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Abstract

Infrared spectroscopy, practically ubiquitous in contemporary chemical laboratory,
is frequently underutilised exclusively for a basic characterisation of products. How-
ever, its unique richness in molecular-level information on matter, together with its
simplicity and flexibility in applications, as well as its ability to be combined with a
variety of techniques, make it one of the common for deep understanding of microscopic
background of chemical and physical phenomena, especially those of relevance for ap-
plications of materials. This tutorial review turns the spotlight of material science
toward IR spectroscopic investigations by providing a critical insight to state of the art
of this technique, and it covers both fundamental aspects and illustrative examples of
its utilisation, as well as current challenges and perspectives focused to physical and

chemical transformations in solid state.
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Introduction

Human curiosity directed toward understanding of the macroscopic manifestations of mi-
croscopic structure of the matter is embedded at the very core of chemistry. From this
point of view, structure and transformations of molecules fundamentally determine the func-
tion of materials surrounding us. This is generally true for liquids, gases, crystals, glasses,
nanostructures, composites, from the simplest industrial feedstocks to the most complex
supramolecules or proteins. In order to satisfy our research passion to gain as detailed an
insight as possible into the very fundamental core of these phenomena, numerous analyt-
ical techniques are available, from those found in everyday laboratory work to the most
sophisticated experimental facilities.

Infrared (IR) spectroscopy is today one of the ubiquitous methods, widespread in chemi-
cal laboratories. In most cases, it is routinely used for characterisation of products. However,
its full applicability goes far beyond these routine analyzes. It is this disproportion between
the usability of the method and its underutilisation that has led the author to present the
possibilities offered by this powerful, yet highly accessible method. Therefore, this review
will be focused to mid-infrared spectroscopic monitoring of chemical and physical processes
occuring in solid-state systems, relevant to understanding of materials. Although the various
applications of IR spectroscopy to monitor the solid-state processes are covered by numer-
ous reviews, ¥ the author’s intention is to bring to focus some specific applications and
perspectives, that have so far remained somewhat out of focus. Numerous recent excellent

reviews of IR the specific applications of IR spectroscopy are available, for example on ap-

d2,11713 14-16

plications of IR spectroscopy in monitoring of liqui or gaseous systems, as well

as interfaces. 2917723


https://doi.org/10.1039/D2CP01458K

Page 3 of 130 Physical Chemistry Chemical Physics
View Article Online
DOI: 10.1039/D2CP01458K

Infrared Spectroscopy

A Historical Overview

History of IR spectroscopy is painted with numerous admirable manifestations of scientific
passion and ingenuity. The initial period was marked by key discoveries that paved the
way for the emergence and development of IR spectroscopy in the full sense of the term
(Fig. 1). The understanding of the real meaning of spectra in general is out of the reach of
classical physics. However, this did not hinder the researchers in their efforts to obtain the
highest quality spectra, which led to exciting development of instrumentation, but also to
the opening of window into hitherto inaccessible microscopic phenomena.

The very birth of IR spectroscopy can be attributed to experiments performed by Wil-
helm Herschel in 1800, which lead to discovery of infrared radiation.?* Further development of
instrumentation was outlined by Seeback’s discovery of thermoelectricity, Becquerel’s appli-
cation of thermoelectric effect for precise temperature measurements and Nobili’s invention
of thermopiles.?> These discoveries lead to measurement of the spectrum of the Sun by J.

F. W. Herschel in 1840.2¢ The third crucial moment in the early history of IR spectroscopy

Published on 04 July 2022. Downloaded by McGill University on 7/4/2022 5:20:58 PM.

was Langley’s application of Svanberg’s bolometer,?” a highly sensitive thermometer, that
enabled enormous increase of temperature sensitivity, thus allowing measurement of the tem-
perature with respect of the particular wavelength. This finally gave rise to emergence of
the first dispersion instruments in 1881.2%

In the full sense of the word, the development of the IR spectroscopy began in the
early 1900s, when William Weber Coblentz demonstrated that chemical functional groups
exhibited specific and characteristic absorption features in the mid-IR region of the spectrum.
In this early work, Coblentz collected the IR spectra of 135 compounds with high accuracy.?®
This pioneering work paved the way for beginning of the penetration of IR spectroscopy into

experimental chemistry in the first decades of the twentieth century.?® It was enabled by

rapid development of quantum mechanics®' and Einstein’s theory of interaction of light with
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Figure 1: Timeline of IR spectroscopy. Fundamental discoveries are listed on the left side,
while breakthrough instrumental developments are shown on the right side.
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32:33 which explained the origin and appearance of atomic and molecular spectra,

maftter,
thus enabling their proper interpretation.

The first generation of commercial spectrometers began to appear in 1940s, and the first
low-cost instruments emerged in 1957. These instruments were dispersive IR spectrometers,
and they were used exclusively until the emergence of commercial Fourier-transform (FTIR)
IR spectrometers. In dispersion spectrometers, the radiation emitted from the source is
dispersed by a monochromator (prisms, gratings or their combinations and slits) into its
component frequencies, which pass through the sample, and the intensity of transmitted
radiation at each frequency is measured. Thus, the acquisition of the typical spectrum
requires several minutes. This is acceptable in the case of samples not subject to any external
change-inducing perturbation. However, this slowness of the spectral acquisition is often a
serious drawback, which prevents quality monitoring of dynamic processes.

Thus, a crucial breakthrough in the history of IR spectroscopy was the replacement of the
optical dispersion system with Michelson interferometer, which largely overcame the above

mentioned critical drawback of dispersive instruments. In fact, this is an adapted version of

the interferometer used by Michelson and Morley in their historical experiment on propaga-

Published on 04 July 2022. Downloaded by McGill University on 7/4/2022 5:20:58 PM.

tion of light through the hypothetical "luminiferous aether’. The original interferometer was

described in two papers by Albert Abraham Michelson, 343

while Lord Rayleigh practically
instantaneously recognised the relation of interferogram with spectrum through the Fourier
transformation.®® However, being far ahead of its time, full utilisation of this concept had
to wait for more than 50 years, when computers enabled the required calculations in accept-
able time. Although the development of FTIR during 1960s followed three different lines,
utilisation of Michelson interferometer enabled rapid scanning. Its combination with He-Ne
laser fringe referencing system enabled high resolution, thus giving rise to their commercial
breakthrough, starting in 1970, and finally to widespread presence of FTIR spectrometers
37,38

in chemical laboratories.

Modern low-cost benchtop FTIR spectrometers are extremely easy to use and able to
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record high-quality, reproducible and accurate spectra in only a few seconds. On the other
hand, availability of various commercial accessories, and those developed by researchers
themselves, makes IR spectroscopy one of the common, practically unavoidable techniques
in contemporary chemistry, physics and materials science. Modern commercial FTIR spec-
trometers are able to acquire high-resolution (less than 1cm™!) spectra with At up to 4ns,

with a diffraction-limited lateral resolution (Az < 3pm).

FTIR Spectrometers - Basic Principles

In order to use the FTIR spectrometers in their full capacity, it is important to understand
their basic functional principles. For a more elaborate description of applications of Fourier
transformation in spectroscopies the reader is directed to other sources.?3’

Most generally, any FTIR spectrometer consists of IR source, laser, Michelson interfer-
ometer, sample compartment and detector (Fig. 2). As a source of IR radiation, a heated
element or glower is used, which is practically considered as black body radiator, emitting a
continual IR spectrum. The emitted light is collimated and optical system directs it towards
beamsplitter of the Michelson interferometer. The resulting beam then passes through an-
other optical system, that focuses it at the position of the sample. Sample partially absorbs
the incident light, and the frequency-dependant intensity of the final beam is measured by
detector.

Being the central part of the FTIR spectrometer, principal understanding of Michelson
interferometer is crucial for understanding of the function of the whole spectrometer. Michel-
son interferometer is an optical system consisting of two perpendicular mirrors M; and M,
and semi-transparent beamsplitter B.(Fig. 2) Mirror M; is fixed, while Ms is moving. Col-
limated IR beam comes from the source to beamsplitter, which is for mid-IR usually KBr or
Csl supported thin film of germanium. It transmits and reflects the incoming IR radiation,
thus sending it simultaneously to M; and M,. Thus, two separate beams are created from

the original incident light.
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Figure 2: Scheme of the FTIR spectrometer. IR radiation is shown by red arrows.

Now, the light is reflected from both fixed M; and movable mirror Ms back to beam-
splitter, where the beams interfere. The beam which reaches sample and detector is a sum
of these two beams. It is now obvious that the intensity of the resulting beam (I) is directly

correlated to optical path difference ¢, which is

6 =2(|M2B| — [M:B|)

(factor 2 comes from the fact that the light travels back and forth from the mirrors) and the
wavelength of the light .

Consider first the simplest case of monochromatic (single-frequency) light. If § = 0,
the two beams are in phase at the beamsplitter, giving a maximal resulting intensity (9).
However, if Ms is displaced by A/4, it gives the optical path difference of § = \/2, and the
two beams are 180° out of phase and I(d) = 0. By further movement of the M,, I(J) reaches

maxima when § is an integral multiple of A (6 = nA; n =0, £1,...) and minima when § is an
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odd multiple of A\/2 (6 = (n+1/2))), giving an interferogram, which follows cosine function

(in terms of wavenumbers 7 = 1/)\):

1(5) = B(#) cos(2rd7) (1)

where B(r) stands for intensity of the incident light.

” 1(6) = B(#) cos(2m67,)

vy 1(6) = B(¥,) cos(2md7y)

1(6) = B(¥;) cos(2md D) + B(¥,) cos(2mb )

Vo V4

¥ S

Figure 3: The interferogram of the monochromatic source is a simple cosine function, which
periodicity is determined by the frequency of the incident light. In the case of two-frequency
(1 and 1) source, the resulting interferogram is a linear combination of individual interfer-
ograms.

If the light consists of more than one frequency, each frequency can be treated separately,
and the resulting interferogram is a sum of individual contributions (Fig. 3), i.e. linear

combination of contributions given by eq. (1):

I(p) = z”: B(7;) cos(2mor;) (2)

U1


https://doi.org/10.1039/D2CP01458K

Page 9 of 130 Physical Chemistry Chemical Physics
View Article Online
DOI: 10.1039/D2CP01458K

The spectrum of the incident IR light, in FTIR spectrometers is a continuum, so the sum-

mation (2) should be represented as an integral:
(%) = / B(#) cos(2m577) di (3)
0

The interferogram is shown in Fig. 3. For a precise wavelength calibration of the interfer-
ogram, a He—Ne laser (A = 632.8nm) is used as an external monochromatic source. At
0 = 0, interferferograms of all the present frequencies are in phase, which results in a strong
maximum (centerburst). Outward of the center in either direction, the multidinous cosine
contributions start to reinforce and cancel each other, so the intensity of the interferogram
rapidly decreases into a series of oscillations of lower amplitude. If the source radiation
contains less spectral information, the oscillations more rapidly decrease. Additionally, the
higher resolution of the spectral information is contained farther out of the center in the

interferogram. So, the spectral resolution Az increases with d,,4.:

1
AU =

(4)

5maw
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Strictly speaking, this resolution is in practice compromised by truncation and apodization.
The obtained interferogram represents intensity as a function of time I(¢). It is translated

into readable spectrum B(7) (Fig. 4), expressed by its Fourier pair

B(v) = /00 1(0) cos(2mov) dé (5)

o

Modern algorithms do this translation by fast Fourier transformation (FFT).

To obtain a complete spectrum, as presented by eq. 5, integration must be performed
from —oo to 400, which is practically impossible. Thus, in practice spectra are obtained by
truncating the full interferogram, i.e. by limiting it to a finite interval. The original interfer-

ogram is convoluted with some function R(d, 6,,4,). This process is known as apodization.
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Figure 4: The generation of the IR spectrum by FTIR spectroscopy. Two interferograms of
the background and sample, respectively, were collected and transformed by means of FFT to
single beam spectra, which are then combined (divided), giving transmission (%7") spectrum.
Absorption spectrum, which is linear in Lambert-Beer’s law, is then easily obtained. The
polystyrene spectrum is used here for illustration.

The simplest apodization function is Boxcar. However, since it significantly distort the band
shape, in practice the most commonly used apodization functions are Triangle and Nor-
ton-Beer functions, which minimize the influence of apodization process to band shape.?’
In practice, the most usual setup of the Michelson interferometer for FTIR provides
a continuous-scan interferometry, where the mirror Ms; moves continuously at a constant
velocity v, and the optical path difference in time ¢ is given by § = 2vt. Continuous-scan
interferometry is preferred for routine static or relatively slow kinetic measurements that
require time resolution not faster than 20ms. For highly dynamic and processes occurring
at rates faster than 20 ms time scales, continuous-scan is no longer applicable, because the
temporal Fourier frequencies become convolved with the time-dependence of the processes.
This problem is overcame with step-scan interferometry, which provides advantages
for spectroscopic measurements of dynamic processes, where the signal is phase- or time-

dependent. %2 In step-scan setup, the mirror M, moves incrementally in steps. In this way,

10
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the interference of the Fourier modulation encountered in continuous-scan FTIR is overcame,
which enables measurements as an explicit function of phase, time, or space.! Thus, typical
applications of step-scan FTIR are phase-resolved spectroscopy for modulation experiments,

4344 and polymer rheo-optical characterization®® and

such as photoacoustic depth profiling
time-resolved spectroscopy?¢ for fast kinetic processes down to nanosecond time scales.

Today, depending on the time resolution required, a number of additional advanced in-
terferometric techniques are available. They are based on rapid? and ultra-rapid scanning,*”
stroboscopic sampling,*® or asynchronous sampling.%’ These techniques are capable of cov-
ering time domains from seconds to picoseconds.* 52 IR spectroscopic insight to even faster
phenomena, which occur at the femtosecond time scale, is enabled by recent development of
advanced laser pump-probe methodologies.?*®7 The period of the mid-IR electromagnetic
waves covers the ~ 10 — 300 fs region, which defines the limit of time resolution that can be
achieved by IR spectroscopy.

Since the FTIR spectrometers are single-beam in their performance, recording of back-

ground is required before the acquisition of spectrum of a sample (Fig. 4). The background

spectrum is practically the black-body spectrum of the IR source, partially influenced by

Published on 04 July 2022. Downloaded by McGill University on 7/4/2022 5:20:58 PM.

the contents of the medium through which the beam is propagated. This means that the
background spectrum, if recorded in ambient conditions (normal atmosphere), will contain
bands due to H,O and CO,, which are IR active components of the air. Single beam spec-
trum, as obtained by passing the IR beam through the sample, will be a superposition of
spectrum of the sample and spectrum of the atmosphere. Division of two of them will give
rise to transmission spectrum:

T(5) = —BPsample (6)

B (D )background
Although T'(7) is the most common form in which IR spectra are presented, one should

be aware that Lambert-Beer’s law is linear in absorbance A(7), and not in transmittance:

11
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A(D) = e(p)cl (7)

where €(7) is molar absorption coefficient, ¢ is concentration, and [ pathlength of the light
through the sample. Thus, in some cases it is more convenient to translate the transmittance

to absorbance spectra:

A7) = —1log T (v) (8)

At the end of this introduction to basics of FTIR spectroscopy, it should be underlined
that in most cases satisfactorily acceptable approximation, IR spectra, as obtained by a FTIR
spectrometer, are practically identical to those obtained by an dispersive IR spectrometer.
However, the use of the term "FTIR spectrum” is widespread in the literature, so this
requires a short terminological notice. The spectroscopic technique is correctly named FTIR
spectroscopy, since in this technique Fourier transform is used to obtain the spectra from
interferograms, which are output signals from a FTIR spectrometer (i.e. IR spectrometer
with Michelson interferometer). However, the resultant spectra are not FTIR, but IR, since
the spectrum is an information on interaction of electromagnetic radiation, in this case IR,
with sample. The only difference is in very delicate details of band shape, which are due to
apodization process. However, this distortion from a natural band shape is important only
in strict analyses. In a vast majority of cases, especially in in-situ process monitoring, a
relative change is of central interest, not absolute values of parameters of band shape and

intensity.

The Basics of In-situ Spectroscopic Monitoring

In general terms, spectroscopy is any measurement of the absorption or emission of light
and other radiation by matter. Thus, to perform a spectroscopic measurement, one needs a
source of light, the optical system that enables separation of individual frequencies of light,

a sample and a detector, which measures frequency-dependant intensity of resulting light

12
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Figure 5: General scheme of (a) spectroscopy and (b) in-situ spectroscopy. In in-situ spec-
troscopy, the sample is subject of a perturbation, and the resulting spectra reflect changes
in the sample as a function of applied perturbation.
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(Fig. 5 (a)). In these terms, the spectrum is simply given by:

Aw) = (9)

where Iy and [ are frequency-dependant intensities of incident and transmitted light, respec-
tively.

Since the frequencies of the radiation in the IR part of the electromagnetic spectrum cor-
respond to frequencies of intra- and intermolecular vibrations, they mutually resonate.?® %
Thus, IR spectra result from transitions between quantized vibrational energy states. Ba-
sically, if the symmetry of a vibration mode makes it IR active, it will be manifested as an
IR spectral band.3!%864 Molecular vibrations can range from the simple coupled motion of
the two atoms of a diatomic molecule to the much more complex motion of each atom in a
large polyfunctional molecule, as well as supramolecular aggregates bound by intermolecular
forces. Although the information on molecular structure is provided by numerous experimen-
tal techniques, the information that can be deduced by IR spectroscopy is complementary to
that of other methods, but it provides valuable information on intra- and intermolecular dy-
namics and interactions, unattainable by other methods. This is especially enabled by high
sensitivity of molecular vibrations to present environmental conditions, which is evidently
reflected in parameters of IR spectral features of individual functional groups.

In practice, this means that a change in environmental conditions, such as concentration,
temperature, pressure, light, application of mechanical force etc. or just a mere passage of
time, on the molecular level, will affect the vibrations of particular functional groups (Fig.
5 (b)). In IR spectrum, this change in vibration will be observed in change of some or all
parameters of spectral band due to this vibration.

Generally, IR spectral band (Fig. 6) is defined by position 7 at which it reaches maximal
absorbance A, its intensity I, i.e. area under the band, and full width at half maximum

FWHM (T'). The band lies at a baseline. In ideal case, the baseline is constant y = yo, and

14
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Figure 6: IR spectral band: (a) ideal Lorentzian band with its parameters. The band is lying
on a baseline at yy. Band height A is defined as the difference between maximal absorption
at peak position 7., and yo, intensity [ is area under the band profile and, while F'W H M
is full width at half maximum. (b) Real IR spectrum generally consists of envelopes rather
than individual bands.

the band shape is described by Lorentzian:

1
Y=Y+ 2 1 (10)
(T — Dmax)? + <§F>2

or Gaussian function:

Yy =1yo+ Aexp

Published on 04 July 2022. Downloaded by McGill University on 7/4/2022 5:20:58 PM.

_ (%)1 (11)

It can be also described by some of their combinations, among which the Voigt function has
most direct physical meaning.

In reality, IR spectral bands are associated in more or less resolved envelopes on a non-
constant and generally nonlinear baseline (Fig. 6 b). This disables a direct extraction
of spectral parameters from recorded spectra. In practice, they are derived by fitting the
spectral envelope to appropriate model function (Fig. 7).%6 The accurate parameters, as
obtained by fitting, are used in further analysis.

As noted earlier, the purpose of in-situ IR spectroscopy is not to give information in
absolute values of spectral parameters, but to provide an accurate quantitative information

on their trends, relative to some reference, as a response to applied perturbation. Thus, data

15
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Figure 7: IR spectral envelopes consist of more or less resolved bands, whose parameters
are obtained by fitting to Lorentzian or Gaussian functions (red). Sum of thus obtained
contributions model the real spectrum (blue). Difference between the real and modelled
spectrum is shown as red curve above the spectrum (not in scale).

analysis of in-situ measurements comes down to derivation of accurate kinetic parameters
from absorbances or intensities or changes in chemical identity of the system from band
position or width. Besides curve fitting, data on perturbation-induced evolution of the
chemical system can be obtained by other statistical methods, among them factor analysis
is the most widely used. 5768

In this field, the term ’operando’ is very frequently used to describe the measurement
approach. However, a very subtle difference between the terms ’operando’ and ’in situ’ often
leads to a confusion among readers, due to to the frequently incorrectly used terms. For
this reason, it is worth to make a brief comment on the differences between operando and
in situ techniques at this point. In fact, all operando measurements are in situ, but not
all in situ measurements are operando. ’'In situ’ has always referred to a measurement of
the system performed under relevant reaction conditions. On the other hand, ’operando’
refers to measurements of the system under realistic reaction conditions, where the reaction
products are measured.® For example, the measurement of catalyst surface is in situ, but if
one do the same, simultaneously monitoring formation of the product, it is operando. There
are numerous examples of the misuse of this terminology, and here just a few illustrative

examples are brought. Although the term 'operando’ mainly refers to what it actually is, i.e.
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monitoring of chemical processes with simultaneous measurement of reaction products, ™ it is
a very frequent case that studies titled as ’in situ’ are focused to monitoring of the evolution

L especially products, which is often evident even

of chemical species during the processes,”
from the very publication title.” For the sake of terminological simplification without losing
the essence, exclusively the term ’in situ’ will be used further in the text.

A variety of commercially available spectroscopic accessories is useful for in-situ mea-
surements. However, specific systems itself often require adjustments of the existing or
development of completely novel experimental setups. Due to the universally valid law of

conservation of energy, interaction of incident light Iy with a sample results in transmission

It, absorption [y, reflection Ig and scattering Is of light (Fig. 8):

Io = Ip + It + Iy + Ig (12)

Thus, basic experimental geometries, namely transmission, specular reflection, diffuse re-

flection (Fig. 8) and attenuated total reflection (ATR), are common to all the techniques.
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Transmission

In transmission measurements, the incoming light simply passes through the sample, which
results in transmitted light, partially absorbed by the sample, so the transmittance T is

given by:

T(7) = (13)

Normal incidence is required to minimize reflection from the surface of the sample. This
geometry is in principle applicable to samples in all aggregate states.

Transmission IR spectroscopic measurements of powders are usually made by use of
KBr pellets, but also some other alkali halide salts can be used for this purpose.”™ These

matrices are used due to their high transparency over a wide IR region (Table 1). In order

17


https://doi.org/10.1039/D2CP01458K

Published on 04 July 2022. Downloaded by McGill University on 7/4/2022 5:20:58 PM.

Physical Chemistry Chemical Physics Page 18 of 130
View Article Online
DOI: 10.1039/D2CP01458K

) N 4

| |
diffuse reflection

spectroscopy
(DRIFTS)

sample

absorbed
intensity

incident intensity

Iy

transmitted intensity

It

transmission

; spectroscopy
reflected intensity

4>
reflection — absorption IR

spectroscopy
(RAIRS)

Figure 8: Balance of radiative energy upon interaction with a sample and corresponding
spectroscopic techniques.

to maximize reproducibility of the measurements, the mixture should be finely ground and
homogenized. At this point one should be aware that ideal homogeneity of the pellet is never
achieved, which is especially the case for in-situ measurements, where perturbed sample
changes its physical and chemical properties. This causes formation of agglomerates, cracks
etc. Additionally, particles bigger than 2 um of samples which refraction index significantly
differs from KBr result in Christiansen effect. In this case, the absorption coefficient x of

the complex refraction index n:

(@) = n@)[1 —ir()] (14)

becomes smaller than dispersive contribution n due to its increase, which is then manifested
in artifacts in the form of spikes that accompany spectral bands.™ One should also be aware
that alkali halides are not necessarily chemically inert with respect to the sample. "

As an alternative to pellets, mulls, usually in liquid paraffin (Nujol), Fluorolube (a chlo-
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rofluorocarbon polymer) or hexachlorobutadiene can be used. However, all of these matrices
have some bands in the mid-IR region, so this technique is reserved for samples that interact
with alkali halides.”""®

Soft or plastic samples are more suitable for preparation of films. However, by passing
the light through the films, which thickness is comparable to wavelength of IR radiation,

interference fringes of significant intensity are produced.

External Reflection

In reflection measurements, the incoming light is reflected and partially absorbed from the
optically flat surface of the sample. Similar to transmittance (13), reflectivity R is expressed

R) = 10) = 1) (15)

where r is amplitude coefficient. Transmittance is related to reflectivity by:

T(7) =1 - R(»)
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which leads to:

Ir(7) = (1 = R(@))Lo(») (16)

Since the measured reflectivity depends on polarisation, the amplitude coefficient for

parallel and perpendicular polarisation, respectively, are given by:

ry(5) = no(D) cosa — ny (¥) cos B (17)

n1(7) cos a + ny(v7) cos B

_. ni(¥)cosa —ng(V)cos B
ru(v) = n1(7) cos a + ny () cos 3 (18)

For absorbing media, the refractive index takes its complex form (14). Absorption index

k is related to absorption coefficient a and decadic molar absorptivity € in the Lambert-Beer
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law (7):
_a(P)A (D)
Ar 4rlnl0

(19)

where ¢ is molar concentration of the sample, and X is wavelength of the light. Due to the
complex form of the refraction index for the reflection spectra, they significantly differ from
transmission spectra for the same sample. For this reason, Kramers-Kronig transformation
is used to translate reflection to transmittance. ™!

In reflection absorption IR spectroscopy (common abbreviations are RAIRS or IRRAS),
sample is placed on a highly reflective substrate, which can be optically flat or diffusively
reflective (Fig. 8). In this geometry, the light passes twice through the sample, so effectively
a sort of transmission spectrum is obtained. From a very basic geometric consideration it
is obvious that the pathlength through the sample increase with angle of incidence. The
extreme case is grazing incidence technique, where the angle of incidence is maximized.

The output spectrum is a superposition of spectrum of the bulk and the sample in
interaction with substrate. A great advantage of RAIRS over the other techniques for surface
studies lies in the fact that it does not require vacuum environment, making the RAIRS one
of common techniques for characterisation of phenomena at the interface.®? 8 The resulting
spectrum, however, very much depends on the thickness of the sample. For thick films, i.e.
those where pathlength is larger than wavelength (I > \), the absorbance of the light by
bulk sample dominates, so the measured absorbance values correspond to the pathlength,
making Lambert-Beer law valid in this case. Thus, if one is interested in interactions of the
sample with substrate, the sample should be as thin as possible. However, for [ < A, the
field amplitude of the standing wave that emerges due to reflection regularly varies, and this

83,8588 (Grazing incidence technique is sensitive

effect become predominant for very thin films.
exclusively to the components of transition dipole moments normal to the reflecting surface.
This makes it very important for studies of surface coatings, very thin films and adhesives,
as well as studies of near-surface molecular orientation.®

It is important to note that the RAIRS spectra of thin films, especially those cast on
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partially reflective substrate, contain significantly intense fringes, which arise due to the
interference of the IR light reflected from the upper and lower layer of the film. These inter-
ference fringes can completely shadow spectral features of interest, making the quantification
of chemical of physical changes, derived from the spectra, highly inaccurate or impossible.
To eliminate this problem, a variety of approaches were employed. Concretely, the problem
was chronologically first attacked by calculation of optical constants of the film® by applying
classical Roessler’s application of Kramers-Kronig transformations to analyze the reflection
on thin films. %" These initial attempts were upgraded by determination of the effective film
thickness? and modification of the optical system.?>? Later advance brought the method
which in principle combines the two above mentioned approaches. First, the thickness and
complex refractive index of the film in regions of little or no IR absorption are determined
from interference fringes. This information is then used to calculate the fringe-free optical
constant spectra by use of a Kramers-Kronig transformation.®” This method, with some im-

provements, is today integrated to IR spectroscopic software and in routine use as a support

for RAIRS.

Diffuse Reflection

Published on 04 July 2022. Downloaded by McGill University on 7/4/2022 5:20:58 PM.

If the surface of the sample is rough down to the range of the wavelength, the incident light
will partially enter the substrate and will be partially scattered. The former part undergoes
absorption within particles, diffract at grain boundaries, and re-emerge at the surface and
combine with simply reflected part. The measured reflectivity includes all of the mentioned
contributions.

The reflectivity of an optically indefinitely thick (I1) R., sample is:

Roo (’7) sample

Roo (77 ) reference

Roo(P) = (20)

By use of the empirical Kubelka-Munk relation, it can be translated into the parameter
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f(Rs), which is proportional to absorption:

() _ k) -

2R (7) s

FRa®) = L5

where k represents absorption, and s scattering contribution, respectively, and they vary
with particle size and packing density. It is assumed that the sample is weakly absorbing,
and scattering contribution s is independent on frequency, which is justified by a proper
preparation of the sample.

In the mid-IR spectral range, diffuse reflectance is very weak and it became practical only
with breakthrough of commercial FTIR spectrometers. It is known under acronym DRIFTS
(diffuse reflectance infrared Fourier-transform spectroscopy).?® Due to the lack of efficient
non-absorbing scattering substrates in the mid-IR, relatively large ellipsoidal mirrors are

used in order to capture as many scattered photons as possible.??

Attenuated Total Reflection (ATR)

In attenuated total reflection, the incoming light passes through the highly refractive crystal,
and is totally reflected at the interface between crystal and sample. Sample partially absorbs
(attenuates) the light, and the reflected beam is measured. Since this technique isR extremely
easy in use and practically does not require any sample preparation, it became one of the most
widespread techniques in contemporary IR spectroscopy. The popularity of ATR was also
boosted by enormous increase of accessibility of the water-containing systems by introduction
of this method. %

The core of ATR accessory is a precisely processed highly refractive crystal (Table 1).
The optical system, consisting of plane mirrors and lenses, directs the incident light normally
to the crystal. The light is then once or more times totally reflected on the interface between
optically dense crystal and sample, which is applied to the exposed face of the crystal. In its

design, ATR accessories can allow single- or multiple reflections, as well as fixed or variable
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lens 2

Figure 9: ATR experiment. In this case, the incident light is triple reflected at the angle 5y on
the boundary between optically dense crystal ny and sample n;, where ng > n;. Evanescent
wave, which penetrates into the sample by d,,, is shown by red triangles.

angle of incidence. 101102

According to Snell equation for refraction:

ng sin By = nq sin (22)

where ng and n; are refractive indices of the optically denser and rarer medium, respectively,
Bo is the angle of incidence and reflection, while ¢ is angle between transmitted light and

normal of the boundary. Amplitudes of reflected light r are polarisation-dependent and are

Published on 04 July 2022. Downloaded by McGill University on 7/4/2022 5:20:58 PM.

given by Fresnel equations:

r (ﬁ) _ tan (90(1;) - 60)
| tan (¢(7) + Fo)

Evidently, there is some critical angle of incidence S. (Brewster angle), for which extinction

of the transmitted light is given by:

RT:0 N /BOZ/BC

In this case, the light will be entirely reflected, i.e. angle ¢ becomes imaginary, and this is
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total reflection. From the condition
sin® By > n3,

of eq. (22), where nyg = ny/ng, imaginary ¢ is given by:

e B — 2,
cosp =1/1—sin®p =1 sin” fo — mig

N1o

and now Fresnell equations take the following form:

n2,cos By — iy/sin® By — n3,
n2,cos By + iy/sin® By — n?,

cos By — iy/sin? By — n?,

rL= . ) 5
cos By + i4/sin” By — ny,

=

E =cos(2zz ] A)

Ny | ny
ATR crystal | sample
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(23)

Figure 10: Behaviour of the £ component of the incident light at the boundary between

ATR crystal and sample.

However, in his pioneering paper, which introduced ATR, Fahrenport has shown that the
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radiation incident from the optically dense dielectric crystal on its boundary with optically
rare sample at an angle 3y > (. will be totally reflected, but only in those frequency regions
where the sample does not absorb (where k = 0). In regions where xk # 0, reflection will
not be total anymore and, accordingly, a spectrum is obtained, which strongly resembles
a transmission spectrum. Reflectivity is again given by eq. (23), but refraction index of
the sample becomes complex (eq. (14)). The absorbing sample thus causes a perturba-
tion or frequency-dependent attenuation of the totally reflected light. The incident light
penetrates the sample, while the frequency is preserved, but the amplitude of electric field
E exponentially decreases with distance from the boundary between the ATR crystal and

sample:
z

E() = Epe %) (24)

where z is distance from the boundary, while d,, is penetration depth, i.e. distance from the

boundary at which E = Eye™! and it is given by:

0,(7) = al (25)

oo ()

where )\ is wavelength of the light in optically denser medium.
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The penetrating field E is built on the sinusoid wave on the boundary. It is important to
note in eq. (25) that light of bigger A will penetrate deeper inside the sample, and generally
the d, is not directly transferable to [ for transmission geometry. Thus, ATR spectra are not
simply related to transmittance, and for this translation Kramers-Kronig transformation
is required, which resolve real from imaginary part of the complex refraction index, and
absorbance is then obtained from x.8%1% Further, attenuation by the sample, which is in
higher or lower extent present in the whole spectral region causes that R(7) < 1, and it is
given by:

R=(1—a)
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where «a is an absorption parameter and Ny effective number of reflections, which is obtained

from the N, defined by the geometry of ATR element of thickness D:
N ! t 5 (26)
= —co
D 0

which is corrected by taking into account experimental conditions, such as convergence of the

101 However, for

beam, diffraction of parallel polarized component of incident radiation etc.
the purposes of in-situ measurements, since only the relative values with respect to reference
spectrum are of importance, these considerations are in the majority of cases not required.

By its performative easiness and flexibility with respect to the nature of sample, ATR
is now, together with transmission, the most commonly used technique for acquisition of
IR spectra. Since its applicability encompasses coatings, films, polymers, adhesives etc.,
it practically pushed out mull technique. The sample has only to be brought into optical
contact with ATR crystal, which is in practice done by use of press. Incident light undergoes
single or multiple internal reflections. The bevel edges of the crystal can be flat (for fixed
Bo) or rounded (which allows variable [3y). Multireflection crystals could be of trapezoidal,
parallelepiped or rod shape. Single-reflection ATR crystals are trigonal prisms in shape.

Most commonly used materials are ZnSe, or Ge for multiple-reflection ATR, while for single-

reflection, diamond is the most commonly used (Table 1).

Physical Processes

By definition, physical processes does not influence chemical identity of the sample. However,
they influence the arrangement of the molecules and pattern of intermolecular contacts, thus
changing their properties at macroscopic scale. Being very sensitive to changes in molecular
environment, IR spectroscopic techniques provide important information on the molecular

background of these macroscopic changes.
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Mechanics

Needless to say, mechanical properties are crucial for end-use of numerous materials. Me-
chanical properties refer to both elastic and plastic deformations as well as fracture which
occur under the action of applied load on the molecular crystals. Thus, understanding of
microscopic manifestations of macroscopic forces, applied to materials from outside, are of
considerable interest. Being sensitive to orientation of dipole moments, as well as molecular
environment, IR spectroscopy provides a unique means of understanding of both static and
dynamic molecular structure of materials. Studies of molecular background of elastic de-
formation or pressurization, i.e. changes in molecular orientation initiated by applied force
from outside, are by far the most common in this field.

Elasticity, i.e. ability of material to return to its original shape after being stretched
or compressed, is an important property of polymers. When relaxed, polymeric molecules
are disordered. When stretched, they fold in parallel threads. To investigate elasticity of
polymeric materials, Siesler introduced rheo-optical FTIR,'% 1% which enables recording
of IR spectra of elastic materials simultaneous with its stretching and heating or cooling.

Theoretical background of the technique is also well established by the same group.!%® The

Published on 04 July 2022. Downloaded by McGill University on 7/4/2022 5:20:58 PM.

monitoring of response of specific vibrational bands to applied force and temperature re-
covered the orientation and orientational relaxation in bimodal blends of PMMA, as well
as the strain-induced crystallization of the soft segments during cyclic elongation and re-
covery of polyuretane elastomers.®* Conjugated polymers have attracted much attention as
semiconductive materials for use in flexible devices, but they are generally more rigid than
conventional plastics. Nishino et al. applied a combination of X-ray diffraction and polarized
IR microspectroscopy to understand the response of crystallites and individual molecules of
the amorphous bulk of polythiophene to stretch and addition of disiloxane. In this way, the
change in orientation of the crystallites by addition of disiloxane, while the polarization-
dependent IR absorption bands are more sensitive to stretch, showing that the amorphous

bulk of the polymer is responsive to mechanical strain. %6
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Pressure-induced effects on structure and properties of various materials are of consid-
erable interest in materials science. Thus, high-pressure IR (HP-IR) spectroscopic studies
are widespread used to understand systems, such as strongly correlated electron systems
(SCES).1%7 Additionally, regular molecular solids under high pressure have also attracted
a great deal of attention in this respect. The examples of HP-IR spectroscopic measure-
ments include ice, % dense nitrogen,!* hydrogen,!'® and their mixtures.!'! Another field,
highly targetted by HP-IR techniques are those falling to domain of Earth and planetary
science. 1127114 In this respect, various minerals at high pressures have been studied by IR
spectroscopy to understand their properties in the deep interior of the Earth and other
planets. 1517 From the application point of view, HP-IR have important implications in

industries such as in pharmaceuticals, photonics, etc.

Accordingly, HP-IR instrumentation developed by different groups have been reported. 118126

A diamond anvil cell (DAC)'?%128 is most commonly used as a central part. Ruby particles
are used for precise measurement of the pressure inside DAC.'* Due to the quite limited
space inside the cell, synchrotron radiation as a brilliant source of IR light is required to

107 Combination of HP cells with synchrotron sources significantly

obtain accurate spectra.
expanded the scope of these investigations. Such an enormous progress in HP science prac-
tically revolutionized ultrafine characterization of condensed matter.'® This is particularly
true for synchrotron-based IR microspectroscopy (SIRMS) with its extended measurement
conditions enabled by very high signal-to-noise ratio, spatial resolution and sensitivity. In
order to get as much data as possible by using a single DAC in a synchrotron facility, they are
often designed to enable measurements in both reflection and transmission mode. !1%-123,124
This is usually accomplished by switching the angle of corresponding mirrors inside the
sample compartment.'?3 However, designs that allow exclusively reflection are also avail-
able, 118,121,122

Generally, the application of force along particular crystal axes causes structural changes,

leading to denser crystal packing of the molecules. At high pressures (in the GPa or-
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der of magnitude) chemical bonding, molecular configuration and crystal structures are
significantly affected. This is especially evident in organic molecular crystals, for exam-
ple 2,3-dichlorobenzylidine-4-bromoaniline (DBA),!3? 2,6 dichloro-N-benzylidene-4-fluoro-3-
nitro aniline (DFA) and 2,5-dichloro-N-benzylidene-4-chloroaniline (DPA).3! By application
of force, most of the prominent bands, including aromatic and aliphatic CH and CCIl bands
showed significant shifts toward the higher wavenumbers, which is, together with broadening
of the bands is attributed to changes in pattern of intermolecular interactions in the crystals.
Structural reversibility upon decompression is evident for all these systems, which reflects
essentially short-range perturbations. Difference in response to compression and decompres-
sion of the two crystals is attributed to difference in their packing configurations. Specifically,
results indicate that relative orientation of 7 stacks plays a pivotal role in overall elasticity
of the studied molecular crystals. These evidences lead to precise and detailed models of
elasticity of these molecular systems.

Inorganic crystals also respond to applied pressure by structural rearrangements of crystal
lattices, which often leads to significant change of their electronic properties. For example,

HP-IR spectroscopy in the pressure range from ambient up to 20 GPa was performed to
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investigate pressure-induced transition from insulator to metal state of YbS at room tem-

132 The original reflectance spectra were translated to optical conductivity, which

perature.
directly reflects the electronic character of the sample, i.e. its transition from from an
ionic insulator into a metal. In another example, HP-IR was combined with Raman spec-
troscopy and X-ray diffraction to investigate pressure-induced phase transition in multiferroic
h —Lug 5S¢y 4FeOs. It was observed that symmetry breaking across the transition from polar
to antipolar state takes place via changes in the bipyramidal tilting direction and Lu/Sc
displacement pattern, which is analogous to the strain-driven distortion in A — LuFeO4 and
temperature-induced transitions in the rare-earth manganites. 33

It is especially interesting to explore the behaviour of systems for solid-state hydrogen

storage at high pressures. It has been demonstrated that uptake of H, drastically increases
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at GPa scale of hydrogen pressure. Especially interesting in this respect are various com-

134-137

plexes with H, and pressure-induced phase transitions of ammonia borane and its

138 alanates, ' metal amides'*? and borohydrides. !37:141:142 The majority of these

derivatives,
systems were thoroughly explored by means of HP-Raman spectroscopy, but, for sure, em-
ployment of IR spectroscopy would add very interesting information of high importance for
their utilisation. In recent publication, Marizy et al. have reported HP-IR study of polymor-
phism of LiBH, and NaBH,.!*? The authors pointed out the impossibility of determining
the details of the phase transition of NaBH, from tetragonal Pnma to o — LiBH,-type mon-
oclinic P2;/c by using Raman spectroscopy,'*!' claiming that ”it is not possible to confirm
the phase transition above 20 GPa from the Raman spectra alone”. Thus, they performed
HP-IR measurements up to 200 GPa. In this way, the phase diagrams of both LiBH, and
NaBH, have been experimentally extended to pressure region above 100 GPa. LiBH,, with
at least 5 detected polymorphs shows richer polymorphism than NaBH,. Important details
of these phase transitions were revealed by IR spectroscopy, which shows that tetragonal
phase of LiBH, undergoes a pressure-induced monoclinic distortion, which is not observed
in the case of NaBH,. It is also interesting to note that IR transmission measurements on
tetragonal phase of LiBH, revealed for the first time the presence of a weak absorption near
4550 cm ™!, which is attributed to stretching vibration of H, molecules trapped inside the
LiBH, crystal lattice. Since the calculations of molecular dynamics predicted formation of
NaBH, - (H,), 5 complex at pressures above 200 GPa, which would have a characteristic IR
active absorption due to H—H stretching at ~ 4400 cm~!. The preliminary experiment were
possible for the H, pressure up to 88 GPa, and this band was not observed, which is actually
in agreement with predictions. This observation raised the question of the possible insertion

of H, to nanosized alkaline borohydrides, entrapped in metal-organic frameworks.
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Nanodimensional Materials

On a nanometer scale, systems generally behave significantly different than when the particle
dimensions of the same substance are macroscopic. This is caused by significant disruption of
extended networks of intermolecular contacts, which causes certain properties of molecules to
come to the fore, while the bulk properties cease to be expressed. In general, nanomaterials
are those systems in which at least one of the dimensions is nanometric (1 — 100 nm), while
other dimensions can be incomparably larger, i.e. macroscopic. Thus, two-dimensional (2D)
materials are those for which length and width are macroscopic, while their thickness is of
nanometer dimensions. So, 2D materials are layered solids, from which individual sheets
can be delaminated (exfoliated) from the bulk crystal. One-dimensional (1D) materials are
characterised by macroscopic length, while their width and thickness are nanometric. So,
they are nanotubes, nanowires and nanorods. Zero-dimensional materials are nanoparticles,
for which all dimensions are nanometric.

2D materials are obtained by bottom-up or top-bottom approach. In bottom-up ap-
proach, their preparation starts with the atomic or molecular ingredients and assemble them

together into the layers, usually grown on a substrate. The common techniques are chemical
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vapor deposition (CVD),'** physical vapor deposition (PVD)'** or various solution-based
chemical synthetic methods.!4%46 Both CVD and PVD require high vacuum conditions,
which significantly complicate the instrumentation required for accurate monitoring of film
growth. However, due to its great flexibility in approaching the sample, IR spectroscopy has
found its place in this technologically very important area, which does not include only thin
films, but also adsorbates on the substrate’s surface. 147148 RAIRS is IR spectroscopic mode of
best choice for these phenomena, especially under ultrahigh vacuum (UHV) conditions, 149150
but transmission®1%2 and ATR152:153 (Fig. 11) configuration are also employed to solve
specific problems. Additionally, a highly sensitive experimental setup for the spectroscopic

characterization of submonolayer coverages of hydrocarbon fragments on single crystals un-

der UHV was developed. In this case, the experiments are performed by focusing the IR
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Figure 11: A general scheme of the chamber for ultrahigh vacuum RAIRS experiments.
Reprinted with permission from Chadwick and Beck, Chem. Soc. Rev. 2016, 45, 3576-
3594
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beam from a commercial FTIR through a polarizer and a NaCl window onto the sample at
grazing incidence, passing the reflected beam through a second NaCl window, and refocusing
it onto a detector. !>

ATR was also employed to provide an insight into the processing of silicon wafers in order
to facilitate the spatially resolved growth of thin solid films on their surfaces. Specifically,
Guo and Zaera tested a combination of silylation and UV /ozonolysis as a way to control
the concentration of the surface OH groups required for subsequent atomic layer deposition
(ALD) of metals or oxides. '3 In this regard, ATR-IR spectroscopy enabled in situ monitoring
of the evolution of the surface of the Si(100) wafers after the silylation and O;/UV-ozonolysis
steps. After the treatment of Si surface with hexamethylenedisilazane (HMDS), the growth
of the band at 1257 cm ™! due to the symmetric deformation of the CH; in the newly formed
SiCH; indicates silylation. Additionally, the reaction of the HMDS with the Si surface is
indicated by the disappearance of the peaks at 945 and 1184 cm™! due to the symmetric
SiNSi stretching and NH deformation modes, respectively, with simultaneous rise of a broad
peak at 1120 cm™! associated with the Si — O — CH; moiety. The monitoring of the further

step shows that the spectra for the sample exposed to O, but not to UV radiation, is similar
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to that recorded for the surface before treatment; the feature at 1120 cm™* from the SIOCH,
moiety and the double 1251 + 1257 cm ™! envelope due to the SiO, and CH, deformation
modes, respectively, remain the same. From this observation, it is evident that methyl
groups of the adsorbed HMDS survive intact upon exposure to O5. On the other hand, the
spectra from the sample treated with both O; and UV only retains the sharp absorption
from the SiO, substrate at 1251 cm™!, while the features at 1257 and 1120 cm™!, associated
with the surface CH5 groups are no longer visible, which indicate removal of the organic
matter from the surface.

However, in the case of small-sized mono- or few-layered samples, the ratio AR(2)/R(D)
or AT (v)/T(v) are of the 107° order of magnitude, and the traditional RAIRS and ATR

methods cannot obtain a satisfactory signal-to-noise ratio, which makes the resultant spectra
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useless for further analysis. In this cases, a step-scan F'TIR spectroscopic photoreflectance
(PR) or photoluminescence (PL) approach, modulated by a lock-in amplifier, is used (Fig.
12).15% The setup enables measurements under vacuum, which eliminates the influence of
atmospheric CO, and water. For modulated PR and PT measurements, a halogen or glo-
bar can be used as the source of the probe beam. By using switchable mirrors, different
experiment modes and detectors can be selected within the same setup configuration and
by sample mounting. The pump laser beam is mechanically chopped. A lock-in amplifier
enables a phase sensitive detection, and thus a high optical response was obtained, which
significantly increases signal-to-noise ratio, thus making the accurate IR spectroscopy of

nanomaterials possible.
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Figure 12: Scheme of the FTIR photoluminescence (PL), photoreflection (PR) and pho-
totransmission (PT) setup. The module is a FTIR spectrometer together with a vacuum
chamber. Mirror positions 1, 2, 3, and detector positions 1, 2 show the setup’s versatility
with possible configurations for PL, PR, and PT measurements. The laser pumping beam is
chopped by a mechanical chopper and phase sensitive lock-in amplifier detection is employed.
Adapted with permission from Motyka et al. Appl. Phys. Ezp. Copyright (2009) The Japan
Society of Applied Physics.

Due to the fundamental experimental limitations associated with diffraction limit, con-

34


https://doi.org/10.1039/D2CP01458K

Page 35 of 130 Physical Chemistry Chemical Physics
View Article Online
DOI: 10.1039/D2CP01458K

ventional IR spectroscopy cannot be directly applied to directly characterize individual par-
ticles of the nanoscale materials. However, in the past decade, a significant progress in this
respect was made by development of FTIR nano-spectroscopy (nano-FTIR), which combines
scanning near-field optical microscopy with FTIR spectroscopy. It provides a powerful tool to
study polymers, 2D-materials, semiconductor devices, and biomaterials at the nanoscale. 1%
The probe of a typical nano-FTIR setup is generally made of metal or metal-coated (e.g. Au,
Ag, Pt) dielectric materials. Because of the probe’s mirror dipole effect, and lightning-rod
effect, the tip-sample region will form a strong electric field enhancement, i.e. a "hotspot”.
The interaction between the tip, sample and light induces an elastic scattering signal that
contains the sample’s fingerprint information. Then, this scattered light is collected by an
off-axis parabolic mirror and forms an interference spectrum with the reference beam. Fi-
nally, the IR spectra of this tip-sample region, including the amplitude and phase spectra,
is obtained. Among the other applications, this technique is used for characterization of 2D
materials, especially to distinguish monolayer and few-layer 2D materials, '°” which is only in-
directly reachable by conventional IR spectroscopy. Nano-FTIR was also employed to study

the surface phonon polarons (SPhP) on the surface of hexagonal BN.1%%1% Tt is found that
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the SPhP dispersion characteristics of hexagonal BN systematically change with the sample-
edge distance, which can be applied in design of sensors and in modulating nano-photons.
Additional important application of nano-FTIR is a study of perovskite materials, *®® which
are currently among the most popular materials for photovoltaic cells. They became es-
pecially attractive since they reach power conversion efficiency over 20 %. However, under
the influence of different external factors such as light, temperature, and humidity, they
are prone to organic depletion and structural changes, resulting in the degradation of ma-
terial properties. Szostak et al. employed nano-FTIR to study single nanoparticles in the
organic-inorganic hybrid perovskite (OIHP) film, revealing the process of material property
depletion, ' while Wang et al. applied it to detect formation of intersubband polariton

states for the first time in a single nanoantenna (Fig. 13).16!
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Figure 13: Near-field imaging and nano-FTIR spectroscopy of dogbone nanoantennae. (a)
Schematic diagram of the experimental setup with black arrows marking the position of the
scattering-type scanning near-field optical microscope probe on the front (F) and back (B)
bars. (b) Near-field amplitude images for two nanoantennae illuminated at 1000 cm™!: (top)
nanoantenna in resonance with excitation (A = 950 nm) and (bottom) nanoantenna with the
resonance below 1000cm™! (A = 1600nm). In both images, the scale bars are 1pm, and
the scattered field amplitude is normalized to the average amplitude on the gold surface of
the nonresonant (bottom) antenna. The white arrows indicate the propagation direction of
the excitation beam. Nano-FTIR amplitude (c) and relative phase (d) for the A = 950 nm
nanoantenna at the front/back (blue/red) bars; positions on the antenna surface where the
spectra were taken are marked in insets in part c¢. Reprinted with permission from Wang et
al. Nano Lett. 19 (2019) 46204626. Copyright 2019 American Chemical Society.
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A continuous and ever growing interest in porous materials leads to development of the
rational designs of these materials. Equally important for their utilisation is understanding of
mechanisms of their interactions with guest molecules, that govern sorption, confinement and
desorption. Being inherently highly sensitive to intermolecular interactions and molecular
arrangements and microenvironment, IR spectroscopy provides a unique insight into these
processes, especially when combined with other available techniques. Thus, a huge body
of literature about applications of IR spectroscopy in investigation of processes relevant for
understanding of action of porous materials is available and extensively reviewed. 1627166 Here,
only a few representative examples will be presented.

IR spectroscopy is often employed to monitor the occupation of pores of the porous mate-

167-170 171-174 166,175-177

rials, such as metal-organic frameworks (MOF), zeolites, porous carbons
etc.!™ IR spectroscopy confirmed a successful and controllable preparation of Cy, encapsu-
lated inside the pores of zeolitic-imidazolate framework 8 (ZIF-8) by solvent-free mechanochem-
ical process.!™ Having large cages and narrow cage-apertures, this MOF cannot accept rigid
Cgo molecules, so the author’s approach was to build the cage around the guest molecule.

The occupancy of ZIF-8 cavities by Cg, was quantitatively determined by IR spectroscopy

Published on 04 July 2022. Downloaded by McGill University on 7/4/2022 5:20:58 PM.

(Fig. 14). Additionally, a combination of measured IR spectra with molecular dynam-
ics simulations show that the fullerene is accommodated in the cage’s center and that the
cage-to-cage transport is a hardly feasible and energetically unfavored process. '™

On the other hand, small H,O molecules, confined in the cavities of MOF, can interact
to each other and to migrate between neighbouring voids. However, nanoconfined water
shows distinct properties that are markedly different from those of bulk. These unique
properties stem not only from the H,O---H,O interaction, but also from the interactions
between water and the surrounding confining environment. The authors have employed a
combination of vibrational spectroscopies (Raman, FTIR, and IR electroabsorption) and

a multivariate curve resolution to study the interactions of water within a prototype of

pillared layer-type MOFs.1% Multivariate curve resolution analysis of IR spectra, obtained
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Figure 14: (a) Changes in the experimental IR spectra of ZIF-8 occurring due to encapsu-
lation of Cg,. Features due to the dynamic relation of Cy, and EtOH are framed by dashed
rectangles. (b) Efficiency of mechanochemical Cg, encapsulation by ZIF-8. The postsyn-
thetic loading attempts were done in excess of fullerene but resulted in low loading of ZIF-8
(black and blue points in the lower right corner). Reprinted with permission from Martinez
et al. Chem. Mater. 32 (2020) 10628-10640. Copyright 2020 American Chemical Society.
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by monitoring of water desorption from MOF allowed accurate distinction of the MOF’s
carboxylate vibrational modes of the water-filled and empty nanopores, respectively, and a
quantification of these pores. Furthermore, IR electroabsorption measurements showed that
the hydrogen-bonding interaction with confined water has little impact on the response to
electric fields of the MOF’s vibrational modes.

In another example, scattering-type scanning near-field optical microscopy (sSNOM)
combined with nano-FTIR spectroscopy was employed to reveal the vibrational characteris-
tics of the systems where large molecules are encapsulated in MOF.'%° Probing individual
MOF single crystals, the authors pinpoint the local molecular vibrations, thus shedding a
new light on the host-guest interactions at the nanoscale (Fig. 15). Their strategy not
only confirms the successful encapsulation of luminescent guest molecules in ZIF-8, but fur-
ther provides a new methodology for nanoscale-resolved physical and chemical identification
of wide-ranging framework materials and design of porous systems for highly sophisticated

applications.

Phase Transitions

Published on 04 July 2022. Downloaded by McGill University on 7/4/2022 5:20:58 PM.

Although phase transitions are already addressed in previous section, the importance of
these processes and understanding of underlying mechanisms require a special considera-
tion. During a phase transition of a given system, certain properties change, often discon-
tinuously, as a result of the change of external conditions, such as temperature, pressure, or
others. These macroscopically observed changes are caused by microscopic, molecular-level
processes. Thus, the understanding of microscopic background of phase transitions is an
important objective, addressed by numerous methods, including, of course, IR spectroscopy
in all of its incarnations. All the applications of IR spectroscopy to monitor phase transitions
would be itself too wide a topic to be considered here in its entirety, and specific aspects

of this enormously broad topic are discussed in other available reviews.™18 On the other
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Figure 15: Vibrational analysis of rhodamine B (RhB) and ZIF-8 via nano-FTIR and DFT
calculations. (a) Schematic representation of the Rh@QZIF-8 composite, depicting a RhB
guest molecule being encapsulated in the pore of the ZIF-8 host framework (in blue). (b)
AFM image of the as-synthesised sample containing two distinctive phases: (1) RhB and (2)
ZIF-8 showing the positions where IR spectra were recorded. (c¢) AFM image of a single-
phase sample of ZIF-8 nanocrystals adsorbing RhB. (d) nano-FTIR spectra determined at the
designated locations on the AFM image. (e) Vibrational modes of the RhBQZIF-8 composite
illustrating the interactions between the ZIF-8 host framework and the RhB guest.Reprinted
with permission from Moslein et al. Nano Lett. 20 (2020) 7446-7454. Copyright 2020
American Chemical Society.
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hand, phase transitions are occasionally discussed thorough this text. Thus, this section will
be focused exclusively to a few, readily accessible and easy-to-perform approaches.

It was shown that a simple analysis of variation of IR baseline absorption of spectra
obtained in transmission mode with respect of the perturbation applied to the observed
sample bear information on perturbation-induced phase transition. It is well known that the
baseline of the perturbation-dependant transmission IR spectra varies by application of the
perturbation. However, the obtained raw spectra are usually corrected before further anal-
ysis, i.e. baseline is usually subtracted from them. The rationale of the developed method
lies in the fact that the IR baseline appearance is a direct result of optical properties of the
sample and therefore can not be automatically excluded without taking care of the sample
nature. The concept was confirmed for variable temperature transmission IR spectroscopy,
but it is generally applicable for perturbations other than temperature. In the first study
dealing with this problem, phase transition temperatures were determined by 2D correla-
tion analysis,®* by using the whole IR spectrum, including temperature-induced baseline
variations being included.!® However, a primary cause of noticeable spectral changes re-

mained unclear. This problem was resolved by Zimmermann and Baranovi¢, who performed
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a simple analysis of temperature-induced variation of baseline, compared this approach with
results as obtained by 2D correlation analysis, and shown that IR spectroscopy can be
applied for a rapid determination of conditions at which phase transition occurs.!'8187 In
practice, baseline absorption was taken from raw (as-recorded) spectra as absorbance at an
arbitrary chosen wavenumber, assumed to be free of sample absorption, most often in the
2800 — 1800 cm ™! region. Then, a simple plot of baseline absorbance vs. temperature (or
more generally perturbation) indicates temperatures at which phase transitions occur (Fig.
16). In the paper, which introduces the method, the concept was applied to several sys-
tems, namely phenanthrene, trans-4-haptylcyclohexanecarboxylic acid, benzola]pyrene and

a series of phenylacetylenes. %6 Additionally, the simple measurement of baseline absorbance

were compared with 2D correlation analysis, 8 which proves the equivalency of the obtained
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Figure 16: Thermogravimetry, TG (a), and (b) differential thermal analysis, DTA (black
lines) with temperature-dependent IR baseline variation (coloured dots) of oligomeric pi-

crates, as measured at 2000cm~!. Reprinted with permission from Tomasié et al. Ther-

mochim. Acta 569 (2013) 25— 35. Copyright 2013 Elsevier.

The methodological easiness and accuracy of the important data provided by a simple
measurement of baseline absorbance makes this method highly applicable in determination
of conditions that induce phase transitions. For this reason, it is somewhat surprising that
this method has not come into a wider use, and the literature in which it has been ap-
plied is limited to a very narrow circle of authors. 8”19 Beyond its original use to detect
temperature-induced solid-solid phase transitions, the method found its use in monitor-
ing of isothermal crystallization of cocrystalline phase from the melt.'** Additionally, the
temperature-dependant baseline measurements, together with changes in spectral features
of a series of picrate surfactants indicate a phase transition, not evident from DSC or DTA
measurements, thus indicating an adiabatic phase transition, which causes change in optical,
and not thermal properties of the sample. This finding is important in light of the ability of

IR spectroscopy to detect phase transitions invisible for thermal methods (Fig. 16).12
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Gas Sorption and Desorption

In general, the rationale of adopting spectroscopies for investigation of the sorption behavior
of materials lies in the wealth of information at molecular level, unavailable when relying on
purely gravimetric data. In practice, IR spectroscopy is applicable for monitoring evolution
of both gaseous and solid products, including parameters of diffusion, which will be discussed
in separate section.

It should be pointed out that qualitative and quantitative changes of both gaseous and
solid phase, involved to processes of gas sorption and desorption can be monitored by IR
spectroscopy. Experimental setups for IR spectroscopy of solid samples are discussed thor-
ough the text. Although they are in general applicable for monitoring of changes in solid
materials by gas sorption or desorption, there are numerous examples of advanced dedicated
setups tailored for specific problems. 52

A variety of cells for IR spectroscopic analysis of gases are commercially available. Ef-
fective pathlengths of IR light through the gaseous sample varies from a few centimeters to

several meters. the longer pathlengths are usually obtained in compact cells by providing re-

flective internal surfaces, so that the beam effectively passes many times through the sample
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before exiting the cell. Very often, FTIR spectrometers are coupled with thermogravimetric
balance. Such a setup enables accurate chemical identification of gaseous products of ther-
mal decomposition. Besides these, commonly used equipment, there are numerous examples
of more specific setups that meet particular, more complex requirements. For example,
online monitoring of gases in industrial processes is an ambitious task due to adverse condi-
tions such as mechanical vibrations and temperature fluctuations. To meet these conditions,
Kohler et al. designed a compact gas measurement system, that combines the advantages of
conventional FTIR spectrometers with a static single-mirror. The setup works in range from
650 to 1250 cm™! at measurement rates of up to 200 Hz. Additionally, the use of gas cell
that allows optical pathlength of up to 120 cm, gases in the low ppm range can be accurately

quantified. 1%
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The experimental protocol for quantitative IR measurements of gas sorption by solid
materials is described in details by Drenchev et al.!® The procedure and the power of the
technique is demonstrated by water-enhanced CO, adsorption on a metal-organic framework
UiO-66. For this purpose, a custom-made system, consisting of a combination of high- and
low-temperature sample cell, was designed. For high-temperature measurements, the KBr
pellet with sample is placed in a mobile holder that enables transition of the sample from
heating zone (furnace) to IR beam. The cells also provide the possibility of fixing the pellet
in an intermediate position, allowing an easy acquisition of the background spectrum while
cooling the sample down to room temperature. Low-temperature measurements were enabled
by fixing the sample, surrounded by a a Dewar filled with liquid nitrogen, in a position on
the path of the IR beam. In order to prevent the condensation of water vapor on the outside
walls of the system, a water circulating system is built between Dewar and cell windows (Fig.
17). The adsorption efficiency was measured by monitoring the absorbance of a band due to
adsorbed CO, vs. the total amount of introduced CO,. On the other hand, monitoring of
the v(OH) envelope enabled response of the UiO-66 to adsorption of CO,. Additionally, the
results of IR spectroscopy indicated the enhancement of the CO, adsorption by water. 6

Due to the importance of the process, publications focused on IR monitoring of sorption
of CO,. 7207 or methane?®® 2! by solids are numerous. In principle, qualitative or semi-
quantitative monitoring of the changes in solid samples due to gas sorption does not require
any additional accessories. For example, it is well known that product of decomposition
of ammonia borane, as obtained by its heating at 150°C show an increase of the mass
when exposed to air. Biliskov et al. have observed this system by time-dependent IR
spectroscopy. ™ They used a simple transmission to monitor the changes due to air exposure
of the thermal decomposition products of ammonia borane, obtained by its heating to 125,
150 and 200 °C. While the low-temperature product did not show any changes, the products
obtained at 150 and 200 °C show significant changes, reflected in increase of the mass, as

well as absorption of both ¥(NH) and v(BH) envelope. However, the authors did not further
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Figure 17: Simple horizontal glass IR cell for adsorption studies. (a) Scheme of the cell.
The sample pellet is put into the holder which can be moved along the cell with a ferrite
block magnet. Position (1) is in the sample oven and allows thermal treatment. Position
(2) is intermediate and allows tempering the sample and registering background immediately
before registering the sample spectrum. In position (3), the sample is fixed perpendicularly to
the IR beam for taking spectrum. To ensure transmission of the IR beam, the cell is equipped
with IR transparent windows. The cell can be connected to a vacuum/adsorption device.
(b) When the sample is fixed in a position on the path of the IR beam, it is surrounded by
a Dewar which can be filled with liquid nitrogen. Between the Dewar and the cell windows
there is a water circulating system aimed at keeping the temperature of the window enough
high (to prevent condensation of water vapors). Reprinted with permission from Drenchev

et al. JOVE (2020) doi: 10.3791/60285.

investigate the system, leaving the results on a level of interesting observation.
IR spectroscopy is also frequently employed to investigate materials for chemical solid-

state hydrogen storage. In this regard, only physisorptive processes will be addressed here.
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However, only a weak interaction of H, with metal organic frameworks and other porous
or low-dimensional solids is responsible for its physisorption. Thus, IR spectroscopy is here
only of limited use, mainly oriented to second-order effects of hydrogen sorption. Actually,
there is only one example where IR spectroscopy was employed for direct measurement of the
changes due to the H, physisorption, namely monitoring of hydrogen and deuterium sorption
by lithium-intercalated fulleride Li,,Cg,. In this case, IR spectra indicate that physisorption
is only apparent, and chemisorption is actually responsible for successful holding of H, in
this system. Namely, only a minor part of absorbed hydrogen is present in ionic hydride LiH,
while the major part is covalently bound to Cg,.%'? The other types of materials for solid-
state hydrogen storage, where hydrogen is chemically bound through covalent interaction,

will be addressed together with other thermal decompositions.
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Beyond the common materials, the use of IR spectroscopic monitoring expand to complex
materials, such as gas-processing metalloenzymes in action.?'® In a perspective publication,
the author introduces ATR-FTIR for the analysis of gas-processing metalloenzymes like cy-
tochrome ¢ oxidase, nitrogenase, and hydrogenase. In this respect, IR spectroscopy provides
information about the geometry and redox state of the catalytic cofactors, the protonation
state of amino acid residues, the hydrogen-bonding network, and protein structural changes.
For this purpose, the gas exchange and deuteration experiments exploring the reactivity of
these enzymes with their natural reactants were monitored. This approach allows recording
sensitive steady-state difference ATR-IR spectra with time resolution on the level of seconds.
The author also noted that IR spectroscopy allows investigation of the protein samples under
biologically relevant conditions, that is, at ambient temperature, ambient pressure, and in
the presence of liquid water.

Besides gas sortion processes, IR spectroscopy is frequently employed for investigations
of sorption of various liquids and solids. Among sorption of liquids, probably the most
important process is confinement of water in porous matrices.?'*22* Sorption of solids by

encapsulation is also frequently investigated by IR spectroscopy. 170-225-229

Surface Processes

Surface can be generally defined as a thin layer of a substance at the boundary of contiguous
bodies, media, or phases. Surface phenomena arise from the excess free energy of the surface
layers and from the special features of the layer’s structure and composition. They may be
purely physical, or they may be accompanied by chemical transformations. The molecular
nature and properties of a surface may be radically altered as a result of the formation
of surface monomolecular layers or polymolecular films. These changes usually result from
adsorption, surface diffusion, spreading of liquids or from the chemical interaction of com-

ponents of the contiguous phases. Evidently, any modification of the surface layer causes
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a change of molecular interaction between contacting phases. From the chemical point of
view, physical or chemical transformation of surface layer strongly affect the nature and rate
of various highly important heterogeneous phenomena, like adsorptions, as well as corrosive,
electrochemical, catalytic, and membrane processes. For these reasons, the interest in de-
tailed understanding of the microscopic background of surface and interface phenomena is
ever rising and various experimental techniques are employed in this field.

Structure and properties of the surface, including the presence of the exposed functional
groups responsible for intermolecular contacts with adsorbed species, is crucial for under-
standing of surface phenomena. For this reason, it is of high importance to characterize the
surface at the molecular level. IR spectroscopy was one of the first techniques employed for
the characterization of surface phenomena, especially heterogeneous catalysis, and still its
popularity does not fade. Actually, among all the available optical spectroscopies applied in
this respect, IR spectroscopy is by far the most used. Thus, it sounds paradoxically that IR
spectroscopy in general is not surface sensitive, but it may be made so by applying a proper
experimental geometry. In particular, due to its high sensitivity to intermolecular interac-

tions, it is able to differentiate between free molecules in gas or liquid phase and adsorbates

Published on 04 July 2022. Downloaded by McGill University on 7/4/2022 5:20:58 PM.

bound to solid surface. Raman spectroscopy is also frequently utilised to investigate the
surfaces,?®? especially in the case of phenomena out of the reach of IR spectroscopy. 23!
Regarding the techniques used for acquisition of spectral information, ATR is frequently
thought to be applicable for spectroscopic characterisation of surfaces. However, strictly
speaking, this technique does not specifically address the very surface, since the evanescent
wave penetrates a few micrometers inside the sample. °%1°2 Thus, the ATR spectra consist of
unresolved information on surface and near-surface layer of the sample. Although in principle
all the external reflection techniques are useful for investigation of surfaces, RAIRS and a
variety of its derivatives is privileged. However, regardless this critical review, the variety of
surface phenomena allows the use of all available and combined techniques to obtain high-

quality spectroscopic information, of course depending on the nature of the sample to be
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probed and what the researcher is interested in.

Geometry of the RAIRS experiment is conceptually simple, and it relies on collection of
the IR light reflected by a an optically flat, mirror-like surface, thus making RAIRS highly
specialized technique. The samples, which are typically monolayers adsorbed on a small
area, yield weak IR signals, thus requiring attempts to improve the intensities, for example
by using multiple-reflection arrangements. Despite these difficulties, RAIRS is particularly
useful for characterization of the systems with low surface area, as well as to investigate
adsorption of gas/solid and liquid/solid interfaces,?3%33 by providing accurate information
on intermolecular interactions, and additionally the bonding geometry of adsorbates.?3* 243
Actually, the pioneering application of RAIRS was to investigate the adsorption of carbon
monoxide on metal films.?**24%5 Additionally, application of the polarization modulation is
frequently used to improve signal-to-noise ratio and to discriminate between adsorbed and

free surrounding molecules. 246:247

Heterogeneous Catalysis on Metal Surfaces

Understanding of the adsorption of small molecules to surfaces of transition metals is an im-
portant prerequisite for rational design of new materials with improved catalytic properties.
Since the adsorption geometry might critically affect the ability of the surface to activate the
selected chemical bonds, it is important to investigate sorption to a particular crystal plane.
It is clear that in dealing with such problems, the full power of RAIRS technique comes to
the fore. Dependence of intramolecular vibrational frequency of adsorbates on site of their
adsorption on the surface of the metal is well documented.?42°! This reflects weakening or
strengthening of a particular bond with respect of the interaction with surface, which is in
turn of crucial importance for understanding of catalytic action of the metal. Recent exam-
ples of studies focused on this issue include adsorption of acetophenone or carbon monoxide
on Pt(111),%%%23% methane on Pt(211) (Fig. 18 a),*? acetic acid on Ni(110)?* or titanyl

phthalocyanine on Au(111) surface.?*3

48


https://doi.org/10.1039/D2CP01458K

Page 49 of 130

Published on 04 July 2022. Downloaded by McGill University on 7/4/2022 5:20:58 PM.

Physical Chemistry Chemical Physics

CH, (R)
CH, (S)

T0.003%

1 all
Pt(531) i‘ T0.005%

c 1" 1] 1
S TN 0on '
8 «8E oo :
S A Pt(110)1. | 1 T0.003%
< 1" 1 1
Bk 1" 1 1
:9,"’ 1 1 1
SE o |
‘o 1 10.01%
Pt(211) i
Ve a2
J0.02%
o
2800 2000 3000

Wavenumber (cm™)

(@)

49

Absorption

(b)

Figure 18: RAIRS detection of (a) methane and (b) CO dissociation products on specific
Pt planes at T, = 120-150K with incident kinetic energies Ex;y = 62-65kJmol .
vibrations of products adsorbed on terrace (T), step (S), ridge (R), corner (C), and kink
(K) sites Pt are indicated by the color code.
surface sites are given in parentheses.

Pt(110)- \
(1x2) A
Pt(211) ‘ ! W

View Article Online
DOI: 10.1039/D2CP01458K

&

Q

&)
1
1
I
1
1
1
1
I
1
1
1
[
1
|
|
1
1
1
1
1
1
1

T0.01% §

I
2000

| | T ’ 1 1
2050 2100 2150 2200

Wavenumber (cm ')

The

The coordination numbers of the different
Adapted with permission from Gutierrez-Gonzalez
and Beck, Phys. Chem. Chem. Phys. 22 2020 17448-17459. Copyright 2020 Royal Society
of Chemistry.


https://doi.org/10.1039/D2CP01458K

Published on 04 July 2022. Downloaded by McGill University on 7/4/2022 5:20:58 PM.

Physical Chemistry Chemical Physics

Page 50 of 130

View Article Online
DOI: 10.1039/D2CP01458K

A very illustrative example of the reactive specificity of particular surface site to disso-
ciation of adsorbed species is RAIRS monitoring of adsorption of CO and dissociation of
CH, on various Pt surfaces, cut along different Miller indices. CO has been widely used to
detect and identify the presence of different absorption sites on single crystal metal surfaces
due to its large dynamic dipole moment, which leads to highly sensitive surface-site-resolved
detection of adsorbed CO by RAIRS (Fig. 18 b).?°%253 Actually, frequency of adsorbed CO
is almost linear function of the coordination number of the atom of the substrate, which
binds the CO molecule.?*

Dissociation of CH, was also extensively studied by RAIRS.?> 2% Tt is shown that the
adsorbed CO forms terraces on the surface of Pt, which are site-dependent. Fig. 18 (a)
shows the three different types of surface atoms on Pt(211), referred to as steps (orange),
terraces (blue) and corners (white) with coordination numbers 7, 9, and 10 respectively.?>?
It is observed that dissociation of CH, on Pt(531) and Pt(210) requires a lower energy with
respect of CH, molecules on Pt(211) and Pt(110). The broad RAIRS feature, observed on
Pt(210) and Pt(531), is due to methane dissociation products adsorbed on the kink sites.
Currently, there is no satisfactory explanation why CH, dissociation on the kink sites leads
to a broader 7(CH) band than for terrace and step sites.

An important advantage of RAIRS is its noninvasivity. Contrary to high-energy elec-
trons or X-rays, the IR radiation does not perturb chemisorption, which allows real time,
in-situ monitoring of the product uptake as the sorption proceeds. For example, RAIRS
spectra clearly shows the dose-dependent evolution of the adsorbed CH, layer on the surface
of Pt(211).%52 RAIRS time sequence can be converted into site-specific uptake curves for ad-
sorbed CH; as a function of incident dose of CH,. Thus, RAIRS enables a highly controlled
approach for surface-site-resolved studies of dissociation of small molecules on metal surfaces,
by providing highly accurate and precise experimental evidence for quantum state-specific
reactant preparation and detection of surface-site-specific products. In this way, RAIRS

measurements provide a simultaneous information on reaction probability and mechanism,
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energy barrier heights and the transition state geometry for dissociation on the different
surface sites of a given surface. Thus, these measurements provide valuable information to
test first principles theoretical models that aim to describe and predict gas/surface reactivity
at the microscopic level including the role of different atoms of the surface of the catalyst,

which is of crucial importance for understanding the catalytic action of metals.

Heterogeneous Catalysis on Non-Metallic Surfaces

The interest for surface phenomena is not limited to metals. It is actually of high interest
to investigate surface interactions of semiconductive or insulating materials with various
molecules. Beyond catalysis, they are also interesting with respect of various applications in

energy storage and conversion, molecular electronics, gas sensing etc.
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Figure 19: RAIRS spectra of adsorption of D,O on the ZnO(1010) surface at 110 K with
DFT-optimized structure of a water monolayer and the hydrogen bonds formed on the non-
polar (Zn grey, O, red, O, green, H white). All spectra were measured with p-polarized
light incident along the [0001] azimuth. (a) Polarization- and azimuth-resolved RAIRS
spectra obtained after saturation adsorption. Orientation of the s- and p-polarized com-
ponents for the incident light are depicted on the scheme of geometry of the experiment. (b)
Polarization-resolved RAIRS spectra obtained after exposing the clean surface to D,O and
gradual heating to the indicated temperatures. The averaged data were deconvoluted by
fitting individual components with Gaussian curves. The blue and magenta lines illustrate
DfIGOD and 16 O, D species, respectively. Graph shows relative intensity of OD groups as
a function of temperature. Adapted from Yu et al. Angew. Chem. Int. Ed. 58 (2019)
17751-17757, published as open access article under CC BY license.

For example, hydration processes at ZnO surfaces are relevant for numerous catalytic
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reactions, such as production of CH;OH from syngas and the water-gas shift reaction, which
produces H,.?617266 The structural evolution of water on the anisotropic mixed-terminated
Zn0(1010) surface was investigated by polarization-, azimuth-, and temperature-dependent
RAIRS over a large range of coverages.?’! The combined results demonstrate that the hy-
dration process is rather complex in nature and is initiated by the formation of intact water
monomers. The thermally induced diffusion of isolated water molecules leads to the forma-
tion of dimer species in which an autocatalytic dissociation occurs via proton transfer to
the substrate (Fig. 19). Increase of the coverage by water causes building of an extensive
hydrogen-bonded network, including the well-ordered 2D OD/D,O monolayer, anisotropic
water bilayer, and isotropic 3D multilayers. The comprehensive results provide detailed
insights into the orientation and strength of hydrogen bonds within the 2D and 3D water
networks.

CO, adsorption on surfaces of various oxides is another highly interesting surface ad-
sorption reaction. First, CO, is an abundant chemical feedstock with wide applications in
industry. Second, capture and sequestration of CO, has recently received enormous atten-
tion. In this respect, alkaline-earth oxides such as CaO were found as promising materials:
they are abundant in nature, low-cost, and exhibit high CO, uptake and good thermal
stability. 37267268 Although the formation of CaCO, from CaO and CO, belongs to elemen-
tary school chemistry, there is still a great interest in understanding the initial stages of
CO, adsorption by Ca0.20927 The RAIRS study of the adsorption of CO, to well-ordered
Ca0(001) films grown on Pt(001) and Mo(001) single crystals was recently conducted.?*?
The results show that CO, first adsorbs as monodentate carbonate CO,*". Its adsorption en-
ergy decreases by increased coverage due to agglomeration of carbonates in pairs and chains.
However, at high exposures, CO, desorbs at considerably higher temperatures corresponding
to increased adsorption energy. Temperature-programmed desorption and RAIRS spectra
revealed a critical role of residual water in the ultra-high vacuum conditions on CO, inter-

action with CaO. H,O molecules readily dissociate within the carbonate ad-layer formed
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at room temperature. Comparative RAIRS measurements show that surface hydroxyls co-
exist with carbonate species, thus affecting their adsorption geometry rather than forming

bicarbonate. Therefore, surface hydroxyls show the stabilizing effect on the carbonate layer.

Assembly of Adsorbed Molecules

An interesting aspect of adsorption of molecules to surfaces is their orientation with re-
spect of the surface plane. Namely, according to the surface selection rule, only vibrational
modes with dynamic dipoles with a non-zero component perpendicular to the surface can be
detected by RAIRS. As a consequence, the relative intensities of different vibration bands
of a given adsorbate can be used to determine its adsorption geometry.?"?2™ For exam-
ple, RAIRS study of the temperature-induced assembly of methanol molecules on Cu(100),
Cu(111) and Cu(110) surface, respectively, show significant spectral changes, most impor-
tantly in the v(OH) band, associated with the structural transformation of the hydrogen
bonded CH;OH clusters. Annealing of the CH;OH layer on Cu(111) converts the hydro-
gen bonded chains to cyclic hexamers, whereas this transformation is not fully complete on

Cu(100) and Cu(110).%7

Published on 04 July 2022. Downloaded by McGill University on 7/4/2022 5:20:58 PM.

Self assembly of the long-chain molecules is of particular interest, since this can be of
crucial importance for tuning their reactivity and rearrangements when adsorbed to a surface.
For example, the formation and structure of supported bilayer membranes, on the example
of 11-mercapto-undecanoic acid on Au surface, has been investigated using sum frequency
generation (SFG) vibrational spectroscopy supplemented by RAIRS.?™ It was found that
the tethering of the proximal lipid leaflet resulted in an increase in the conformational order
of the self-assembled lipid monolayers. Furthermore, a careful spectroscopic analysis has
shown that a better ordered and more biologically relevant lipid bilayer was formed when
the distal leaflet was added using Langmuir-Blodgett deposition. In another study, self
d.277

assembly of the monolayers of peptide nucleic acids on gold surfaces was investigate

A combination of RAIRS with X-ray photoelectron spectroscopy (XPS) allows the authors
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to affirm that the structure of the self-assembled monolayers is stabilized by intermolecular
interactions through noncomplementary adjacent nucleic bases. The results indicate a tilted
rather than normal orientation of the molecular chains, which facilitates hydrogen bonding
between neighbouring molecules of nucleic acids, thus stabilizing the structure.

The other examples of IR studies of surface adsorption include larger molecules, like
porphyrins,?*! which are essential for their functionality at hybrid interfaces. RAIRS spec-
troscopy revealed numerous mechanistic details of this adsorption. RAIRS was also used to
study the interaction and complex chemistry of relevant molecules on model astrophysical
surfaces, like acetonitrile on astrophysical dust grains and ices.?™® Additionally, IR spec-
troscopy provided important information on environmentally relevant processes, like adsorp-

tion of water on nylon, as one of the initial steps of nylon decompsition.?™

Surface-Affected Chemical Transformations

From the conceptual IR spectroscopy point of view, heterogeneous catalytic reactions are
just an upgrade of above discussed surface adsorptions. In situ spectroscopy of heteroge-
neous catalysis by definition requires simultaneous measurement of catalytic performance
to identify the structure and composition of species relevant for catalytic process, as well
as evolution of adsorbed species. In other words, while the above text describes processes
that generally do not involve significant chemical reactions, in the case of heterogeneous
catalysis, the focus shifts precisely to surface-affected chemical transformations. For this
reason, RAIRS configuration does not meet all the requirements of the experiment. Thus, it
is practically impossible to cover all the ingenious experimental setups in the framework of
this review, and here only a few of them will be presented as an illustration. The interested
readers are invited to consult more detailed reviews focused on this issue.37,20,280-286

From the fundamental point of view, in situ approach enables identification of changes

and interplay of cluster and nanoparticle structures and compositions during ongoing cat-

alytic reactions, thus revealing how molecules interact with surfaces and interfaces.?’ The
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case studies cover the full scale from clusters via nanoparticles to meso-scale aggregates, and
demonstrate the benefits of specific in situ methods. Restructuration, mobility of ligands
and atoms, as well as evolution of surface composition during the reaction have pronounced
effects on activity and selectivity. The nanoscale metal oxide interface steers catalytic per-
formance via a long ranging effect. Combining in situ spectroscopic methods with techniques
that enable a controlled modulation of concentration provide further mechanistic insights.
The obtained fundamental understanding is a prerequisite for improving catalytic perfor-
mance and for rational design of catalysts. The examples include CO oxidation reaction,

accompanied by dynamic structure changes of Ausg(SR),, clusters on CeO, (Fig. 20)2%7 or

289

Co030,,%8 reformation of methane on Ni/ZrO,,?% as well as oxidation of CH;OH by steam

reforming on Pd,Ga/Ga,0; (Fig. 21).2%

heating/cooling

crystal

back plate
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Figure 20: Various IR cells for different geometries of monitoring of catalytic reactions (a)
and (b) transmission, (c¢) and (d) DRIFTS, (e) and (f) ATR mode. Cell design and IR beam
paths are shown in the lower row (b,d,f). For transmission and diffuse reflectance, catalyst
powders are pressed to pellets or into small crucibles, respectively, for ATR the crystals are
coated with thin catalyst films. Reprinted from Rupprechter et al. Small 17 (2021) 2004289,
published as open access article under CC BY license.

IR spectroscopy is extensively applied in practically all steps of of preparation, treatment
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Figure 21: Averaged time-resolved DRIFTS spectra recorded at the end of each half-period
of CH;0H/CH,0OH + H,O modulation on the Pd,Ga/Ga,O; surface (top) and correspond-
ing phase-resolved spectra in a phase angle range of 060° calculated using phase-sensitive
detection. Schematic representation of mechanistic findings from in situ concentration mod-
ulation FTIR are depicted. Reprinted with permission from Haghofer et al. ACS Catal. 2
(2012) 2305-2315. Copyright 2012 American Chemical Society.

and utilization of heterogeneous catalysts.??! For sure, one of the most interesting and impor-
tant applications of IR spectroscopy in heterogeneous catalysis is monitoring of the catalytic
reactions, in order to detect and characterize the intermediates and their evolution across
the reaction coordinate, thus enabling a reconstruction of mechanistic details at molecu-
lar level. 1642832927304 Although the majority of the work is focused on simple compounds,
catalytic conversion of complex species are also traced. The examples include catalytic hy-
droformylation of ethylene on the Rh/Al,O, surface.3% In this study, the authors applied the
rapid-scan technique,®*® which enabled a millisecond-range time resolution, thus providing
the resolution of high intermediates, together with kinetic data for individual species (Fig.
22).

DRIFTS technique is also frequently used for monitoring of solid-gas catalytic reactions.”
One of the chronologically oldest examples is its application to study the oxidation of CO
on Rh/ALO, catalyst.?* In this study, the catalytic activity was correlated with surface

coverage, which leaded the authors toward the conclusion that CO occupies the oxidized

Rh sites, which is the predominant intermediate. Further, DRIFTS was accompanied by
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Figure 22: (a) Example of the use of in situ IR to follow the formation and consumption
of surface intermediates during catalysis.3 IR spectra acquired at different times after the
start of an ethylene hydroformylation reaction promoted by a Rh/alumina catalyst and plot
of the peak signal intensity of that feature as a function of time to show its transient nature
and to calculate the kinetic parameters of the reaction. (b) In situ IR characterization
of the adsorption geometry of chiral modifiers from solution onto platinum surfaces, and
correlation with their catalytic modification efficiency. Left: Low and high coverage spectra
for cinchonine (CN, top) and cinchonidine (CD, bottom).3*” Center: Orientation of the
aromatic ring of the adsorbed molecules relative to the surface plane, estimated from the
relative intensities of the different peaks in the IR spectra [39]. Right: correlation between
ring orientation and the enantioselectivity excess obtained during the hydrogenation of ethyl
pyruvate.3%® Optimum performance is seen at the intermediate CD concentrations that favor
adsorption with the aromatic ring flat on the surface. Adapted from Zaera, J. Catal. 404
(2021) 900-910, published as open access article under CC BY license.
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gas chromatography with mass spectrometry to understand the selectivity of H, in prefer-
ential oxidation process on Au/Fe,O; catalyst.?!® Another interesting example includes an
innovative design of DRIFTS cell, which minimize dead volume, thus providing a faster and
more reliable response to changes in gas composition (Fig. 23).31! It is utilised to investigate
CO oxidation on Pt/CeQ, catalyst by time-resolved spectroscopy using a steady-state iso-
tope transient kinetic analysis. DRIFTS, in combination with multiple-reflection IR gas cell,
was applied to investigate photocatalytic oxidation of ethanol to acetone on nanocrystalline
TiO,. This study has shown a formation of both formate and acetate intermediate on the

TiO, surface, while acetaldehyde is formed in gas phase.3!?

1=05 t=3s t=6s
DRIFTS Cell @ T 0T T 0 T g

H

" t=12s = t=15s

"

Min: 0

Figure 23: Schematic representation of a high temperature/high pressure DRIFTS cell design
for homogeneous flow through the catalyst in short time periods®'! and flow dynamics images
acquired for the distribution of gas in the volume of the DRIFTS cell as a function of time.
Reprinted with permission from Zaera Chem. Soc. Rev. 43 (2014) 7624-7663. Copyright
2014 Royal Society of Chemistry.

A more challenging issue is to apply IR spectroscopy for monitoring of heterogeneous
catalytic reactions in liquid medium.?® However, in this field it is crucial to minimize the

path of the IR radiation through the solvent, and here the strengths of the ATR technique
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come to the fore.?4 316 The illustrative example is so-called Orito reaction, where enantios-
electivity of hydrogenation of a-keto esters is promoted by Pt. In situ IR monitoring of this
reaction has shown that the adsorption geometry changes with surface coverage, which is
related to concentration in solution. The optimal configuration of the adsorbed cinchona
is that when the aromatic rings are oriented parallel to the surface, which is enabled at
low concentrations. Tilted orientation, obtained at higher concentrations, is detrimental to

enantioselectivity of the catalytic process (Fig. 22 b).308317

Electrochemical Processes

A very interesting application of ATR IR spectroscopy is its utilisation to investigate the
processes relevant to water splitting.? Since the catalycally active layer can be grown on the
top surface of ATR crystal, this technique provides a robust and stable platform for in situ
monitoring of the relevant catalytic processes (Fig. 24). The rationale of the method lies in
the fact that the incident radiation, totally reflected on the interface between ATR crystal and
sample, partially penetrates into the sample by the evanescent wave, and the typical depth of

penetration is ~ 2 pm. This is deep enough for acquisition of the spectroscopic information

Published on 04 July 2022. Downloaded by McGill University on 7/4/2022 5:20:58 PM.

on the layer of the solution in contact with catalytically active layer. Thus, the acquired
spectrum contains information on both the thin film of catalyser and on solution in contact
with it (Fig. 24 ¢). The simplicity of the setup provides a potential for its development to
a routine method for the characterization of liquid-solid interfaces in water splitting. Two
types of setups are developed. The separated setup consists of the sample surface, pressed
with the active surface onto the ATR crystal. It was used to study photoelectrochemical
cells. 318319 In another design, the surface to be measured is deposited on top of the ATR
crystal, so this is an integrated setup.? These setups are, for now, checked on example of
hematite-catalysed water splitting reaction.

Surface processes play a crucial role in a number of other important chemical pro-

166,282,320 320-322

cesses, such as electrochemical reactions, processes on membranes and cor-

59


https://doi.org/10.1039/D2CP01458K

Published on 04 July 2022. Downloaded by McGill University on 7/4/2022 5:20:58 PM.

Physical Chemistry Chemical Physics Page 60 of 130
View Article Online
DOI: 10.1039/D2CP01458K

Material Function

Rh v Na,SO, +D;0/H:0 Electrolyte
RE CE Evanescent wave
~2pum
| |

photoelectrode | L

Helmholtz layer
ATR crystal
Vbias F— Conducting layer

IR beam IR detector IR beam IR detector

glass substrate

photoelectrode

ATR crystal

ATR reflection
(a) (b) (C) element

Figure 24: (a) Separated and (b) integrated for setup for in situ ATR-FTIR water splitting
measurements. (WE—working electrode, CE—counter electrode, RE—reference electrode,
A—ampermeter, V-voltmeter). (c) Sample design and penetration of the evanescent wave
in an integrated measurement setup. Adapted from Bieberle-Hiitter et al. J. Phys. D: Appl.
Phys. 54 (2021) 133001, published as open access article under CC BY license.

rosion, 3237325

Corrosion is natural deterioration a material, which undergoes as a result of interaction
of its exposed surface with environment, most commonly atmosphere or water. It is chemical
or electrochemical process that converts a material into chemically more stable species such
as oxide, hydroxide, carbonate, sulfide etc. Corrosion commonly occurs locally, especially
at weak parts of the sample, for instance where grain boundaries and defects are situated,
and the nanoscale of initial and localized corrosion makes it difficult to understand and

326 50 sensitive techniques with a high spatial resolution are required to investigate

predict,
the fundamental mechanisms under the hood of corrosion. Among them, IR spectroscopy is
especially interesting, since it provides a chemical and structural information on molecular
level of corroded surfaces, as well as chemical factor that catalyse or inhibit the corrosion
process. 3?3327 However, a drawback of the classical IR microspectroscopy is limited spatial
resolution, which is nowadays resolved by combining IR spectroscopy with AFM, that over-
comes the diffraction limit, hence improving the spatial resolution down to 10 nm.32® By this
approach, it is possible to simultaneously obtain valuable information on nanoscale topogra-
phy and present chemical species and their evolution. Typical experimental designs involve

RAIRS or ATR, and they are presented in Fig. 25. For example, steel corrosion inhibition

by polyphosphonates, which is marketed, although not fully understood, was investigated
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by combination of RAIRS-AFM and bulk ATR IR spectroscopy.>? It has been shown that
cathodic inhibition dominates at the galvanised steel cut edge in the presence of dissolved
strontium aluminium polyphosphate inhibitor, which is caused by rapid precipitation of thick
film to cathodic regions. EDX elemental analysis and the AFM-IR technique shown that the
rapid formation of a cathodic film is in fact due to the presence of highly soluble strontium
carbonate impurities in the commercially available pigment, which leads to the capture of
zinc ions in the form of a zinc carbonate layer (Fig. 25 d-e).

Electrochemical processes are of crucial importance for energy storage, conversion, elec-
trocatalysis, photoelectrocatalysis, sensorics and a variety of other applications. Thus, their
detailed understanding continuously attracts a vivid research interest. Classical electro-
chemical methods provide important information about the thermodynamics and kinetics
of electron transfer across interfaces, and in many cases enable identification of chemical
species via the measurement of redox potentials. However, the molecular information is
limited by this classical approach, so additional characterisation tools are needed for a com-
plete picture of physical and chemical processes at interfaces that govern the electrochemical

processes. Obviously, there is a huge room in this respect for a variety of applications of IR

Published on 04 July 2022. Downloaded by McGill University on 7/4/2022 5:20:58 PM.

spectroscopy. It enables not only detection and identification of unknown molecular species
but, particularly in the case of solid-liquid interfaces, reveals important, information-rich
insights into the nature of surface adsorbates, such as the binding mode, bond strength and
molecular orientation. 33

Various cells for in situ IR spectroscopy, usually based on ATR, are designed to investigate
various processes responsible for action of batteries. The examples include cells that enable
monitoring of decomposition of lithium sulfide battery electrolytes, compatible with various
cathodes and anodes,?3332 A very important utilisation of IR spectroscopy in the field
of lithium sulfide batteries includes chemical identification of polysulfide species. 332333 For

instance, in situ ATR-IR study indicates the evolution of polysulfide species and triflate anion

coordination states during cycling.33® The transport kinetics and the degree of polysulfide
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Figure 25: Schematic diagram of (a) scanning near-field optical microscopy (s-SNOM); (b)
general scheme of AFM-FTIR (Reprinted with permission from Bondy et al. Anal. Chem.
89 (2017) 8594-8598. Copyright 2017 American Chemical Society); (¢) The AFM-FTIR
setup; (d) Height image of a 100 nm thick microtomed section of epoxy phenolic resin cured
with a catalyst at 150°C for 10 min and corresponding maps of peak-to-peak IR-induced
deflection following irradiation at 1116 cm™!; (e¢) AFM-IR spectra, gathered from the steel
cathode after immersion in NaCl with or without the addition of saturated concentrations
of an inhibitor (red solid lines). Bulk ATR-IR spectra (blue dashed lines) are shown for
comparison. Adapted from Zhao and Johnson J. Electrochem. Soc. 166 (2019) C3456,
published as open access article under CC BY license.
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dissolution in either polymer or ionic liquid electrolytes is clearly demonstrated. Moreover,
the authors further pointed out that this in situ IR monitoring has a high potential to be
applied in assisting the design of novel functional electrolytes, additives, and new systems
for lithium sulfide batteries, such as polymeric and all-solid-state electrolytes. Further, a
combination of in situ IR and Raman spectroscopy gives a real-time information of adsorbed
species on the interface of the electrode of the a lithium oxide battery system, and reveal
the in-depth reaction mechanism on the electrode-electrolyte interface.?2°

The power of surface-enhanced Raman spectroscopy (SERS) ignites the development of
analogous IR technique, SEIRS.?3%:334 This is especially interesting due to the limitations of
the Raman spectroscopy. Although the two techniques share a great deal in common, they
are significanly different in their practical implementation, which makes IR spectroscopy
the method of choice in a variety of electrochemically-relevant applications. The SEIRS
effect is based on amplification of the electromagnetic field due to localised surface plasmons
and chemical effects in operation.?3* 336 SEIRS allows sub-monolayer detection of molecules

adsorbed at surfaces and, as demonstrated by the pioneering work of the Osawa group,

can provide a valuable tool for investigating electrochemical interfaces in situ.33> Although

Published on 04 July 2022. Downloaded by McGill University on 7/4/2022 5:20:58 PM.

SEIRS is far less powerful than SERS, and for this reason it is not widely applied, the
recent developments in surface Raman scattering techniques could in principle be extended to
SEIRS, so there is no doubt scope for further innovation.33° The most common configuration
of the electrochemical SEIRS experiment is to use the ATR, with the working electrode
deposited as a thin film on the surface of a bevelled prism and the IR beam is reflected off
the interior wall of this prism (Fig. 26). In this way, the incident IR beam does not pass
directly through the electrolyte solution, but instead the evanescent wave penetrates into
solution, thus minimising the losses. 337

Despite its limitations, that are not yet satisfactory overcame, in-situ IR spectroscopy, es-

338-340 i

pecially in its ATR-SEIRS incarnation, where IR beam targets the working electrode, S

relatively frequently employed to investigate the electrochemical capacitors. ' Its first use in
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Figure 26: Schematic depiction of ATR configuration commonly employed for electrochem-
ical surface-enhanced IR absorption spectroscopy (EC-SEIRAS). Adapted from Wain and
O’Connell Adv. Phys. 2 (2017) 188-209, published as an open access article under CC BY
license.

this respects was a measurement of ion dynamics of an ionic liquid 1-ethyl-3-methylimidazolium

triflate, in a functioning capacitor and RuO, as a pseudocapacitor.?*® Since then, it re-
vealed new insights onto the charging mechanism of electrochemical capacitors and clearly
demonstrates the role of surface chemistry of carbon electrodes in the charge storage mech-
anism. 317343 A very interesting and important application of IR spectroscopy to follow the
degradation of battery electrodes include the monitoring of generation of solid electrolyte
interface on the surface of anodes of lithium batteries, which supresses cycling thus causing

passivation of the battery.344 34

Other Examples

2D materials find a wide range of applications in the field of electrochemical devices, since
they have large active surface area, they are often semiconductors with tunable band gaps.3*°
IR spectroscopy is here especially interesting as a tool for characterisation of phase trans-
formations of the electrodes made of 2D materials, identification and chemical reactions of
active sites, as well as characterisation of the role of intercallated species.

Development of efficient procedures for CO, capture is initiated by aspirations to reduce

its concentration in the atmosphere by chemical or electrochemical methods, and thus to

contribute mitigation of climate change by realizing various versions of so called net-zero
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energetic scenarios. IR spectroscopy is especially interesting technique in this regard, since
it enables elucidation of very accurate information on binding and chemical transformartions
of CO, molecule on the surface of electrode or catalyser.!”3°1:352 For this purpose, ATR
mode is ideally suited.??3%3:354 Metal electrodes made of silver, gold or platinum can further
amplify the signal, practically enabling SEIRS, 35356 (Fig. 27) which enabled detailed insight
into the mechanism of CO, transformations to usable products, through identification and

357359 Beyond the studies of dependence of metal type to

quantification of intermediates.
electrocatalytic transformation of CO,, it is shown that activity and selectivity strongly
depends on the exposed surface of the metal.3° 362 Recent advancement of the ATR-SEIRS
have led to studies involving the real catalytic systems, apart from the model electrode
surfaces. In one of the experiments, Au film was chemically deposited on the basal plane
of a hemicylindrical Si ATR element, covered by the layer of Zn.3¢3 This setup enabled
monitoring of the Li-tuned electrochemically Zn-catalysed CO, reduction reaction with time
resolution of 2s. Such a high time resolution enabled an accurate detection and quantification

of reaction intermediates, thus revealing the mechanism of interfacial reduction of CO, to

CO at the molecular level.

Published on 04 July 2022. Downloaded by McGill University on 7/4/2022 5:20:58 PM.

Diffusion

Recent breakthroughs in the field of solid-state chemistry, especially mechanochemistry and
ageing reactions undoubtedly show that solids are much more dynamic systems, more sus-
ceptible to mutual chemical changes, compared to the until recently ingrained opinion.
Although examples of such reactions have only recently multiplied, for example unexpect-
edly fast and furious reaction of NaH with NH;BH,'% (still unexplored by IR spectroscopy),
a classical cocrystallization of diphenylamine and benzophenone was only recently thoroughly

194

studied by IR spectroscopy.”* In this example, eutectic liquid intermediate is responsible for

promotion of the reaction by transporting the reactants. To investigate mechanistic details
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Figure 27: (a) Molecular structure of the amide group and vibrational modes as indicated
by arrows. (b) Schematic illustration of the plasmon internal reflection (PIR) (not to scale).
(c) Reflectance spectra before (dashed) and after (solid) streptavidin (SA) binding for the
L = 2.2pm antenna array sampled in an aqueous media. The absorbance is displayed at
the bottom of the panel (solid line) with units indicated by the scale bar. (d) Schematic of
protein-binding interactions measured. The gold antennas (Au film) are covered with a self-
assembled monolayer of a biotin-labeled alkanethiol (blue and red dots), to which SA binds.
They are further functionalized with G(M) IgG, which allows for a selective adsorption of the
respective target IgG (see text). (e) Time series of spectra taken during SA. (f) Peak integral
(integrated absorbance) evolution over time during the protein-binding measurements for the
three samples. Abbreviations are as follows: G(M), antigoat (mouse host) IgG; R(s), rabbit
IgG; M(s), mouse IgG. Vertical lines indicate the rinsing process. In all experiments, for each
step the protein solution is introduced and allowed to flow for 60 min (first horizontal line).
Each step is followed by a 15 min rinse with a detergent (second vertical line), then pure
buffer (third vertical line). (g) Amide band peak integral used to assess protein binding. (h)
Schematic of the biotin-labeled latex bead ((b)LB)SA binding (compare labeling in (d)). (i)
Time-series absorbance spectra during the (b)LB-binding steps. The vibrational features at
1450 and 1490 cm1 are associated with the benzene ring; the vibrational feature at 1650 cm1
originates from the OH vibration in H20 (see also (k)). (j) Evolution of the peak integrals
(integrated absorbance, units of mOD (optical density) cml) over time during (b)LB-binding
steps. Vertical dashed lines indicate the rinsing process. (k) Specific chemical structures and
their corresponding IR fingerprints (peak integrals) used to monitor their presence during
the flow experiments. Reprinted with permission from Neubrech et al. Chem. Rev. 117
(2017) 5110-5145. Copyright 2017 American Chemical Society.
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of this reaction, an extremely simple experimental setup, consisting of a glass tube vertically
placed on the single-reflection ATR element was constructed, which enabled an effective
separation of the two sides of the benzophenone-diphenylamine melting phase diagram. IR
spectroscopic monitoring enabled a detailed observation of all stages of the cocrystallization
process. It consists of a series of mechanisms including molecular diffusion, formation of eu-
tectic phase, and cocrystallization through an amorphous phase. The cocrystallization itself
is enabled by continuous feeding of eutectic phase by solvation of the starting phases, which
then flow through and combine together in liquid phase. The overall process is evidently
driven by hydrogen-bonding interactions of NH---O=C type, while the melting of individual
starting phases and their efficient transport through liquid is improved by the difference in
conformational flexibility. Isothermal and nonisothermal monitoring shows that the melting
of cocrystal and its recrystallization are not single-step processes. By heating, the system
passes through an amorphous phase. By cooling, the liquid phase recrystallizes to cocrystal,
but this process requires some time, which can be very long. In this respect, more similar
IR spectroscopic studies are needed to resolve generalities in solid-state transformations that

involve formation of eutectic liquid intermediate. (Fig. 28)

Published on 04 July 2022. Downloaded by McGill University on 7/4/2022 5:20:58 PM.

Additionally, IR spectroscopy was employed to monitor the diffusion and transport of
low molecular weight compounds and tu provide the predictive thermodynamic description
of sorption processes in polymers.!'® The examples include exploration of structure and dy-

364 as well as diffusion of acetone, methyl

namics of H,O molecules in polymeric matrices,
ethyl ketone and benzene polyethylene, 3% which is aimed to demonstrate the feasibility and

accuracy of the ATR measurement of diffusion coefficients.
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Figure 28: (a) Scheme of the isothermal experiment. Melting phase diagram for benzophe-
none - diphenylamine (BP/DPA) system. The experimental setup, consisting of a glass tube
vertically placed on the ATR element of an IR spectrometer, practically enables a spec-
troscopic consideration of two separated two-component phase diagrams, which reflect the
experimentally observed events along the reaction coordinate. On their contact, the reactants
melt and the front of liquid intermediate phase travels along the column in both directions
with respect to the original contact surface, as indicated by violet arrows. As a result,
IR spectra, here represented by v(NH) (green) and v(CO) regions (red) of the correspond-
ing systems, are obtained. (b) Nono-isothermal transmission IR spectroscopic monitoring
of melting and recrystallization of the BP/DPA cocrystal. A nonisothermal experiment in
the 2345 °C range is denoted by black dots in the phase diagram, while red dots indicate
temperatures at which recrystallization was followed over time. The gray region arbitrarily
indicates the amorphous phase that precedes melting of cocrystal. Two cycles of nonisother-
mal melting recrystallization are indicated by the hysteretic temperature dependence of IR
absorbances of individual contributions of ¥(NH). The same spectral features are followed to
monitor the isothermal recrystallization over time. Reprinted with permission from Biliskov
Cryst. Growth Des. 21 (2021) 1434-1442. Copyright 2021 American Chemical Society.
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Other Chemical Processes

Monitoring of thermal decomposition processes is one of the most classical fields of utilisation
of in situ IR spectroscopy. The accessories that satisfy the needs for these experiments are
now widely commercially accessible from various providers. Most basically, chemical identity
of the sample is completely changed upon decomposition, which generally causes dramatic
changes of IR spectra with respect of applied perturbation, most commonly temperature.
Another perturbation causing decomposition could be presence of reactive chemicals, radia-
tion or time. More generally, decomposition can be defined as a chemical alteration caused
by exposure of the sample to environmental conditions over time.

Since the products of decomposition frequently involve gas phase, IR spectroscopy can
be used to follow the evolution of both solid and gaseous products. The approach is thus
similar to those described for monitoring of gas sorption and desorption processes. Al-
though decomposition can be caused by different chemical and physical agents, thermal
decomposition is most widely investigated. The commercially available accessories include
variable-temperature ATR plates, heating jackets for transmission measurements, variable-

temperature DRIF'TS chambers, high-pressure high-temperature cells, TG instruments cou-

Published on 04 July 2022. Downloaded by McGill University on 7/4/2022 5:20:58 PM.

pled to IR spectrometers equipped with gas cells etc. The variety of available equipment,
together with high flexibility of IR spectroscopy enable accurate IR spectroscopic insight
into practically all the chemical processes that involve changes in covalent bonds, hydrogen
bonding network and intra- and intermolecular rearrangements governed by various inter-
molecular interactions. In this respect, a highly helpful review with a throughout discussion
of design and characteristics of numberous cells for in situ vibrational spectroscopic reaction
monitoring should be emphasized here.?%® The opportunities are practically infinite, limited
only by the creativity of the researcher.

In line with this comment, it is clear that it is impossible to cover all the applications of
IR spectroscopy to monitor the decomposition processes. This paper will brought only a few

illustrative examples, without intention to cover all possible concepts. Actually, surprisingly
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367369 5o the interested reader

low number of reviews on methodology itself are available,
should itself screen the specialized reviews and primary publications in accordance to his/her
field of interest.

The use of IR spectroscopy to monitor non-thermal decompositions and chemical al-
terations of materials involve the study of UV aging of asphalt involving carbon nan-

370

otubes/polystyrene composite,3™ as well as alteration of microplastics,3™ discharge-initiated

372 373,374

decomposition of SFy,°* and environmental degradation of various real-world materials.

The experiments in transmission mode usually require the use of alkaline helogenide ma-
trix material, most commonly KBr. However, in some cases such a matrix can influence
the sample, thus one should always take into account this possibility and critically consider
the obtained results. One of the relatively recent examples is an investigation of thermal
decomposition of ammonia borane NH;BH;.™ In this study, decomposition of NH;BH; was
monitored in both transmission and ATR mode, and comparison of the obtained results
undoubtedly shows that interaction with KBr significantly affect the mechanistic pathway of
technologically relevant thermal decomposition of this material, considered for solid-state hy-
drogen storage. As usual, KBr pellets were used for transmission measurements, while ATR
measurements were done for both neat NH;BH; and NH;BH; : KBr = 1 : 1 mixture. While
neat NH;BH, shows a two-step decomposition, its mixtures with KBr is a one-step process in
the same temperature range (Fig. 29). Although KBr does not affect the chemical identity of
NH,BH;, it dramatically affects its thermal decomposition, which is especially pronounced
by partial solvation of KBr in molten highly polar NH;BH,. Additionally, thermally induced
dimerization of NH;BHj;, crucial step in its decomposition, is evidently promoted by ionic
species such as KBr.

In another study, thermal decomposition of a series of derivatives of NH;BH,, namely
Li,Ca(NH,BH;), and Na,Ca(NH,BH,),, was monitored by transmission IR spectroscopy,
supported by mass spectrometry for evolved gas analysis.'® From Fig. 30, it is evident

that Na,Ca(NH,BH;) decomposes through a two-step mechanism, while Li,Ca(NH,BH;)
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Figure 29: Comparison of variable-temperature IR spectra with TG/DTA for ATR spectra
of neat NH;BH, (1), transmission spectra of KBr pellet of NH;BH, (2) and ATR spectra of
1 : 1 mixture of KBr and NH;BH, (3). These measurements clearly indicate high influence
of KBr to thermal decomposition of NH;BH;. Reprinted with permission from Biliskov et
al. J. Phys. Chem. C. Copyright 2016 American Chemical Society.
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goes straight forward to product. Although both species are similar, their crystal struc-
tures are significantly different. These findings and their comparison with familiar systems
indicate that generally all sodium-containing amidoboranes follow two competitive thermal
dehydrogenation pathways.

In this domain, the advantages provided by 2D correlation analysis have come to the
fore. 109:375-390 Although in principle just another method of visualisation of measured data,
it provides a good insight into perturbation-induced evolution of the chemical system, by
emphasizing changes in the background, and indicating the ranges of perturbation where the

changes occur, which facilitates further analysis.

Challenges, Perspectives and Horizons

Although very simple and flexible in its performance and simultaneously very sophisticated
in the wealth of provided information, IR spectroscopy is still most frequently used only as
a routine technique for characterisation of chemical products. In this light, it is a pity that
researchers often overlook the benefits of this widespread and widely available technique.
Examples of its utilisation from the text so far clearly illustrates its high flexibility and
usability through a huge range of chemical and physical problems. Today, availability of
highly sophisticated instrumentation from one side, together with advances in dedicated on-

61 enables really unique opportunities, which are limited exclusively

line accessible software
by researcher’s creativity. I hope these examples will be inspiring enough for at least some
further research. Finally, now I would like to give an overview of the problems and challenges

for the further development and applications of the method. This discussion is by no means

exhaustive, but should be experienced exclusively as the author’s perspective.
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Figure 30: Temperature-dependent IR spectra of (a) Li,Ca(NH,BH;), and (b)
Na,Ca(NH,BH;), in the 35002000 cm™! spectral and room temperature to 200 °C temper-
ature range at 2°Cmin~! heating rate. Reaction profiles for different v(NH) and v(BH)
bands are shown on the bottom. The profiles show absorbances normalized with respect to
their maximal values and are obtained by fitting the envelopes to Lorentzian profile func-
tions. Reprinted with permission from Milanovi¢ et al. ACS Sust. Chem. Eng. 9 (2021)
2089-2099. Copyright 2021 American Chemical Society.
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Development of new accessories

Needless to say, ever arising problems solvable by IR spectroscopy inspire new techniques
and approaches, which are enabled by design and development of new accessories and instru-
mentation. In some cases just a very simple setup can do the required job well.!** This is
especially enabled by recent development and a dramatic drop in price of 3D printing, which
in turn enabled a quick and simple making of devices in accordance to the researcher’s own
needs and ideas. 391392

However, a vast majority of new challenges require a very sophisticated, often multiin-
strumental approaches. The use of synchrotron radiation enables until recently unattainable
spatial and temporal resolutions, which in turn enables accurate real time monitoring of
various solid-state systems by their detailed mapping.3*® This is especially true for surface
and interface phenomena, where there is plenty of room for further developments. 394398
The development in the field of femtosecond IR spectroscopy is also promising a deep insight
into ultrafast dynamics of solid-state systems, and significant breakthroughs are also to be

expected here. 399401

Microspectroscopy

The brilliance of synchrotron radiation now enables analysis of hitherto elusive processes
over a wide spectral region of electromagnetic radiation, including IR.1%:124:393:4027405 Hjoh
intensities enable very accurate microspectroscopy. In this respect, especially interesting
is synchrotron-based infrared microspectroscopy (SIRMS) with its very high signal-to-noise
ratio, high spatial resolution, extended measurement conditions and high sensitivity. Alto-
gether, this provides a platform for the investigations of the very small amounts of material
that need to be used in various investigations performed by use of IR spectroscopy. In re-
cent review, Kong and Liu presented well organised parameters of available IR beamlines,

together with other useful information.!'® However, the greatest challenge of using IR mi-

crospectroscopies to analyse and monitor the changes of submicrometer particles has been
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the diffraction limited resolution of IR light (Abbe limit), which is typically 2 — 20 pm. 4
Recent development of commercial infrared focal plane array (FPA) detectors974% has en-
abled rapid acquisition of chemical images with fields of view greater than 100 x 100 pm?.
Although the imaged pixel size of FPA detectors can be less than 1 x 1um?, the spatial
resolution remains limited by diffraction, and can only be marginally improved beyond the
Abbe limit through oversampling and point spread function deconvolution techniques. By
combining simultaneous single-particle measurements of physical properties by atomic force
microscopy (AFM) with chemical composition as obtained by IR spectroscopy, AFM-IR over-
comes size limitations with imaging capabilities on the scale of ~ 50 nm chemical resolution
(Fig. 25).409-414

The current AFM-IR technique is relatively simple and it uses an IR tunable pulsed laser
to induce a photothermal effect in the sample and an AFM to detect the resulting mechanical
expansion via the cantilever tip that is in contact with the sample. To relax the excess of
stress induced by the local increase of temperature of the sample, the absorbing region
expands and pushes the cantilever tip in contact with the sample surface. So, the idea of

AFM-IR is not to detect the induced photothermal heat but to detect the thermal expansion

Published on 04 July 2022. Downloaded by McGill University on 7/4/2022 5:20:58 PM.

with an AFM tip, using the high sensitivity of the AFM system to vertical height changes
of the sample (tens of picometers) and its excellent lateral resolution (10-20nm). For sure,
this principle enables the best spatial resolution, currently achievable by IR spectroscopy.
However, the local radiation-induced heating of the sample could be seen as a potential
drawback of the technique, since it could modify the sample, which in turn can cause a
deviation from its realistic chemical nature. It could be expected that further development

of IR spectroscopic techniques will in some way overcome this drawback.

Still unexplored chemical processes

The importance of solid-state chemical reactions is growing, since they often result in tar-

getted products, without presence of byproducts in significant amounts. Crucial for these
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processes are usually diffusion and interpenetrations of reactants, which can be, in some cases,
unexpectedly fast. 194195415 These phenomena are still unsatisfactory understood. Especially
in combination with molecular dynamics, IR spectroscopy can provide a deep and detailed
insight into the mechanisms of these important processes, that open up a new perspective
on solid state dynamics.

A very interesting and important, still unexplored field of potential utilisation of IR spec-
troscopy for in situ monitoring of chemical reactions comprises mechanochemistry, especially
ball milling as the most commonly used mechanochemical method. By it origin very old,
literally prehistoric, mechanochemistry only relatively recently attracted a significant inter-
est of chemists and chemical industry. In practice, ball milling reactions are carried out
by addition of one or more steel balls to reaction mixture closed in reaction vessel. Mill
shakes the vessel, which causes rapid moving of the balls inside the vessel, and the mechan-
ical energy of the balls is transferred to reaction mixture and converted to chemical energy.
Very recently, a series of publications on resonant acoustic mixing starts to appear, which
even does not require balls to convert mechanical energy to chemical system, which is very
promising with respect of energy efficiency and greenness of the chemical process.*® One
of the most important benefits of mechanochemistry is its inherently solvent-free means of
chemical and materials transformations, which sets it to the frontline of developing Green
Chemistry concepts aimed towards an environmentally friendlier chemical and pharmaceuti-

417~

cal industry. #'"*9 The range of chemical transformations achieved by mechanochemistry has

been rapidly expanding in the last two decades, and it is now present in entire preparative
chemistry with high perspective for a wide industrial implementation. 382:420-430

Regardless of their ever-growing importance and prevalence, mechanochemical reactions
remained some kind of black box. Only a recent implementation of various techniques for in
situ monitoring of ball milling reactions enables an insight under the hood of rapidly mov-

ing mechanochemical milling vessels. 1954317440 Nonitoring of ball milling reactions enables a

significant progress of understanding of their mechanistic pathways and kinetics, influence of
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additives and environmental conditions. However, due to serious technical problems facing
the design of appropriate equipment, IR spectroscopy did not enter this playground yet. Its
introduction would enable a deeper insight into the intra- and intermolecular background of
mechanochemical processes, since it is more than any other method sensitive to intermolec-
ular interactions and changes in local microenvironment. The use of IR spectroscopy in the
field of mechanochemistry is still limited to ex situ routine spectroscopy. By the best of
our knowledge, the first example of the use of IR spectroscopy to monitor the ball milling
reactions was described very recently by Rathmann et al.**! Actually, they connected an
FTIR spectrometer to the milling jar by a gas capillary, and combine the IR spectroscopy
with EGA-MS to analyse the composition of gas phase inside the milling jar. However, solid
phase transformations, essential for full mechanistic understanding of the mechanochemical
reactions, still remain unattainable to IR spectroscopy, but the development in this direction

is to be expected soon.

Concluding Remarks

Although practically ubiquitous technique, available in most of the chemical laboratories,

Published on 04 July 2022. Downloaded by McGill University on 7/4/2022 5:20:58 PM.

and simultaneously very rich in information on intra- and intermolecular arrangement of
the matter on molecular scale, IR spectroscopy is frequently underutilized, used merely as a
routine method for quick characterisation of obtained products. However, all the possibilities
offered by this technique, simple and flexible in its application, and rich in information on
chemical systems, are often neglected by researchers. Thus, this tutorial review serves as a
reminder or introduction to fundamental and practical aspect of this technique, which could
provide crucial information on not only solids, but also liquids and gases. Specifically, it is
focused on solids, with an emphasis on those of relevance in contemporary materials science.
Although many examples were beyond the scope of this review, here is brought a variety

of unique illustrative and, the author hopes, inspiring examples in the field, along with the
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various techniques involved in data acquisition and their analysis.

Today, IR spectroscopy is successfully coupled with various techniques and integrated
in most sophisticated facilities, that enable a deep and detailed insight into the molecular
processes underlying the chemical and physical phenomena, which are fundamental for action
of materials. Whilst the author does not suggest in any way that IR spectroscopy alone will
ever replace other available methods that enable investigation of matter on its molecular
level, he underlines its power in providing a unique insight into intra- and intermolecular
forces and molecular environment through direct measurement of vibrations of functional
groups.

On a shorter term, the author anticipates that the implementation of in situ IR spec-
troscopy to address various chemical and physical problems. However, on the longer term,
the development of new technologies, such as 3D printing, automation, robotics, machine
learning and artificial intelligence, and their implementation to IR spectroscopy will revo-
lutionise its applications and enable its penetration even deeper under the hood of matter.
This, in the author’s humble opinion, is the next frontier of IR spectroscopy and its utilisa-

tion.
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Material Transparency Refraction  Use Comments
range index
(em™1) (20°C)
KBr 40000 — 400 1.5 windows, soluble in water
pellets and alcohols
Na(Cl 33000 — 625  1.55 windows, soluble in wa-
pellets ter, slightly sol-
uble in alcohols
Csl 33000 — 160  1.74 windows, soluble in water
(1000cm~1)  pellets and alcohols
CaF, 50000 — 1000 1.4 windows soluble in solu-
tions of ammo-
nium salts
Si 6700 — 1000 3.5—3.4 windows, hard
ATR
Ge 5000 — 660 4.1-3.9 ATR soluble in HCl+
HNO; mixture
and HyO,
Diamond 50000 — 500 2.4 ATR extremely hard
and inert
ZnSe (Irtran-4) 16700 — 660 2.5 —2.3 ATR soluble in acids,
slightly soluble
in water
ZnS (Irtran-2) 20000 — 550 2.3 —2.0 ATR soluble in acids,
slightly soluble
in water
TIBr + TII 33000—250 24 ATR, win- toxic, sensitive
(KRS-5) dows to organic sol-
vents, slightly
soluble in water
TIBr + TIClI 25000—250 2.3—2.2 ATR toxic, sensitive
(KRS-6) to organic sol-
vents, slightly
soluble in water
GeggAs oSess 10000 — 714  25-2.6 ATR
(AMTIR-1)
Al,04 (sap- 50000 — 2222 1.65 windows, very hard,
phire) (2500cm~1)  fibers, ATR  highly resistant
to acids and
alkalies up to
1000°C
AsySs 12500 — 1000  1.56 fibers sensitive to wa-
ter
Polyethylene down to far- 1.5 windows strong  absop-
IR tion around
3000, 1500 and
(720cm~1)
Paraffine  (Nu- 50000 — 600  1.46 mulls strong  absop-
jol) tion around
3000 and
(1500 cm 1)
Fluorolube 50000 — 500  1.38 mulls
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Table 1: Materials transparent in the mid-IR region suitable for transmission and ATR
measurements.
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