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Polarization dependent time-resolved infrared (TRIR) spectroscopy has proven to be a useful
technique to study the structural dynamics in a photochemical process. The angular information of transient species is obtainable in this measurement, which makes it a valuable technique for the investigation of electron distribution, molecular structure, and conformational
dynamics. In this review, we brieﬂy introduce the principles and applications of polarization
dependent TRIR spectroscopy. We mainly focused on the following topics: (i) an overview of
TRIR spectroscopy, (ii) principles of TRIR spectroscopy and its advantages compared to the
other ultrafast techniques, (iii) examples that use polarization dependent TRIR spectroscopy
to probe a variety of chemical and dynamical phenomena including protein conformational
dynamics, excited state electron localization, and photoisomerization, (iv) the limitations
and prospects of TRIR spectroscopy.
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are narrower and less overlapped. Furthermore, because
vibrational transitions are more spatially localized than
electronic transitions, time-resolved vibrational spectroscopy can provide more insights into the structural
dynamics [21−23]. In the case where speciﬁc vibrational modes correlate with speciﬁc vibrational motions,
one can directly obtain a structural information of the
photo-induced reaction by inspecting the changes in vibrational absorption. Two primary vibrational spectroscopy methods, time-resolved Raman [24−29] and
infrared spectroscopy [30−37], have been extensively
used to study photochemical dynamics.
When the vibrational mode of interest is a local mode,
one can directly link the transition dipole moment with
the particular chemical bond that is modulated by the
vibration. For instance, in the ﬁrst notable application of polarization dependent time-resolved infrared
(TRIR) spectroscopy, Hochstrasser and coworkers examined the orientation of bound CO to myoglobin by
detaching CO from carboxy myoglobin (MbCO) with
polarized laser pulses and investigated its recombination to the active center by infrared absorption [38].
The authors extracted the angle of the CO in the protein frame of MbCO by monitoring the bleaching signal
under diﬀerent excitation conditions. They concluded
that the Fe−C bond tilts to the heme normal and the
Fe−C−O angle diﬀered signiﬁcantly from 180◦ . Recently, Anﬁnrud and coworkers showed that this deviation is less than 7◦ by carefully controlling the experimental variables [39]. Since then, polarization dependent TRIR spectroscopy has been extensively utilized

I. INTRODUCTION

Femtosecond resolution studies of photochemical dynamics have the potential to detect the critical nuclear motions in real time from which a reaction mechanism can be constructed, understood, and ideally controlled [1−5]. After the ultrashort UV/visible pulse excites a molecule, the subsequent evolution of the excited species can be followed by time-resolved ﬂuorescence [6−8], transient absorption in the UV/visible and
infrared regions [9−11], X-ray diﬀraction [12−14] and
spectroscopy [15−18], and electron diﬀraction [19, 20].
Even though X-ray and electron probe can provide more
insights into the structural dynamics, the technical difﬁculties limit them to very few labs and research facilities and prevent their accessibility to the larger research
community. On the other hand, transient electronic
absorption spectroscopy has been intensively used to
study the ultrafast dynamics in chemistry, physics and
biology for decades. But electronic spectroscopy is typically very broad and relatively featureless, which makes
structure determination extremely challenging. However, vibrational spectroscopy can identify the absorbing species more precisely than electronic spectroscopy
because the absorption bands of vibrational transitions
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to reveal the orientational dynamics of the CO and NO
ligands in myoglobin and hemoglobin, either bound to
the heme iron or in the heme pockets [40−46]. It is
worth noting that the assumption that the transition
dipole moment lies along the CO bond vector is incorrect in most cases.
Green ﬂuorescent protein (GFP) and its chromophore
4′ -hydroxybenzylidene-2,3-dimethylimidazolinone
(HBDI) provide another notable example. The HBDI
chromophore in solution has an excited state lifetime
of 1.2 ps and a ﬂuorescence quantum yield of only 10−3
[47−49] while the same chromophore has a ﬂuorescence
lifetime of ∼3 ns and quantum yield approaching 0.8
in wild-type GFP [50−53]. Theoretical calculations
suggested that the ﬂexibility of room temperature
solvent leads to bond isomerization and ultrafast
excited state quenching for the HBDI chromophore
[54]. Usman et al. measured the TRIR anisotropy
of a localized CO stretching mode in HBDI [55].
They observed an upshifted broadband (with fwhm
of ∼50 cm−1 ) excited state absorption (ESA) feature
at ∼1750 cm−1 in natural HBDI. Their experiment
indicated a diﬀerent excited state behavior from the
formation of a charge transfer state, provided an angle
of 70◦ between the electronic transition dipole moment
and CO vibrational transition dipole moment, and
concluded that structural change in HBDI is due to
an isomerization by a single twist or a hula twist
[55]. Later, van Thor and coworkers showed that the
HBDI isomerization is signiﬁcantly reduced in the
GFP excited state due to the constraint of the protein
environment [52]. There are more examples that
employed TRIR anisotropy measurements including
the isomerization reaction of photoactive yellow protein
(PYP) [56, 57], phytochrome holoprotein [58], and the
structural response of an enzyme to a photo-excited
inhibitor [59]. It has also been used to determine the
three-dimensional orientation of electronic transition
dipole moment [60−62] and to follow the photo-induced
transfer dynamics and the structural evolution of the
charge separated states [63, 64].
Even though the TRIR spectroscopy has been extensively used to study the structural dynamics of the
photochemistry process, the diﬃculties in robustly interpreting femtosecond resolution measurements reduce
its ability to determine photochemical reaction mechanisms. As a consequence, the TRIR spectroscopy and
its application in the chemical reaction dynamics have
been underutilized. Within this context, we believe
there is a need to introduce the principle of polarization dependent TRIR spectroscopy and summarize its
applications in structural dynamics to a larger research
community. In this review, we ﬁrst give an overview of
the TRIR spectroscopy and describe its advantages in
resolving structural dynamics. We then present examples of using anisotropy measurements to study electron
localization dynamics in charge transfer excited states
and bond isomerization dynamics in a push-pull donorDOI:10.1063/1674-0068/29/cjcp1512246
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phenyl-accepter system. We show that the recent improvements in ultrafast laser technology, continuous advances in experimental methodology, and the advent of
a common language for the interpretation of measurements, have assisted the study of chemical dynamics.
We then brieﬂy describe the challenges of ultrafast infrared spectroscopy in biological applications and conclude with a future outlook.

II. PRINCIPLES OF POLARIZATION DEPENDENT
TRIR SPECTROSCOPY

The TRIR spectroscopy employs a pump-probe
methodology, where the pump pulse is typically in the
UV/visible region and the probe pulse is in the midinfrared (mid-IR) region for most photochemistry studies. Femtosecond mid-IR pulses are generated through
a diﬀerence frequency generation process after optical
parametric ampliﬁer [65]. Experimentally, TRIR spectroscopy is performed in a spectrally-resolved conﬁguration. The pump-induced absorbance changes are then
measured with a mercury cadmium telluride (MCT) detector after spectral dispersion using a monochromator.
A side eﬀect is that the ground state bleach (GSB) signals appear to grow at negative time delay, which is the
so-called perturbed free induction decay. It is a common
feature when the dephasing time of bleached transitions
is much longer than the cross-correlation time between
the pump and probe pulse, which is about 100−200 fs
[66−68].
The signal contribution in the UV/visible pump midIR probe TRIR spectroscopy is much simpler than conventional transient absorption spectroscopy. As we
know, there are three distinct sources of signals in the
transient absorption measurements as illustrated by the
energy diagram in Fig.1(a). The GSB and stimulated
emission (SE) lead to an increase in signal transmission while the ESA reduces the signal transmission.
The potential spectral overlap between GSB, ESA, and
SE prevents the application of the transient absorption spectroscopy to many interesting problems, and
the situation can be even worse in the transition metal
related systems. However, there is no SE contribution in UV/visible pump mid-IR probe TRIR spectroscopy since the frequency of the mid-IR probe is
signiﬁcantly lower than the pump frequency and the
possible electronic excited state emission as shown in
Fig.1(b), which will remarkably reduce the diﬃculty in
distinguishing the signal from diﬀerent contributions.
Polarization dependent TRIR spectroscopy measures
the frequency dependent isotropic, Iiso (ω, t), and the
anisotropic, r(ω, t), signals from the parallel and perpendicular polarization measurements [69],
Iiso (ω, t) =

I∥ (ω, t) + 2I⊥ (ω, t)
3

(1)
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FIG. 1 The energy diagram of the photo-induced process.
(a) There are three distinct sources of the signal in the
time-resolved transient electronic absorption measurements;
the ground state bleach (GSB) and stimulated emission
(SE) lead to an increase in light transmission while the excited state absorptions (ESA) reduce the signal transmission. (b) There are two distinct sources of the signal in the
TRIR spectroscopy, the GSB, and ESA.

r(ω, t) =

I∥ (ω, t) − I⊥ (ω, t)
I∥ (ω, t) + 2I⊥ (ω, t)

(2)

where I∥ and I⊥ represent the changes in probe transmission induced by a pump pulse when the pump and
probe pulses have parallel and perpendicular polarizations. The experimental and theoretical framework
developed for the conventional polarization dependent
time-resolved spectroscopy method can be easily applied to the polarization dependent TRIR spectroscopy
[70−79]. For example, the TRIR anisotropy provides
insights into the relative angles between the electronic
and infrared transition dipole moments [80, 81]. Under
the most common circumstances, a low concentration of
chromophores with non-degenerate excited states will
have an anisotropy that ranges from −0.2 to 0.4, where
the decay of the anisotropy results from the rotation of
excited state molecules. In next section, we will present
a detailed example of using TRIR anisotropy measurement to study electron localization dynamics in charge
transfer excited states.

III. ELECTRON LOCALIZATION IN CHARGE
TRANSFER EXCITED STATES

Eﬃcient energy migration and charge separation are
essential steps in molecularly based light-harvesting materials [82, 83]. Charge transfer excited states of a high
symmetry coordination complex have either an electron
or a hole residing in one of the degenerate molecular orbitals. For the idealized degenerate case, the coupling
between degenerate molecular orbitals leads to delocalization of the excited state, while static and dynamic
disorder will reduce the symmetry and eliminate the
DOI:10.1063/1674-0068/29/cjcp1512246
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energetic degeneracy that provide a mechanism for electron localization. For these reasons, the time-dependent
charge transfer excited states in high symmetry coordination complexes provide a particular example of assessing how fundamental molecular properties control
excited state electronic structure and charge separation.
A lot of experimental and theoretical studies have emphasized the importance of time-resolved anisotropy in
the structural dynamics of the electronic excited state
for high symmetry molecules [84−89]. When the pump
pulse excites degenerate states, the initial value of the
anisotropy reﬂects the molecular symmetry and the decay of the anisotropy reﬂects multiple dynamical processes. Molecules with three-fold degeneracy will have
initial anisotropy r(0)=1.0 while molecules with twofold degeneracy will have initial anisotropy r(0)=0.7
[85]. A schematic of the relevant processes for twofold degenerate system appears in Fig.2. The dynamical phenomena that govern the loss of anisotropy for
the two-fold degenerate states can be expressed as three
rates reﬂecting three distinct processes for an overdamped superposition of excited states [89],
r(t) =

)
1 (
1 + 3e−2Γt + 3e−γt e−6Dt
10

(3)

Dephasing due to inter- and intra-molecular ﬂuctuations occurs with a γ rate and leads to localization of the
charge transfer excited state to a single molecular orbital and reduction in anisotropy to r=0.4. Incoherent
electron transfer between degenerate localized charge
transfer excited states occurs with a Γ rate and further
reduces the anisotropy to r=0.1 for two-fold degenerate states. Excited state bond rotation can also lead to
changes in the anisotropy [90], though not for the charge
transfer systems discussed in this case. For dilute excitation, where excitation transfer between molecules
does not occur, molecular rotation with the rate D
causes the ﬁnal loss of anisotropy.
The contradictory interpretations of anisotropy measurements for the metal-to-ligand charge transfer
(MLCT) excited state of ruthenium-tris-bipyridine
highlight the challenges in interpreting time-resolved
anisotropy results [86−88]. The photoexcitation leads
to two-fold degenerate electronic excited states with orthogonal transition dipole moments. The biggest problem for anisotropy measurement occurs when the ESA
spectrally overlaps with either the GSB or the SE.
When signals of opposite sign spectrally overlap, the
anisotropy extracted from Eq.(2) can range from −∞
to +∞ which makes the measurement meaningless [88].
Here we show that these diﬃculties in experimental interpretation can be partially addressed by a change in
experimental design. We have used polarization dependent transient mid-IR absorption spectroscopy to study
the electron localization dynamics of Fe(CN)6 3− [69].
Using the TRIR spectrum of CN-stretch vibration to
track the dynamics of electronic excited states has the
following advantages. The simplicity of CN-stretch vic
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FIG. 2 A sketch of the electronic excited state relaxation processes for a two-fold degenerate system. γ is the rate of the
decoherence, Γ is the rate of the incoherent electron transfer, and D is the rate of molecular rotation. This ﬁgure is adapted
with permission from Zhang et al. [18], copyright (2015), American Chemical Society.
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FIG. 3 TRIR spectroscopy for [Fe(CN)6 ]3− dissolved in dimethyl sulfoxide. (a) The isotropic (red points) and S∥ −S⊥
diﬀerence (blue traces) transient spectra are shown for a 0.2 ps time delay. The solid red line is the ﬁt of isotropic transient
spectra. (b) Isotropic transient spectra as a function of mid-IR probe time delay and frequency. These ﬁgures are adapted
with permission from Zhang et al. [18], copyright (2012) American Chemical Society.

brational lineshapes allow us to distinguish clearly the
ESA from the GSB signal, and the recorded transient
vibrational spectrum does not have an SE contribution.
The CN-stretch modes have transition dipole moments
parallel to the CN bonding axes in this system, which
greatly simpliﬁes the interpretation of the anisotropy
measurements.
We generate a ligand to metal charge transfer
(LMCT) excited state and probe the electronic excited
state dynamics with mid-IR pulses polarized parallel
and perpendicular to the UV pump polarization. The
octahedral Fe(CN)6 3− complex only has a three-fold degenerate T1u CN stretch mode in the mid-IR region. As
shown in Fig.3(a), strong inter-ligand electronic coupling in the LMCT excited state preserves the octahedral symmetry and leads to a single T1u CN-stretch
ESA band at 2050 cm−1 with no anisotropy by a 0.2 ps
time delay. With a solvent dependent rate, we observed
this ESA converts to two ESA peaks appearing at 2079
and 2095 cm−1 with a 5 ps time constant as shown in
DOI:10.1063/1674-0068/29/cjcp1512246

Fig.3(b). The original ESA at short time delays and
the absence of anisotropy demonstrate that the ligand
hole in the LMCT electronic excited state hops very
quickly from ligand to ligand, making the excited state
look delocalized on the vibrational time scale. This observation also implies that the measurement lacks suﬃcient temporal resolution to observe the initial dephasing and intra-ligand charge transfer rates represented
by γ and Γ in Eq.(3). The eventual appearance of two
distinct vibrational transitions with the same rise and
decay time constants suggests a reduction in molecular symmetry associated with a localized excited state.
As shown in Fig.3, the loss in symmetry causes two
CN-stretch absorption peaks split by 20 cm−1 . To experimentally resolve this 20 cm−1 shift, a time resolution greater than 1 ps is needed. Otherwise, the two
transitions will motionally narrow into a single transition that makes the vibrational spectroscopy insensitive to the ligand hole localization. This sub-picosecond
loss of anisotropy found for degenerate electronic exc
⃝2016
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cited states agrees with the tetraphenyl porphyrin results measured by Hochstrasser and co-workers [89] and
ruthenium-tris-bipyridine results obtained by Hammerström and coworkers [88]. But it is hard to apply directly the TRIR anisotropy measurements to ruthenium
tris-bipyridine since there are no vibrational transitions
in this molecule that can be easily mapped onto the
charge transfer coordinates. Vibrational labeling with
local vibrational modes, such as cyano groups, may help
to solve this problem [91].
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IV. PHOTO-INDUCED BOND ISOMERIZATION
DYNAMICS

Photoisomerization process depends sensitively on
the reaction environment. The diﬀerences between liquid and protein solvated chromophores represent the
most striking demonstration of photochemical sensitivity to local environment. In bacteriorhodopsin, retinal isomerizes around the C13=C14 double bond with
a quantum yield of 0.6 [92, 93], while retinal isomerizes around multiple double bonds with signiﬁcantly
lower quantum yield in solution [94, 95]. As we
discussed above, the photochemistry of HBDI chromophore also strongly depends on its surrounding environment [48−51]. We believe that the detailed understanding of the relationship between reaction environment and the photochemical outcome has wideranging application including designing and directing
light-driven materials and molecular sensors. Here, we
show an example that uses TRIR anisotropy measurement to characterize the isomerization dynamics of julolidine malononitrile (JDMN), as illustrated in Fig.4, dissolved in dimethylsulfoxide (DMSO). Photoisomerization of a similar molecular system has been extensively
studied which include the stilbene bond isomerization
[96] and the twisted intramolecular charge transfer
(TICT) proposed for the dual ﬂuorescence of 4-(N,N dimethylamino)-benzonitrile (DMABN) [97]. Previous
investigations demonstrated the sensitivity of the photochemical dynamics to the details of the reaction environment, including the viscoelastic eﬀects and solvent
electrostatic eﬀects [98−103]. But a detailed understanding of the excited state isomerization dynamics in
response to the environmental properties is still lacking.
As we mentioned above, the TRIR anisotropy can
provide the relative angle between the electronic and
vibrational transition dipole moments when molecular
rotation can be ignored [38−42]. As shown in Fig.5,
photo-induced bond isomerization will change the relative angle θ. We place the rotational axis R̂ along the
z-axis since it is invariant in the molecular frame during
the photoisomerization process. The relative angles θ
between the electronic transition dipole moment µe and
the vibrational transition dipole moment µv can be correlated to the molecular structure through the following relationship: cos θ=cos θe cos θv −sin θe sin θv cos ϕ,
DOI:10.1063/1674-0068/29/cjcp1512246

FIG. 4 Molecular structures of julolidine malononitrile
(JDMN). The electronic transition dipole and the torsional
angles potentially involved in the electronic excited state relaxation dynamics are also shown. These ﬁgures are adapted
with permission from Zhang et al.[23], copyright (2012)
American Chemical Society.
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FIG. 5 Schematic view of how the photo-induced change in
the torsional angle ∆ϕ can be extracted from the polarization dependent TRIR spectroscopy. This ﬁgure is adapted
with permission from Zhang et al. [23], copyright (2012)
American Chemical Society.

where ϕ=ϕe − ϕv is the dihedral angle between the R̂µe
and the R̂µv planes. So one can determine the bond
rotation angle, ϕ, by measuring the angle θ and calculating the two tilt angles, θe and θv , from the combined
experimental and computational studies.
The detailed assignment and analysis of photoinduced dynamics of JDMN in DMSO can be found
in Ref.[23]. In short, we have modeled the electronic
excited state decay kinetics with two parallel relaxation
channels each involving two sequential relaxation steps
[23]. Isotropic dynamics ﬁts at three diﬀerent central
frequencies: 2210 cm−1 (GSB), 2155 cm−1 (ESA), and
2115 cm−1 (ESA) with this kinetic model can be found
in Fig.6(a). Figure 6(b) shows the time-dependent
anisotropy measured at these three frequencies. The
GSB has an initial anisotropy of 0.31±0.04 that does
not have any decay in the 50 ps time window demonstrates that JDMN molecule rotation occurs on a time
scale much slower than 50 ps, which suggests that the
anisotropy values at long time delay can be used to asc
⃝2016
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FIG. 6 (a) Time-dependent change in transmission for the
isotropic pump-probe signal. Population dynamics for the
GSB measured at 2210 cm−1 (∗ ), the ESA band measured at 2155 cm−1 (), and the ESA band measured at
2115 cm−1 (◦) of JDMN measured in DMSO. (b) Timedependent anisotropy for JDMN in DMSO at three different spectra range: 2210 cm−1 (*), 2155 cm−1 () and
2115 cm−1 (◦). These ﬁgures are adapted with permission
from Zhang et al. [23], copyright (2012) American Chemical
Society.

sess the structural dynamics of the long-lived excited
state.
The ESA anisotropy measured at 2115 cm−1 shows
an initial value of 0.04±0.03 with no measurable
time dependence, indicating the two electronic excited
states have very similar anti-symmetric CN stretch
anisotropies. However, the ESA anisotropy measured
at 2155 cm−1 has an initial value of 0.39±0.05 decaying to 0.13±0.03 which corresponds to a weighted
sum of the two anisotropies [23]. If both anisotropies
were time independent, the time constant of the overall anisotropy would follow the 12.3 ps excited state
population decay time constant. But this anisotropy
decay occurs much faster than 12.3 ps strongly indicates that the anisotropy of long-lived excited state has
a time-dependent decay. We have ﬁt it to a single exponential with an oﬀset, r=A exp (−t/τ )+C, which gives
τ =2.6±0.7 ps, A=0.21±0.04, and C=0.18±0.03.
As shown in Fig.5, to correlate the measured relative
transient dipole angle to the bond rotation, we need
to calculate the tilt angles, θe and θv . TDDFT/CAMDOI:10.1063/1674-0068/29/cjcp1512246

B3LYP calculations predict the presence of one structure minimum on the excited state potential energy surface (PES) near the Frank-Condon region that is consistent with no bond isomerization. The calculated PES
energy varies weakly with torsion of bond b and bond c
that is in line with the orientational dynamics observed
for the excited state. A conical intersection is reached
when bond c twists to τc ≈80◦ −90◦ [98, 104]. We then
searched the excited state PES and identiﬁed two diﬀerent minima using TDDFT calculations. One minimum
occurs in the Frank-Condon region and cannot account
for the long-lived excited state that we labeled as an S1
state. The second minimum occurs at τb =80◦ that we
labeled as Sb state and corresponds to a rotational angle ∆ϕ=80◦ for bond b rotation [23]. The Sb electronic
dipole moment exceeds that of S1 by 6.2 Debye, which
originates from the transfer of charge from the julolidine to the malononitrile π electron system. So the Sb
state can be assigned to a TICT state since it involves
electron transfer between decoupled molecular orbitals
[23, 97].
In short, we demonstrate that the combination
of measurements and TDDFT calculations has conﬁrmed the photoisomerization of JDMN generates a
metastable TICT excited state. We have to emphasize
that there are two critical attributes to determine the
success of this experiment. (i) To follow the structural
dynamics using anisotropy measurement, it is necessary
that the bond rotation changes the projection of the vibrational transition dipole moment onto the electronic
transition dipole moment. (ii) The structural change
in the laboratory frame and molecular frame needs to
be similar. This requirement can be satisﬁed when the
isomerizing bond separates the molecule into two components with very diﬀerent moments of inertia, which
is met by JDMN, but not by stilbene or azobenzene.

V. FUTURE PROMISE

TRIR spectroscopy is particularly valuable in the
study of systems containing CO or CN vibration mode
since their frequencies and bandwidths sensitivities to
electronic and molecular structure are well-established.
But their extension to the larger biological system is
still facing a lot of challenges, the major limitations being their low sensitivity and site-selectivity [105]. The
low site-selectivity is the consequence of the delocalized backbone vibrational mode and the possible frequent overlap with buﬀer solution. To improve the
site-selectivity, researchers have developed various extrinsic vibrational probes and incorporated them into
biological molecules to study their site-speciﬁcal structural and environmental properties. These extrinsic
vibrational probes have played an essential role in
the study of a wide variety of structure and dynamics of proteins and peptides and the advancements in
this rapidly growing research area have been intenc
⃝2016
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sively reviewed recently [106−108]. The low sensitivity of the TRIR spectroscopy is the result of the low
cross sections of vibrational transitions which are more
than two orders of magnitude lower than those of the
electronic transitions. Combining this low sensitivity with the strong absorption of water in the mid-IR
region, biological samples need to be highly concentrated, which is not favorable for most of the larger
proteins. However, there is a signiﬁcant sensitivity gain
when we move to the two-dimensional infrared (2DIR) spectroscopy. First, the detection can be background free when using the so-called box-CARS geometry. Second, the 2D-IR signal strength quadratically
depends on the extinction coeﬃcient [105]. For example, for a medium strong IR absorber with an extinction coeﬃcient of 500 (mol/L)−1 cm−1 at 2120 cm−1 in
a cuvette of 10-micron thickness, an absorption band
with 0.5 mOD is expected at 1 mmol/L concentration. The D2 O background at the same condition is expected to be 100 mOD since the extinction coeﬃcient
is 1.8 (mol/L)−1 cm−1 at 2120 cm−1 for D2 O. So the
signal ratio between the IR label and water background
is 1:500 for linear spectroscopy, which is expected to
be improved to 1:2.3 for 2D-IR measurement since the
reason of the enormous water background is its massive concentration (∼56 mol/L) [105]. Combined with
the development of other light-induced triggering, we
expect the time-resolved 2D-IR spectroscopy will serve
as a critical tool in providing new mechanistic insights
into photo-induced biological problems [109, 110].
Recently, high-intensity continuum mid-IR pulse has
been demonstrated and used to study water hydrogen
bonding related phenomenon [111−114]. This advancement makes the TRIR more similar to the transient absorption experiment where the supercontinuum is commonly used. The extinction ratio of commercial mid-IR
polarizer has also been dramatically improved which
allows the researchers to detect extremely weak chiral signals on top of large achiral background contributions [115, 116]. The advancement of the 2D area
detector has opened the opportunity to study the nonlinear infrared imaging of the heterogeneous samples
with micron resolution [117]. With all these technology
and methodology developments, the structural dynamics study in the chemical and biological system using
the ultrafast infrared methods will be furthered.
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