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Abstract

Time-resolved infrared (IR) spectroscopy is a widely used technique in the investigation of photoinduced reactions, given
its capabilities of providing structural information about the presence of intermediates and the reaction mechanism. Despite
the fact that it is used in several fields since the ‘80s, the communication between the different scientific communities (pho-
tochemists, photobiologists, etc.) has been to date quite limited. In some cases, this lack of communication happened—and
still happens—even inside the same scientific community (for instance between specialists in ultrafast ps/fs IR and those
in “fast” ns/us/ms IR). Even more surprising is the difficulty of non-specialists to understand the potential of time-resolved
IR spectroscopy, despite the fact that IR spectroscopy is normally taught to all chemistry and material science students,
and to several biology and physics students. This tutorial review aims at helping to solve these issues, first by providing a
comprehensive but reader-friendly overview of the different techniques, and second, by focusing on five “case studies” (from
photobiology, gas-phase photocatalysis, photochemistry, semiconductors and metal-carbonyl complexes). We are confident
that this approach can help the reader—whichever is its background—to understand the capabilities of time-resolved IR
spectroscopy to study the mechanism of photoinduced reactions.
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1 Introduction

Infrared (IR) absorption spectroscopy is a well-established
technique to investigate physical, chemical and biochemical
processes at an atomic scale. It is particularly informative
when used in a time-resolved approach, i.e., following the
evolution of the system under study with time. Compared to
other spectroscopic techniques, IR spectroscopy offers the
advantage of providing spectral contributions from all (or
almost all) the constituents of the system (catalyst, protein
binding pocket, solvent, etc.). This makes it complementary
to spectroscopic techniques targeting only a given molecu-
lar species such as UV-visible, fluorescence, Resonance
Raman or EPR spectroscopy. In addition, time-resolved IR
spectroscopy makes it possible not only to put in evidence
the presence of intermediates, spectator species, products
from parallel reactions and so on, but also to obtain some
information on the structure of these species, even if they
are short-lived. Furthermore, changes in the surrounding
environment associated to the reactions (e.g., on a surface
where the reactants/intermediates/products are adsorbed, or
in a cofactor binding pocket of a photoactive protein) can
also be followed. The advantage compared to other tech-
niques capable of providing time-resolved structural data
(e.g., time-resolved crystallography) is that minimal sample
preparation is required, that data can be normally acquired
in a few hours, and non-heavy data treatment is required.
Time-resolved IR absorption spectroscopy has been
applied to a huge variety of chemical reactions and physical
processes, ranging from combustion [1] to sol—gel process-
ing [2] or heterogeneous catalysis [3, 4]. However, it is par-
ticularly well suited for photoinduced reactions, given the
huge advantage of being able to start the reaction by light in
addition to reactant mixing, heating or other approaches.
Indeed, time-resolved IR absorption spectroscopy has been
applied to gas-phase photochemical reactions since the early
‘80s [5]. In addition, time-resolved IR emission spectros-
copy has been largely applied [6]; however, this technique
is not covered by the present review. The first applications
of time-resolved IR absorption spectroscopy to photo-
chemical reactions in liquid state [7], solid state [8], in the
field of metal-organic photochemistry [9] or on biological
samples [10] date back to the same decade. However, espe-
cially for photochemical reactions in biological systems, it
has appeared immediately that a difference approach was
required, as the tiny signals of interest related to the evolu-
tion of the reaction were hidden, in the absolute spectrum,
by much more intense—and non-evolving with time—spec-
tral contributions from the non-reactive part of the sample.
Furthermore, it was also clear that—even for slow photore-
actions—the possibility of inducing the reaction in the IR
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spectrometer sample compartment made it possible (1) to
detect smaller signals and (2) to increase the time resolution.

Several reviews on time-resolved IR spectroscopy
applied to photochemical reactions in gas-phase [11], in
solution [12], in solid state [13], or to photobiological reac-
tions [14—16] are available in the literature. However, to
our knowledge, no review covering all these fields exist.
Even more surprisingly, reviews are seldom devoted to
non-experts in time-resolved IR spectroscopy. This tutorial
review aims at filling these two gaps. On the one hand, it
explains, keeping the language as simple as possible, the
main experimental techniques. On the other hand, it aims at
showing the power of time-resolved IR spectroscopy, high-
lighting similarities and differences between the experiments
and the obtained data in the different fields of application.

This review is organized as follows. In a first section, the
different techniques are described, keeping technical details
to a minimum level as our aim is to provide a complete
overview of the available experimental approaches. Then,
five “case studies” are presented, where time-resolved IR
spectroscopy has been applied to different fields. In the last
section, conclusions and perspectives in the field of time-
resolved IR are presented.

2 Methods

For time-resolved IR spectroscopy applied to the study
of photoinduced processes, a large number of different
approaches are possible. Most often the techniques can be
distinguished based on the covered timescale, and are classi-
fied as “ultrafast” time-resolved IR spectroscopy (sub-pico-
second to nanosecond timescales) and “fast” time-resolved
IR spectroscopy (from nanosecond to minute timescales).

2.1 Ultrafast methods

To reach time resolution in the picosecond range, pump-
probe methods based on pulsed ultrafast laser sources have
to be employed. Pioneering applications of ultrafast meth-
ods in the IR are dated back from the mid-80s to early
90s, with the employment of picosecond lasers [17, 18].
In the following years, the development of compact and
stable solid state ultrafast laser sources, in particular of
Titanium:Sapphire lasers, boosted the development and
application of non-linear spectroscopic techniques. At pre-
sent, transient visible pump/mid-IR probe spectroscopy
commonly reaches sub-picosecond time resolution, and
is largely applied to study a variety of photoinduced pro-
cesses in solution, in biomolecules and more recently also
in the solid state [4, 9, 19].
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In a typical pump-probe experiment, a high-energy
narrow band pump pulse, whose wavelength is resonant
to an electronic transition of the investigated sample,
triggers the photoinduced process of interest. A second
broadband less energetic probe pulse is used to monitor
the time-dependent photodynamics of the system. In a
pump-probe transient IR (TRIR) experiment, signals are
measured in terms of the difference in absorption (AA)
of the probe beam in the presence of pump excitation and
in the absence of the pump, as a function of time. The
absorption of the pump promotes part of the ground-state
population towards an electronically excited state, with
a different electronic distribution. The decreased popula-
tion of the ground state determines a decreased absorption
at frequencies which are characteristic for ground-state
vibrational modes, inducing the appearance of negative
bleaching signals in the transient spectrum. At the same
time, positive signals will appear because of the induced
probe absorption in the excited state. Indeed, since the
electronic excitation can cause variations of bond lengths
or molecular conformation, the absorption frequencies of
vibrational modes can change upon photoexcitation, giv-
ing rise to excited-state absorption bands which can be
upshifted or downshifted with respect to the corresponding
ground-state frequency.

Experimentally, the mid-IR pulses used as probe in a
TRIR experiment are obtained through difference frequency
mixing (DFG) of two near-IR pulses (signal and idler) of
appropriate frequency (1200-2400 nm) using a non-linear
crystal, which most commonly is AgGaS,. In this way, a
tunable output in the 35001000 cm™! range is obtained.
The signal and idler near-IR pulses are previously generated
through a white light-seeded optical parametric amplifier
(OPA), based on a BBO (f-BaB,0,) non-linear crystal [20].

The pump pulses in the visible are generated using
a different non-linear optical parametric process, as for
instance employing a non-collinear optical parametric
amplifier (NOPA) [21-23], which provides a broadband
output tunable in the visible spectral range, which can be

narrowed using specific filters as to match the absorption
of the sample. The polarization of the excitation pulse
with respect to the IR probe pulse can be varied using a
half waveplate and the intensity of the pump pulse can be
attenuated to a value which depends on the experiment
performed (from few tens nJ to a few pJ). The possibility
of collecting TRIR spectra by changing the relative polari-
zation of pump and probe beams (that can be set both
parallel and perpendicular) allows to measure the transient
anisotropy of the vibrational modes, that directly addresses
the change in orientation of specific vibrational transition
dipoles, thus providing direct information on conforma-
tional changes [24-26]. The time delay among pump
and probe is introduced by sending one of the two beams
through a motorized and computer-controlled translator
stage (delay line). Alternative pump of the sample is real-
ized by inserting a phase-locked chopper, operating at half
the repetition rate of the main amplified laser, in the pump
arm, in way to measure the change in transmission, and
hence in optical density, between two consecutive shots.

After one of the beams passes the delay line, both the Vis-
ible-pump and mid-IR-probe pulses are focused and spatially
overlapped at the sample position. In most cases, the probe
beam is split in two arms, such as to generate a reference
beam, which crosses the sample in a different position and is
used to reduce the noise of the measurement. After passing
through the sample, the mid-IR probe pulses are dispersed in
a spectrograph and imaged onto a multiple-element Mercury
Cadmium Telluride (MCT) detector. As an alternative detec-
tion scheme, the mid-IR probe pulses can be upconverted
into the visible region, using a non-linear crystal, allowing
to exploit sensitive and cheaper detectors such as a CCD or
a silicon array device [27-30]. A schematic representation
of a mid-IR pump-probe setup is reported in Fig. 1.

For the ultrafast methods, a relatively recent development
concerns with the possibility of measuring 2-dimensional
IR (2DIR) spectra in the excited state. In its more common
application, 2DIR is used to study the evolution of systems in
the electronic ground state, but the introduction of a further

Fig. 1 Schematic representation Delay Line

of a pump-probe setup for TRIR
measurements
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ultrashort laser pulse in the visible range, before the pulse
sequence necessary to generate the 2DIR spectrum, allows
recording 2D spectra of transient species. When referring
to the ground state, the application of 2DIR spectroscopy
allows to investigate the coupling between different vibra-
tional modes and to resolve structural dynamic changes on
the picosecond timescale. 2DIR is nowadays widely applied
to study the dynamics of a variety of samples, including
biomolecules [31-34].

The simplest way to think about the construction of a
2D spectrum is that of collecting a series of pump-probe
spectra by scanning the frequency of the pump beam, and to
stick them together such as to create a second frequency axis
[35, 36]. In the simplest situation of two coupled oscillators,
absorbing at frequencies o, and w,, the signals obtained in
a 2DIR map will consist into two diagonal peaks, observed
at frequencies corresponding to the individual energies of
the two modes, and two coupling contributions, observed
for excitation at @, and probing at @, and for excitation at
®, and probing at @,.

Experimentally, there are different ways to obtain a 2D
map, all requiring the interaction of the sample with three
ultrashort pulses separated by adjustable time delays. The
different experimental configurations can be distinct in: (i)
frequency domain mid-IR pump-probe and (ii) time domain
Fourier transform experiment (three-pulse IR photon echo).
For both kind of experiments, mid-IR pulses are generated
by parametric and mixing processes in non-linear crystals,
as described previously [31, 37-39].

The simplest implementation of frequency domain-based
2DIR measurements (pump-probe scheme) is that described
above: the broadband output of one OPA is spectrally filtered
using for instance a Fabry—Perot filter and used as the pump,
while the broadband output of a second OPA, unfiltered, is
used as probe. Multichannel detection of the probe pulse
provides one frequency axis of the 2D spectrum, while the
other axis is obtained by scanning the frequency of the IR

ur® pur® detector

sample

pump pulse, adjusting the filter. The 2D spectra are obtained
directly, reconstructed from TRIR slices acquired at every
pump frequency.

A more compact implementation of frequency domain
2DIR relies on the pump-probe acquisition geometry of
2DIR spectra using, alternatively, an interferometer or a
pulse-shaper to generate two collinear pulses. In case of
the interferometric experimental scheme, the main output
of one OPA is sent to a Mach—Zehnder interferometer, gen-
erating two collinear beams, used as two pump pulses [40,
41]. The two beams are directed through the sample and
overlapped in space and time with the probe beam, gener-
ated through a second OPA. The relative delay between the
two pump pulses (¢,), and the delay with the probe pulse (,)
are scanned by motorized and computer-controlled transla-
tion stages. The probe frequency axis of the 2D spectrum
is obtained by multichannel detection of the probe beam:
in this way a frequency/time (w5/t,) signal is obtained (here
w5 is the probe frequency and ¢, the delay among the two
collinear interfering pump pulses). The obtained signal is
then subject to Fast Fourier Transformation (FFT) to gener-
ate the frequency/frequency (w;/@,) 2D spectrum. To avoid
undesired artifacts (aliasing) due to an incorrect sampling of
the oscillatory pattern along #,, a HeNe laser beam is usually
made copropagating with the IR pulses and its interference
pattern is contextually acquired to generate an accurate time-
base. Alternatively, a pulse-shaper can be used in place of
the interferometer to generate the pump beam couple [42].
Pulse shaper allows fast response and the adjustment of the
delay between the couple of pulses on a frequency range
equal to the laser repetition rate (1-100 kHz) [43]. Further-
more, the pulse couple generated by the pulse-shaper has an
intrinsically stable and modular phase relation, allowing for
the generation of pulse sequences capable to cancel scat-
tering artifacts or to acquire the damped oscillating signal
in the so-called rotating frame [44, 45]. The construction

sample
detector

Fig.2 Pulse sequence and geometry used to record 2D spectra in the a frequency domain and b time domain boxcar configuration
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Fig.4 Top: pulse sequence and
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of the 2D spectrum is the same as described in case of the
interferometric scheme.

In case of time domain experiments, three broadband
mid-IR pulses, separated by controllable time delays, are
used. The beams are arranged such as to reach the three cor-
ners of a square (boxCARS) and are overlapped and focused
at the sample position, where the signal is emitted along the
fourth direction of the square. To facilitate signal detection,
whose intensity is generally very low, a fourth beam, termed
as local oscillator (LO), is sent into the sample such as to
overlap with the emitted signal and interfere with it. Fourier
transformation of the oscillatory patterns created because
of the superposition of signal and LO, allows to reconstruct
the second frequency axis of the 2D map (the first axis is
directly obtained by sending the probe beam into the spec-
trograph, as in pump-probe spectroscopy) [31, 38].

The different configurations are exemplified in Fig. 2.

The extension of 2DIR spectroscopy to study transient
species requires the introduction of an additional visible
pump pulse, which prepares the system in an excited state.
Different pulse sequences can be used, as shown in Fig. 3,
each giving access to a different kind of information [38,
39].

In case of the pulse sequence (a), a visible pump pulse is
used to prepare a transient state or triggering a photoreac-
tion, whose evolution is then followed by applying the 2DIR
pulse sequence. The second scheme, often referred as 2DIR-
EXSY spectroscopy, is instead useful to correlate the vibra-
tions of a system before and after a triggered photoreaction.
The expected processes and the signals obtained, following
the application of the pulse sequence depicted in Fig. 3a are
depicted in Fig. 4.

IR-pumps

Vis pump off T2D spectrum

® pump
O

 pump

(0] (O]
(OFS GS Ex

As it can be noticed in Fig. 4, T-2DIR spectra are obtained
by subtracting the 2DIR spectrum of the ground state from
the 2DIR spectrum of the excited state, acquired with the
visible pump on. In this way, signals pertaining to ground-
state vibrations will appear with opposite sign in the double
difference spectra, and new peaks, associated to excited-state
vibrational modes, will be visible on both the diagonal and
out diagonal regions of the map.

2.2 Fast methods

Fast time-resolved IR spectroscopy techniques are normally
divided into three categories: those using a Michelson inter-
ferometer FTIR spectrometer, dispersive IR techniques, and
those using IR lasers. However, in the last few years, new
innovative instrumental approaches have been developed.
In FTIR-spectrometer-based techniques, the most straight-
forward approach, called rapid-scan FTIR spectroscopy, is
realized by scanning the movable mirror of the interferom-
eter as fast as possible (see Fig. 5a). Each obtained interfero-
gram is stored and then Fourier transformed separately. In
case of difference spectroscopy, a background spectrum is
acquired and subtracted before the beginning of the reaction.
The reaction can be triggered by a laser or lamp flash [46]
(Fig. 5b, ¢) or using a continuous illumination source such
as alamp [47] or a LED [48] (Fig. 5d); in such case, spectra
are recorded during and/or after illumination. Therefore, two
different approaches are possible, as shown in Fig. 5. In the
first one (Fig. 5d), spectra are recorded at increasing times
after the onset of continuous illumination, to follow the time
evolution of the system under constant light. Time-resolved
IR spectra can be also recorded after switching off the light,
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Fig.5 Principles of time-resolved FTIR rapid-scan and step-scan. a
Scheme of the Michelson interferometer-based FTIR spectrometer. In
the rapid-scan mode, the movable mirror of the interferometer moves
continuously at high speed: each obtained interferogram is then
stored separately. In the step-scan mode, the movable mirror moves
in a stepwise manner, from a stop position to another. b Timing of
1-flash-induced rapid-scan FTIR spectroscopy. The flash triggering
the photoreaction arrives at the sample after the acquisition of back-
ground interferogram scans and before starting the moving mirror. To
maximize the time resolution, the flash is usually synchronized with
interferogram recording (“Take data” period). The delay between the
flash and the beginning of the “take data” period can be set by the
operator. ¢ Timing of multiple-flash (in the figure, 3 flashes) rapid-
scan FTIR experiment. Flashes arrive during the intervals between
interferogram recording. As in (b), usually “take data” period and
flash are synchronized. d Timing of rapid-scan experiment during

to monitor the evolution of the sample in the dark after
illumination, analyzing in this way the “relaxation” stage
for reversible photoreactions. If a high time resolution is
required by the experiment (ms range), then a strict synchro-
nization must be achieved between interferogram recording
and illumination onset; in such a case, often a shutter is
used [47]. In the second approach, which is by far the most
applied, spectra are recorded at increasing times after a flash
of light (Fig. 5b) [46]. In some special cases, spectra can be
recorded also after multiple-flashes sequences or even in-
between flashes (see Fig. 5c; examples will be presented in
the section dealing with time-resolved IR spectroscopy of
photosynthetic reaction centers). A typical setup for flash-
induced rapid-scan FTIR spectroscopy is shown in Fig. 6.
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(and after) continuous illumination. After the last background scan,
continuous light (Lamp, LED, etc.) is switched on. Interferograms are
recorded at increasing times after the onset of light. Light switching
off takes place between the recording of two interferograms. To maxi-
mize the time resolution, onset and switching off of light is synchro-
nized with interferogram recording. Optical shutters (opening/closing
times < 1 ms) are often used. e Scheme of a step-scan experiment. For
each stop position of the moving mirror, a light flash starts the reac-
tion, and a transient IR signal is recorded. When a complete set of
transients corresponding to a complete set of stop positions (cover-
ing the whole distance traveled by the moving mirror) is recorded and
digitized, interferograms at different times can be reconstructed. For
instance, all the points of each transient corresponding to time #; will
lead to reconstruct the interferogram at time ¢, after the flash; all the
points of each transient corresponding to time #, will lead to recon-
struct the interferogram at time ¢, after the flash. And so on

Rapid-scan FTIR spectroscopy is limited in its time reso-
lution to the millisecond timescale, because of mechanical
limitations to the velocity of mirror movement. The instru-
ment must be equipped with a fast response detector which
generally consists in a liquid N,-cooled photoconductive or
photovoltaic MCT detector.

In the so-called step-scan FTIR spectroscopy [49], the
approach is completely different. The movable mirror of
the interferometer moves in a stepwise manner (Fig. SA,
E). For each stop position, the photoreaction is started by
a laser flash. Interferograms and, therefore, spectra are
reconstructed from a series of transients IR signals. The
maximal time resolution is in the 10-100 ns timescale,
depending on the response time of the detector and on
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Fig.6 Typical setup for flash-induced rapid-scan FTIR spectroscopy
with ms time resolution. To realize this time resolution, synchroni-
zation between the laser starting the photoreaction, mirror movement
and interferogram recording must be achieved. In the shown configu-
ration, the master is the spectrometer CDP (Counter—Delay Phase
lock looping) board which controls mirror movement and interfero-

the speed of the Analog-to-Digital Convertor (ADC). The
step-scan technique can be easily applied to reversible
light-induced processes, whereas irreversible processes or
slow-relaxing systems require sample replacement. Other
drawbacks in step-scan FTIR spectroscopy are the deli-
cate data acquisition and data processing steps (to avoid
nagging artifacts) [50], and the possibility of unwanted
signals arising from photothermal effects, which should
be eliminated or minimized by temperature control and/
or adequate setting of the laser power [51].

Other FTIR-based techniques have been applied in the
past (ultrarapid scanning [52, 53], stroboscopic FTIR [54],
and others) but they are seldom used nowadays and will
not be described here. It should be mentioned that inter-
esting results can be obtained also by conventional FTIR
spectrometers, non-equipped with rapid-scan/step-scan
option, if a time resolution in the second/minute timescale
is sufficient to monitor the reaction under study.

Dispersive IR instruments avoid the limitations and
complications of rapid-scan and step-scan FTIR spectros-
copy. They can either use a monochromator [55], or an
array of detectors [56]. Recently, new dispersive instru-
ments showing a strongly enhanced signal-to-noise ratio
have been developed [57], and are commercially available.

A completely different approach relies on the use of IR
lasers. Despite their use dates back to more than 30 years ago
[58], the relevance of this approach increased enormously
in the last~ 10 years thanks to the availability of tunable
quantum cascade lasers (QCLs). QCLs have been invented
in 1994. They are electrically pumped unipolar semicon-
ductor lasers, emitting light through “intersub-band” optical
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gram recording (“Take data” or “TKDA” signal). The pulse genera-
tor makes it possible to introduce a suitable time delay between the
signal coming from the CDP board (synchronized with mirror move-
ment) and the input for laser firing, so that the laser can be fired at
a fixed time (1, 2, 3....ms) before the beginning of the “Take data”.
Visualization of experiment timing on an oscilloscope is mandatory

transitions, in contrast to bipolar semiconductor lasers being
“interband” lasers. As the photon energy resulting from
intersub-band transitions is independent of the band gap of
the material in the active region, it can be tuned by adapting
the so-called quantum well thickness [59, 60]. As recently
demonstrated by Schnee et al., QCLs can be easily coupled
with standard rapid-scan FTIR spectrometers, by directing
the QCL beam through the spectrometer towards the sample
compartment, but without crossing the interferometer. This
can be achieved by properly adapting the mirrors arrange-
ment [61]. Optical benches containing four QCLs emitting in
different but slightly overlapping wavenumber ranges within
1876-905 cm™! are commercially available. Within the lat-
ter ranges, each of the QCLs is tunable to one single chosen
wavenumber (with an accuracy < 1 cm™'). Provided that the
spectrometer is equipped with an appropriate MCT detec-
tor, a setup in which such a QCLs bench is coupled with a
standard FTIR spectrometer allows easily switching from
full standard rapid-scan FTIR measurements over a broad
range of wavenumbers (6000—650 cm™Y), but limited to
milliseconds time resolution, to fast QCL diagnostic at one
of the wavenumbers of interest [61]. This typically allows
measuring the temporal evolution of one single species
among others within an interesting spectral region which
contains several molecular/structural fingerprints. The QCL-
irradiation mode reaches a time resolution that depends only
on the response time of the detector (typically 50 MHz), the
QCL pulse rate (settable up to 1 MHz), and the data acqui-
sition system (which limited the time resolution of Schnee
et al.’s setup to 4 ps) [61]. Therefore, while still providing
the whole qualitative and quantitative information for which
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rapid-scan FTIR spectrometers are generally used, a com-
bined QCL-FTIR spectrometer drastically pushes the limits
in monitoring dynamic phenomena, with a large operating
flexibility [61].

Recently, also pump-probe measurements (until ~2012
limited to the fs-ps range) have been extended to the mil-
lisecond timescale, employing methods based on the syn-
chronization of two ultrafast laser sources [62—64].

The most impressive technical advancements in time-
resolved IR difference spectroscopy, however, are even more
recent. Dual-comb time-resolved IR spectroscopy makes it
possible to perform single-shot experiments to obtain time-
resolved spectra in a~60 cm™' spectral region with a time
resolution of 320 ns [65]. Finally, a dispersive IR setup based
on a Féry Spectrometer and on a IR synchrotron source have
been developed, making possible to obtain single-shot spec-
tra in the 18001100 cm™! spectral region [66].

2.3 Sample preparation and data analysis

Compared to visible pump-probe spectroscopy, sample
handling and preparation in case of mid-IR transient
measurements require some specific care. In case of lig-
uid samples, not all solvents are suitable, and attention
should be paid to avoid solvents presenting intense vibra-
tional bands in the region of interest for the sample. In
the majority of cases, cells with short path lengths on the
order of 100 pm or less are used, which helps in decreas-
ing problems caused by background solvent absorption.
Water has a very high absorption cross-section in the mid-
IR, so water-dissolved samples are generally prepared as
very thin films. Alternatively, deuterated water can be
used to shift the solvent absorption in a different spectral
region. Liquid samples are generally prepared by squeez-
ing a few drops of solution among two calcium fluoride
windows, separated by a thin Teflon spacer to reach the
desired path length. Attention should be paid to avoid the
formation of bubbles or heterogeneous zones in the sam-
ples, which could increase scattering and noise. Sample
concentration, in the milli-molar range, is much higher
than those usually required for measurements in the visible
region, because of the small absorption cross-section of
vibrational bands, which can be a problem in some cases,
particularly with biomolecules. Photodegradation of the
sample can be minimized by mounting the sample cell on
motorized holders, or using a flow cell in case the sample
quantity allows for it. The use of motorized cell holders
also allows to maintain fresh sample conditions during
repetitive measurements, necessary because in most cases
signals are very small and data accumulation is required to
achieve a good signal-to-noise ratio. Solid-state samples
are more difficult to handle, mainly because of problems
related to heterogeneities or little transparency. In case
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of measurements performed in transmission mode, solid
state samples are prepared as thin films and deposited on
IR transparent windows, mostly through spin-coating tech-
niques. Finally, attention should be paid to avoid artifacts
related to the use of high-power density, which can cause
excited-state annihilation or increase the local heat of the
sample, inducing distortions on both the kinetic traces and
the spectral shape. To reduce the absorption of water vapor
present in the atmosphere, TRIR setups are inserted in
closed boxes purged with dry nitrogen. In time-resolved
FTIR spectrometers, especially when operating in the step-
scan mode, vacuum technologies are also widely used.

For time-resolved IR spectroscopy of solid adsorbers/
catalysts under an adsorbent/reactive gaseous atmosphere
(see case study on photocatalysis in Sect. 3.2), the solid sam-
ples are generally pelletized. If it is not possible to obtain a
thin and homogeneous pellet of a given material, the latter
can also be impregnated (typically in water/alcohol) onto
a silicon or CaF, plate. The water/alcohol will be evacu-
ated in situ upon starting the experiment. The latter way of
sample preparation generally allows only qualitative meas-
urements, however. The auto-supported pellets or plate-sup-
ported samples are then introduced in the IR cell thanks to
an appropriate sample holder. In vacuum setups, evacuating
the IR cell and introducing the desired pressure of reactant
must be done smoothly to avoid detaching and breaking the
pellet/plate. In continuous flow setups dedicated to operando
photocatalytic studies, the pellet/plate is typically placed into
a “sandwich” transmission IR reactor-cell equipped with
KBr windows at each side of the sample holder (to reduce
the dead volume) and with a heating system [67]. The outlet
gas flow can be analyzed in an annex optical bench contain-
ing a dedicated gas-IR cell, or in a mass spectrometer or gas
chromatograph. In all cases, prior to measurements, the IR
cell must be carefully checked for leaks.

Several strategies have been proposed to increase the sig-
nal-to-noise ratio, to analyze the time-resolved IR spectra
disentangling spectral contributions from different species,
or to interpret IR signals (especially from transient states). A
detailed description of these methods is beyond the scope of
this tutorial review; it should, however, be mentioned that in
data treatment several approaches are possible, either relying
on kinetic models (so-called hard modeling approaches [68])
or keeping the analysis free from constraints (so-called soft-
modeling approaches [69]). Mixed hard—soft approaches
have also been developed [70], as well as more tailored
strategies [71]. 2D correlation spectroscopy is also often
used to establish the concomitance or non-concomitance of
different events [72].

In IR spectroscopy, band attribution is carried out by
performing experiments in different solvents (e.g., H,O
and D,0) or using isotopically labeled molecules. For mol-
ecules in complex environments (cofactors or pigments in
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protein binding pockets, reactant adsorbed on surfaces, etc.),
comparison with the IR spectra of the studied molecules
in well-known environments (cryogenic matrices, solvents,
etc.) is also a common strategy. Theoretical calculations
(Density Functional Theory—DFT, Quantum-Mechanics/
Molecular Mechanics—QM/MM, Normal mode analysis
NMA, etc.) are also routinely used, and often coupled to
the experimental above-mentioned strategies. This approach
(comparison with molecules in well-characterized environ-
ment, often associated with calculations) holds true also
for time-resolved IR spectroscopy, and it makes possible to
assign bands of reactants, products, by-products, etc. How-
ever, this approach may become particularly difficult for IR
bands of putative transient species (excited states, short-
lived radicals, etc.), as these species are often difficult to
obtain in separate experiments, so that a direct comparison
is not possible. In these cases, the theoretical approaches are
basically the only way to achieve band attribution. DFT (see
for instance Mezzetti et al. [73]), QM/MM (see for instance
Rohani et al. [74]) or more advanced calculations (Macaluso
et al. [75]; Petrone et al. [76]) become particularly useful.

3 Case studies
3.1 Photosynthetic reaction centers
3.1.1 Bacterial reaction centers

Time-resolved IR spectroscopy has been widely applied to
photobiological reactions since the mid ‘80s, [14, 15] and
in particular to isolated photosynthetic protein complexes
since 1990 [19, 77]. In the following, we will not con-
sider results obtained on light harvesting processes [19] or
photoprotective mechanisms [48, 73, 78]. We will instead
describe results obtained on photosynthetic reaction cent-
ers (RCs), where the real photochemistry of photosynthe-
sis takes place. According to their internal photochemistry,
photosynthetic RCs are normally divided into type I and
type II RCs. We will focus here on type II RCs, and in
particular on the two most studied systems: the type II
bacterial RCs and photosystem II. The interested reader
can refer to recent reviews describing the most interesting
results obtained on photosystem I and other type I photo-
synthetic RCs [79, 80]. Especially for photochemical reac-
tions in biological systems, it has appeared immediately
that a difference approach was required, as the tiny signals
of interest related to the evolution of the reaction were hid-
den, in the absolute spectrum, by much more intense—and
non-evolving with time—spectral contributions from the
non-reactive part of the sample. The type II bacterial RC,
especially from R. sphaeroides, an anoxygenic purple pho-
tosynthetic bacterium, has played a key role in clarifying

structure—function relationships of primary photosynthetic
reactions. As in the other RCs, a series of cofactors are
involved in the ultrafast conversion of an excited state D*A
to a charge-separated state DA™ (D stands for electron
Donor, A for electron Acceptor). In R. sphaeroides RC,
the primary event is the photooxidation of the so-called
primary donor Pg,, (a dimer of Bacteriochlorophyll a
molecules) by electron transfer to a first acceptor H,, a
pheophytin. On slower timescales, Pg,,* is reduced back to
Pg- by a cytochrome, whereas the electron of the primary
acceptor is transferred subsequently to two quinones, Q,
and Qg. The photoreaction is repeated so that a double
reduction and double protonation of Qg is achieved. The
formed QgH, leaves the RC. The first time-resolved IR
data in isolated photosynthetic proteins were obtained on
this RC [18, 81-84]. Several IR marker bands have been
identified by static IR difference spectroscopy for cofac-
tors, notably the Bacteriochlorophyll a (BChl a) dimer Py,
and the primary and secondary quinone electron acceptor
Q, and Qy, in oxidized or reduced states [85]. In addition,
IR bands for amino acid side chains [86, 87] and internal
water molecules [88] have been identified. This has made
it possible to give a deep interpretation of time-resolved
IR data and prompted a series of subsequent studies. A
first advantage of time-resolved IR spectroscopy emerges
immediately, as IR bands of each of the above-mentioned
molecules are narrow and often well separated from oth-
ers. On the one hand, the difference approach makes it
possible to visualize only the molecular groups undergoing
changes; on the other hand, the similar (or same) chemical
structure of different reactants, intermediates or products
is in most cases not a major problem, as IR bands are
strongly influenced by the environment and, therefore,
site-specific. For instance, semiquinones Q,~ and Qg~,
despite being the same chemical species—a radical anion
of ubiquinone-10—have specific well-separated marker
bands (at 1467 and 1479 cm™, respectively).

The primary charge separation P*H,~ and the subse-
quent electron transfer to Q, have been studied in a series
of ultrafast IR studies on wild-type RCs [84, 89], mutant
RCs [90-92], and chemically modified RCs [93].

A much livelier scientific debate involved the electron
transfer between the two quinones Q, Qp — Q,Qz™. A major
breakthrough was the observation, by single wavenumber
time-resolved IR, that the electron transfer reaction is cou-
pled to the protonation of the side chain of a residue close to
the Qg binding pocket, Glu-L212 [86]. It should be pointed
out that time-resolved IR spectroscopy makes it possible to
follow both electron transfer and proton transfer reactions,
a piece of information almost impossible to get from other
spectroscopic techniques. In mutant RCs where the electron
transfer is slowed down, the protonation of Glu-L212 was
found to be concomitant with the electron transfer (Fig. 7)
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Fig. 7 Rapid-scan FTIR difference spectra recorded after one flash on
the DN(L210)/DN(M17) double mutant RC from R. sphaeroides. As
shown in the left picture, in wild-type RCs, the protonable side chain
of two D (Asp) amino acid are involved in a proton transfer pathway.
Upon double mutation to N (Asn), the proton transfer pathway is per-
turbed. The double mutation slows down the proton transfer from the
cytoplasm towards the Qg site, and the electron transfer between Q,
and Qp, making the overall reaction accessible to rapid-scan FTIR.
The use of external donor ensured fast reduction (< <4 ms) of the
oxidized primary donor Pg,,*, eliminating thereby its very intense IR
bands. Electron transfer could be followed through previously iden-
tified marker bands at 1467 cm™' (Q,7) and 1479 cm™! (Qg7). The
protonation of the side chain of Glu-L212 could be followed through

[46]. Furthermore, electron and proton transfer reactions
could be followed in the same series of time-resolved FTIR
difference spectra, i.e., simultaneously. However, interpreta-
tion of time-resolved IR difference spectroscopy data, espe-
cially those obtained through step-scan FTIR, which requires
a large number of actinic events, should also be done with
care. In two following papers, the Gerwert group suggested
that Qg formation precedes Q,~ oxidation, and proposed
the existence of an intermediate X, electron donor to Qg
[94, 95] This hypothesis was quite revolutionary, as no other
techniques suggested indications for such an intermediate. In
an elegant paper using static FTIR difference spectroscopy
[96], Breton showed that the Q,~X*/Q,X difference spec-
trum reported in the work of Hermes et al. [95] is essentially
equivalent to a Q,"Qp/Q,Qp~ double difference spectrum
constructed from the pure Q,7/Q, and Qg /Qg FTIR differ-
ence spectra, demonstrating as highly unlikely the existence
of such an intermediate X. Most probably, sample degrada-
tion occurring during the time-resolved FTIR experiments
reported in references [94, 95] (carried out mainly by step-
scan FTIR, not well suited for photoreactions slowly recov-
ering to the initial state) somehow did not allow a proper
analysis of time-resolved data.

Conversely, several time-resolved IR papers suggest the
existence of a transient proton acceptor, probably the side
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the previously identified marker band at 1728 cm™!. A unique piece
of information deduced from these time-resolved FTIR data was
that beside proton uptake and electron transfer, also protonation of
the Glu-L212 side chain is slowed down by the double mutation.
Rapid-scan FTIR experiments on wild-type RCs (and other mutants)
strongly suggest that the slow protonation of Glu-L212 and slow elec-
tron transfer between the quinones are coupled processes in native
RCs [46]. Figure above has been reprinted from Biochimica et Bio-
physica Acta 1553, A. Mezzetti, E.. Nabedryk, J. Breton, MY Oka-
mura, ML Paddock, G. Giacometti, W. Leibl, “Rapid-scan Fourier
transform infrared spectroscopy shows coupling of Glu-L212 proto-
nation and electron transfer to Qg in Rhodobacter sphaeroides reac-
tion centers” Copyright 2002, with permission from Elsevier

chain of an Asp residue, in the proton transfer channel,
located mid-way between the proton entry point and the Qg
pocket [86, 97, 98]. In this case, the power of time-resolved
IR difference spectroscopy is even more evident, as it has not
only put in evidence the time evolution of proton transfer,
but it was also able to “catch” a transient proton acceptor.

Time-resolved FTIR spectroscopy was also used to
study the Q, Qp~— Q,Qg* reaction and the ubiquinol
QgH, release. Mezzetti and Leibl in 2005 studied by rapid-
scan FTIR technique this process in wild-type isolated
RCs [97]. Rapid-scan FTIR difference spectra recorded
after two flashes showed indication for the displacement
of QgzH, from its binding pocket towards the outside. A
key point to follow the process was the synchronization
between interferogram recording and laser firing, so that
precise and known delays were inserted between the flash
(both the 1st and the 2nd) and the beginning of interfero-
gram recording. This delay (4 ms) was necessary to let
external donors to reduce the oxidized Primary donor
Pgs0*, thereby making it possible to repeat a second light-
induced charge separation and, eventually, to obtain a dou-
ble reduction of the Qg cofactor.

The process was also studied by rapid-scan FTIR spec-
troscopy under and after continuous illumination [97],
exploiting also chemometric tools and 2D correlation
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Fig.8 a Structure of the a
Mn,CaOs cluster and of the
surrounding water molecules
and amino acid residues. The
structure was depicted using
the coordinates of Protein Data
Bank entry 4UB6.58 [113].

b S-State cycle leading to
photoinduced water oxida-
tion. C Time courses of AA at
1514 cm™ (green line, marker
band for Y,-), 1400 cm™!

(blue line, marker band for
COO"), and 1256 (red line,
marker band for Y,) cm™! in
the S, — S; transitions in PSII
core complexes at a pH 5.0, b
pH 6.0, ¢ pH 7.0, and d pH 8.0.
Black lines are simulated traces
obtained by global fitting of
the three experimental traces at
each pH. The scale bars indicate
a AA of 5x 1075, Adapted with
permission from Takemoto

et al. [110]. Copyright 2019
American Chemical Society

analysis for an in-depth understanding of the mechanism
[72].

The process of ubiquinol release was also studied by
time-resolved FTIR under and after continuous illumina-
tion in bacterial membranes, a more intact environment, and
therefore, a more appropriate condition to investigate QgH,
release [47, 69, 70, 99].

It should be noticed that whereas monoelectronic reduc-
tion of Qg can in principle be followed by other spectro-
scopic techniques (e.g., UV=Vis, or EPR) this is much more
difficult for QzH, formation and nearly impossible for QzH,
release (corresponding to a movement from a protein bind-
ing pocket to the outside of the protein).

3.2 Photosystem Il reaction centers

Time-resolved IR spectroscopy has been extensively applied
to the RC of Photosystem II (PSII) from plants and cyano-
bacteria. The architecture of the RC of PSII resembles that
of the RC of purple bacteria. A primary donor called Pgg
absorbs light and gets photooxidised to Pggy" mimicking
what happens in bacterial RCs for Pg;, On the so-called
acceptor side (“acceptor” because it accepts the electron
coming from Pgg), the Q,/Qp electron acceptor groups
are present, with the same role as in the above-described

C Sz-—)S3

a.pH5

H 0 50
Time (us)

T T
1000 1500 2000

bacterial RC. PSII also contains on the donor side a redox-
active tyrosine residue, Y, acting as an electron donor, and
a Mn,CaOj; water oxidizing complex (WOC), as shown
in Fig. 8a. At the WOC, two H,0O molecules are oxidized
to give a O, molecule and four H*. This 2 H20 - 02 +4
H+ +4 e— reaction takes place through 5 intermediate
states called S; (i=0-4): the higher the i value, the higher
the oxidation state of the MnCaOs cluster (see Fig. 8b). Each
step of electron extraction (corresponding to a S;— S,
transition) is determined by the need of re-reducing the Y,
radical, and therefore, indirectly also re-reducing the oxi-
dized form of primary donor, Pgg,* to Pgg,. The S, state
is a transient state, because it immediately releases O, and
relaxes back to the S state.

Therefore, PSII couples the two-electron reduction of
Qg (in the acceptor side) to a four-electron oxidation of the
MnCaOj cluster (in the donor side).

As for bacterial RCs, ultrafast IR has been used to inves-
tigate the initial process of photoinduced charge separation
[100-102]. However, most time-resolved IR studies have
been—and still are—focused on understanding the water-
splitting chemistry of PSII.

With the aim of better understanding the different steps
of water oxidation, in 2001 Noguchi and Sugiura used a
multiple-flash approach coupled to time-resolved FTIR with

@ Springer



Photochemical & Photobiological Sciences

a time resolution of 10 s [103]. In this way, they were able
to obtain consecutive FTIR difference spectra reflecting
the Sy— S, —S,—S; (—S,) — S, transitions. A similar
approach was reported in the same year by Hillier and Bab-
cock [104]. Since then, the approach has been used several
times, including the low-frequency region (670-350 cm™)
[105]. These studies are “time-resolved” in the sense that
they require a synchronization of interferogram recording
with the firing of multiple flashes. They made it possible
to record “static” FTIR difference spectra (reflecting all
the molecular changes in the WOC) corresponding to each
S;— S, transition.

Since 2012, in a series of papers Noguchi and co-workers
used time-resolved IR with a dispersive IR spectrometer to
investigate the Sy— S, — S, — S5 (— S,) = S, transitions in
wild-type and mutant PSII RCs (Fig. 8B) [55, 106-109].
Upon flash excitation, they monitored IR changes at 1400
and 2500 cm™~! which represent, respectively, the reaction
(or interaction changes) of COO™ groups and the changes
in proton polarizability of strong hydrogen bonds. It should
be noticed that no other spectroscopic techniques can follow
directly changes in COO™ status and proton movement.

The S, — S; transition was studied in details [110, 111],
also by another research group [112]. In particular, results
from the Noguchi group [107] suggested that during the
S, — S; transition proton release is a rate-limiting step in the
proton-coupled electron transfer. The authors could follow
the electron transfer to Y,- thanks to IR marker bands for
Y, (1514 cm™") and for Y, (1256 cm™). The coupling with
proton transfer reactions is suggested by the pH dependence
of Y, reduction (see Fig. 8C). This example shows how the
availability of IR marker bands for Y,/Y, (involved in the
photoinduced electron transfer from WOC to Pgg*), associ-
ated with a study of the pH dependence of the IR transients,
can make it possible to determine the coupling between elec-
tron and proton transfers

The acceptor side was also the object of investigation;
Nozawa and Noguchi studied by rapid-scan FTIR, the pH
dependence of the relaxation rate of Qg™ [114]. This is an
important piece of information that suggested to the authors
the hypothesis that the pH-dependent Qg™ relaxation is one
of the mechanisms to regulate electron flow in PSII for its
photoprotection. It is important to notice that only the use
of rapid-scan FTIR made it possible to follow directly the
time evolution of Qg™ through a specific Qg™ IR marker
band.

Rapid-scan FTIR was also used in DCMU-treated PSII
to investigate the effect of multiple flashes in building-up a
« light-adapted state» [115], as already observed in bacterial
RCs [88]. Indeed, S,Q,7/S,Q, difference spectra recorded
after a series of 20 saturating flashes showed a threefold
decreased rate of charge recombination compared to time-
resolved S,Q,7/S,Q, difference spectra recorded after a

@ Springer

single saturating flash. The authors proposed that dielectric
relaxation processes inside the RC play a key role. In this
case, not only semiquinone re-oxidation, but also the recov-
ery of the S, state from the S, state were followed directly
through marker IR bands.

Time-resolved IR was also coupled to measurement
methods different from transmission. An interesting exam-
ple is the use of Rapid-scan FTIR in the Attenuated Total
Reflectance (ATR) mode. It was recently used to investi-
gate the photoassembly of the Mn,CaOjs cluster in PSII (a
process called photoactivation) [116]. Flash-induced, rapid-
scan FTIR difference spectra of the protein complex upon
binding of Mn?* were obtained, shedding some light on the
chemistry of the process. This approach shows that more
complex photochemical processes, involving ligands that
are “external” to the photoactive protein, can be followed.
Indeed, it is expected that, in the future, photobiological
time-resolved IR studies will be performed more and more
often in the ATR mode.

3.3 Gas-phase photocatalysis

Time-resolved IR absorption spectroscopy can also be
applied to photoinduced reactions within a gas phase [117,
118], or at a gas—solid interface, typically on a heteroge-
neous photocatalyst [119-123]. The present section of the
review focuses on the latter case, where time-resolved IR is
a unique way to directly monitor the interactions between
adsorbed molecules and the photocatalysts [124]. Depending
on the experimental setup, the solid can be set either under
a continuous gas flow [122, 123], or under a static atmos-
phere [119-121]. Both approaches are complementary. Upon
photoexcitation, in situ-monitoring the system through time-
resolved IR absorption spectroscopy then allows following
photogenerated electrons [120], chemical species adsorbed
at the surface of the solid and/or the composition of the sur-
rounding gas phase [122, 123], as a function of time under
various experimental conditions. Analyses may be qualita-
tive or quantitative. They may focus on a single wavenumber
[120, 122], or deal with spectra in a broad range of wave-
numbers [119, 121]. If the overall performance of the pho-
tocatalyst (in terms of reactant conversion and selectivity
to products) is evaluated simultaneously (through gas-IR
spectroscopy, gas chromatography and/or mass spectrom-
etry), the methodology is qualified as operando, and is often
extremely powerful to enlighten reaction mechanisms and to
optimize the photocatalyst design [123, 125]. Such operando
studies are most often carried out under continuous gas flow,
but are possible also under static atmosphere, if the IR cell
works as a batch reactor [126].
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3.3.1 Under static atmosphere

3.3.1.1 Monitoring photogenerated electrons at a fixed
wavenumber Yamakata et al. used time-resolved IR absorp-
tion spectroscopy to study electron- and hole-capture reac-
tions on TiO, and Pt/TiO, photocatalysts exposed to dioxy-
gen, water vapor or methanol vapor (static atmosphere)
[120, 127-129], in particular to enlighten the mechanism
of the photocatalytic water-splitting reaction (2 H,0—2
H,+0O,) on Pt/TiO, at 323 K [120]. Upon irradiation by a
355 nm UV-pulse, at time =0, the TiO, and Pt/TiO, photo-
catalysts show a transient IR absorption band from 3000 to
1000 cm™! (with an intensity monotonically increasing with
decreasing wavenumber), which is proposed to result from
photogenerated electrons trapped in shallow mid-gap states
[120, 127]. Under vacuum, these electrons then recombine
with the complementary holes with a multi-exponential rate
[120, 127]. In the presence of reactants such as dioxygen,
water vapor or methanol vapor, however, the decay kinet-
ics of the photogenerated electrons are different, which
reflects the reactant-induced electron- and/or hole-capture
reactions and thereby provides mechanistic insight. Yam-
akata et al. monitored the latter decay kinetics by tracking
the IR absorbance at 2000 cm™', under increasing reactant
pressures [120, 127-129]. To carry out their studies, Yam-
akata et al. fixed the catalyst powders on a CaF, plate, which
they placed into a heatable stainless-steel IR vacuum cell.
Within the spectrometer, transmitted IR light was dispersed
in a grating monochromator. The IR output was then con-
verted to an electric signal in a MCT detector, of which the
response determined the time resolution (50 ns). UV-irradi-
ation of the sample on the plate was achieved thanks to the
third harmonic of a 1064 nm Nd:YAG (neodymium-doped
yttrium aluminum garnet) laser, thus with a pump pulse of
355 nm. The authors succeeded in detecting transient IR
absorbance changes as small as 107 after irradiation by
such a UV-pulse by successively accumulating many pulses
(typically 300) at 0.1-1 Hz and then averaging the signal
[120, 127-129].

3.3.1.2 Monitoring photogenerated electrons
through step-scan time-resolved IR and correlating their
kinetics with the photocatalytic performance Chen et al.
used step-scan time-resolved FTIR spectroscopy on the
nanosecond to second time scale to investigate the mecha-
nism of anaerobic methanol photooxidation for hydrogen
production, also called photocatalytic reforming of metha-
nol (CH;OH+H,0 — CO,+3 H,), on Pt/TiO, at room
temperature [121, 130]. These authors combined their
time-resolved FTIR experiments under methanol and water
vapors (static atmosphere), focused on the slow kinetics of
long-lived photogenerated electrons, with classical in situ
FTIR experiments on the same experimental setup and with

photocatalytic tests in methanol-water solution on a differ-
ent setup, to correlate the decay of the long-lived photogen-
erated electrons with the steady-state photocatalytic activity
of Pt/TiO, for hydrogen production [121]. The authors found
that electron decays on the millisecond to second time scale
correspond to the consumption of these electrons for hydro-
gen generation, and that molecularly adsorbed methanol or
water mediates the proton transfer on the TiO, surface. To
carry out their step-scan time-resolved FTIR experiments,
the authors pressed the TiO, or Pt/TiO, samples into self-
supporting wafers, which they placed into a heatable quartz
IR cell connected to a vacuum system. The latter allowed
evacuating the samples and then introducing methanol and
water vapors. The samples were photoexcited by irradiation
with the third harmonic of a 1064 nm Nd:YAG pulse laser,
thus at 355 nm (3 Hz, 8 mJ/pulse). To prevent the scattered
light from reaching interferometer and detector optics, anti-
reflective-coated Ge plates were placed in the openings of
the sample chamber. The synchronization between laser
excitation and data acquisition was achieved by means of
a pulse generator. As they described in details, the authors
adapted the step-scan measurement method to overcome the
difficulty of observing also the slow signals ranging from
milliseconds to seconds due to the limited low cutoff fre-
quency of the AC amplifier in the MCT detector [121].

3.3.2 Monitoring adsorbates by rapid-scan and step-scan
time-resolved IR

Frei and his team have worked a lot on in situ FTIR spec-
troscopy upon photoexciting molecular sieves (typically alu-
minophosphates and zeolites) into which gaseous reactants
were loaded, always using the same kind of experimen-
tal setup [119, 131-137]. For instance, through combined
rapid-scan and step-scan measurements on the microsecond
to second time scale, Yeom and Frei probed the mechanism
of the ligand-to-metal charge transfer (LMCT) induced
reaction of methanol and dioxygen at the gas-micropore
interface of a FeAIPO,-5 sieve at 250 K [119]. Using a
heatable IR vacuum cell for analyses under static atmos-
phere, as Yamakata et al. and Chen et al. did in their above-
mentioned works, Yeom and Frei focused on monitoring
adsorbates/intermediates/products (e.g., formate HCO, —Fe
at 1625 cm™!; formaldehyde CH,=0 at 1726 cm™!; for-
mic acid HCO,H at 1679 cm™'; water H,O at 1650 cm™/;
hydroxymethyl hydroperoxide HO,CH,OH at 1455 cm™")
rather than photogenerated electrons. Their time-resolved
study revealed hydroxymethyl hydroperoxide (HO,CH,OH)
to be the main two-electron transfer intermediate. The latter
quickly rises on the sub-millisecond time scale, suggesting
that it is formed by direct coupling of HOO and CH,OH
radicals, the presumed one-electron-transfer products of
the interaction of methanol and dioxygen with the excited
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framework Fe centers. This implies that the photogen-
erated Fe*"-O~! moiety reacts with the donor (methanol)
and acceptor (dioxygen) on a microseconds time scale or
faster. H atom transfer of HOO and CH,OH radicals to
yield CH,=0 and H,0, appears to be only a minor reaction
pathway [119]. In the latter study, Yeom and Frei mounted
self-supporting pellets of the FeAIPO,-5 sieve in the above-
mentioned IR vacuum cell. The IR cell was placed inside
an Oxford Cryostat spectrometer allowing for temperature
variations between 77 and 473 K. The photoreaction was
induced by 355 nm nanosecond pulses of the third har-
monic of a 1064 nm Nd:YAG laser. A small quartz prism
(1 cm edge-to-edge) was used to align the photolysis beam
collinearly with the IR probe beam. To prevent photolysis
light entering the detector or interferometer compartment,
the ports of the latter compartments were closed off by Ge
plates with dielectric coatings that maximize IR transmis-
sion. The start of the interferogram acquisition following a
laser pulse was triggered by an optical pulse diverted from
the photolysis laser beam. To ensure that the time delay
between the laser pulse and the start of the interferogram
acquisition was always the same after each laser pulse, the
Nd:YAG laser was triggered by a TTL (transistor-transistor
logic) pulse from the FTIR instrument coincident with the
forward turn of the moving mirror [119, 138]. Depending
on the time resolution, the authors used different procedures
to perform their rapid-scan and step-scan measurements
(differing by the order of the different steps, their duration,
the delay in-between them, etc.), which they described in a
very detailed way [119].
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Fig.9 QCL beam absorbance at 1360 cm™' vs. time (1 point every
100 ps) over TiO, P25 during a UV on—off cycle (UV on: left panel,
UV off: right panel) under a reaction flow at room temperature and
atmospheric pressure. Conditions: flow=30 mL min~'; 0.1 and 20
vol% of methanol and oxygen in argon, respectively; Hg—Xe lamp
(200 W); I, ~ 200 mW cm™2. In the left panel, time=0 corresponds
to the moment when the shutter in-between the lamp and the UV-
light guide directed to the IR cell was opened to irradiate the sample.
During the preceding 200 ms, the sample was already under a reac-

@ Springer

-200 0 200 400

3.3.3 Under continuous gas flow

3.3.3.1 Monitoring adsorbates at a fixed wavenumber
and correlating their kinetics with the photocatalytic per-
formance Besides the above-mentioned studies which are
all based on the use of IR cells connected to a vacuum sys-
tem allowing for evacuation of the sample and subsequent
loading with the gaseous reactants, there are also systems
where time-resolved IR absorption spectroscopy following
photoexcitation is performed under continuous gas flow. For
instance, Schnee et al. studied the gas-phase photooxidation
of methanol over TiO, photocatalysts at room temperature
under flowing methanol and dioxygen (atmospheric pres-
sure), thanks to an appropriate homemade “sandwich” IR
reactor-cell positioned within a new quantum cascade lasers
(QCLs)-assisted FTIR setup [61, 122, 123]. More precisely,
Schnee et al. used a QCL tuned at 1360 cm™! to monitor
the formation and reaction of intermediate surface formate
species at a microsecond time resolution over three different
TiO, photocatalysts (P25, commercial anatase, and home-
made anatase) through UV on-off cycles under flowing
methanol and oxygen. Figure 9 shows typical IR absorbance
curves vs. time measured for TiO, P25 (at 1 point every
100 ps; the setup being actually able to record 1 point every
5 us).

The QCL was actually part of a MIRcat-QT system con-
taining four QCLs emitting in different slightly overlapping
ranges, that the authors had coupled with their standard
rapid-scan FTIR spectrometer, equipped with a MCT detec-
tor. The QCL beam was directed to the sample compartment
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-200 0

tion flow but still in the dark. In the right panel, time=0 corresponds
to the moment when the shutter was closed again, still under a reac-
tion flow. The fall times to open and close the shutter were around
6.5 ms and 3.2 ms, respectively, with a minimum pulse width of
13 ms [122]. Figure above has been adapted from Fig. 2 contained in
Catalysis Science & Technology 10, 5618-5627 (2020). No permis-
sions request needed as one of the present authors was the author of
the reference material, as stated by RSC Licences, copyright & per-
missions guidelines
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Fig. 10 Schematic summary of the study of Schnee et al. on the gas-
phase methanol photooxidation at room temperature over TiO, pho-
tocatalysts (pelletized) by means of time-resolved QCL diagnostic at
the microsecond time scale [122]. R, formation @PParent rate of for-
mation, R, reaciion @PParent rate of reaction. Figure above has been
adapted from the graphical abstract of Catalysis Science & Technol-
ogy 10, 5618-5627 (2020) (https://doi.org/10.1039/DOCY00865F).
No permissions request needed as one of the present authors was the
author of the reference material, as stated by RSC Licences, copy-
right & permissions guidelines

of the spectrometer through the latter but without crossing
the interferometer. It was pulsed to avoid local sample heat-
ing, and the data acquisition was triggered at each laser
pulse. The time resolution thus corresponded to the time
in-between two successive laser pulses. The pelletized pho-
tocatalysts were irradiated with the polychromatic UV-light
of a Xe-Hg lamp, using a UV-light guide mounted at the
entrance of the IR reactor-cell and flashing the full surface
of the wafer. It was checked that the catalyst was homogene-
ously illuminated and behaved as a true photo-reactor [122].
Based on the tangent at time =0 to the recorded IR absorb-
ance curves vs. time (Fig. 9, for example), the authors were
able to determine apparent rates of formation and reaction
of the surface formate species, which they finally correlated
with the overall steady-state catalytic performance (in terms
of total yield of methylformate and carbon dioxide) of the
TiO, photocatalysts measured in subsequent experiments on
the same setup under the flowing reactants (as schematically
summarized in Fig. 10). Indeed, the reactor-cell was con-
nected to an auxiliary bench of the IR spectrometer equipped
with a gas microcell to analyze the composition of the outlet
gas flow. The authors found that, the faster the reaction of the
surface formates, the higher the catalytic methanol oxidation
activity. Thereby, they demonstrated, to their knowledge for
the first time, the direct relationship between the conversion

of surface formate species and the catalytic performance
of the photocatalysts [122]. The above-mentioned “sand-
wich” transmission IR reactor-cell was equipped with KBr
windows at each side of the sample holder and with a heat-
ing system. It was connected to a gas distribution system
equipped with mass flow controllers to introduce gases into
the lines. The partial pressure of methanol was established
using a saturator. In the catalytic performance tests, the pel-
lets were irradiated at 365 nm thanks to a monochromatic
365 nm band pass filter to keep the methanol conversion
low enough to enable a proper comparison of the different
samples [122].

3.3.3.2 Operando monitoring the photocatalytic pro-
cess El-Roz et al. investigated the gas-phase photooxi-
dation of methanol, n-hexane and carbon monoxide over
TiO,-based photocatalysts at room temperature up to 473 K
under continuous gas flow using a FTIR setup similar to
that used by Schnee et al. but without being coupled with
QCLs [123, 125]. Under photocatalytic reaction condi-
tions, in real time, they simultaneously monitored the spe-
cies adsorbed on the surface of the photocatalysts by time-
resolved FTIR spectroscopy, and the reaction products by
gas-phase IR spectroscopy and mass spectrometry, which
makes their work truly operando. Time-resolved FTIR
spectroscopy was performed at the second to minute time
scale. The authors varied parameters such as the reaction
temperature, the reactant concentration, the UV-irradiation
intensity, and evaluated the effects of these parameters on
the photocatalytic reaction [123, 125]. Among their main
conclusions brought by the operando approach, they found
that the amount of TiOH surface groups influences the
TiO, band gap, and that these sites (especially the Ti"™OH
ones) improve the chemisorption of methanol (hydrophilic)
and favor its photooxidation [125]. Moreover, they found
that, for TiO, photocatalysts, high temperatures (>443 K)
favor the chemisorption of methanol and thereby lead to a
slight decrease of reactivity. On the contrary, when TiO, is
supported on a BEA zeolite, the reactivity increases with
increasing temperature, which was attributed to a decreased
poisoning of the TiO, surface thanks to the BEA support
[123].

3.4 Cis-trans isomerization in molecular
photoswitches

Molecular photoswitches are photochromic compounds that
respond reversibly to irradiation with a change of molecu-
lar characteristics such as structure, dipole moment, polar-
ity and charge [139]. These light sensitive molecules can
be applied in a variety of fields, ranging from the devel-
opment of light responsive materials, to photocatalysis,
and medicine. Among the possible light-induced chemical
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transformations, cis—trans isomerization is an elementary
reaction of fundamental importance in triggering the actions
of several photoswitches and bio-photoreceptors. Consid-
ering the large structural changes and the fast timescale
associated to this photoreaction, transient IR spectroscopy
appears as a particularly suited technique to investigate its
mechanism and dynamics, and has been extensively applied
to study photoinduced isomerization both in photoactive
proteins, such as GFP [140-144], PYP [145, 146], retinal
proteins [12, 147-151], bacteriorhodopsin [152], and in
small molecular photoswitches in condensed phase. The
literature on the argument is extremely rich, so that we will
limit this paragraph to the description of only a few, mostly
recent, examples.

One of the first applications of TRIR spectroscopy for
studying the photoinduced isomerization of a molecular pho-
toswitch dates back to 1997, when Hamm and co-authors
applied this technique to investigate the photochemistry of
azobenzene in solution [153]. Although the measurements
did not have the necessary time resolution to resolve the pho-
tochemical event, the analysis of the spectral evolution of the
excited-state IR absorption bands allowed to gain important
information concerning the vibrational relaxation of the hot
molecules produced upon photoisomerization and to con-
clude, on the basis of a developed kinetic model, that the
system undergoes to a very fast internal vibrational relaxa-
tion (IVR), followed by a slower cooling process associated
with energy transfer towards the surrounding solvent.

In more recent years, numerous studies appeared where
ultrafast TRIR spectroscopy has been used to elucidate the
timescale and mechanism of photoinduced isomerization in
molecular photoswitches.

Among the recently developed photoswitches, hemith-
ioindigos are certainly gaining increasing importance [154].
These systems, structurally composed by half a stilbene
moiety and half a thioindigo unit, undergo a photoinduced
isomerization among the central C=C bond. The isomeriza-
tion mechanism of several substituted hemithioindigos has
been recently analyzed through ultrafast TRIR spectroscopy.
In particular, following the solvent-dependent time evolution

w.%\if

double bond
isomerization

Fig. 11 Possible photoinduced
reaction paths in DASA photo-
switches. This figure has been
adapted with permission from
https://doi.org/10.1021/jacs.
7b09081. Further permission
related to the material excerpted
should be directed to the ACS
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of an excited-state absorption band assigned to the carbonyl
group present on the structure, it has been possible to evi-
dence the formation of a twisted intra-molecular charge
transfer state (TICT) upon photoexcitation [155]. In polar
solvents, the formation of TICT can be highlighted from the
observed red shift of the C=0 band, occurring on a time-
scale of 2-3 ps. Indeed, upon photoexcitation and forma-
tion of the charge transfer state, a higher amount of negative
charge is localized on the C=0 moiety: this decreases its
bond strength and causes the observed red shift.

Other recent examples concern with the analysis of the
reaction mechanism of molecular motors, and in particu-
lar of overcrowded alkenes [156]. These systems undergo
a combined photoexcited/thermal unidirectional rotational
cycle, starting with the photoinduced isomerization around
the central C=C bond. Comparison of TRIR spectra with
FTIR difference spectra of the most stable and metastable
isomers allowed to conclude that the metastable isomer
forms within 30 ps. Furthermore, the observation of a strong
broad signal covering the entire investigated spectral region
and rapidly decaying within a few picoseconds, suggested
the participation of an electronic dark state in the photoin-
duced reaction. Theoretical computations supported this
interpretation, suggesting that the efficiency of the motor is
highly influenced by the interaction between optically bright
and dark states.

In the continuous search for molecular photoswitches
activated with visible or near-IR light, a novel class of
molecules, so-called donor—acceptor Stenhouse adducts
(DASAs), was recently introduced [157-160]. DASAs are
based on a cyclic acceptor (Meldrum’s acid or dimethylbar-
bituric acid) connected to a secondary amine-donor through
a triene bridge and have an absorption maximum spanning
in the 545-650 nm range. Upon irradiation, the colored
elongated triene form cyclizes to a colorless form. Previous
spectroscopic characterization based on UV/Vis and NMR
spectroscopy, identified an important transient intermediate
in the DASA photoswitching mechanism, proposed to result
from a photochemical trans—cis isomerization, whose exact
structure could, however, not be resolved [161].
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Fig. 12 a ultrafast transient IR spectra measured for dimethyl-Mel-
drum DASA in chloroform upon excitation at 510 nm; the FTIR
spectrum of the A species is reported on top of the transient spectra.
Color code from red to blue represents the evolution from O up to a
500 ps pump-probe delay. b comparison of the long-living transient
IR spectrum of DASA with the computed (A'-A) and (A'-A) FTIR
difference spectra. Panel b has been adapted with permission from
https://doi.org/10.1021/jacs.7b09081. Further permission related to
the material excerpted should be directed to the ACS

One of the challenges with DASA is the possibility of
isomerization through different C=C bonds. Furthermore,
reaching the intermediate structure promoting cyclization
requires both the isomerization around the central C=C
bond and the rotation around a single C—C bond, as shown
in Fig. 11.

The photoinduced reaction could in principle proceed
either through a sequential double bond isomerization and
single bond rotation forming both the intermediates A’ and
A" or through a concerted hula-twist mechanism directly
forming A’.

Ultrafast vis-pump/Mid-IR-probe spectroscopy was
employed to clarify the photoswitching mechanism of
DASAs. The analysis of the recorded transient spectra,
reported in Fig. 12a), evidenced that upon photoexcitation

a new product is quickly formed on a 2 ps timescale, as
the result of a fast excited-state decay, most probably asso-
ciated with the reaching of a conical intersection [162].
The system subsequently undergoes vibrational cooling
on a timescale of about 10 ps. To identify the nature of
the intermediate species formed upon photoexcitation, the
long-living transient difference spectrum, which does not
decay on the timescale of the experiment (1 ns) has been
compared with the DFT computed IR difference spectra
of the ground-state species A with the two possible A’
and A" products (see Fig. 12b). Although the computed
spectra of A" and A" present several similarities, the pres-
ence of a positive band at 1188 cm™' in the long-living
experimental difference spectrum allowed to unambigu-
ously identify the chemical nature of the intermediate and
to establish the dynamics of its formation and subsequent
evolution towards the colorless cyclized form, leading to
exclude the hula-twist mechanism and confirming that the
reaction proceeds through the initial fast formation of the
A’ isomer (Fig. 12).

Furthermore, by recording transient IR spectra at low
temperature (— 40 °C) under continuous illumination con-
ditions, it was possible to trap the intermediate A’ and
selectively excite it to study its own photochemistry, demon-
strating the reversibility of the actinic step of DASA’s photo-
switching reaction. Finally, a subsequent study by the same
authors analyzed the thermal steps of the reaction, using
rapid-scan FTIR spectroscopy. The analysis of the recorded
spectra evidenced a complex reaction path, leading to the
formation of different isomers, whose relative stability can
be highly influenced by the nature of the solvent [163].

3.5 Charge carrier and thermal relaxation
characterization in dye-sensitized solar cell,
optoelectronic/semiconductor and perovskite
materials

3.5.1 Dye-sensitized solar cells

Time-resolved IR spectroscopy has revealed as a very pow-
erful tool to get insight into charge transfer processes at the
inter- and intra-molecular excited-state level, especially for
transition metal complexes in solution [164—168]. The sen-
sitivity offered by transient infrared in the study of charge
transfer processes lies in the high specificity of the frequency
variation of the vibrations of the ligands due to the elec-
tron density shift, for example induced by the absorption
of a photon. Within such framework, ultrafast transient IR
spectroscopy has been successfully applied, for example, to
the characterization of the charge injection processes form
excited-state metal complexes to semiconductor nanocrystals
for dye-sensitized solar cell (DSSC) applications [169—174].
Asbury et al. [169] were among the first pioneers to use
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Fig. 13 The (left panel) comparison of transient IR difference spec-
tra of A ReCOA, B ReC1A, and C ReC3A on TiO, film. The dis-
played spectra are averages of about 10 times delays in the indi-
cated ranges 0.15-0.5 ps (solid), 2-5 ps (dashed), 5-15 ps (dotted),
50-100 ps (dotted dashed), 200-400 ps (double dotted dashed), and
8001300 ps (thick solid). The spectrum at zero delay time is shown
as the baseline. The vertical dotted lines indicate the peak positions of
the CO stretch bands. (Right panel) Comparison of electron injection

femtosecond IR spectroscopy to study the electron injec-
tion dynamics of Re(CO);Cl(dcbpy) (ReCOA) and related
derivatives on the surface of TiO, nanocrystalline thin films.
It was very well known [175] that free electron were charac-
terized by a broad and unstructured absorption extending in
the mid-IR and the authors exploit the rise of such absorp-
tion signal to obtain the time scale of electron injection
(Fig. 13, right panel). Furthermore, such metal complexes
showed one well-isolated CO vibration around 2040 cm™" in
the ground state. After photoexcitation, the charge injected
in TiO, generated an oxidized metal complex where CO
stretching vibrates at higher frequency. Looking at the for-
mation dynamics of excited-state absorption at 2097 cm™',
the authors observed the ligand response to the photoexci-
tation, obtaining an indirect measurement of the electron
injection time. Electron injection from ReCOA to TiO,
was found to occur on the < 100-fs time scale, whereas the
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kinetics measured for the injected electron at 2120 cm™! of A ReCOA,
B ReCl1A, and C ReC3A on TiO, film. The dots are experimental
data and the solid and dashed curves are fits. The dotted curve in
panel B indicates the signal in unsensitized TiO, films under the same
conditions. The inset in panel A is the same data plotted on a shorter
time scale. Figure above has been reprinted (adapted) with permis-
sion from The Journal of physical chemistry B 104, 11,957-11,964
(2000). Copyright 2000 American Chemical Society

excited-state vibrational spectrum of the complex evolved
with a time constant of a few picoseconds, indicating that
injection occurred before complete vibrational relaxation
in this system. Finally, the injection time was observed to
increase as the distance between the metal center and the
TiO, surface is increased by modulating (ReCOA to ReC3A)
the length of the aliphatic chain that connect the BPY unit to
the -COOH group that bind the TiO, surface.

3.5.2 Organic semiconductors

The nature of primary photo-excitations in organic semicon-
ductors, particularly in conjugated polymers, has been the
subject of an active debate in the scientific community for
more than 3 decades [176—179]. The mechanisms underlying
photogeneration of charge carriers as well as thermalization
promptly after photoexcitation are indicative of the strength
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of electron—electron interactions relative to the bandwidth
(as manifested by the exciton binding energy), while car-
riers transport, trapping, and recombination processes are
intimately related to the degree of order, purity, and mor-
phology of the materials. Besides their fundamental interest,
these processes determine the overall efficiency of organic
electronic devices, such as OLED and organic photovoltaic
cells. As the field of organic semiconductors evolved through
the initial fundamental studies of molecular crystals to the
more application-oriented investigation of conjugated poly-
mers, donor—acceptor and hybrid organic—inorganic systems,
ultrafast transient IR techniques have been widely employed
toward the experimental characterization of the charge gen-
eration and transport properties of new materials and mate-
rial combinations [13, 180]. If on one side, the measurement
of charge carriers generation and transportation behavior in
polydiacetylene revealed itself a good model for subsequent
highly ordered organic semiconductors [176], on the other
side theoretical description of organic semiconductors was
and is still controversial. Indeed, rather than direct genera-
tion of free electrons and holes by inter-band photoexcita-
tion as in conventional inorganic semiconductors, the optical
excitation in organic semiconductors is generally believed
to be excitonic, leading to the formation of spatially local-
ized bound electron—hole pairs (excitons). Within this frame-
work, transient infrared spectroscopy revealed itself a very
helpful techniques, capable to monitor the infrared-active
vibrational (IRAV) modes, whose intensity and temporal
evolution are intimately connected with the charge carrier
photogeneration. Indeed, when charge carriers are photogen-
erated for example on the backbone of a conjugated polymer,
they break the local symmetry and thereby transform the
even parity Raman active vibrational modes into odd-parity
infrared-active modes (IRAV). Consequently, the IRAV
modes can be distinguished from the ‘‘normal’’ IR-active
and because the IRAV modes are turned on by local charges,
the strength of the IRAV absorption provides a probe for
the carrier density generated either by chemical doping or
photoexcitation [180].

The observation of direct photogeneration of intrinsic
delocalized free carriers in small-molecule organic semi-
conductors has been a long-sought but unsolved issue, of
fundamental significance for applications in photo-electric
devices and although the excitonic description of photoex-
citation in these materials has been widely accepted, this
concept is challenged by recently reported phenomena. He
et al. [177] reported the observation of direct delocalized
free carriers generation upon inter-band photoexcitation in
highly crystalline zinc-phthalocyanine films prepared by the
weak epitaxy growth method using ultrafast spectroscopy.
Transient absorption spectra recorded from the visible to
the mid-IR region revealed the existence of short-lived free
electrons and holes with a diffusion length estimated to cross

at least 11 molecules along the 7—x stacking direction, that
subsequently localize to form charge transfer excitons. Their
results suggest that delocalized free carriers photogeneration
can also be achieved in organic semiconductors when the
molecules are packed properly.

3.5.3 Perovskite thin-film characterization

Solar cells based on organometal-halide perovskites such
as CH;NH;Pbl; have emerged as a promising next-genera-
tion photovoltaic system, but the underlying photo-physics
and photochemistry remain not fully understood due to the
limited availability of methods to characterize charge carri-
ers and ions that play a crucial role in the operating device
[181-183].

Different from conventional inorganic semiconductors,
hybrid organic—inorganic perovskites (HOIP) consist of
coexisting organic and inorganic sub-lattices, which present
disparate atomic masses and bond strengths. The nanoscopic
interpenetration of these disparate components, which lack
strong electronic and vibrational coupling, presents funda-
mental challenges to the understanding of charge and heat
dissipation. In comparison to the all-inorganic perovskites
which primarily use Cs* as the A-site cation, the simultane-
ous presence in HOIPs of two different (organic/inorganic)
weakly coupled sub-lattices have been shown to confer
enhanced photoluminescence (PL) properties and long-
lived hot carrier [184]. Pulsed visible or UV excitation, fol-
lowed by an IR probe, proved to be a valuable approach to
get insight the time scale related to carrier distribution and
recombination as well as thermalization process in HOIPs
[185, 186].

Near-bandgap transient electronic responses were
reported to reveal energy dissipation by hot electrons and
holes. However, such a measurement does not directly con-
vey information regarding heating of the atoms, or the sub-
lattice response to photoexcitation. Guo et al. [182] used
time-resolved spectroscopy to study the lattice thermaliza-
tion process as well as the phonon population and equilibra-
tion processes in methylammonium lead iodide (MAPbI;)
by probing the vibrational modes of the organic sub-lattice
following above-bandgap (500 nm) optical excitation in
both orthorhombic (80 K) and tetragonal (205 K) phase.
For the orthorhombic phase of MAPbI;, N-H asymmet-
ric stretching motions give rise to two strong peaks, with
the lower and higher frequency modes denoted as mode-I
and mode-II (Fig. 14). Experiments were performed upon
a 680 nm irradiation on thick film of MAPbI; and probing
the N—H stretching vibrations, that exhibit strong photoin-
duced changes in dipole moment. The strategy adopted to
follow the thermal equilibration process was to induce a
relevant local-temperature increase employing a pump flu-
ence capable to generate a high (4.5x 10'® cm™ t0 93x 108
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Fig. 14 Transient absorption measurements of MAPbI3. a Transient
spectral map of AOD measured at 80 K using 500-nm pump exci-
tation with 329 pJ cm™2 fluence (corresponding to n, of 46x 10!
ecm™). b Kinetics of the two PCs up to 3.5 ns. Inset shows the kinet-
ics from O to 100 ps. Kinetics of the PIA and bleaching components
were fitted with one and two exponentials, respectively (shown as the
black-dashed lines in the inset). ¢ Two principle components (PCs)
of the transient response shown in red (bleaching) and blue (photoin-
duced absorption, or PIA). Circles on the blue and red lines corre-
spond to the pixels of the array detector. The black-dashed line shows

cm™>) excitation carrier density. Carrier density represents
the number of carriers, per unit of volume, generated right
after photoexcitation. It is commonly indicated with n, and
was estimated as n = £A=RA-1/9) \where I is the penetration
depth of the pump (taken to be 1/a), F is the pump fluence,
ho is the photon energy (2.48 eV) of the pump, and e is the
natural logarithm constant; « is the absorption coefficient
that, at 500 nm, is close to 1.11x 10° cm™.

Transient spectral response (Fig. 14a, c) was dominated
by a short-lived (20 ps) photoinduced absorption and by a
fast (20 ps) and slow (nanoseconds) growing bleaching fea-
ture. The short-lived induced absorption has been interpreted
as a signature of intra-conduction-band and intra-valence-
band absorption by photoexcited carriers. The fast timescale
of the bleaching component was attributed to the excitation
of low-energy phonon modes (denoted as LEPMs), including
various optical phonon modes and acoustic phonon modes,
due to hot carrier relaxation. Population of these LEPMs
induces thermalization of the hydrogen bond network,
which weakens the hydrogen bonds and with it the oscilla-
tor strength of the N—H vibrational modes. Finally, the slow
rise of the bleaching component was attributed to the slow
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the absorbance measured with the array detector without pump exci-
tation. d Kinetics of the bleaching component measured at different
temperatures using 500 nm pump under a fixed excitation carrier
density of 35x 10'® cm™. e Transient spectra at delay time of 3.5 ns
measured at different temperatures under fixed n, of 35x 10 cm™>. f
Transient spectra at delay time of 3.5 ns measured at 80 K under vari-
ous n0. Figure above has been adapted with permission from Figs. 2
and 4 contained in Nature Communications 9, 2792 (2018), under the
Creative Commons Attribution 4.0 International License: http://creat
ivecommons.org/licenses/by/4.0/

buildup of high-energy phonon modes (denoted as HEPMs)
specific to the organic sub-lattice through phonon—phonon
interactions between the LEPMs and HEPMs.

Determining whether the dynamically disordered organic
cations with large dipole moment influence the optoelec-
tronic properties of CH;NH;Pbl; has been an outstanding
challenge. Guo et al. [187] used an ultrafast IR pump/vis-
ible probe experiment to evaluate the coupling between the
organic and inorganic sub-lattice.

3.6 T-2DIR of metal-carbonyl complexes

T-2DIR spectroscopy has been used for different samples,
one of the most instructive applications being the meas-
urement of T-2DIR spectra of metal-carbonyl complexes.
In the following example, Bredenbeck et al. [39] meas-
ured the transient 2DIR spectra of a [Re(CO);(dmbpy)
Cl] (dmbpy =4,4’-dimethyl-2,2’bipyridine), which
undergoes metal-to-ligand charge transfer (MLCT) upon
photoexcitation.

The molecule, sketched in Fig. 15a, has three CO
ligands, with three vibrational modes, marked as a’(2), a”’
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Fig. 15 a [Re(CO)3(dmbi)Cl]

structure; b FTIR spectrum of a

[Re(CO)~3(dmbi)Cl], carbonyl
region; ¢ 2DIR spectrum of
the electronic ground state,
t;=1.5 ps; d TRIR spectrum
measured 20 ps after excitation
at 390 nm; e T-2DIR spectrum
measured 20 ps after visible
excitation, and IR delay 1.5 ps.
This figure has been repro-
duced with permission from
https://doi.org/10.1002/cphc.
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and a’(1) in the FTIR spectrum reported in Fig. 15b. Fig-
ure 15c¢ reports the ground-state 2DIR spectrum recorded
at a pump-probe delay of 1.5 ps. The three CO modes give
rise to three diagonal peaks, marked with green dots. Each
diagonal peak features a ground-state bleaching (negative
band, blue) and a red-shifted excited-state absorption band
(positive band, red). Cross peaks due to coupling among
the CO vibrations are visible out of diagonal, evidenced by
the two green squares. Upon visible excitation, the system
undergoes a MLCT transition, causing shifts in the carbonyl
frequencies. The TRIR spectrum reported in Fig. 15e indeed
presents three negative bleaching bands, whose frequencies
correspond to those observed in the FTIR spectrum, and
new positive excited absorption bands, observed because the
charge transfer from the metal core to the bipyridyl ligand
induces a blue shift of the CO absorption frequencies. Fig-
ure 15e reports the T-2DIR spectrum of the system recorded
20 ps after visible excitation. Along the diagonal the same
peaks observed in the ground-state 2DIR spectrum are vis-
ible, but with opposite sign, being this a double difference
spectrum (green dots in Fig. 15e). Furthermore, peaks due
to the MLCT state appear along the diagonal, marked with
red dots. Couplings among the excited-state signals can be
highlighted out of diagonal, as indicated by the red square.

1920 1960 2000 2040

1880
probe frequency / em”

This example demonstrates that the complete 2D spectrum
of a transient species can be obtained, opening the possi-
bility of monitoring couplings, anharmonicity and transient
polarization changes in the excited state.

4 Conclusions and perspectives

Time-resolved IR spectroscopy has become nowadays a clas-
sical technique for the study of photoinduced reactions. In
some specific fields, like photobiology, it is now considered
as a nearly mandatory technique, and several research groups
presently work on strategies to make non-photoinduced bio-
chemical reactions triggerable by light [188, 189]. However,
the situation is rapidly evolving also in other fields of photo-
chemistry and we believe that soon time-resolved IR will be
used by an increasing number of research groups. The pos-
sibility of following the reaction mechanism by specific IR
bands, united with the possibility of triggering the reaction
by laser pulses or other light sources is a definite advantage.

Several recently developed approaches have been
described in the methods section, but it should be mentioned
that even more revolutionary time-resolved IR techniques
are being developed [190, 191]. We believe that in the future
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the integration of different approaches, covering different
timescales, or investigating the process under different con-
ditions like flash(es) vs. continuous illumination, will be the
key issue.

Signal processing strategies, data treatment, comparison
with theoretical calculations are already widely used. In the
near future, integration with data coming from other tech-
niques, notably vibrational spectroscopies such as Raman
or Resonance Raman, or UV-visible, especially in time-
resolved mode, will become more and more common.
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