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1. Abstract

Time-resolved mid-infrared (TRIR) spectroscopy offers new opportunities to investigate how
the molecular and structural properties of optoelectronic materials influence their electronic and
transport states. This capability emerges from the ability to measure low energy electronic
transitions in the mid-infrared that are related to delocalized states in materials and to
simultaneously detect the vibrational properties of the materials that influence those states.
Furthermore, the ability to simultaneously measure electronic and vibrational transitions in
materials offers unprecedented opportunities to correlate structural dynamics of materials with
their electronic and transport properties. These capabilities are introduced by first describing the
basic principles of TRIR spectroscopy used to examine electronic processes in materials. Then,
several applications of TRIR spectroscopy are described in which measurements of the
vibrational spectra of electronic excited states are probed as a means to correlate the structural
properties of materials with the delocalization of their electronic states. In one example, exciton
localization mechanisms in organic semiconductors are probed through vibrational spectra of the
molecules in their excited states and correlated with their crystalline packing arrangements.
Another example highlights the use of TRIR spectroscopy to examine singlet fission reaction
dynamics through a combination of low energy electronic transitions and the vibrational spectra
that are unique to the electronic states involved in the reaction. Finally, the use of TRIR
spectroscopy to investigate charge carrier localization mechanisms in lead-halide perovskites is
described, followed by an outlook of future applications of the technique in optoelectronic

materials research.
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2. Introduction

The development of novel materials for next-generation optoelectronic devices has
encompassed several areas of research ranging from device development and characterization
to materials synthesis and design.? At their heart, optoelectronic devices utilize photophysical
processes to convert optical energy to electrical energy or vice-a-versa. These processes include
exciton localization and dissociation, charge transport, and charge recombination.?® Time-
resolved electrical measurements such as transient photovoltage and photocurrent techniques
have been developed to study charge carrier dynamics in optoelectronic materials including
hybrid perovskites’® and organic photovoltaics.®°® While these measurements can provide
information of direct relevance to the performance of functional devices, they convolve several
processes in a single measurement. This makes it challenging to interpret the results in terms of
mechanistic insights about how structure influences charge generation, transport, and
recombination versus charge injection at electrodes, for example. Technigues such as time-of-
flight (TOF) measurements can separate the effects of charge transport from charge generation
and recombination,!! but these methods provide limited information about the molecular and
structural properties of materials that give rise to their electronic states and transport properties.

Ultrafast spectroscopy techniques that utilize the terahertz (TR-THz), >, visible (TR-Vis)*?/,
and near-infrared (TR-NIR) #2! spectral regions have been developed to draw more direct
correlations between electronic states in materials and their structural properties. For example,
several reports have used TR-Vis and TR-NIR techniques to investigate the effects of
morphology, %2 composition, '*24% and processing conditions % on charge carrier generation
and transport in a variety of organic optoelectronic materials. These studies have suggested that
electronic properties of these materials depend sensitively on their molecular structure and
packing arrangements.?”?8 Likewise, a variety of ultrafast techniques have been used to examine
charge carrier transport and recombination dynamics in lead-halide perovskites, with several
reports showing that lead-halide perovskites possess remarkably long carrier diffusion lengths
despite being processed from solution.'> 23! Again, these reports have suggested that the
electronic properties of this class of material arise from the material’s unique structure.

Although these time-resolved spectroscopic techniques have provided valuable information
about carrier transport in optoelectronic materials, it remains challenging to use these insights to
develop predictive correlations between a material’s electronic properties and the underlying
structural characteristics that give rise to those properties. This challenge is due in part to the

similarity of the transient absorption spectra of different electronic states in the visible and near-

Page 2 of 40



Page 3 of 40

Journal of Materials Chemistry C

infrared spectral regions.3*% |t is therefore desirable to develop time-resolved spectroscopic
techniques that can more clearly distinguish transient electronic states so their dynamics can be
uniquely correlated with the structural and electrical properties of optoelectronic materials.

Time-resolved mid-infrared (TRIR) spectroscopy is well suited to investigate how the
structural properties of optoelectronic materials influence their electronic and transport states.
This is because the technigue combines ultrafast time resolution to examine electronic states with
the specificity and sensitivity of vibrational spectroscopy. For example, TRIR spectroscopy has
been used to examine charge transfer dynamics, 363 carrier relaxation,*® excited state reactions,
40-43 and solar energy conversion processes*“® in a variety of materials and chemical interfaces.
Recent review articles have appeared that discuss how the vibrational dynamics of molecules
involved in such processes change as a function of time.*”*° The objective of this review is to
provide insight into the scope and applicability of TRIR spectroscopy to examine electronic and
transport states and to probe the structural origins of those states through the transient vibrational
spectra of the materials. Table 1 highlights a number of studies that illustrate recent uses of TRIR
spectroscopy to reveal such structure-property relationships in optoelectronic materials.

We begin by outlining experimental methods used to obtain TRIR spectra on both the ultrafast
and nanosecond timescales. Next, we highlight examples of how the vibrational spectra of
molecules are sensitive to the electronic states present within organic semiconductors. Finally,
we provide a case study to illustrate how the unique combination of molecular and electronic
structural information from TRIR spectroscopy can be used to gain insight about the

optoelectronic properties of halide perovskites.

Table 1: Summary of recent studies that used TRIR spectroscopy to examine structure-property relationships in
optoelectronic materials.

Material(s) Examined Description of Work(s) Ref (s)
Phenyl-C61-butyric acid The vibrational frequency of a PCBM molecule’s carbonyl (C=0) stretch 71-73
methyl ester (PCBM) mode was used to investigate charge transfer mechanisms in organic

photovoltaics

Small molecule Nitrile (CN) and C=0 stretch modes were used to probe electron transfer 49, 58, 69-70
donor/acceptor ion pairs reactions between small molecule donors and acceptors.
Perylene diimide (PDI) The effect of concentration, stacking, and dimerization on exciton localization 64, 80
derivatives was examined by probing the vibrational signatures of localized states in a

series of PDI derivatives.
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Cyano-substituted Singlet fission reaction intermediates were characterized by monitoring the 34, 68, 86
tetracenes & TIPS- material’s native vibrational modes.
pentacene
Halide perovskites The electronic signatures of large polarons and the vibrational dynamics of 67, 140
(CH3NH3Pbls) the perovskite lattice were examined. The origin of carrier localization in this

class of material was determined to be fluctuations of the perovskite lattice.

3. Experimental Overview

a. Transient Absorption Spectroscopy

TRIR spectroscopy is a transient absorption technique in which the change in absorption (AA)
of an infrared probe is monitored as a function of time. The sign of AA depends on the type of
species probed after photoexcitation, which is typically in the visible or ultraviolet region. For
example, if the resulting photoexcited state of a material absorbs more infrared light than did the
ground state, then a positive change in absorption (AA > 0) is observed. This can occur as a result
of the formation of polarons or other excited states within the material that can absorb broadly in
the mid-infrared spectral region. 3* 3° Furthermore, if the frequencies of the vibrational modes of
a material in its excited state differ from the ground state, then new vibrational features appear
with a positive sign as well.**> The formation of photoexcited states requires an associated
reduction of ground state species in the material. If the vibrational frequencies of the excited
electronic states differ from the ground state, then the photoexcited material absorbs fewer
infrared photons at the ground state frequencies, resulting in a negative change in absorption (AA

< 0). Figure 1A illustrates vibrational transitions of excited and ground electronic states that give
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rise to positive and negative absorbance changes, respectively. We will refer to these transitions
as excited state absorption (ESA, AA > 0) and ground state bleaching (GSB, AA < 0).

TRIR spectra can be obtained using either a pulsed or continuous wave infrared probe
depending on the timescale in which the excited state processes of interest occur. In both cases,
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Figure 1: (A) Schematics depicting the physical phenomena that give rise to the signals observed in TRIR
spectroscopy. (B) Simplified schematic diagram of a nanosecond TRIR spectrometer. (C) Schematic diagram
of an ultrafast TRIR instrument with a view of the optical scheme in the beam overlap region of the sample

(D).
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a short laser pulse is used to photoexcite the optical bandgap of a material. Following optical
excitation, an infrared probe is used to monitor the change in absorbance of the material at the

probe wavelength of interest.
b. Nano-second and Ultrafast Time-Resolved Infrared Spectroscopy

For slow diffusion-controlled processes such as bimolecular recombination and charge
transport to trap states that occur on the nanosecond to millisecond timescale, AA can be directly
time-resolved from the response of a fast detector (~ few ns). 465 Therefore, to collect the TRIR
spectra of processes that occur on this timescale, a continuous wave infrared probe can be
focused onto a sample, dispersed through a monochromator, and collected using a mercury
cadmium telluride (MCT) detector. Throughout this review, we will refer to TRIR measurements
that use continuous wave infrared probes as “nanosecond” TRIR spectroscopy.

Figure 1B shows the geometry of a typical nanosecond TRIR spectrometer. The infrared light
source used to generate the mid-IR probe is typically a compact ceramic Globar or a quantum
cascade laser (QCL). ** 552 By using compact ceramic Globar's, broadband mid-IR light from
1000 to 4500 cm™ can easily be obtained. 52 Conversely, QCLs are not continuously tunable
across the mid-IR but do generally have more intense optical output compared to ceramic
Globars. *3

For nanosecond TRIR spectroscopy, the pump pulse is usually produced using a Q-switched
Nd:YAG laser. *>° When equipped with harmonic generators, these lasers can output excitation
wavelengths at 1064, 532, 355, 266 and 213 nm. Secondary dye lasers can be used to expand
the wavelength tunability of the pump beam. Common dye lasers can produce wavelengths
between 400 and 700 nm depending on the type of dye used. > The pump wavelength range can
also be expanded using a tunable excitation source such as an optical parametric oscillator
(OPO). %

Finally, in the schematic diagram shown in Figure 1B, a monochromator is placed in front of
the MCT detector to reject light from the pump excitation and to select the mid-IR light of interest.
A transient recorder (e.g., a digital oscilloscope) is used to obtain the temporal change in the
probe light after optical excitation. Depending on the process studied, the MCT detector should
have a fast time response (~5-20 ns). Several examples of nanosecond transient absorption

spectrometers used in a selection of studies have been described in detail. 473657

c. Ultrafast TRIR Spectroscopy
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Despite the ease of collecting TRIR spectra using a continuous wave infrared probe source,
the time-resolution of the MCT detectors used in nanosecond TRIR spectrometers prevents
excited state dynamics from being examined on the sub-nanosecond and faster time scales.?* 4>
0 To achieve better time resolution, TRIR spectra can be collected on the fs-ns timescale using
a pulsed infrared probe source. Throughout this review, we will refer to TRIR measurements
obtained using a pulsed infrared probe source as “ultrafast” TRIR spectroscopy. Figure 1C shows
a simplified schematic diagram of an ultrafast TRIR set-up.

In ultrafast TRIR spectroscopy, one laser pulse (frequently ~100 fs pulse width) is used to
excite the system in the visible or UV spectral range and a second mid-infrared laser pulse (also
usually ~100 fs pulse width) then probes the absorption of the resulting transient species. A wide
range of ultrafast lasers and laser systems can be used to build an ultrafast TRIR instrument. >*
> For example, mid-infrared probe pulses tunable between ~3500-1000 cm™ can be generated
using difference frequency mixing (DFG) of two appropriate pulses in a nonlinear crystal such as
AgGaS:. © The two pulses used for the DFG mixing are generally obtained via optical parametric
generation and amplification using the output of a titanium-sapphire (Ti:Sapph) laser (800 nm).

In ultrafast TRIR spectroscopy, it is most practical to use an excitation scheme in which the
pump and probe beams are quasi-parallel (Figure 1D). ¢ This scheme can be used to study thin
films or liquid samples. When using a quasi-parallel scheme, special care should be taken to
ensure that the cross-section of the pump pulse is large enough to cover the area of the probe
beam throughout the sample. Thus, the excitation beam can be a few hundred micrometers in
diameter or smaller depending on the experimental requirements.

Unlike nanosecond TRIR measurements, the transient absorption signal is not electronically
time-resolved in ultrafast TRIR spectroscopy. Instead, time-resolution is obtained by delaying one
of the pulses in time relative to the other using a mechanical delay stage.®® As a result, the time-
resolution of ultrafast TRIR methods is limited by the pulse width of the lasers and not the
bandwidth of the instrument's electronics. An example of an ultrafast TRIR instrument that is

representative of those used in the literature has been described in detail.3*
d. Sample Requirements and Experimental Considerations

In standard transmission geometries, only infrared transparent samples can be measured. %
For liquid samples in which the solvent absorbs strongly in the mid-IR (e.g., acetonitrile, water,
ethanol, etc.), experimental geometries typically require small pathlengths on the order of 100 pm
to minimize the background absorption from the solvent. Alternatively, IR transparent solvents

(such as CHCIs, CHCl;, etc.) can be used to minimize these effects when appropriate. To study
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solid-state or thin film samples, a material of interest can be deposited onto an infrared-
transparent window (e.g., CaF,, BaF,) using a variety of deposition methods (e.g., spin-coating,
chemical vapor deposition, dip-coating, spray-casting). % Film thicknesses are typically kept
between 50-250 nm to avoid reabsorption artifacts in the transient absorption spectra.

In both liquid and solid-state samples, special care should be taken to avoid experimental
artifacts which may arise from local heating of samples under investigation. For example, at high
excitation densities, photoexcitation by a laser pulse may deposit a large amount of energy into
the sample. ® If converted to heat, this excess energy can raise the temperature of the sample
and cause the vibrational frequencies of the molecules to shift. *® € In this case, information about
electronic states from transient vibrational features in the TRIR spectra may be obscured by the
dissipation of thermal energy within the sample because vibrational frequencies of materials are
often sensitive to temperature.

The best solution to this problem is to use low excitation intensities with smaller corresponding
temperature jumps if the TRIR spectrometer being used has sufficient sensitivity. For example, a
recent study demonstrated the first ultrahigh sensitivity TRIR measurements at the same
excitation intensities traditionally used for time-resolved photoluminescence (TRPL)
measurements.®” Other approaches to mitigate heat accumulation in the probe area have
included rotating samples as described in the supporting information of reference 65.

To identify potential heat-induced artifacts, investigators should measure the temperature-
dependence of the ground state vibrational modes of a sample using FTIR spectroscopy and then
calculate a difference spectrum from the FTIR data measured at different temperatures. ® These
temperature difference spectra should be compared to the TRIR spectra to identify the possible
contributions from thermal dissipation effects. Finally, we note that heat-induced vibrational
features have been used to advantage in the investigation of singlet fission loss mechanisms (Sec
4.b.). ®® Therefore, heat-induced vibrational features can be used to study photophysical
processes if investigators use proper control experiments such as temperature difference spectra.

In addition to local heating, prolonged illumination to intense laser pulses may cause a sample
to degrade permanently.®° Independent experiments (e.g., NMR, UV-Vis) can be performed to
determine if a sample has degraded over time. To mitigate degradation, investigators should
keep the intensity of the pump-pulse as low as possible. Additionally, flow cells or raster scanning

techniques can also be used to reduce the effects of sample degradation.

4. Excited State Dynamics in Organic Optoelectronic Materials
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a. Excited State Localization in Organic Optoelectronics.

The sensitivity of molecular vibrations to their local molecular environment provides a unique
opportunity to examine the influence that molecular structure has on electronic processes in
organic optoelectronic materials following photoexcitation. For example, Vauthey et al. used
nitrile (CN) vibrational modes to probe electron transfer reactions between small molecule donors
and acceptors.*®-58.69-70 | ikewise, Pensack et al. used the vibrational frequency of the C=0 stretch
mode in Phenyl-C61-butyric acid methyl ester (PCBM) to investigate charge transfer mechanisms
in organic photovoltaics.’t"3

In organic optoelectronic devices, the localization of electrons or holes has been shown to
affect carrier transport and recombination, frequently limiting device performance.”*® To provide
a new means of monitoring electron localization in organic optoelectronics, recent work by Grills
et al. used a combination of nanosecond and ultrafast TRIR spectroscopy to examine electron
localization in the aryl molecule, TPA-F1CN (structure shown in Figure 2A). ’ The authors probed
the shift of the aryl’s nitrile vibration following optical excitation as a means to investigate changes
of the electronic structure of the molecule in its photoexcited state. The expectation was that the
change in charge distribution in the excited state could be probed through the shift of the
vibrational frequency of the nitrile relative to its frequency of ~2220 cm in the ground state.

Figure 2B displays ultrafast TRIR spectra collected for solutions of TPA-F1CN dissolved in
tetrahydrofuran following 400 nm excitation. After photoexcitation, a charge transfer (CT) state
formed across the molecule, increasing the electron density around the aryl’s nitrile group. The
increased electron density caused the CN stretch mode to shift to lower vibrational frequency
relative to the ground state (dotted magenta line). After CT state formation, the authors used
ultrafast TR-Vis spectroscopy to determine that the CT state transitioned into a fully charge
separated state (CS) which further localized electron density around the molecule’s nitrile group
with a corresponding shift to yet lower frequency (dotted green line). Figure 2A shows a cartoon
representation of the electron density and separation between charges in the aryl molecule
following photoexcitation. Similar results were obtained from nanosecond TRIR measurements of
the TPA-F1CN radical anion collected 4 ps after pulse radiolysis (black line, Figure 2B). The
authors concluded that the spectra of the radical anion also displayed a CN stretch mode that
was shifted to lower frequency in comparison to the ground state due to the associated localization
of electron density. These observations are representative of other studies that used the CN

stretch mode of aryl molecules to examine electron localization in their excited electronic states.’®
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Figure 2: (A) Structure of the aryl molecule, TPA-F1CN, examined in ref 77 in a charge transfer (top) or charge
separated (bottom) state. In the CS state, more electron density is localized around the molecule’s nitrile
group. (B) Time-resolved infrared spectra collected in the CN stretch region of the molecule following optical
excitation at 400 nm. The shift in center frequency of the CN stretch mode depends on the distribution of
photogenerated charge across the aryl molecule. The black line represents the TRIR spectra of the radical
anion collected after pulsed radiolysis. Adapted with permission from ref 77.

9 These results highlight that the nitrile IR band can be used to gain information about the
electronic distribution and localization of charges in organic materials on ultrafast time scales.

Ultrafast TRIR spectroscopy has also been used to investigate exciton localization in a variety

of other optoelectronic materials through their transient vibrational features.®* 8 Exciton
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localization in organic molecular solids such as perylenediimides (PDIs) can lead to self-trapping
of the excitons in excimer-like states.®®* For organic photovoltaics (OPVs) that utilize
perylenediimides (PDI) as alternatives to fullerene acceptors,”’® excimer states can hinder
exciton transport to electron donor/acceptor interfaces. Such localization processes are
undesirable because they prevent excitons from separating into free charges.

In PDI molecules, the formation of excimers is not predicted to be an intrinsic property of the
material.8% 84 Instead, excimer formation can be controlled by the packing arrangement of PDI
molecules and their resulting intermolecular interactions. Given the need to identify intermolecular

interactions that lead to excimer formation, recent work by Wasielewski et al. used ultrafast TRIR
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Figure 3: (A) Chemical structures of the PDI monomer and covalently linked dimer examined in ref 67. (B)
TRIR spectra of a PDI monomer (top) and covalently linked dimer (Bottom) collected at several time delays
following optical excitation. The dashed grey lines highlight the change in frequency of the excited state C=0
stretch modes which occurs due to the formation of excimers in the material. Adapted with permission from
ref 80.
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spectroscopy to investigate the vibrational spectra associated with excimer formation in solutions
of covalently linked perylene-3,4:9,10-bis-(dicarboximide) (co-linked-PDI) dimers and a PDI
monomer dissolved in deuterated dichloromethane.® Figure 3A displays the structure of a PDI
monomer and a co-linked-PDI dimer examined in reference 80. Figure 3B displays ultrafast TRIR
spectra of the monomer and dimer collected in the C=C core and C=0 stretch mode region of the
molecules following optical excitation at 530 nm. The spectra show the time evolution of the C-C
stretch modes of the covalent core and C=0 stretch modes of the imide groups.

For the isolated monomer, the vibrational linewidths of the C=0 stretch modes centered
around 1650 cm? were narrower compared to the C=0O stretch modes of the dimer. The
broadening of PDI dimer's C=0 stretch modes arose from interactions between tethered PDI
molecules and the local solvent environment, causing the C=0 modes to undergo faster
vibrational dephasing with corresponding broader line width. For the isolated monomer, the C=0
vibrational mode was centered at a lower frequency in comparison to the dimer (see dashed lines,
Figure 3B). From these observations, and complimentary TR-NIR measurements, the authors
concluded that when PDI molecules were covalently linked together in a dimer, excimer-like states
formed between the molecules. Similar to the aryl anions, the formation of localized excimer-like
states in the dimer molecule changed the local electronic environment around the C=0 stretch
modes, causing the center frequency of the C=0 stretch mode to shift and broaden.

In addition to studies of the C=0 vibrational modes, the conjugated C—C stretch modes of PDI
molecules have also been used to investigate excited state delocalization.®* These vibrational
modes, termed intermolecular coordinate coupled (ICC) modes, are sensitive to the interactions
of molecules in delocalized electronic states, making it possible to directly probe the extent of
exciton delocalization among PDI molecules. For example, a recent study used ultrafast TRIR
spectroscopy to examine the concentration dependence of the ICC vibrational mode in PDI
monomer solutions dissolved in chloroform. Figure 4A displays the structure of the PDI derivative
and TRIR spectra in the C-C stretch region of two solutions of the molecule that were examined
at concentrations of 2 and 40 mM following optical excitation at 532 nm.

In solution, excimer formation among PDI molecules is a diffusion controlled bimolecular
process in which one PDI molecule in its excited state must encounter another PDI molecule
within its excited state lifetime as described by Equation 1. The ultrafast TRIR spectra measured
in the 2 mM solution reveal little evidence of excimer formation. Namely, only two excited state
vibrational features were observed in the ultrafast TRIR spectra, corresponding to the conjugated
C—C stretch modes of isolated PDI molecules. Recalling that excimer formation in solution is a

diffusion controlled process, the lack of excimer formation in the 2 mM solution indicates that PDI

12
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molecules were unable to encounter each other within their excited state lifetimes at this

concentration.

So (excited state PDI molecule) +SO(Ground state PDI molecule) = EX(excimer) (1)

However, at higher concentrations (40 mM), PDI molecules had a higher probability of
encountering each other within their excited state lifetimes. Consequently, more excimer states
were predicted to form in the 40 mM solution. Analysis of the ultrafast TRIR spectra presented in
Figure 4A highlighted the vibrational signatures of such excimer states that formed in the more
concentrated solutions. A third vibrational feature centered at ~1525 cm™ was observed in
addition to the vibrational signatures of the isolated PDI molecules. This third vibrational feature
was assigned to an ICC vibrational mode because it arose from interactions between PDI
molecules in excimer states. Figure 4B displays the time dependence of the isolated PDI
vibrational modes (1502 cm™) and the ICC mode of the excimer (1525 cm™). The vibrational
features of excited PDI monomers decayed synchronously with the rise of the ICC mode,
consistent with the transfer of population from monomers to excimers represented in Equation 1.
Moreover, Figure 4C displays the concentration dependence of the growth kinetics of the ICC
mode. At the highest concentration (40 mM), the intensity of the ICC mode rose most rapidly
because the probability of molecules encountering each other within their excited-state lifetimes
was enhanced in comparison to the lower concentration solutions.

Given the sensitivity of ICC vibrational modes to interactions between PDI molecules in
delocalized electronic states, the ICC mode was also used to identify favorable packing
geometries with less tendency to form excimer states within crystalline PDI films.%* Figure 4D
presents the structures and the ultrafast TRIR spectra of two spray-cast films of PDI molecules
having different side chains that influenced their molecular packing arrangements. The spectra
were collected at 1 ps time-delay following optical excitation at 532 nm. The PDI molecules
chosen for this study were both predicted to suppress excimer formation within the PDI films but
to varying extents. The molecular packing arrangements of the molecules are also represented
in Figure 4D, which are determined by the side-groups at the imide nitrogen positions. These are
labeled as helical and slip-stacked, respectively. We note that prior work has demonstrated that
changes of the alkyl side groups located at the imide positions of the PDI molecules do not
significantly affect the electronic properties of the individual molecules. 8°

Examination of the TRIR spectra presented in Figure 4D highlights the ICC vibrational modes
of the two PDI films (shaded regions). The vibrational linewidths of the ICC modes were used to

determine the extent of exciton delocalization within the PDI films due to the sensitivity of the ICC
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Figure 4: (A) Structure of the PDI derivative examined in the concentration study (top). Time-resolved C=C
ring mode vibrational spectra for solutions of PDI molecules in chloroform at 2 and 40 mM concentrations
(bottom). (B) Vibrational absorption kinetics for the monomer and excimer features for a 30 mM PDI solution
dissolved in chloroform. (C) ICC mode growth kinetics measured at different concentrations. (D) Molecular
structure and packing arrangements for two PDI derivatives with different R-groups (top), Time-resolved C=C
ring mode vibrational spectra for spray-cast films of the two PDI derivatives (bottom). The shaded regions of
the spectra correspond to the ICC modes of the molecules. Adapted with permission from ref 64.

vibrational mode to the intermolecular interactions between molecules. For PDI films with slip-
stacked geometries, the line width of the ICC vibrational mode was found to be larger in
comparison to the ICC mode of films in which PDI molecules adopted the helical packing
geometry. Furthermore, electro-absorption measurements were used to correlate this behavior
with the properties of excitons within the PDI films. The electro-absorption spectra of PDI films

that packed in helical geometries were quantitatively described by the first derivative of the
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absorption spectrum, indicating that excitons within the film were Frenkel in character. That is,
excitons in helically packed PDI films delocalized over only one or two molecules. In contrast, the
electro-absorption spectra of PDI films that packed in slip-stack geometries indicated that excitons
in these films possessed more charge transfer (CT) character. The data revealed that PDI
molecules adopting the slip-stacked geometry exhibited greater electronic delocalization.
Recalling that more delocalized excitons favor the separation of excitons into free charge carriers
rather than self-trapping in excimer states, these results suggest that PDI molecules capable of
packing in slip-stacked geometries may be better suited for optoelectronic applications such as

non-fullerene acceptors in OPV devices.
b. Using Vibrational Probes to Investigate Singlet Fission Reaction Dynamics.

In addition to probing exciton localization in organic optoelectronic materials, another
appealing aspect of TRIR spectroscopy is that it can be used to monitor excited state processes
through vibrational features that are sensitive to the identity of electronic states and that provide
structural information about the molecules that affect those states. For example, TRIR
spectroscopy has been used to investigate photochemical alkyne—allene reactions in triazine
dyads’® and CO; photoreduction in Re-TiO; catalysis.>®

More recently, ultrafast TRIR spectroscopy was utilized to examine singlet fission reaction
intermediates in a variety of organic optoelectronic materials.?* ¢& 887 Singlet fission is a multiple
exciton generation process that has been observed in a variety of organic molecules 8 and
polymers.®% |n this reaction, spin-singlet excited states formed by absorption of high energy
photons can produce two spin-triplet excitons.®® Figure 5A shows a generalized singlet fission
reaction scheme and energy level diagram for tetracene molecules that highlight these states.
The triplet excitons can then be converted into charge carriers, making singlet fission a promising
strategy for overcoming thermalization losses in semiconductors such as silicon.

Proof-of-concept singlet fission sensitized photovoltaic devices have been demonstrated.®”-
% However, the efficiency of these devices did not drastically improve in comparison to devices
that did not utilize singlet fission even though the singlet fission sensitizer was reported to undergo
the process with high quantum yield. There remains a need to elucidate the molecular and
structural factors that influence the rate and yield for harvesting triplet excitons so that singlet
fission can effectively enhance the efficiency of photovoltaic and other optoelectronic devices.

Recent studies have demonstrated that unit quantum yield for formation of the spin-singlet
intermediate known as a correlated triplet pair (CTP) 8. 90.99-114 s not a sufficient criterion to insure

efficient harvesting of triplet excitons formed by singlet fission. These studies highlight the need
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Figure 5: (A) Generalized singlet fission reaction scheme and energy level diagram for tetracene molecules. (B)
Structure of a cyano-substituted diaryltetracene examined in ref 86. (C) TRIR spectra of a cyano-substituted
diaryltetracene collected at several time delays following optical excitation. The spectra highlight the presence
of a ground state bleach and excited state absorption. (D) Species associated spectra of the CN stretch mode
of the cyano-substituted diaryltetracene highlighting the vibrational signatures of singlet and triplet excitons within
the material. Adapted with permission from ref 86.

to examine the dynamics of intermediates formed during singlet fission. Both CTPs and separated
triplet excitons have triplet character!!>1'6 and share overlapping spectral features, making it
challenging to uniquely identify the dynamics of the CTP intermediates. Recent progress has been
made in the detection of CTPs through their near-IR absorptions3? 101 115122 gnd using
paramagnetic resonance'?® methods. While these methods have enabled significant new
progress, their limitations from overlapping spectral features or limited time resolution necessitate
the need for development of new methods to examine the dynamics of CTP intermediates.

To address this need, Margulies et al. used ultrafast TRIR spectroscopy to investigate
electronic states formed during singlet fission in a series of cyano-substituted diaryltetracene films

by probing the CN stretch mode of the molecules.® Figure 5B displays the structure of one of the
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diaryltetracene molecules examined while Figure 5C shows the ultrafast TRIR spectra of the
diaryltetracene films collected at several time delays following optical excitation at 550 nm. The
spectra exhibit a ground-state bleach (GSB) signal centered at the vibrational frequency of the
ground state CN stretch mode and an excited state absorption band (ESA) centered at 2195 cm-
1, Additionally, the spectra exhibit a broad spectral offset at early time delays (1 ps). Although not
discussed by the authors, we suspect that this broad absorption offset arose from photoexcitation
of singlet excitons and CTP intermediates to close-lying electronic states, as is the case for
bis(triisopropylsilylethynyl) pentacene (TIPS-Pn) discussed below.

By analyzing the time-dependence of the ESA band, the authors determined that the band
persisted on timescales greater than 8 ns in which singlet excitons had already decayed within
the material. From this result, the authors assigned the ESA band to the CN stretch mode of
diaryltetracene molecules in triplet states formed during the singlet fission reaction. The species
associated spectra of the CN vibrational mode depicted in Figure 5D further highlight the
differences between the vibrational spectra of singlet and triplet excitons within the diaryltetracene
films. The small shift between the S; and T: spectra suggests that singlet and triplet states in
diaryltetracene films may be structurally similar. However, the authors determined that the width
of the ESA band in the T1 spectra is reduced by 10-20 % compared to the S: spectra, suggesting
that the triplet state may be more localized within the material. Importantly, the TRIR
measurements revealed that vibrational frequencies and line widths can be sensitive to the
electronic states of materials, providing a view of the singlet fission reaction through distinct
vibrational features that appear in the mid-infrared spectral region.

Ultrafast TRIR spectroscopy was also used to investigate the dynamics of electronic states
involved in singlet fission in crystalline films of the model system, 6,13-bis(triisopropylsilylethynyl)
pentacene (TIPS-Pn, Figure 6).3* % In this case, the alkyne stretch vibrational modes of the

triisopropylsilylethynyl (TIPS) side groups were used to probe the electronic states involved in the

TIPS-Pn FTIR Spectrum

Alkyne
Stretch

Absorbance

2050 2100 2150

Figure 6: Chemical structure and the FTIR
spectrum of the alkyne stretch modes of a solvent-
annealed film of TIPS-Pn. Adapted with
permission from ref 68.

17



Journal of Materials Chemistry C

singlet fission reaction. Because the symmetric vs and antisymmetric vas alkyne stretch modes
appear in an uncongested region of the mid-infrared spectrum, they could be used to track both
the dynamics of the electronic states and the effects of thermal energy deposited in the molecular
crystals during the singlet fission reaction.34 68

Figure 7A depicts ultrafast TRIR spectra of a crystalline TIPS-Pn film measured in the
alkyne stretch region at 1, 10, 100 and 1000 ps following optical excitation at 655 nm. The spectra
included a broad absorption offset that arose from the photoexcitation of singlet excitons and CTP
intermediates formed in the primary steps of the singlet fission reaction to close-lying multi-exciton
(ME) states.** By 1 ps, the primary steps involved in the formation of CTP intermediates during
singlet fission were nearly complete in crystalline TIPS-Pn films,° which was confirmed by
complete quenching of fluorescence from the films at this time delay.** The decay of the broad
absorption offset in the TRIR spectra measured at longer time delays resulted from separation of
the CTP intermediates into separated triplets. Kinetic modeling of the decay of this feature
indicated that triplet excitons formed from this separation process retained some degree of spin
correlation for an extended period of time.** But, it should be noted that neither the appearance
of the broad absorption offset nor its decay provided a probe of the spin dynamics of the electronic
states, only their spatial separation dynamics.

Superimposed on the broad absorption offsets in Figure 7A are narrow vibrational features
of the alkyne stretch modes of TIPS-Pn molecules involved in the singlet fission reaction. The
FTIR spectrum of the sample (Figure 6) was used to represent the ground state bleach (GSB)
features in the spectra that resulted from depletion of TIPS-Pn molecules in their ground electronic
state as a result of the 655 nm optical excitation. In the TRIR spectrum measured at 1 ps, before
CTP separation occurred to a significant extent, the vibrational feature could be described by the
GSB feature alone. However, by 10 ps the vibrational spectrum superimposed on the broad
absorption offset began to deviate from the GSB feature, indicating the growth of a new electronic
state with a distinct alkyne stretch frequency. A study of dilute TIPS-Pn molecules in solution
revealed that triplet excited states exhibited alkyne stretch modes shifted to lower frequency in
comparison to the singlet ground state. Therefore, the new absorption feature appearing in the
10 ps TRIR spectrum was assigned to the alkyne stretch mode of triplet excited states (T) that
formed following CTP separation. In addition to continued growth of the triplet alkyne stretch
feature T, a second absorption feature appeared in the TRIR spectra measured at 100 and 1000
ps time delays. Temperature difference spectra of the ground electronic state of the TIPS-Pn film
indicated that this new absorption feature arose from the deposition of excess thermal energy in

the TIPS-Pn molecules, resulting in a hot ground state (So*).
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Figure 7: (A) Four transient absorption spectra at select time points (circles) overlaid with best fit spectra.
The basis spectra of the GSB, triplet T and hot ground state S * with their corresponding weights as

determined from the best fit spectra are overlaid on the data to highlight the characteristic time evolution of
the transient populations. The broad absorption offset present at early time delays arises from the
photoexcitation of singlet excitons and CTP intermediates formed in the primary steps of the singlet fission
reaction to close-lying multi-exciton (ME) states. (B) State-specific population kinetic traces highlight the
dynamics of the ground state bleach, the triplet exciton population, and the growth of the hot ground state
following triplet-triplet annihilation. The dotted vertical line indicates that the hot ground state signal reaches
half its final amplitude by 50 ps before heat from triplet-triplet annihilation can contribute to the signal. (C)
Cartoons indicating the underlying photophysical processes that give rise to the transient vibrational features
appearing in the transient absorption spectra. Adapted with permission from ref 68.

Because the alkyne stretch features of the GSB and S¢* states could be independently
characterized by complementary experiments, the TRIR spectra were modeled with three basis
functions for the vibrational features plus the broad absorption offset. The GSB feature was
obtained from the FTIR spectrum of the sample in its ground electronic state, while the S¢*
spectrum was obtained from temperature difference spectra of the sample measured at room and
at elevated temperatures. This analysis revealed the population dynamics of the electronic states
of TIPS-Pn molecules during the singlet fission reaction that are represented in Figure 7B. The
cartoons in Figure 7C depict the underlying triplet separation and hot ground state formation
processes described by the population dynamics. The dynamics of triplet separation determined
from analysis of the triplet alkyne stretch mode agreed quantitatively with the decay of the CTP
population obtained from analysis of the time dependence of the broad absorption offset. We note
that on longer time-scales, the triplet alkyne stretch feature T decreases due to the annihilation of
triplet excitons within the material, reducing the triplet exciton population. This annihilation
process is also reflected in the recovery of the GSB signal on the same time scale.

Importantly, the dotted vertical line in Figure 7B indicates that the hot ground state
population reached half its final amplitude by 50 ps. On this time scale, triplet-triplet annihilation

had not yet occurred to a significant extent under the excitation conditions used in the experiment
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(655 nm excitation at 150 pJ/cm?). Furthermore, the hot ground state population S¢* would have
been expected to rise within only a few picoseconds after photoexcitation if the excess thermal
energy arose from relaxation of singlet excitons from their initial Frank-Condon states. This is
because intramolecular vibrational relaxation following an initial absorption event typically occurs
on the few-picosecond time scale,3> 8 118 120. 123 gnd the excess thermal energy distributes
between molecules at approximately the speed of sound in crystalline organic solids. From the
excitation density (150 pJ/cm?) and film thickness (300 nm), it was possible to calculate the
average spacing between photon absorption sites to be 4.5 nm in the excitation volume. Given a
typical speed of sound in the 2000 m/s range in molecular solids,*?* the excess thermal energy
from vibrational cooling of the initial singlet excitons should have distributed between photon
absorption sites on the 3-10 ps time scale. The order of magnitude slower rise of the hot ground
state signal indicated that it arose from excess energy dissipated after this initial vibrational
cooling process, during the singlet fission reaction. This investigation indicated that native
vibrational modes of singlet fission chromophores could be used to track subtle changes in energy
of the electronic states and intermediates involved in singlet fission on ultrafast time scales —
opening the opportunity explore how energy dissipation during singlet fission may influence the

rate and yield for formation of separated triplet excitons.

5. Excited-State Dynamics in Lead-Halide Perovskites

A number of investigators have used TRIR spectroscopy to examine molecular dynamics of
ions in halide perovskite thin films in an effort to identify the origins of their remarkable
optoelectronic properties. For example, recent work by Oliver et al. examined the vibrational
spectra of the formamidinium cation in formamidinium lead iodide thin films (Figure 8A) following
photoexcitation of the material at 760 nm.'? The authors probed the CN stretch mode of the
formadinium cation and observed transient vibrational features in their ultrafast TRIR spectra that
are depicted in Figure 8B. The broad absorption offset shown in Figure 8B is caused by the
photoionization of large polarons from bound to unbound continuum state, which are discussed
in detail below. Similarly, ultrafast TRIR spectroscopy was used to examine heat dissipation in
both CHsNHsPbls and (CH)N2H4Pbls films by probing the vibrational frequencies of the organic
cations following high energy density optical excitation.®® Finally, interfacial recombination at the
interface of a hole transport material and a perovskite layer was examined using nanosecond
TRIR spectroscopy by probing the vibrational spectra of cations in the excited state of the hole

transport layer.®®
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Figure 8. (A) Cartoon representation of a (CH)N2H4Pbls
perovskite unit cell. (B) TRIR spectra collected in the CN
stretch region of (CH)N2H4Pblz. Adapted from ref 125.

Other investigators sought to elucidate connections between vibrational dynamics of halide
infrared (2DIR)
spectroscopy was used to study the reorientation dynamics of organic cations in CHsNHsPbls.*2¢

perovskites and their electronic states. For example, two-dimensional
27 Raman spectroscopy and neutron diffraction measurements were used to investigate the
vibrational properties of the inorganic perovskite framework (Pbls).128139 Most of these studies
examined the vibrational spectra of the perovskite materials in their ground electronic states
wherein no photogenerated charge carriers were present. Consequently, they could not provide
information about how the structural fluctuations probed via the vibrational features influenced the
properties of photogenerated charge carriers or their transport properties.

Electrical,’*! TR-THz, 13¥13% and TRPL*13> measurements have been used to examine halide
perovskites in their excited electronic states to gain insight about the properties of photogenerated
charges and their transport. In conjunction with ab-initio calculations,***3’ these studies
suggested that lattice fluctuations are coupled to the electronic states of the materials giving rise
to polaron formation. For example, above band-gap excitation of lead-halide perovskites
generates excitons'® that rapidly dissociate into charge carriers, 31 13 which can then become
self-trapped by distortions of the surrounding perovskite lattice. The distortion of the perovskite

lattice around a charge carrier creates a quasi-particle known as a polaron. In lead-halide
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perovskites, the polarization cloud created by distortions of the perovskite lattice appears to span
several unit cells, 67 131140 |leading them to be called “large” polarons.'3% 137141142 Figure 9A depicts
a cartoon illustrating nuclear distortions that form around self-trapped electrons and holes such
as those that lead to large polaron formation.

TRIR spectroscopy offered a unique opportunity to simultaneously examine both large polaron
states in halide perovskites and the structural fluctuations of the lattice that caused
photogenerated charges to localize and self-trap into these states. ¢ 4% This capability was
unigue because the traditional electrical,*3! TR-THz, 13233 and TRPL ***!3> methods used to report
the formation of polarons could not directly detect the vibrational dynamics that led to this behavior
nor did they experimentally measure signatures of the large polarons. Fortunately, charge carriers
in large polarons could be optically excited out of their self-trapped states, leading to sharp
electronic transitions at energies that are three times their self-trapping energy.**® The energetic
distributions of polarons in soft materials often lie in the mid-infrared spectral region between 0.1-
0.6 eV (~800-5000 cmt) and therefore could be probed directly through their low energy electronic
transitions. 3% 62 67,140, 144146 g ch |ow energy electronic transitions are illustrated in the state
diagram in Figure 9B that depicts a self-trapped electron bound by its polarization cloud in a
halide perovskite.

Nanosecond TRIR spectroscopy was recently used to directly measure the signatures of large
polarons that formed in a methylammonium lead-iodide (CH3NH3Pbls) thin film following 532 nm
(500 nJ/cm?) excitation, which corresponded to an initial carrier density of ~3.10'® cm.
Nanosecond TRIR spectra measured across the entire mid-infrared region at several time delays
from 30 ns to 1 us are represented in Figure 9C. 1*° Two spectroscopic features appeared in the
TRIR spectra: a broad electronic transition spanning the mid-infrared region and narrow
vibrational features corresponding to the vibrational modes of the methylammonium cation
(formula: CHsNHs*) in the N-H bend and N-H stretch regions. The green shaded boxes emphasize
the N-H bend and N-H stretch regions in the films that appear around 1480 cm™ and 3200 cm™
respectively. The inset of Figure 9C shows an expanded region of the spectra that highlights the
vibrational linewidth of the N-H bend mode of the CHsNH3* cation in the electronic excited state
of the material.

The broad electronic transition shown in Figure 9C arose from the photoionization of self-
trapped carriers in polaronic states to unbound continuum (band) states. These electronic
transitions were assigned to large polaron absorptions. 6”142 The dashed black line highlights the

peak of the large polaron absorption, which is depicted in the state diagram in Figure 9B. The
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Figure 9. (A) Cartoon illustrating nuclear distortions that form
around charge carriers during polaron formation. (B) Schematic
diagram depicting the photoionization of charge carriers from bound
polaronic states to unbound states large polarons to free carrier
continuum states. Arrows indicate the transitions appearing in the
TRIR spectra. (C) TRIR spectra of a methylmmonium lead-iodide
CH;NH,PbI, film collected at 30, 60, 240 and 1000 ns following

pulsed excitation at 532 nm. The spectra reveal distinct absorptions
of large polarons. The green shaded boxes highlight the N-H bend

and N-H stretch regions of CH3NH3+ ions in the film. The inset

highlights the TRIR spectra of the N-H bend mode of the cations.
Adapted from refs 67 and 140.

location of the sharp onset of the large polaron absorption at 0.15 eV (1200 cm?) indicated that

large polarons in CH3;NH3Pbls had self-trapping energies of ~0.05 eV, or about two times thermal

The ability to simultaneously measure the large polaron absorption spectra and the linewidths
of the N-H bend vibrational mode provided the first opportunity to quantitatively correlate the
dynamics of the perovskite lattice with the properties of their polaronic transport states. 67 14° This
analysis could be done because the shapes of the large polaron absorption spectra provide

information about their delocalization lengths (i.e., the size of the large polaron’s polarization
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cloud).?*® More localized polarons with smaller delocalization lengths exhibited broader
absorptions in the mid-IR because their resonant enhancement was diminished where the mid-
IR photon energy equaled three-times the polaron binding energy.}*® Furthermore, the
requirement to simultaneously conserve energy and momentum at higher photon energies was
more probable for more localized polarons because of their corresponding enhancement of
electron-phonon coupling.

Figure 10A displays normalized TRIR transient absorption spectra of large polarons that
were measured in a CH3NH3Pbl; thin film at different temperatures and at 30 + 8 ns time delay
following optical excitation at 532 nm. The smooth curves overlaid on the data (circles) indicated
the best-fit curves generated from a model developed by Emin describing how the delocalization
length of large polarons affects their mid-infrared absorption spectra.’*® Figure 10B depicts the
variation of delocalization lengths of large polarons that formed in the CHzNH3Pbl; film versus the
corresponding temperature at which the measurements were made. The delocalization lengths
were calculated using the carrier effective mass obtained from recent ab-initio calculations.!36%7
The results revealed that the delocalization length of large polarons within the perovskite film
decreased from ~13 nm at 150 K to ~ 9 nm at 310 K, indicating that charge carriers were more
spatially localized at higher temperatures. We note that polarons in halide perovskites are still
considered large even at the highest temperature measured. In contrast, small polarons are
localized on length scales similar to a single lattice site and consequently, have small (~few A)
delocalization lengths. 43

Figure 10C displays baseline-corrected transient vibrational spectra that were collected in the
N-H bend region of the methylammonium cation measured at 310 and 190 K following optical
excitation at 532 nm. The lower panel of Figure 10C shows the ground state infrared spectrum
of the CH3NH3Pbls thin film measured using FTIR spectroscopy. The infrared spectrum of the N-
H bend of CH3NH3" cations did not change significantly within this temperature range, consistent
with previous temperature-dependent FTIR measurements of CH3NHsPbls.'¥-1%8 However, in the
excited electronic state, both the center frequency and linewidths of the N-H bend mode varied
significantly with temperature. Fitting the transient vibrational features with Lorentzian functions
demonstrated that the line width of the N-H bend mode increased by nearly 50% from 27 to 41
cm™ in the electronic excited state as the temperature increased from 190 to 310 K.

The increased linewidth of the transient vibrational spectra indicated that the N-H bend mode
underwent faster vibrational dephasing at elevated temperatures in the excited electronic state of
the CH3NHsPbls film. 4° The ammonium group of the CHsNHs* cation interacted with the

surrounding iodide ions through a combination of ion-ion, ion-dipole and hydrogen bonding
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Figure 10: (A) TRIR spectra of large polarons measured in a CH3sNHsPbls film at different temperatures
following photoexcitation. The spectra have been normalized to facilitate comparison of their shapes. The
curves through the data represent best fits using the large polaron model developed by Emin. (B) The
delocalization lengths of large polarons obtained from fitting the TRIR spectra are compared with the
vibrational dephasing times of the N-H bend vibrations measured at different temperatures. (C) Baseline-
corrected TRIR spectra for a CHsNH3Pbls film collected at 310 and 190 K measured 30 ns following optical
excitation. The smooth curves through the data represent the Lorentzian functions used to quantify the center
frequency and full width at half maximum of the vibrational features. The FTIR spectrum of the CH3aNH3Pbls
film is included for reference. Adapted with permission from ref 140.

interactions, which depend sensitively on distance. Therefore, the temperature dependence of

the N-H bend vibrational line width indicated that the perovskite lattice underwent larger amplitude
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fluctuations that varied these interactions and caused faster dephasing at elevated temperatures
in the presence of photogenerated charge carriers.

The temperature-dependent delocalization lengths of large polarons were compared with the
vibrational dephasing times of the N-H bend vibrational mode of the organic cations in the
CHsNH3Pbls thin film in Figure 10B. The dephasing times were obtained from the inverse of the
line widths of the N-H bend vibrational features in the excited electronic state of the perovskite.
149 The correlation was quantitative within experimental precision, indicating that the lattice
fluctuations causing faster vibrational dephasing at elevated temperatures also cause charge
carriers to self-trap into large polarons, inhibiting their delocalization. The connection between
temperature dependent lattice fluctuations and large polaron formation suggested that nuclear
distortions of the anharmonic perovskite lattice may underpin many of the exceptional properties
of this class of material. The connection also suggested that tuning structural flexibility of the
perovskite lattice through ion substitution'?” 4 or formation of 2D Ruddlesden-Popper
perovskites® may provide opportunities to tailor electronic states in perovskite materials for a

variety of optoelectronic applications.
6. Conclusions and Future Directions

Time-resolved infrared (TRIR) spectroscopy has emerged as a technique capable of
examining the influence that the molecular and structural properties of materials have on their
electronic and transport properties. TRIR spectroscopy provides a unique platform to study
excited state processes because it can simultaneously probe the dynamics of electronic states
and the nature of electronic species through their vibrational spectra. In this review, several
examples from recent work on organic optoelectronics and lead-halide perovskites were used to
illustrate some of the unique capabilities that TRIR spectroscopy can bring to the study of
electronic materials.

For organic optoelectronics, the sensitivity of molecular vibrations to their local environment
provided a means to investigate the influence that molecular structure and morphology had on
the fundamental electronic processes that occur within the materials. By using TRIR
spectroscopy, investigators were able to determine the extent of exciton delocalization within a
series of PDI derivatives. The data showed that PDI molecules that pack in slip-stacked
geometries possessed more delocalized excitons. Thus, to optimize the performance of OPV
devices that utilize PDIs as non-fullerene acceptors, researchers may target molecules that pack

in slip-stacked geometries.
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Using TRIR spectroscopy also enabled investigators to identify the vibrational signatures of
triplet excitons, T, as they separated from CTP intermediates on ultrafast time scales in the model
system 6,13-bis(triisopropylsilylethynyl) pentacene (TIPS-Pn). However, the use of TRIR
spectroscopy to examine singlet fission intermediates is still in its infancy. Moving forward, it may
be possible to leverage the structural sensitivity of TRIR spectroscopy to examine the competition
between triplet separation from CTP intermediates versus relaxation processes and energy
dissipation within singlet fission chromophores to elucidate the underlying dynamics that
determine the efficiency of this process. By systematically tuning the intermolecular coupling,
crystalline packing, and electronic energies of the singlet fission chromophores, it may be possible
to develop predictive correlations of how these molecular properties influence singlet fission
reaction dynamics.

In halide perovskites, the vibrational dynamics of organic cations were used to examine the
fluctuations of the inorganic lattice in the presence of charge carriers through their hydrogen
bonding and ion-dipole interactions. Correlation of the dynamics of the lattice with the
delocalization of charge carriers revealed that lattice fluctuations cause charge carriers to self-
trap into large polaronic states. Because the formation of large polarons in halide perovskites has
been shown to slow carrier recombination within the material, 144! modifying the electron-phonon
interactions that cause polarons to form within halide perovskites may allow investigators to tune
the optoelectronic properties of the material for specific applications. For example, while slow
recombination is advantageous for photovoltaic performance, it is a fundamental limitation for
perovskite-based electroluminescence devices.’! Recent theoretical studies have suggested that
investigators may be able to tune the structural flexibility of the perovskite lattice by incorporating
ions with different sizes into the material.}*® These reduced lattice fluctuations may decrease
electron-phonon coupling and limit large polaron formation to enhance the radiative recombination
probability. Therefore, we anticipate that future time-resolved vibrational spectroscopy
experiments will help to guide ongoing efforts aimed at understanding and controlling the
properties of halide perovskites.

As these examples illustrate, TRIR spectroscopy enables the exploration of fundamental
electronic processes that are relevant to the development of future optoelectronic materials and
devices. Future work may focus on leveraging this capability to examine a larger library of
optoelectronic materials to build design rules about how these materials can be optimized for
practical applications. For example, to the best of our knowledge, little work has been done in
which TRIR spectroscopy was employed to study ligand-nanocrystal interactions. Research in

this area would be directly relevant for understanding reaction intermediates formed in
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photocatalytic reactions. Using TRIR spectroscopy, the temporal evolution of short-lived chemical
intermediates formed on the nanocrystal’s surface can be examined by monitoring vibrational
spectra of the material following optical excitation. From this information, researchers may gain
information about the rate-limiting steps of photocatalytic reactions, enabling them to investigate
how a material’s composition and structure affect reaction kinetics and photocatalytic efficiencies.

Coupling TRIR spectroscopy with other characterization techniques may also open new areas
of research. For example, infrared microscopy has been demonstrated in the literature,
suggesting that TRIR microscopy may also be possible. *2 However, a drawback of infrared
microscopy is the spatial resolution limit set by the diffraction limit of the mid-IR light. In practice,
most FTIR microscopes have a spatial resolution between A and 3 A, producing a spatial resolution
between 2.5-75 um.*>2 In contrast, the microstructure of many optoelectronic materials can be on
the length scale of 100 nm or less. ***'** For example, in bulk heterojunction organic photovoltaic
devices, the domain sizes of the distinct donor-acceptor regions are typically between 50 - 250
nm, ¢ well below the diffraction limit of infrared microscopes.

Recently, investigators have developed AFM-IR microscopy to overcome the poor spatial
resolution of infrared microscopy.!>® The spatial resolution of AFM-IR microscopy depends on the
radius of the AFM probe tip (~20 nm) and not the diffraction limit of the mid-IR light. Consequently,
investigators can study the structural properties of an optoelectronic material on length scales
directly relevant to the fundamental material properties using AFM-IR microscopy. Thus, we
suggest that the development of TRIR-AFM microscopy may provide new spectroscopic tools
needed to investigate the temporal and spatial evolution of electronic processes at interfaces and
grain boundaries.

Higher-order ultrafast methods, such as sum-frequency generation®®” and ultrafast Raman
spectroscopy®®®1% may also offer new opportunities to correlate vibrational and electronic
dynamics to inform the development of next generation optoelectronic materials. For sum-
frequency generation, the vibrational dynamics of optoelectronic materials can be examined at
buried interfaces. This capability may allow investigators to unravel how molecular packing
arrangements at the substrate surface affect charge carrier localization and recombination in
organic photovoltaics, for example. Additionally, ultrafast Raman spectroscopy is capable of
monitoring the vibrational dynamics of infrared-inactive modes coupled to the electronic states of
the material such as the conjugated ring modes of linear acenes. Furthermore, ultrafast Raman
spectroscopy is capable of measuring vibrational dynamics in solvents that absorb strongly in the
mid-infrared such as water. Thus, this technique may be well suited for the study of charge

transfer dynamics in aqueous solutions.

28

Page 28 of 40



Page 29 of 40

Journal of Materials Chemistry C

Finally, research efforts focused on developing ab initio methods capable of simulating the
vibrational spectra of molecules in the excited state would further help investigators determine
how a material’s structure influences its electronic properties. Although ab initio methods have
been used extensively to simulate the vibrational spectra of molecules in their ground electronic
states, %912 g limited number of studies have used these methods to calculate excited state
vibrational spectra. 1 In part, this limitation arises from the complex response of a molecule’s
vibrational degrees of freedom following electronic excitation, which increases the difficulty of the
calculation. %3 We hope that this review will spark interest in developing new methods to calculate
TRIR spectra using ab initio methods, enabling investigators to draw closer links between theory

and experiment used to describe the structural origins of electronic states in materials.
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Time-resolved mid-infrared spectroscopy provides new opportunities to probe the
structural origins of electronic and transport states in optoelectronic materials.
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