguide-
coupled SPP cone angle per nanometer change in the polymer thickness) of all the SPP cone modes across ~400
to 700 nm polymer waveguide films is between 0.009 and 0.02° nm™'. This range is similar to the plasmon
waveguide resonance sensitivity value of 0.01° nm™! reported by Abbas et al. [94] using an angle-scanning SPR
instrument. A traditional angle scanning SPR instrument (or plasmon waveguide resonance instrument) does not
provide chemical information, whereas the thickness, chemical composition, structure and orientation of thin
films adsorbed onto waveguides can be obtained using the directional Raman spectroscopy instrument (Fig.

10e).
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Fig. 10 a Schematic of the reverse-Kretschmann configuration used to collect b the experimentally measured
(black/white images) and ¢ calculated (color images, shown in logarithmic base 10 scale) waveguide-coupled
SPP cone images of 404 nm poly(4-vinylphenol) films adsorbed onto a 50 nm Au film. The experimental
[calculated] cone angles for the two waveguide modes are 35.34° [35.39°] (mode 0, p-polarization, m, = () and
44.33° [44.30°] (mode 0, s-polarization, m, = 0), respectively. d The Kretschmann configuration used to acquire
e the directional Raman spectra of the 404 nm poly(4-vinylphenol) film collected as a function of the Raman
shift and incident angle with p- and s-polarized 785 nm excitation. The 842 cm™! Raman band is assigned to the
out-of-plane CH deformation mode. Reprinted from Anal. Chim. Acta, 1048, Nyamekye CKA, Zhu Q,

Mahmood R, Weibel SC, Hillier AC, Smith EA, Experimental Analysis of Waveguide-coupled Surface-

plasmon-polariton Cone Properties, 123-131 (ref. [39]), Copyright (2019), with permission from Elsevier.

Concluding Remarks

From the 1970s until recently, a variety of non-destructive TIR Raman methods have been developed
and improved upon for surface-sensitive measurements. TIR Raman techniques have great potential for a
variety of surface and interfacial measurements, and in many cases can provide complementary information to
other surface analysis techniques. The primary impediment to the adoption of the technique is the availability of
commercial instruments. While most of the instruments used to collect the data discussed in this review were
prism-based TIR Raman instruments, TIR Raman scattering can be excited and collected through a high
numerical aperture objective lens. This is similar to most total internal reflection fluorescence (TIRF)
experiments using a commercial instrument, wherein the laser is directed to the sample at an angle greater than
the critical angle through the objective. Compared to using an external prism, the objective-based TIR approach

generally simplifies laser alignment, and may be better suited and easily adapted to many commercial TIR



Raman instruments. The prism-based approach, on the other hand, is better suited when the index of refraction
of the internal reflection element needs to be changed and to achieve a larger range of incident angles. Once the
utility of the technique is accepted, more specialized commercial instrumentation may be developed.

Another area of continued research is pushing the limits of the signal to measure thinner films and
lower concentrations of surface species. Of course roughened metal surfaces can be used in the TIR Raman
format, and these measurements are useful in many cases, but signal enhancement strategies that maintain the
smooth interface will be particularly useful. Such advancements could enable in-situ TIR Raman spectroscopy
studies of, for example, photovoltaic thin films, polymer brushes, sensors, and model thin film catalysts.
Furthermore, TIR Raman spectroscopy can be applicable in industrial settings, such as the automotive industry.
An excellent example of this was reported by Bain and co-workers, comprising the direct TIR Raman detection
of thin lubricant films in a tribological contact to evaluate shear thinning in the wear of engine components [26].
Among all previously studied samples, gas-based monitoring is the least studied with TIR Raman spectroscopy.
We envision an increase in the detection of gases with TIR Raman spectroscopy, particularly with new signal
enhancement strategies established. Finally, while TIR Raman spectroscopy is ideally suited for three-
dimensional depth profiling and imaging at the interface, much work remains to be done to fully take advantage
of its capabilities. For example, future directions may be aimed at obtaining exquisite depth profiling
measurements of the Raman signal to reconstruct polymer film structures as well as imaging to obtain lateral
spatial resolution. The future of TIR Raman spectroscopy will break the barriers to achieve better depth

profiling resolution with fast temporal resolution to measure dynamic events as they occur at a surface.
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