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Abstract
1,2-Dihydroxyanthraquinone (alizarin) shows an ultrafast intramolecular proton transfer in the excited states between the adjacent hydroxyl and carbonyl groups. Due to the
ground and electronic structure of locally excited and proton-transferred tautomers, alizarin shows dual emission bands with strong Stokes shifts. The energy barriers between
the locally excited (LE) and proton-transferred (PT) tautomers in the excited state are
strongly dependent on the solvent polarity and thus alizarin shows complicated photophysical properties including solvent and excitation dependences. The excited-state
intramolecular proton transfer (ESIPT) of alizarin was monitored in time-resolved stimulated Raman spectroscopic investigation, where the instantaneous structural changes
of anthraquinone backbone in 70~80 fs were captured. Two major vibrational modes of
alizarin, ν(C=C) and ν(C=O) represent the proton transfer reaction in the excited state,
which then leads to the vibrational relaxation of the product and the restructuring of
solvent molecules. Ultrafast changes in solvent vibrational modes of dimethyl sulfoxide (DMSO) were also investigated for the solvation dynamics including hydrogen bond
breaking and reformation.
Keywords: excited-state intramolecular proton transfer, tautomerization, femtosecond
stimulated Raman, transient absorption

1. Introduction
Proton transfer occurring either intramolecularly or intermolecularly is one of the fundamental chemical reactions and has been of great interest in chemistry, biology, and related disciplines [1–5]. Molecules with the excited-state intramolecular proton transfer (ESIPT) often
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show large Stokes shifts, which is beneficial in many photonic applications due to small selfabsorption [6, 7]. The ESIPT reactions have been extensively studied by time-resolved spectroscopic methods, where the ultrafast laser pulses initiate the chemical reaction in the excited
state [6–10]. Femtosecond transient absorption technique was used as the time-resolved electronic probe in monitoring ultrafast proton transfer reactions in the time scales of ~30 fs [8, 10].
Recently, a much faster ESIPT of ~13 fs in 10-hydroxybenzo[h]quinolone has been reported by
a fluorescence upconversion technique [9].
1,2-Dihydroxyanthraquinone (alizarin) is one of natural red pigments which forms an intramolecular hydrogen bond between a carbonyl and a hydroxyl group in the ground and excited
states [11–18]. Upon photoexcitation, a proton transfer from the hydroxyl to the carbonyl
group occurs and the dual emission bands of the locally excited (LE) and proton-transferred
(PT) tautomers have been reported [11–14]. The scheme of electronic structure of alizarin in
LE and PT tautomers is shown in Figure 1. Since the barrier between LE and PT tautomers of
alizarin in the excited state is tunable by changing solvent polarity [19, 20], the proton transfer
reaction dynamics between the LE and PT tautomers might also be controlled by this factor.
The emission band of the PT tautomer dominates in nonpolar aprotic solvents while the dual
emission bands both from the LE and PT tautomers appear in polar aprotic solvents with the
inhibition of the ESIPT reaction [21, 22]. According to the density functional theory (DFT)/
time-dependent DFT (TDDFT) simulation results, the LE tautomer of alizarin is more stable (4.7–4.8 kcal/mol) than the PT tautomer in ground state, while the LE tautomer becomes

Figure 1. Electronic structure of alizarin in LE and PT tautomers. Adapted with permission from reference [41].
Copyright 2015 Elsevier.
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less stable in the excited state with tunable energy barriers between the LE and PT [23]. For
example, the energy barrier from the LE to PT tautomer in the exited state was estimated as
1.30 kcal/mol in benzene (nonpolar aprotic) and 3.19 kcal/mol in ethanol (polar aprotic).
The excited state lifetime of the alizarin PT tautomer was observed as 60–80 ps in several timeresolved spectroscopic investigations on alizarin, but the exact proton transfer dynamics of
alizarin was not clearly obtained due to strong excited state absorption and emission signals,
and complicated excited state dynamics including vibrational relaxations, solvations, etc.,
[20, 24–26]. However, the ultrafast ESIPT reactions (45–120 fs) of several anthraquinone derivatives including 1-hydroxyanthraquinone and 1-chloroacetylaminoanthraquinone have been
measured by time-resolved fluorescent measurements [11, 15, 27, 28].
Femtosecond stimulated Raman spectroscopy (FSRS) with both high temporal (<50 fs) and
spectral (<10 cm−1) resolutions was introduced recently for the study of excited state dynamics and reaction mechanisms [29, 30] and has been widely used to study the photo-induced
population and structural dynamics in many chemical and biological systems [31–34].
In this chapter, the ESIPT reaction and excited state dynamics of alizarin will be overviewed
by using experimental results of steady-state absorption and emission, femtosecond transient
absorption, and femtosecond stimulated Raman measurement. The excited state dynamics of
alizarin was examined by changing the solvent polarity and the evidence for the ultrafast proton transfer reaction and subsequent structural changes in the product state were inspected
by the time-dependent skeletal vibrational modes of alizarin.

2. Experimental details
2.1. Chemical preparation
Alizarin (Sigma-Aldrich, St. Louis, MO), dimethyl sulfoxide (DMSO, Daejung Chemicals and
Metals, Siheung, Korea), ethanol (Duksan Pure Chemicals, Ansan, Korea), and other chemicals were used as received. Alizarin hardly dissolves in water but dissolves in most organic
solvents, so alizarin solutions (33–50 μM) were prepared in ethanol and DMSO for the steadystate absorption and emission, and transient absorption measurements. A 2 mm cell with a
stirring magnet was used for transient absorption measurements to avoid photo-damage from
the laser pulses. The DMSO solutions of alizarin up to 20-mM concentrations in a 0.5 mm flow
cell recirculated by a peristaltic pump were used for stimulated Raman measurements.
2.2. Steady-state absorption and emission measurements
The absorption spectra were recorded by a UV/Vis spectrometer (S-3100, Scinco, Seoul, Korea)
and the emission spectra were obtained by a time-resolved fluorescence setup based on a timecorrelated single photon-counting module (Picoharp 300, PicoQuant, Berlin, Germany), a picosecond diode laser (λex = 405 nm; P-C-405, PicoQuant), a monochromator (Cornerstone 260,
Newport Corp., Irvine, CA), and a photomultiplier tube detector (PMA 192, PicoQuant).
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2.3. Transient absorption spectroscopy
A femtosecond transient absorption setup based on a Ti:sapphire regenerative amplifier
(LIBRA-USP-HE, Coherent Inc., Santa Clara, CA) was used for transient absorption measurements [35, 36]. The pump pulses at 403 nm were generated by sum-harmonic generation (SHG)
in a BBO crystal (θ = 29.2°, Eksma Optics, Vilnius, Lithuania) and compressed in a prism-pair
compressor. The whitelight supercontinuum probe pulses (450–1000 nm) generated in a sapphire window were tightly focused to the sample with the pump and detected with a fiberbased spectrometer (QE65Pro, Ocean Optics, Largo, FL). Transient absorption spectra and
kinetics were analyzed in a global fit analysis by using a software package Glotaran [37].
2.4. Femtosecond stimulated Raman spectroscopy
A femtosecond stimulated Raman setup based on the Ti:sapphire regenerative amplifier
(LIBRA-USP-HE) was used for time-resolved Raman measurements. A narrowband picosecond pulses (802 nm, 0.6 nm, 1.2 ps) generated by a home-built grating filter (1200 gr/mm) was
used for the Raman pump, and a broadband (850–1000 nm) whitelight continuum generated
in a YAG window (Newlight Photonics, Toronto, ON) was used for the Raman probe. The
Raman probe filtered with long pass filters (FEL0850, Thorlabs Inc., Newton, NJ; 830 DCLP,
Omega Optical Inc., Brattleboro, VT) was combined at the sample with the Raman pump
and the actinic pump at 403 nm generated from SHG. The Raman pump was modulated at
500 Hz by an optical chopper (MC2000, Thorlabs Inc.) and the Raman probe was recorded at
1 kHz shot-to-shot level by a spectrograph (Triax 320, Horiba Jobin Yvon GmbH, Bensheim,
Germany) and a CCD detector (PIXIS 100, Princeton Instruments, Trento, NJ). The optical
time delay between the actinic pump and the Raman pump/probe pair was controlled by
a motorized stage (MFN25PP, Newport Inc.) and a controller (ESP300, Newport Inc.). The
Raman pump of 350 nJ pulse energy and the actinic pump of 750 nJ pulse energy were used
in a typical FSRS measurement.
2.5. Computational details
DFT simulations for the Raman vibrational modes of alizarin were conducted by the Gaussian
09 software package (Gaussian Inc., Wallingford, CT), and the B3LYP/6-31G(d,p) level of
theory with the optimized geometries from previous TDDFT results was used [23, 38]. The
scaling factors for the vibrational frequencies obtained in previous reports were used to visualize the Raman spectra of alizarin both in ground and excited electronic states with arbitrary
bandwidths of 10–15 cm−1 [39].

3. Steady-state absorption and emission spectra of alizarin
In the ground state, the LE tautomer exists lower than the PT tautomer in energy and the
energy barrier between two tautomers is too high for the proton transfer in the ground state
to be observed [19]. On the other hand, the LE tautomer in the excited state which can be
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approached by photoexcitation exists higher in energy than the PT tautomer, and the tautomerization to the PT tautomer can occur depending on the barrier height separating two
tautomers [11–14, 16, 27, 40].
The absorption and emission spectra of alizarin in n-heptane, ethanol, and DMSO solution
are shown in Figure 2(a). The absorption spectrum of alizarin in n-heptane appears as several
vibronic bands at ~405, 425, and 450 nm and the absorption bands of alizarin in both ethanol
and DMSO are inhomogeneously broadened and red-shifted by 20–30 nm from the bands in
n-heptane. The emission bands of alizarin in n-heptane centered at 610 and 660 nm show large
Stokes’ shifts from the absorption band representing the intramolecular proton transfer in the
excited state. The emission spectra of alizarin in ethanol and DMSO show increased emission
in the range of 500–600 nm in addition to main emission bands at 620 and 670 nm, which is
interpreted as the emission signal originating from the LE state in the excited state.
Figure 2(b) shows the dependence of the excitation wavelength in the emission spectra of
alizarin in ethanol. Alizarin shows two emission bands in ethanol solution. One centered at
535 nm from the LE tautomer appears strongly with 485 nm excitation, while the other centered at 620 nm from the PT tautomer becomes the main band with 405-nm excitation. The
excess energy in the 405-nm excitation may facilitate the ESIPT by overcoming the energy barrier of the LE-PT tautomerization. Concentration and wavelength dependences in the emission spectra of alizarin can be the evidence for the existence of the energy barrier between the
LE and PT tautomers [19, 20, 41].
To further investigate the intramolecular proton transfer of alizarin and the solvent dependence, the steady-state absorption and emission spectra of alizarin in binary mixtures of ethanol and water were measured with 405-nm excitation as shown in Figure 3. The absorption
spectra of alizarin show a slight increase in absorbance with the addition of water to ethanol
up to 50% without any spectral change. However, the emission spectra of alizarin show a
strong solvent dependence. The PT emission bands at 615 and 670 nm decrease as the fraction
of water increases up to 50% while the LE emission band at 530 nm increases. The isosbestic

Figure 2. (a) Steady-state absorption and emission spectra of alizarin (adapted with permission from ref. [44]. Copyright
2017 ACS), (b) emission spectra of alizarin in ethanol with 405- and 485-nm excitations (adapted with permission from
ref. [41]. Copyright 2015 Elsevier).

7

8

Photochemistry and Photophysics - Fundamentals to Applications

Figure 3. Steady-state absorption and emission spectra of alizarin in ethanol and binary mixtures of ethanol and water
with 405-nm excitation. Adapted with permission from ref. [41]. Copyright 2015 Elsevier.

point between the LE and PT emission bands is clearly observed at 560 nm, which clearly supports the transition between the LE and PT tautomers. In addition, a decrease of overall quantum yield of alizarin with the addition of water may represent a nonradiative rate constant of
the LE tautomer is much smaller than that of the PT tautomer. Recently, the effect of water on
the ESIPT reaction of alizarin was further investigated by the simulations based on the timedependent density functional theory [42]. It has been noted that the strong intramolecular
hydrogen bonding of alizarin between the carbonyl and hydroxyl group may facilitate the
ESIPT reaction in the excited state. Furthermore, the inhibition of the ESIPT process by water
molecules by forming hydrogen bonds with the carbonyl or hydroxyl groups of alizarin was
proposed, which weakens the intramolecular hydrogen bonding associated with the ESIPT
process and thus increases the energy barrier between the LE and PT tautomer [42].
We have used time-resolved electronic (femtosecond transient absorption) and vibrational
spectroscopy (FSRS) to further study the detailed kinetics and mechanism of the ESIPT reaction of alizarin in the excited state.

4. Excited state intramolecular proton transfer of alizarin
4.1. Femtosecond transient absorption results
Transient absorption results of alizarin in ethanol and in a binary mixture of ethanol:water = 1:1
with 403-nm excitation are shown in Figure 4. Within 10 ps time delay, the excited state absorption (ESA) band centered at 510 nm and the stimulated emission (SE) band in the 570–750 nm
range are observed in both ethanol and ethanol-water mixture. A broad and weak ESA band
in the 500–550 nm range is left after 1 ns time delay for the ethanol-water mixture, while all the
excited state population of alizarin in ethanol solution decays to the ground state by the same
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Figure 4. Transient absorption results of alizarin (a) in ethanol and (b) in 1:1 mixture of ethanol and water, excited-state
kinetics of alizarin (c) in ethanol (582 nm) and (d) in DMSO (590 nm). Adapted from ref. [41]. Copyright 2015 Elsevier.

time. The global fit results for alizarin in ethanol are summarized by two kinetic components of
8.3 and 87 ps whose evolution associated difference spectra (EADS) are shown in Figure 4(a).
The 8.3 ps component with slightly broader absorption band (450–580 nm) but without emission signal represents the vibrationally hot PT tautomer, and the 87 ps component with both
absorption and emission (580–750 nm) signals represents the relaxed PT tautomer in the
excited state, which is consistent with previous results [20, 24–26].
The excited state dynamics of alizarin in ethanol-water mixture is somewhat complex. Instead
of performing the global fit analysis of the whole transient absorption data, we analyzed the
absorption (<580 nm) and emission (>580 nm) part of the data separately in the global fit
analysis. We found three kinetic components of 7.6, 31.8, and 890 ps from the absorption part
and two components of 15.7 and 540 ps from the emission part of the data. The kinetic components of 7.6 and 31.8 ps in the absorption part are tentatively assigned as the vibrationally
hot and relaxed PT tautomers of alizarin, respectively, by inferring from the results of ethanol
solution. However, the 7.6 ps component may include the decay of the LE state, as the blocking of the proton transfer reaction was observed with the addition of water from results of the
steady-state emission spectra. The 15.7 ps lifetime of the first emission component of the data
is much shorter than the lifetime of 31.8 ps component in the absorption part, thus this component may also represent the emission signal of both the LE and PT tautomer which cannot
be separated in all the analysis we have done. In addition to the fast kinetic components for
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the LE and PT tautomers, a long-lived component (540 or 890 ps) appeared as a very broad
absorption band in 500–600 nm.
It is noted that the shortened lifetime of the PT tautomer (87 → 31.8 ps) with the addition of water to
ethanol observed in transient absorption measurements is consistent to the reduced quantum yield
and the increased nonradiative rate constant of alizarin observed in the steady-state emission measurements. As suggested by the recent theoretical study [42], water molecules may form hydrogen
bonds with the carbonyl and hydroxyl groups of alizarin and impede the intramolecular proton
transfer reaction of alizarin. Thus the long decay component in the transient absorption of alizarin
in ethanol-water mixture may be considered as the “trapped” state of alizarin with water molecules.
Further details on the solute-solvent interaction and resulting ESIPT kinetics can be investigated by
FSRS, where time-resolved structural changes of solute and solvent molecules can be monitored.
It has been proposed that faster components of 300–400 fs time constant generally observed from
the transient absorption signals of alizarin in the wavelengths (570–585 nm) where the strong
ESA and SE signals cancel out, may represent the kinetics for the vibrational relaxation in the LE
tautomer and the ESIPT to the PT tautomer [41, 43]. We also observed these fast components universally in the transient absorption results of alizarin in ethanol, methanol, DMSO, and ethanolwater mixture (examples are shown in Figure 4(c) and (d)), but did not show any dependence on
the solvent polarity. Since the ESA, SE, and the ground-state bleaching signals of two tautomers
of alizarin in transient absorption measurements are overlapped in wavelength and time, it seems
to be very difficult to separate the kinetic components of the vibrational relaxation of the LE and
PT tautomers, the ESIPT, etc. We conclude that the transient absorption measurements may be
inadequate for the correct analysis of the ESIPT process, a further investigation by FSRS was
performed to obtain the population and structural dynamics of alizarin upon photoexcitation.
4.2. Femtosecond stimulated Raman results
4.2.1. FSRS details
Alizarin is soluble in ethanol and DMSO but the Raman spectrum of ethanol overlaps that
of alizarin in many spectral regions. Then small changes in the vibrational modes of alizarin
might not be observed in ethanol solution due to strong Raman modes of ethanol. The Raman
bands of DMSO, however, can be separable from the Raman modes of alizarin. Thus femtosecond stimulated Raman measurements of alizarin were done with DMSO solution. From the
analysis of transient absorption result of alizarin in DMSO solution, two kinetic components
were obtained [44]. Two components of 1.1 and 83.3 ps represent the vibrational relaxation in
the PT tautomer and the lifetime of PT tautomer in the excited state, respectively. Although a
fast (~600 fs) kinetic component was observed at 590 nm where the strong ESA and SE signals
cancel out, it is not clear whether this component represents the ESIPT dynamics of alizarin.
The Raman intensity of the FSRS, often called the Raman gain can be evaluated by Eq. (1):
IR.Pump−ON − IBkg
(Raman Gain) = ___________
IR.Pump−OFF − IBkg

(1)

where IR.Pump−ON and IR.Pump−OFF represent the intensity of Raman probe with and without the Raman
pump, respectively, and IBkg represents the dark signal of the CCD detector. The Raman probe
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of 600,000 pulses (60 accumulations of 10-sec acquisition) was averaged in a typical Raman
gain measurement with the half of them focused together with the Raman pump to the sample, to obtain a Raman gain signal in a signal-to-noise level of 2 × 10−5 (or 0.002%) at a specific time delay with the actinic pump pulses. Time-resolved stimulated Raman spectra of
alizarin in DMSO at multiple time delays were obtained at time delays of −1 to 100 ps and
the ground state spectrum measured at −10 ps time delay, for example, was subtracted from
each stimulated Raman spectrum to obtain the difference stimulated Raman spectra shown in
Figure 5(a). A small portion of transient absorption signal, for example, the ESA and SE can be
obtained together with stimulated Raman gain signals at most time delays, thus a polynomial
background subtraction was performed to remove the transient absorption signal.
4.2.2. The population and structural dynamics of the ESIPT
Major Raman bands of the ground electronic state of alizarin in the 1500–1800 cm−1 range
shown in Figure 5(a) were assigned as the ring ν(C=C) at 1573 and 1594 cm−1, and ν(C=O) at
1634 and 1661 cm−1 mainly according to the DFT simulation results. One ν(C=O) at 1661 cm−1
is assigned to the isolated carbonyl at C10 position and the other at 1634 cm−1 is the carbonyl at
the site of the ESIPT and adjacent to a hydroxyl group [44]. Another Raman band at 1191 cm−1
is assigned as δ(CH) and δ(OH). In the excited stimulated Raman spectra of alizarin, several
Raman bands at 1162, 1555, and 1632 cm−1 appeared in 50–100 fs after the photoexcitation
and showed a decay after 20 ps or so. According to the TDDFT simulation results [23, 44], we
tentatively assign the 1162 cm−1 band as the δ(CH) and δ(OH) of the PT tautomer, and the 1555
and 1632 cm−1 as ν(C=C) and ν(C=O) bands also in the PT tautomer of alizarin.
To obtain the details of the excited state dynamics and the ESIPT from the stimulated Raman
bands of alizarin, the experimental data were fit with a low-order polynomial background and
several Gaussian functions for Raman bands. The population dynamics of ν(C=C) and ν(C=O)
bands at 1555 and 1632 cm−1 shown in Figure 5(b) shows a ubiquitous sharp rise in 70–80 fs and
a slow decay into the ground state which is compatible to the PT tautomer’s lifetime of 83.3 ps as
shown in the transient absorption results. The structural dynamics of ν(C=C) and ν(C=O) modes
of the PT tautomer are shown in Figure 5(c) and (d) as the time-dependent changes in the peak
position and the bandwidth. The peak shift of the solvent vibrational mode, δ(CH3) of DMSO at
1421 cm−1 represents the instrument response function of FSRS measurements for comparison
with the excited dynamics of alizarin Raman bands. It is interesting to note that a strong blueshift (1540 → 1553 cm−1) and a decrease of bandwidth (28 → 24 cm−1) of ν(C=C) band all occur in
an ultrafast time scale of ~150 fs after photoexcitation. On the other hand, the ν(C=O) band shows
a strong red-shift (1645 → 1630 cm−1) in the same time delay of 100–150 fs although this vibrational band appears too broad for the bandwidth analysis. As well represented in Figure 5(b–d),
the population growth and the structural changes of ν(C=C) and ν(C=O) Raman bands of the PT
tautomer of alizarin are interpreted as the ESIPT process from the LE to the PT tautomer. Since
no Raman band of the LE tautomer has been identified from the FSRS results, this could also be
included for the dynamics of ν(C=C) and ν(C=O) bands at 1555 and 1632 cm−1. The vibrational
relaxation along an electronic potential surface would generally result in slight blue-shifts in
the strongly coupled vibrational modes due to the anharmonicity of the electric potential surface. However, the ν(C=C) and ν(C=O) bands showed strong (~15 cm−1) peak shifts either in
increasing and decreasing bandwidth, respectively, during the ultrafast period of the population
growth for the PT tautomer. This cannot be explained by any type of relaxation inside the same

11

12

Photochemistry and Photophysics - Fundamentals to Applications

Figure 5. (a) Time-resolved stimulated Raman spectra of alizarin in DMSO following 403-nm photoexcitation, (b)
population dynamics for the Raman bands of ν(C=C) at 1555 cm−1 and ν(C=O) at 1632 cm−1, (c) ν(C=C) and (d) ν(C=O)
Raman bands from the PT conformer of alizarin in the excited state and peak shift of a solvent δ(CH3) mode which
represents the instrument response function of FSRS measurements. Adapted with permission from ref. [44]. Copyright
2017 ACS.

potential surface but has to be understood as the nuclear rearrangements for the intramolecular
proton transfer reaction. Therefore, we conclude that the intramolecular proton transfer reaction
of alizarin in the excited state occurs in ultrafast time scale of 70–80 fs.
Another interesting fact is the strong and opposite peak shifts observed for ν(C=C) and ν(C=O)
bands during the ESIPT reaction. We could imagine a transition state for the ESIPT reaction of alizarin as a six-membered ring formed by intramolecular hydrogen bonding between
carbonyl group and hydroxyl group. We propose that the strong and opposite peak shifts of
the ν(C=C) and ν(C=O) band directly represent the changes in the resonance structure of the
alizarin backbone which is composed of multiple C=C and C-C bonds and a C=O. The details
of the ESIPT reaction mechanism of alizarin need be confirmed by thorough theoretical
investigations, which is beyond of the scope of this chapter. The reaction mechanism of many
ESIPT reactions and the existence of transition states have been recently reported by several
theoretical works based on TDDFT and several transition states of six-membered ring between
carbonyl and hydroxyl groups were represented for 1,8-dihydroxy-2-naphthaldehyde [7, 45, 46].
Although a separate transition state of the ESIPT reaction was not resolved from the FSRS results,
we also propose the reaction may occur via the transition state of a new hydrogen-bond sixmembered ring attached to the anthraquinone backbone.
As shown in Figure 5(b–d), two more kinetic components other than the population decay
of the PT tautomer were identified. A slight blue-shift (1553 → 1557 cm−1) and an increased
bandwidth (24 → 26 cm−1) of ν(C=C) mode observed in 3–10 ps and another slight blue-shift
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(1630 → 1636 cm−1) of ν(C=O) mode shown in 20–30 ps represent the vibrational relaxation in the
product potential surface of the PT conformer. There were no further changes in peak position
and bandwidth of ν(C=C) and ν(C=O) modes during the population decay of the PT tautomer,
which also supports the assignment of the vibrational relaxation in the PT potential surface.

5. Solvation dynamics
The intramolecular proton transfer reaction of alizarin in the excited state was evidenced by
the population and structural dynamics of two major vibrational modes of ν(C=C) and ν(C=O).
Ultrafast ESIPT reaction of alizarin in the excited state can also be observed indirectly by the
changes in the solvent vibrational spectrum such as the instantaneous disruption of the solvation
shells and the formation of new solvation. Figure 6(a) and (b) show the difference stimulated
Raman spectra of the solvent DMSO, especially ν(S=O) at 1044 cm−1 with alizarin concentrations
of 20 and 1 mM, respectively. Solvent DMSO is known to form hydrogen bonds in solution
between S=O and C-H groups, and also a polymeric structure is formed at low temperature
[47]. The Raman band of ν(S=O) is composed of multiple subbands including the symmetric (1026 cm−1) and antisymmetric stretching (1042 cm−1) of dimer, the symmetric stretching
(1058 cm−1) of monomer, etc., [47, 48]. In the DMSO solutions of alizarin in 0–15 mM concentration range, the ν(S=O) band of DMSO shows strong peak shifts (1042 → 1024 cm−1), which
represents changes in the hydrogen bonding network of DMSO [44]. The δ(CH3) band of DMSO
shows no major spectral changes upon the alizarin concentration, thus the solvation of alizarin
with DMSO mainly occurs via hydrogen bonds with the sulfoxide group of DMSO [44].
As shown in Figure 6(a) and (b), a sharp dispersive pattern in the ν(S=O) band appears instantly
with the actinic pulse for both 20 and 1 mM concentrations of alizarin. The Raman intensity for
the symmetric stretching of monomer around 1060 cm−1 decreases and the symmetric stretching
of dimer around 1025 cm−1 increases, which clearly shows the instantaneous changes in hydrogen bonding of DMSO molecules. As clearly seen with the 1-mM solution case, this dispersive
pattern disappears very quickly as the actinic pulse leaves the solution. In other words, a disruption in the hydrogen bonding of DMSO molecules created by ultrafast laser pulses is removed
quickly by reforming hydrogen bonds between DMSO molecules. It seems that the hydrogen
bond reformation occurs much faster than the instrument response function of FSRS (~100 fs).
Considering from the ultrafast dynamics of the dispersive signals of ν(S=O) band, the nonpolar
solvation effect may be understood as the origin of this sharp dispersive signal [49–51]. We have
also observed a similar dispersive background signal in the δ(CH3) band of DMSO [44].
On the other hand, the 20-mM alizarin results showed clearly distinct dynamics for the ν(S=O)
band as shown in Figure 6(a). The initial dispersive Raman signals were almost removed in about
100 fs then another type of dispersive Raman signals appeared, which is composed of a small
bleaching with almost the same spectral shape as the ground state ν(S=O) band and a much
broader positive signal around 990 cm−1. Figure 7 clearly shows this dispersive Raman pattern in
the ν(S=O) of DMSO appearing 100 fs after the actinic pump, where the initial dispersive Raman
signals of the ν(S=O) obtained with 1-mM alizarin solution were subtracted from the results
with 20-mM alizarin solution. The bleaching of the ground state ν(S=O) Raman band may result
from the local heating due to the vibrational cooling of solute molecules, then the recovery of the
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Figure 6. Difference stimulated Raman spectra of ν(S=O) mode of DMSO in (a) 20- and (b) 1-mM alizarin solution, the
excited-state kinetics of ν(S=O) bands at several frequencies in (c) 20- and (d) 1-mM alizarin solution. Adapted from ref.
[44]. Copyright 2017 ACS.

bleaching signals by the local cooling would take several tens of picoseconds [51–53]. The decay of
the second dispersive Raman signals at 990 and 1043 cm−1 is compatible to the local cooling time
but a huge frequency difference (~50 cm−1) cannot be explained by the local heating of solvent
DMSO. In a control experiment to measure temperature-dependent Raman spectra for the ν(S=O)
of DMSO, the spectral changes of less than 5 cm−1 were observed with temperature increase of
40–50 °C. Therefore, we conclude that the second dispersive Raman signals of ν(S=O) appearing
at 100 fs time delay and between 990 and 1043 cm−1 cannot be explained as the local heating of solvent molecules pumped by vibrationally cooled solute molecules and the changes in the solvation

Figure 7. Dispersive Raman signals of ν(S=O) of DMSO. The initial dispersive pattern due to nonpolar solvation changes
of DMSO molecules is subtracted.
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shells of DMSO molecules due to the ESIPT reaction of alizarin molecules from the LE to the
PT tautomers must be considered. Different from the initial dispersive signals in the ν(S=O) and
δ(CH3) bands of DMSO, the second dispersive signals in the ν(S=O) must be considered as originating from the polar or dielectric type of solvation [51]. The dispersive Raman signal of the ν(S=O)
band at 1044 cm−1 showed a growth with a 60 ± 30 fs time constant and a decay with a 4.9 ± 1.5 ps
time constant, which clearly shows that the hydrogen-bonding network of DMSO was created by
the ESIPT reaction of alizarin and decayed as the vibrational relaxation of the product along the
potential surface of the PT tautomer in the excited state. In this work, we showed that the ν(S=O)
band of solvent DMSO can be used to determine the ultrafast ESIPT reaction and the subsequent
vibrational relaxation in the reaction product. The breaking and reforming of hydrogen-bonding
network of DMSO can be successfully observed by the ν(S=O) band of DMSO thus this method
can also be applied to many chemical reactions occurring in the photoinduced excited states.

6. Conclusion
In this chapter, the ESIPT reaction and the excited state dynamics of alizarin were explored by
time-resolved electronic and vibrational spectroscopy with the femtosecond time-resolution.
The dependence on solvent polarity and excitation wavelength was observed in the steadystate emission spectra of alizarin, where the barrier height between the LE and PT tautomers in the excited state may exist and be controlled by the solvent polarity. The transient
absorption results of alizarin in ethanol and ethanol-water mixture were so complicated and
overlapping, so the ESIPT rate constant from the LE to the PT tautomers was not separable
from the vibrational relaxation and population decay of both tautomers. Instead, the ESIPT of
alizarin in the excited state was clearly observed in femtosecond stimulated Raman measurements. The population and structural dynamics of two major vibrational modes of ν(C=C)
and ν(C=O) clearly showed the dynamics of the ESIPT rate to the PT tautomer, the vibrational
relaxation and the population decay of the product PT tautomer. The vibrational signature of
the LE tautomer was not observed in FSRS, but the reaction mechanism of the ESIPT including a transition state of a newly formed six-membered ring composed of the carbonyl and
hydroxyl groups was estimated by the strong and opposite peak shifts of ν(C=C) and ν(C=O)
seen in the stimulated Raman spectra of alizarin during the reaction. From the population
growth and structural transformation into the PT tautomer, we concluded that the ESIPT
of alizarin occurs in an ultrafast time scale of 70–80 fs. During the ESIPT reaction of alizarin, solvent DMSO molecules showed ultrafast structural changes involving hydrogen bonds
with solute molecules. When the solute concentration is very low, DMSO shows a dispersive
Raman signal in the ν(S=O) and δ(CH3) modes only with the actinic pump. The instantaneous
disruption and reformation of hydrogen bonds may suggest a nonpolar type of solvation
between solvent molecules. On the other hand, complicated dispersive Raman signals in the
ν(S=O) mode of DMSO were observed with a concentrated (20 mM) solution of alizarin. After
the same instantaneous solvent responses completed in 100 fs, the second dispersive Raman
pattern with a bleaching of the ground state spectrum appeared and decayed with 60 fs and
5 ps time scales. This also represents the disruption of hydrogen bonds of DMSO molecules,
more specifically between solute molecules and in the polar or dielectric solvation shells.
Interestingly, the dynamics for the ultrafast proton transfer reaction and the vibrational relaxation in the product state was measured by the solvation signals of solvent DMSO.
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