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Direct observation of the molecular structural change during chemical reactions including transition states is
desirable to fully clarify the mechanism of chemical reactions. Time-dependent frequency variations in molecular
vibration modes reflect structural change in transition states. Ultrafast changes in molecular structure during bond
breaking and bond reformation can be clearly visualized using ultrafast spectroscopy. This study elucidated molecular
structural information in states along the chemical reaction including transition state in the proton transfer of
indigodisulfonate salt. The photoexcited proton transfer was found to follow a stepwise pathway. The monoalcohol
intermediate generated by the proton transfer was found to return immediately to the original indigo without proton-
transfer configuration. This back reaction of this is the reason for the ultra-photostability of indigo over extremely long
exposure to light. This shows that real-time vibrational spectroscopy by a few femtosecond pulse laser enables the
observation of dynamic behavior of molecular vibrations during chemical reactions, leading to the clarification of reaction

mechanisms or the development of new chemical reactions.

The identification of transition states (TSs) provides detailed
information about reaction mechanisms supplementing infor-
mation obtained by other means. In the 1990s, several
theoretical methods were proposed for inferring the structures
of TSs. They were the only methods then available, but their
reliability was often questionable. This lack of a robust method
prompted chemists to develop an experimental method for
visualizing ultrafast changes in molecular structure that proceed
via TSs. The experimental realization of femtosecond dynamic
studies was developed through the pioneering work of Zewail.!
More recently, ultrashort pulses’ whose durations are much
shorter than typical molecular vibrational periods have been
used to observe structural changes during chemical reactions
including TSs.> This novel visualization method observes the
frequency shifts of the relevant molecular vibration modes. For
instance, the photoisomerization dynamics of azobenzene,>*¢
bacteriorhodopsin,*®3 and the proton-transfer (PT) reaction> i
have been elucidated using ultrafast spectroscopy.

Indigo and indigodisulfonate salt are commonly used for
dying due to their outstanding photostabilities, which enable
them to exist for a long time without undergoing decoloration.
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Another reason for their common usage is that these dyes are
chemically absorbed strongly on cellulose and other fibers. By
contrast, several other indigo derivatives, such as perinaph-
thothioindigo,* have relatively high photoisomerization effi-
ciencies (quantum yield: ~0.25). The photostability of indigo
and indigodisulfonate salt were studied in previous works,
suggesting the existence of an ultrafast PT reaction in the
excited state, which is much faster than photoisomerization. In
the present work, the TS in the PT of indigodisulfonate salt was
identified by real-time observation of frequency changes and
the obtained result was also supported by theoretical analysis.
This study experimentally clarifies the riddle of the ultrahigh
photostability of indigo and indigodisulfonate salt.

Experimental

Pump-Probe Experiment. A noncollinear optical para-
metric amplifier (NOPA) was used to obtain an ultra-broadband
visible pulse, which was compressed to 5fs for the ultrafast
pump—probe measurement.?’ A Ti:sapphire regenerative ampli-
fier (Spectra-Physics, model Spitfire, 150uJ, 100fs, SkHz at
805 nm) was used as a laser source to generate pump and seed
pulses of the NOPA. The amplified signal pulse after the
double-pass NOPA with a spectrum extending from 525 to
725 nm was compressed with the main compressor, resulting in
a pulse duration of 5fs which is nearly Fourier transform
limited (Figure 2b). The experiments were performed at pump
and probe pulse intensities of 2580 and 480 GWcm™2,
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respectively. The focal areas of the pump and probe pulse laser
were 100 and 75 pum?, respectively. The polarizations of the
pump and the probe pulses are parallel to each other. Sodium
indigodisulfonate saturated in anhydrous methanol and meth-
anol-d, sodium indigodisulfonate saturated in anhydrous
DMSO, and potassium indigodisulfonate saturated in anhy-
drous methanol in a I-mm cell were used as samples at
295 £ 1K. The time-resolved difference transmittance AT
from 525 to 725 nm was measured simultaneously with a delay
time step of 1fs in the time range of —100 to 800 fs by a 128-
channel lock-in amplifier coupled to a polychromator. The
spectral resolution of the total system was approximately
1.6 nm.

Computational Methods. The Gaussian 03 program was
used for the calculations.® Geometric optimizations were
performed using the CASSCF/6-31G*//B3LYP/
6-311++G**, TD-B3LYP/6-311++G**//B3LYP/6-
311++G™*, TD-BLYP/6-311++G**//BLYP/6-311++G**,
TD-BP86/6-311++G**//BP86,/6-311+-+G**, CIS/6-
314++G**//CIS/6-31++G**, and CIS/6-31G*//CIS/6-
31G* methods and basis sets. Calculations were performed
without assuming symmetry. 5d functions were used for the d
orbital. Frequency calculations were performed for all of the
obtained structures at the same level, excluding CIS/6-
314++G**//CIS/6-31+-+G™*. It was confirmed that all the
frequencies were real for the ground states and one imaginary
frequency existed for the TS. Vectors of the imaginary
frequencies directed the reaction mode and intrinsic reaction
coordinate calculations were further performed to confirm that
the obtained TSs were on the saddle points of the energy
surface between the reactant and the product. However,
a concerted pathway could be obtained by the molecular
structure optimization only under the condition that the
molecule was symmetric with respect to its symmetric center.
Theoretical results for the concerted pathway TSs had two
imaginary frequencies that were ascribed to Vsn_yo and
Vasn-H-0- When the calculation was performed starting from
the calculated results of concerted pathway TSs, which has two
imaginary frequencies as initial structures, without symmetry,
a more stable TS of the stepwise pathway was obtained.

Spectroscopy. The Ultraviolet/Visible (UV-vis) absorp-
tion spectrum of sodium indigodisulfonate methanol solution
(3 x 107°M) was recorded on an absorption spectrometer
(CARY 50, Varian, JAPAN). Emission spectrum of the sample
solution (3 x 107°M) was recorded on a fluorescence spec-
trophotometer (FP-6500, JASCO Corp., JAPAN). Both of the
measurements were performed using the sample solutions in
1 cm? quartz cells at room temperature 293 & 1 K.

Results and Discussion

Investigation of Reaction Mechanisms of Proton Transfer
(Theory). As the PT mechanism of indigo and indigodisul-
fonate salt after photoexcitation, two possible mechanisms can
be considered, i.e., a concerted pathway (two PTs at the same
time) or a stepwise pathway (one PT after the other). In order
to determine the potential landscape in the two pathways,
theoretical analyses were performed using several methods.
Figure 1 shows the results calculated by CASSCF/6-31G*//
B3LYP/6-3114++G™*. It represents the calculated results
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Figure 1. Reaction pathways of the proton transfer in

indigo from CASSCF/6-31G*//B3LYP/6-311++G**.
a) Concerted pathway. b) Stepwise pathway.

obtained by other methods, which gave essentially the same
results (Figure 1, Figures S1-S5 and Table S1 in the Support-
ing Information (SI)). The calculated activation energy of the
concerted pathway in the excited state was larger than
40 kcalmol~! (Figure 1a), ruling out the possibility of a
concerted PT. A microscopic mechanism of the concerted
pathway can be given as follows. The C'=C'-C? (o) and
C"=C'-N (a,) bond angles decrease (cr;: 125.8° — 118.7°,
o5: 126.0° — 123.7°) in the TS of the concerted PT (TS,), as
the carbonyl group changes into an alcohol. In the case of the
concerted PT mechanism, the change in the bond angle induces
deformation of the molecular framework out of the original
molecular plane, leading to a bent structure, which dramatically
increases the activation energy.

Meanwhile, the stepwise pathway (Figure 1b) is favorable
because the activation energy of the TS in the first PT (TS;)
was calculated to be 5.3 kcal mol ™!, which is sufficiently low to
form the monoalcohol intermediate. However, the second PT is
not favorable because the energy surface from the monoalcohol
to the product increases gradually.

Therefore, theoretical analysis suggests that the stepwise
pathway is energetically more favorable than the concerted
pathway. We next investigated these pathways experimentally.

Direct Observation of Transition State (Methanol Solu-
tion of Indigodisulfonate Salt). For the direct observation of
the dynamics after photoexcitation, 5-fs pump—probe measure-
ment was performed to identify the reaction pathway including
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mirror image (indigo dots), fluorescence spectrum at 600 nm excitation (black) of sodium indigodisulfonate.
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a) A two-dimensional display of the absorbance change on the probe delay time and the wavelength following the 5-fs

pulse excitation of the methanol solution of sodium indigodisulfonate.”' b) Real-time traces of absorbance change.

the TS. A methanol solution of sodium indigodisulfonate, in
which photoisomerization does not occur, was used as the
sample (Figure 2a). Methanol was used as a solvent, because
it has no molecular vibration signal in the frequency range
examined. The absorption spectrum of the sample has a peak
around 598 nm and the fluorescence spectrum of the sample
excited at 600 nm has a peak around 650 nm (Figure 2b). The
structure in the excited state is not thought to be rigid because
the fluorescence quantum yield is very low (0.0015)*" and the
fluorescence spectral peak is red shifted from the UV
absorption peak (dotted line in Figure 2b).

Figure 3 shows the real-time traces of difference absorbance
following the 5-fs pulse excitation of the methanol solution
of sodium indigodisulfonate (AA, which was calculated as
AA = —logio(1 + AT/T), where T and AT are transmittance
and transmittance change induced by the pump, respectively) at
128 probe wavelengths. Using a multichannel lock-in amplifier
of 128 channels, we observed time-resolved signal over a broad
spectral range. The sign for AA4 is positive in the probe
wavelength of 715-725nm due to mainly the induced
absorption in the transition from S; state to S, state(s) (S, «—
S, transition). Bleaching and stimulated emission still can be
observed within the range of 715-725 nm where A4 is positive,
even though their influence becomes smaller at longer wave-
lengths. The A4 in the spectral range from 705 to 715nm
oscillates around zero, reflecting the signals of positive A4
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Figure 4. Pulse width after passing through /mm of
methanol filled in an optical cell.

(induced absorption) and negative AA (bleaching and stimu-
lated emission). The A4 in the spectral range <705nm has
negative value due to bleaching of the ground-state absorption
and stimulated emission of sodium indigodisulfonate. There-
fore, dynamics of molecular vibration of excited states can be
most sensitively and selectively observed in the spectral range
of 715-725nm. To study the chemical reaction in the excited
state, the data in this probe spectral range, 715-725 nm, was
used for discussion in this work.

From the refractive index of methanol of n = 13195+
3053.64/A% — 3.41636 x 107/A* +2.62128 x 10'2/A° given
in Ref. 7, the pulse width after transmission through a 1-mm
cell was calculated to be about 55 fs (Figure 4).
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a) Simulation results showing FFT power attenuation for vibration frequencies between 1000 to 3750 cm™' after

transmission through a glass cell filled with methanol solution. Different colored curves show the calculation results for 1000
(gray), 1250 (black), 1500 (indigo), 1750 (olive), 2000 (violet), 2250 (blue), 2500 (green), 2750 (cyan), 3000 (orange), 3250 (pink),
3500 (red), and 3750 cm™! (wine). b) Transmission efficiency of photons passing through a glass cell filled with indigo-saturated
methanol solution. ¢) Attenuation ratio of the vibration amplitude whose frequencies are from 1000 to 3750 cm™" after transmission

through 1 mm of the indigo-saturated methanol solution.

The pulse width broadening in transmission through the
solution cell attenuates the amplitude of molecular vibration
observed in the signal as shown in Figure 5a. This paper
discusses vibration modes between 1000 and 3750cm~.
Figure 5b shows the transmission efficiency of photons passing
through a glass cell filled with indigo-saturated methanol
solution. Figure 5c shows the attenuation ratio of the vibration
amplitude for vibration frequencies between 1000 and 3750
cm~! in transmission through the 1-mm glass cell, calculated
from Figures 5a and 5b. Their vibration amplitudes cannot be
properly resolved by the stretched pulse whose duration is
longer than their periods. However, the vibration frequency to
be observed is not affected by the stretched pulse width. Hence,
their frequency shifts can still be discussed correctly.

Figure 6 shows spectrograms® obtained by applying a
sliding-window Fourier transform (eq 1).

S(w, 7) = /OQ S()g(t — T) exp(—iwt)dt, g(1)
0

= 0.42 — 0.5 cos(271/T) + 0.08 cos2mt/T) (1)

Using a Blackman window function with a full width at half
maximum (FWHM) of 120fs, the spectrogram was calculated
from the real-time traces. The frequency resolution of the
spectrogram is +£30cm™!. The data near Ofs could not be
analyzed in terms of incoherent electronic transition probabil-
ities proportional to the population modulated by vibration
because of the strong interference between the scattered pump
and probe pulses.

The spectrogram measured at 720 nm (Figure 6a) shows the
smallest influence of bleaching and stimulated emission, since
the signal at 720 nm has the largest A4 compared to the data in
the positive A4 region. Therefore, the spectrogram measured at
720 nm was used as a representative example of excited state
dynamics. Similar spectrogram patterns were observed also at
probe wavelengths of 715nm as shown in Figure 6b. Bleach-
ing and stimulated emission still can be observed within the

range of 705-725nm where A4 is positive, even though their
influence becomes smaller at longer wavelengths. Therefore,
the spectrogram of 715nm shows the influence of bleaching
and stimulated emission more effectively than that of 720 nm,
which gives the spectrogram of 715nm an osculant shape
between that of 720 nm and that of 700 nm.

In the other probe spectral range (<705nm), both the
bleaching and stimulated emission can take part. There is a
peak in the absorption spectrum of sodium indigodisulfonate
at 598 nm (Figure 2b). Therefore, the ground-state depletion is
effective in the spectral range as is also confirmed by the
negative sign of AA4 observed. The observed signal in the
spectral range shows a C=C stretching vibration mode of the
ground state of sodium indigodisulfonate (Figure 6c).

A peak around 1700cm™!, corresponding to a C=0
stretching mode (Vc—g) of reactant (R),” appeared just after
the excitation. This frequency gradually red-shifted and another
peak around 1250 cm™' appeared at 270 fs delay time, which
can be attributed to the C-O single bond stretching mode
(Vc_o), the frequency of which was reported to be about
1250cm~'>%1% The presence of this peak indicates the
formation of the C-OH group in the intermediate (I). In
addition, a spectrogram obtained by methanol solution of
potassium indigodisulfonate is similar in the distribution of the
Fourier power (Figure 6d).

Comparison between Experimental Results and Theo-
retical  Results  TD-B3LYP/6-3114++G**//B3LYP/6-
3114++G**, The observed ultrafast dynamics of the
indigodisulfonate salts can be explained by the theoretical
results shown in Figure 1 and Table 1. The results of TD-
B3LYP/6-311++G™**//B3LYP/6-311++G** were used as a
representative example. Just after the excitation, two identical
C=0 groups (R) were observed to give rise to the peak
centered around 1700 cm™! (Figure 6), in good agreement with
the calculated frequency of 1696cm™' (Table 1). This peak
splits into two red- and blue-shifted peaks in the delay time
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Figure 6. Spectrograms of sodium indigodisulfonate at
probe wavelengths of a) 720,” b) 715,%! and ¢) 700 nm,”"
and d) spectrogram of potassium indigodisulfonate at
probe wavelengths of 705 nm.

from 200 to 270 fs. The reason for this frequency shift can be
explained as follows. The electron density in one of the two
C=0 bonds, which is the acceptor of the transferred proton in
the first PT, decreases after photoexcitation by m-electron
delocalization extending to the transferred proton. This leads to
the reduction of vc—g, which is consistent with the monotonic
red shift from 1696 (R) to 1588cm™! (TS,) found in the
calculated frequencies. On the other hand, the electron density
in the C=0 bond that does not participate in the first PT is
increased after the photoexcitation, which leads to a blue shift of
the peak. This is also consistent with the monotonic blue shift of
Ve—o from 1696 (R) to 1751 cm™! (TS,) in the calculation result.
Another possible effect of the shifts of Vc_g are explained as
follows. The indigodisulfonate has a symmetric structure.
Therefore, just after the photoexcitation of the indigosulfonate,
its structure still keeps symmetry resulting in anharmonic
coupling of symmetric and asymmetric Vc—o modes. The
subsequent proton transfer breaks the symmetry reducing the
anharmonic coupling between the two C=0 bonds, which is
also thought to contribute the frequency shift of vc—_o.

Direct Observation of the Proton Transfer

The presence of a new peak around 1250cm™! at 270fs
delay time indicates that the C-OH is formed by the generation
of the monoalcohol intermediate, which agrees well with the
theoretical results that suggest the appearance of Ve (I) at
1276 cm™!. According to the theory, the remaining C=0 of the
generated monoalcohol is expected to be blue shifted by ca.
70cm™! [from 1696 (R) to 1763 cm™" (I)], which is in good
agreement with the experimentally observed blue shift from
1700 (R) to 1770cm~' (I). After the generation of the
monoalcohol (I), the peak around 1700cm™ (Ve_o) is
reproduced in the time range >500fs. This is in agreement
with the theoretical result that the monoalcohol (I) is energeti-
cally unstable compared with the reactant, so that the mono-
alcohol returns to the reactant rather than forming a product.

The experiments show that the change from C-O to C=0
associated with the change from the alcohol to the carbonyl
cannot be observed in the back reaction (400-500fs). One
reason for the absence of spectral change is that the vibration
dephases due to inhomogeneous and homogeneous broadening.
Another reason is that the reaction time of the return path from
the alcohol to the carbonyl is too fast to show the change
compared with that of the forward path from the carbonyl to the
alcohol.

The natural bond orbital (NBO) analysis'!' also supports the
experimental observations by showing a second PT does not
occur. The bond order of C=0 and the distance between H-N
and O=C, which is not responsible for the PT, increase from
183 (R) to 1.89 (I) and from 228 (R) to 2.42A (I),
respectively, and the degree of delocalization of 7r-electrons
in C=0 bond(s) to the proton is reduced. The NBO analysis
also suggests that electron delocalization stabilizes the reactant
molecule, but not in the monoalcohol intermediate. In this way,
the increase in distance between the H and O atoms supports
the experimental results that indicate the first PT takes place,
but the second does not.

The transfer of such vibrational coherence or even the
creation of coherence by a chemical reaction has been
discussed by Jean and Fleming,'? which explains the weak
oscillations clearly observed in the electronic curve crossing.
The vibration frequency is too high to be explained by resonant
electronic couplings. The high-frequency mode is thought to be
a result of coherences between eigenstates with large projec-
tions onto diabatic states with different numbers of vibrational
quanta. The bare electronic coupling and diabatic vibrational
frequency have comparable magnitudes causing considerable
interfusion of nonresonant diabatic states. Therefore, the
vibrational coherence can be transferred into the product via
the electronic curve crossing under sufficiently strong elec-
tronic coupling.'?

These results clearly provide direct evidence that PT takes
place after photoexcitation in indigodisulfonate salts and they
show that the PT mechanism is a stepwise pathway. The first
PT causes the reaction from reactant to intermediate with a high
efficiency of >90% estimated from the level of error and noise
in the spectrogram, but the generated intermediate also returns
to the reactant with high efficiency (>90%). As a result, the
total reactivity from reactant to intermediate is negligibly small.
Therefore, indigo is very stable and resists discoloration,
providing a final answer as to whether or not PT occurs in
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Table 1. Theoretical Vibrational Frequencies and NBO Results
Method: B3LYP BLYP BP86 CIS CIS Exp./om-!
Basis set:  6-311++G**  6-3114++G**  6-3114++G**  6-31++G**  6-31G* p-
Theoretical results of frequency/cm™!
Reactant C=0(1) 1696 1604 1626 — 1855 1700%
C=0(2) 1696 1604 1626 — 1604 17009
TS C=0(1) 1588 1513 1544 — 1513 Red shift
C=0(2) 1751 1651 1675 — 1651 Blue shift
Intermediate ~ C-O(1) 1276 1234 1241 — 1234 1250D
C=0(2) 1763 1656 1678 — 1656 1770
Bond order
Reactant C=0(1) 1.83 1.81 1.81 1.88 1.88
C=0(2) 1.83 1.81 1.81 1.88 1.88
Intermediate C-0O(1) 0.99 0.99 0.99 0.99 0.99
C=0(2) 1.89 1.87 1.86 1.91 1.91
Second-order perturbative estimates of “donor(C=0)-acceptor(H)” interaction in NBO basis/kcal mol~!
Reactant 8.34 36.79 11.31 7.65 —
Intermediate <0.5 <0.5 <0.5 <0.5 —9
Distance between C=0 and N-H/A
Reactant 2.281 2.294 2.264 2.275 2.267
Intermediate 2.416 2.456 2.483 2.319 2.317

a) Frequency calculated in the spectrogram at reaction time 100 fs. b) Frequency calculated in the spectrogram at reaction time 360 fs.
c) It is thought that the hydrogen bond was not calculated using CIS/6-31G™ because there is no diffuse function.

indigo.’ Direct evidence was obtained indicating that even
though PT occurs, the system returns to the original reactant
within 0.5 ps. It was concluded that the PT does not take place
at the S; state on a picosecond scale, and hence indigo is
unusually photostable.

Kinetic Isotope Effect (Experiment). For confirmation of
the stepwise mechanism in indigodisulfonate salts, the kinetic
isotope effect (KIE) was studied by observing the real-time
molecular vibration frequency of a deuterated sodium indigo-
disulfonate (Figure 7a). A peak around 1700 cm™', correspond-
ing to a C=0 stretching mode (R), appeared just after the
excitation. This frequency is red-shifted and another peak
appeared around 1250 cm™' at 7450 fs after the photoexcitation
in deuterated sodium indigodisulfonate, which is in good
agreement with the reported value of C¢HsOD (ve_o = 1250
cm").10b

The reaction rate in deuterated sodium indigodisulfonate was
slowed down to (2.040.1) x 10"2s7! from (3.0 +0.1) x
10"2s7! in the non-deuterated system. The primary KIE
obtained in the experimental results predicts that the PT rate
in the deuteride system was 44% slower than that in the non-
deuteride system. The corresponding rate ratio (k.!'/k,°)
between H and D ranges widely from 1.15 (in the early TS)
to several hundred (in the late TS).

The excited state of sodium indigodisulfonate is expected to
have an early TS due to strong hydrogen bonding, and the
observed k,7/k,P ratio was 1.7, which is larger than the
expected value (1.15) in the early TS. This is caused by the
decrease in k,", indicating that the tunnel effect takes place in
the PT of the non-deuterated system. Figure 7a shows that the
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Figure 7. a) Spectrograms of deuterated methanol solution

of deuterated sodium indigodisulfonate.™ b) Spectrograms
of methanol solution of sodium indigodisulfonate.’'
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frequency of Vc_o is red shifted from 1700 to about 1500 cm™,
followed by blue shift to about 1600cm™"!, and red shift to
about 1250cm™'. On the other hand, Figure 7b shows that
Veo is gradually red-shifted from 1700 to 1250 cm™! without
the slow modulation observed in Figure 7a. This slow
modulation of the vc—o frequency found for the deuterated
system is considered to be induced by the coupling of Vc—o
mode with low frequency modes. The low frequency modes
can be considered to be scissoring modes of C!'=C'-C? ()
and C"'=C!-N () associated with the deuteron transfer. The
mechanism of the mode coupling inducing the modulation can
be explained as follows.

In the first deuteron transfer, the distance between N-D and
C=0 decreases for the deuteron to be transferred to the
acceptor. Associated with these processes, the C!'=C'-C? bond
angle and C'=C!-N bond angle are expected to decrease and
increase, respectively, with decrease in the carbon—carbon bond
order changing from carbon—carbon double bond to carbon-
carbon single bond. These bond angle changes in turn trigger
the scissoring modes of C'"=C!'-C? and C"=C'-N. On the
other hand, the oscillatory feature of Vc_p was not found in the
non-deuterated sample. It is thought to be due to much faster
proton-transfer rate than the scissoring period.

In addition, in the spectrogram of sodium indigodisulfonate,
a peak around 3350 cm~! appeared just after the excitation and
was assigned to the N-H stretching mode (vn_g) (Figure 7b).
The frequency of the peak displayed a gradual red shift and
another peak around 3185 cm™! appeared at ca. 270 fs after the
photoexcitation. The peak located at 3185 cm™' was attributed
to the O-H stretching mode (vo_g), because the new peak
appeared at almost the same time as that for Vc_o. The red shift
was thought to be due to PT-induced generation of the
monoalcohol (I), which has an O-H instead of N-H. The
vibrational frequency of the latter (3185 cm™') is lower than the
former (3350 cm™!) by about (14/16)!/2. On the other hand, the
electron density in the other N-H bond, which does not
participate in the PT, is increased during the PT, leading to the
blue-shift of the peak, because hydrogen bonding is weakened
during the PT. When the generation of the monoalcohol (I) is
complete, the peak around 3350 cm™' (Vy_y) is reproduced, as
shown at the later delay time (>500fs) in Figure 7b.

In the spectrogram of deuterated sodium indigodisulfonate, a
peak appeared around 2380 cm™! just after the photoexcitation
and was assigned to a N-D stretching mode (Vn_p) (Figure 7a).
This frequency is lower than that of non-deuterated sodium
indigodisulfonate by a factor of (2)~'/2. This mode frequency
also showed a gradual red-shift and another peak appeared
around 2200 cm ™! at ca. 500 fs delay time. The peak located at
2200cm™! is thought to be due to the O-D stretching mode
(Vo_p), because the new peak appeared at the same time as
Vc_o- The reason for the lowering of the frequency from 2380
to 2200cm™! is that the PT during the generation of the
monoalcohol (I) changes N-D to O-D, causing the red shift of
the molecular vibration frequency by a factor of (14/16)"/2.
Meanwhile, the electron density in the other N-H bond, which
does not participate in the PT, is increased after the photo-
excitation, leading to the blue shift of the peak due to the
weakened hydrogen bonding. After the generation of mono-
alcohol (I), the peak around 2380 cm™' (Vy_p) was restored in
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Figure 8. Spectrogram of DMSO solution of sodium
indigodisulfonate.

the longer delay time region of >700fs, as shown in Figure 7a.
These results are completely consistent with that for the
carbonyl group dynamics.

The small delay between the appearance of the Vo and
Veo seen in Figure 7 can be explained as follows. The
theoretical calculation shows that the distance between C=0
and N-H decreases considerably in generating the O—H bond,
from 2.279 A in the reactant to almost half of that in the TS
(1.197 A), and even shorter in the intermediate (0.986A).
However, the C=0 bond length changes only slightly from the
reactant (1.236A) to the TS (1.296A) and the intermediate
(1.334 A), to generate the C—O bond. Therefore, the appearance
of Ve is delayed slightly compared with that of vo_p.

Solvent Effect. As mentioned above, in the case of
methanol solution of indigodisulfonates salts, ultrafast PT in
the excited state takes place by the stepwise mechanism.
However, whether the PT takes place intramolecularly or
intermolecularly is not understood, because the methanol is a
protic solvent. Therefore, the DMSO solution, which is aprotic
solvent, of sodium indigodisulfonate was used as a sample. The
obtained spectrogram is shown in Figure 8. In the spectrogram,
a peak around 1700cm™!, due to a C=0 stretching mode of
reactant, appeared just after the excitation. This frequency
gradually red-shift in time toward 200fs, and other peaks
around 1250 and 1750 cm™' started to appear. The peak around
1250 cm™! can be attributed to the C—O single bond stretching
mode (Vc_o). The presence of this peak indicates the formation
of the C-OH group in the intermediate. After the generation of
the monoalcohol (I), the peak around 1700ecm™' (ve—o) is
reproduced in the time range >350fs. If the PT takes place by
intramolecular reaction in the methanol solution, the reaction
time of the PT in methanol solution is close to that in the
DMSO solution. These results show that the reaction time
scales are almost the same between the DMSO solution and the
methanol solution, but the reaction time of the PT in the DMSO
solution is a little faster than that in the methanol solution.
Therefore, the possibility of intramolecular PT reaction in the
methanol solution is high. However, the possibility of
intermolecular PT reaction in the methanol solution cannot be
denied. Anyway, these results confirm that PT takes place after
photoexcitation in indigodisulfonate salts in both protic and
aprotic solvents, and they show that the PT mechanism is a
stepwise pathway. Moreover, the unstable monoalcohol (I)
generated by PT then reverts to the reactant indigo compound.

Conclusion

In summary, the structural change during ultrafast proton
transfer via a transition state was observed using an ultrashort
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pulse laser. It was concluded that a photoexcited proton transfer
takes place in indigodisulfonate salts by the stepwise mecha-
nism. To date, the reason why indigo is photostable could not
be elucidated for over 100 years. The answer was obtained by
the direct experimental observation in this work. The efficiency
of photodiscoloration of indigodisulfonate salts caused by
photoisomerization is suppressed by a single proton transfer
after photoexcitation, because the molecular structure was
fixed in the planar form by the formation of a monoalcohol
intermediate generated by the single proton transfer. The
unstable monoalcohol intermediate generated by the proton
transfer then reverts to the reactant indigo compound. Thus,
time-resolved spectroscopy with time resolution of a few
femtoseconds provides a new way to clarify mechanisms and
stimulate novel ideas for the development of new chemical
reactions. Clarification of detailed reaction mechanisms is
enabled by application of this technique to the study of ultrafast
dynamics in various fields, such as photochemistry, photo-
physics, and photobiology.
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