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’ INTRODUCTION

Over the past decades, trans�cis photoisomerization has been
one of the most widely investigated photochromic reactions.
Azoaromatic dyes1 are typical systems that exhibit trans�cis
photoisomerization. They have been extensively investigated
and various experimental techniques have been used to clarify
the trans�cis photoisomerization mechanism.2�4 Irradiation by
linearly polarized light results in reversible trans�cis�trans iso-
merization via a hole-burning mechanism. This isomerization
reorients the molecules, causing the dye to become birefringent
bymaking the azobenzene groups sensitive to optical polarization.5

Thus, azoaromatic dyes can be used in various applications such
as dynamic volume holograms,6,7 waveguide media,8 and light-
driven molecular scissors.9 To improve their performance, it is
essential to elucidate the ultrafast dynamics of the photoisome-
rization process. There have been several recent studies of
the ultrafast dynamics of azobenzene dyes; for example, Koller
et al.10 used infrared spectroscopy to investigate 4-nitro-
40-(dimethylamino)azobenzene and Poprawa-Smoluch et al.11

used absorption spectroscopy to study Disperse Red 1. Disperse
Red 19 (DR19) is a commercial azobenzene nonlinear optical
chromophore with a large ground-state dipole moment of 8
D.12,13 In the present report, we investigate the ultrafast dy-
namics of solution and film samples of DR19 using absorbance
difference spectroscopy with a femtosecond time resolution.

’EXPERIMENTAL SECTION

The azobenzene dye DR19 (dye content 95%) was purchased
from Sigma-Aldrich Co. and used after recrystallization. A sol-
ution sample was prepared by dissolving 0.1 wt % DR19 in

trimethylolpropane triglycidyl ether (TMTE; technical grade;
Sigma-Aldrich). A polymer film sample of DR19 was prepared as
follows: 0.1 wt %DR19 was dissolved in TMTE and a harden agent
(1,2-diaminopropane). The solutionwas cast on a flat glass (doctor-
Blademethod)14 to form a polymer film. The polymer filmwas esti-
mated to have an average thickness of 0.5 mm by a slide caliper.

The solution and film samples were respectively stored in a
sealed vial and a drybox in a dark-adaptive ambient until imme-
diately prior to being used. Figure 1 shows stationary absorption
spectrum of the solution and film samples. The absorption peaks
at 494 and 500 nm for the solution and film samples, respectively,
are due to the strongly allowed π�π* transition.15

Time-resolved spectroscopy of the samples was performed
using ultrashort visible pulses generated by a noncollinear optical
parametric amplifier16,17 seeded by a 5 kHz regenerative Ti:
sapphire amplifier (Coherent Inc. Legend-USP-HE). These ultra-
short visible pulses had a broad spectrum that extended from 514
to 758 nm (see Figure 1). The instrument response time was
adjusted to be 9 fs by monitoring the pulse width using second-
harmonic-generation frequency-resolved optical gating (SHG-
FROG) measurements18 (see below).

In the pump�probemeasurements of the solution sample, the
pulse width was compressed to 9 fs in a 1-mm glass cell as follows.
We first inserted a 1 mm thick glass plate in front of the entrance
of the SHG-FROG system and adjusted pulse compressor to
obtain 9 fs pulses. It set the pulse width to be 9 fs after passing
through the 1mm thick glass. The glass walls of the glass cell used
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ABSTRACT: Azoaromatic dyes have been extensively investi-
gated over the past decade due to their potential use in a variety
of optical devices that exploit their ultrafast photoisomerization
processes. Among the azoaromatic dyes, Disperse Red 19 is a
commercially available azobenzene nonlinear optical chromo-
phore with a relatively high ground-state dipole moment. In the
present study, we used ultrafast time-resolved spectroscopy to
clarify the dynamics of a push�pull substituted azobenzene dye.
Solution and film samples exhibited different ultrafast dynamics, indicating that the molecular environment affects the
photoisomerization dynamics of the dye.
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for the solutionmeasurement have the same thickness of 1mm. If
the 1 mm thick glass is removed and the pulse comes into the
glass cell, the pulse width becomes 9 fs inside the glass cell
passing through one side of the 1 mm thick glass wall.

In the pump�probemeasurements of the film sample, the pulse
width was also adjusted to 9 fs without inserting any glass plate.
Therefore, the instrument response timewas 9 fs in both cases. The
pump beam was focused to a 1.4� 10�5 cm2 spot. The pump and
probe pulse energies were 8 and 0.8 nJ, respectively.

The probe pulse intensity at each probe wavelength was sim-
ultaneously detected by Si avalanche photodiodes attached to a
monochromator (Princeton Instruments, SpectraPro 2300i). A
mechanical chopper was inserted in the optical path of the pump
pulse and was operated at a frequency of 2.5 kHz so that it was in
synchronization with the laser pulses. Changes in the transmitted
intensity of the probe pulse induced by the pump pulse were
processed by a 96-channel lock-in amplifier referenced to the
frequency and phase of the chopper. Preamplifiers were used to
amplify the electric currentmeasured by the avalanche photodiodes
prior to lock-in detection. Because the preamplifier had a cutoff
frequency of 5 kHz, harmonic noise of the 2.5 kHz reference
frequency was not detected in the observed signals.

For time-resolved spectroscopy of the solution sample, the
sample was placed in a 1 mm thick quartz flow cell (Starna Cells
Inc., 48-Q-1; flow rate: 50 mL/min) and was recirculated by a
peristaltic pump to ensure that each laser pulse irradiated a fresh
sample. To prevent the photogenerated cis-isomer accumulating
during measurements, the peristaltic pump was connected to a
reservoir containing a large volume (60 mL) of the solution
sample. During time-resolved measurements of the absorbance
difference of the polymer film sample, the position of the sample
was changed after each scan to ensure that photodamage did not
accumulate during the measurement. Each scan of the time-
resolved absorption difference spectra was performed in 5 s using
a multiplex fast-scan system.19 In the data analysis, we used data
averaged over 40 scans. When the sample was irradiated at the
same position for half an hour, the sample was damaged and
caused strong scattering light. Meanwhile, the photodamage was
negligible in the scan time of 5 s.

In the present measurement, the beam diameter on the sample
is about 20 μm, which is about 10� larger than the period of
the optically inscribed grating reported by Barrett et al.20 There-
fore, the sample still exists inside the beam spot even after the
irradiation.

All experiments were performed at room temperature.

’RESULTS AND DISCUSSION

Ultrafast Dynamics of the Solution Sample. Figure 2a
shows a two-dimensional plot of absorbance difference (ΔA)
spectrum of the DR19 solution sample measured for delays from
�0.1 to 1.4 ps (short delay region) and probe wavelength from
514 to 758 nm. Figure 2b shows the ΔA spectrum measured
between �1 and 14 ps (long delay region) in the same probe
wavelength region. The black curves in Figure 2a,b are contours
for whichΔA is zero. Figure 2c,d showΔA traces for five different
probe wavelengths in Figure 2a,b.
ΔA is generally negative at a probe wavelength below 580 nm.

At these wavelengths, the ground state has an absorption band.
Thus, ΔA is thought to be negative due to absorption bleaching,
which implies that the electron population is depleted when
DR19 is photoexcited by pump pulses. The positiveΔA observed
at probe wavelengths longer than 580 nm was attributed to
induced absorption of the excited state.
At first, we analyzed the exponential decays of the time traces

to study the ultrafast dynamics of the electronic states during and
after photoexcitation of DR19.
TheΔA traces in Figure 2c,d contain three decay components

with lifetimes of∼0.1,∼1, and∼10 ps. Therefore, theΔA traces
should be fitted by a triple exponential function given by

f ðt, λÞ ¼ ΔA1ðλÞe�t=τ1 þ ΔA2ðλÞe�t=τ2

þ ΔA0ðλÞe�t=τ3 ðτ1 < τ2 < τ3Þ ð1Þ
The τ1 (∼0.1 ps) lifetime component decays, becoming

negligible at delay longer than 0.4 ps. Therefore, we determined
the other two time constants (τ2 and τ3) by fitting theΔA trace in
the long delay region between 0.4 and 14 ps using the following
double exponential function

f ðt, λÞ ¼ ΔA2ðλÞe�t=τ2 þ ΔA3ðλÞe�t=τ3 ðτ2 < τ3Þ ð2Þ
Global fitting analysis estimated the time constants τ2 and τ3

to be 1.11( 0.13 and 4.65( 0.56 ps, respectively. Using theΔA
traces and the estimated time constants, the spectra of these
lifetime components were calculated by the least-squares method
(see Figure 3).
The instrument response time of the present measurements

was estimated to be 9 fs, which is considered negligible for delays
longer than 50 fs. Therefore, we determined the shortest time
constant (τ1) and its spectral component (ΔA1) by fitting theΔA
trace in the short delay region from 50 fs to 1.4 ps. In the fitting
analysis, we applied the global fitting using the following double
exponential function by fixing the parameter τ2 to 1.11 ps
(as estimated above). Note that the τ3 decay component can
be considered constant for delays up to 1.4 ps. The function f(t,λ)
is given by

f ðt, λÞ ¼ ΔA1ðλÞe�t=τ1 þ ΔA2ðλÞe�t=τ2 þ ΔA0ðλÞ ðτ1 < τ2Þ
ð3Þ

where ΔA0(λ) indicates a spectral component with an infinite
lifetime. Global fitting analysis estimated the time constant τ1 to
be 104( 12 fs and its spectral componentΔA1(λ) was obtained
by the least-squares method (see Figure 3).
The shortest time constant, τ1, had been only roughly esti-

mated in previous studies because of their limited time resolu-
tions. In the present study using a 9 fs pulse, τ1 was accurately
estimated to be 104 ( 12 fs. Its spectral component, ΔA1(λ),

Figure 1. Normalized absorption spectra of DR19 in solution (solid line)
and a polymer film (dashed line). The spectrum of NOPA output
(thick solid line) used for both pump and probe pulses.
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does not reflect the spectral profile of the stationary absorption
spectrum shown in Figure 1. Therefore, the shortest decay com-
ponent does not include decay to the electronic ground state and it
was attributed to large amplitude wave packet motion on the
excited-state potential surface out of the Franck�Condon (FC)
region.21 The negative spectrum of ΔA1 is considered to be the
stimulated emission spectrum of the FC state.
The time constant τ2 was estimated to be 1.11 ( 0.13 ps. Its

spectral component, ΔA2(λ), is negative, reflecting the spectral
profile of the stationary absorption spectrum at probe wavelengths
shorter than 580 nm. Therefore, the wave packet generated by the
photoexcitation is considered to be spread over the potential
energy surface of the electronic excited state and to locate the
conical intersection to the ground state via photoisomerization
around the NN double bond; this process is responsible for the
time constant of τ2.

22 When probe wavelength is longer than
620 nm,ΔA2(λ) is positive and induced absorption is the dominant
process.

Figure 3. ΔA1, ΔA2, and ΔA3 are spectral components of the DR19
solution sample, which decay with the lifetimes of τ1, τ2, and τ2,
respectively.

Figure 2. Measured 2D time-resolved absorbance difference spectra of DR19 in a solution sample (a) scanned from�0.1 to 1.4 ps and (b) that scanned
from �1 to 14 ps. Black curves represent contours where the absorbance difference is zero (ΔA = 0). (c, d) Time-resolved ΔA traces at five different
probe wavelengths picked up from (a) and (b), respectively.

http://pubs.acs.org/action/showImage?doi=10.1021/jp2051307&iName=master.img-002.jpg&w=240&h=155
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The time constant τ3 was determined to be 5.86( 2.13 ps. Its
spectral component, ΔA3(λ), has a flat profile with a positive
value reflecting induced absorption. Koller et al.10 elucidated that
vibrational cooling in the ground state occurs in 4-nitro-40-
(dimethylamino)azobenzene with a time constant of 5.5 ps.
Therefore, τ3 is assigned to the vibrational cooling time in the
ground state of DR19.
Next, we have analyzed the oscillation observed in the time

traces shown in Figure 2c,d. The periodic oscillations reflect
molecular vibrations that occur during the reaction after photo-
excitation; these oscillations have been theoretically studied23

and observed in various experiments.19,24,25 Fourier transform of
the time trace measured at 626 nm (see Figure 4a) was calculated
as shown in Figure 4b. It agrees with Raman spectrum,26 con-
firming that the oscillations in the time-resolved trace are caused
by molecular vibrations.
The vibrational dynamics was analyzed using linear prediction

and singular value decomposition (LP-SVD).27�29 Table 1 shows
the frequencies, amplitudes, and lifetimes of the vibrational modes
obtained in the LP-SVD analysis. The obtained parameters are also
shown as a two-dimensional view in Figure 4c. When the obtained
parameters were used, the time trace was reconstructed, as shown
in Figure 4a, agreeing with the measured time trace. The vibration
modes of 1100, 1131, and 1330 cm�1 are assigned to Φ�N
stretching, C�H deformation, and NO2 symmetric stretching
modes, respectively, referring to the Raman study.26 The result of
the LP-SVD analysis shows that the C�H deformation has
distinctly high amplitude and fast lifetime among these three
vibration modes. It reflects that photoisomerization of the DR19
in solution causes large deformation around the C�H bond in its
primary process.
Comparison with Ultrafast Dynamics of the Film Sample.

Figure 5a shows a two-dimensional plot of the ΔA spectrum of
the DR19 film sample measured for delays from �0.1 to 1.4 ps
(short delay region) and probe wavelengths from 514 to 758 nm.

Figure 5b shows theΔA spectrummeasured between�1 and 14
ps (long delay region) in the same probe wavelength region. The
black curves in Figure 5a,b are contours for which ΔA is zero.
Figure 5c,d showΔA traces at five different probe wavelengths in
Figure 5a,b.
Similar to the solution sample, the negative ΔA at delays

shorter than 580 nm is assigned to absorption bleaching caused
by depletion of the ground state and the positiveΔA observed at
probe wavelengths longer than 580 nm reflects induced absorp-
tion of the excited state.
The ΔA traces of the film sample in Figure 5c,d also include

three decay components with lifetimes of∼0.1,∼1, and∼10 ps.
Therefore, the ΔA traces were fitted in the same manner as the
traces of the solution sample.
We first fitted theΔA trace in the long delay region using eq 2

for delays from 0.4 to 14 ps. Global fitting analysis estimated the
time constants of τ2 and τ3 to be 1.35( 0.19 and 5.77( 0.81 ps,
respectively. The spectral components of the obtained time con-
stants were obtained by the least-squares method (see Figure 6).
Compared with this data for DR19 in the film sample,ΔA2 has

a large positive amplitude in the wavelength region reflecting
existence of induced absorption longer than 620 nm in solution
(see Figure 3). The reason why the induced absorption appears
in the solution sample of DR19 is thought to be explained as
follows. The DR19 has a push�pull substituted structure with a
large dipole moment of 8 D, and the solvent of TMTE is a polar
solvent with a dipole moment of 3 D. Therefore, there is a strong
dipole interaction between the DR19 and the solvent in the
solution sample. The strong interaction modifies the electronic
states of the higher excited state, which opens a way for the
induced absorption via transition from the first excited state to
the higher excited state.
The shortest time constant (τ1) and its spectral component

(ΔA1) were then estimated by fitting the ΔA trace in the short
delay region from 50 fs to 1.4 ps. Global fitting of the ΔA traces
using eq 3 estimated the time constant τ1 to be 74 ( 10 fs. The
spectral component of τ1 (ΔA1(λ)) was obtained by the least-
squares method and is plotted in Figure 6.
The shortest time constant, τ1, was estimated to be 74( 10 fs.

For the same reason, given above for the solution sample, the
shortest decay component was attributed to a large amplitude
wave packet motion on the excited-state potential surface out of
the FC region. The negative spectrum of ΔA1 was considered to

Figure 4. (a) Time trace of DR19 in solution measured at 626 nm (black curves) and the time trace reconstructed in LP-SVD analysis (red curves). (b)
Fourier power spectrum of the measured time trace shown in (a). (c) Two dimensional view of the intensity of the vibrational modes obtained in the LP-
SVD analysis.

Table 1. Results Obtained in the LP-SVD Analysis for DR19
in Solution

frequency (cm�1) amplitude decay (fs)

1100 107 2510

1131 285 458

1330 141 1411

http://pubs.acs.org/action/showImage?doi=10.1021/jp2051307&iName=master.img-004.jpg&w=475&h=141
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be the stimulated emission spectrum of the FC state. DR19 is
known to have a large dipole moment of up to 8 D12,13 because of
its push�pull substituted structure. Therefore, photoexcitation of
DR19 generates a charge-transfer (CT) state via electron transfer.
Inter- and intramolecular modes adapt within τ1 to the new charge
distribution generated by CT excitation. The solution and film
samples had similar shortest time constant τ1, which implies that
solutions and films of DR19 have comparable adaptation speeds.
The time constant τ2 is estimated to be 1.35( 0.19 ps.ΔA2(λ)

is negative at wavelength below 610 nm reflecting the spectral
profile of the stationary absorption spectrum. Therefore, τ2 in the
film sample was also assigned to the time for the photoexcited
wave packet in the excited state to find the conical intersection to
the ground state via photoisomerization around the NN double
bond; this process is responsible for the time constant τ2. When
probe wavelength is longer than 610 nm, ΔA2(λ) is positive and
induced absorption is the dominated process.

Figure 5. Measured 2D time-resolved absorbance difference spectra of DR19 in a film sample (a) scanned from �0.1 to 1.4 ps and (b) that scanned
from�1 to 14 ps. Black curves represent contours where the absorbance change is zero (ΔA = 0). (c, d) Time-resolved ΔA traces at five typical probe
wavelengths picked up from (a) and (b), respectively.

Figure 6. ΔA1,ΔA2, andΔA3 are spectral components of theDR19 film
sample, which decay with the lifetimes of τ1, τ2, and τ2, respectively.

http://pubs.acs.org/action/showImage?doi=10.1021/jp2051307&iName=master.img-005.jpg&w=356&h=417
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11513 dx.doi.org/10.1021/jp2051307 |J. Phys. Chem. A 2011, 115, 11508–11514

The Journal of Physical Chemistry A ARTICLE

The time constant of τ3 was determined to be 5.77( 0.81 ps.
Its spectral component, ΔA3(λ), has a flat profile with a positive
induced absorption. Just as for the solution sample, τ3 reflects the
vibrational cooling time in the ground electronic state of DR19.
Fourier transform of the time trace measured at 626 nm (see

Figure 7a) was also calculated for DR19 in a film sample as shown
in Figure 7b. It agrees with the result obtained for solution
sample (see Figure 4b) and Raman spectrum.26 The LP-SVD
analysis was performed for the time trace of the film sample.
Table 2 shows the frequencies, amplitudes, and lifetimes of
the vibrational modes obtained in the LP-SVD analysis. The
obtained parameters are also shown as a two-dimensional view in
Figure 7c. When the obtained parameters were used, the time
trace was reconstructed as shown in Figure 7a, agreeing with the
measured time trace. The assignments of 1099, 1126, and
1324 cm�1 are the same as those of the solution sample assigned
to Φ�N stretching, C�H deformation, and NO2 symmetric
stretching modes, respectively, referring the Raman study.26 The
result of the LP-SVD analysis shows that all of those three modes
have similar amplitude and fast lifetime of∼500 fs. It reflects that
photoisomerization of the DR19 in the film sample causes
structural deformation equally among Φ�N bond, C�H bond,
and NO2 group. The result is significantly different from that of
the DR19 in solution, which only the C�H deformation was
dominantly excited. It is thought to be that the strong dipole
interaction between TMTE and DR19 in the solution sample
suppresses deformations along the dipole moment of the DR19
only allowing the C�H deformation.

’SUMMARY

The photoisomerization of DR19 in solution and a polymer
film were investigated absorbance difference measurements over
a broadband visible spectral range and with a time resolution of
9 fs. The DR19 has a push�pull substituted structure, which
forms the CT state via electron transfer after photoexcitation.

Therefore, the film sample may have different dynamics from the
solution sample because significant intermolecular CT in the film
modifies the relaxation pathway of the CT state. The observed
time traces contain three decay components with lifetimes of
∼0.1, ∼1, and ∼10 ps. We estimated the three time constants
(τ1, τ2, and τ3) and their spectral components (ΔA1, ΔA2, and
ΔA3) by fitting the time-resolved ΔA trace with a triple expo-
nential function.

The shortest time constant, τ1, had been roughly estimated in
previous studies. In this study, τ1 was precisely estimated for both
the solution sample (104( 12 fs) and film (74( 10 fs) samples.
Its spectral component, ΔA1, is negative, reflecting stimulated
emission from the FC state. The τ1 decay component was
attributed to a large amplitude wave packet motion on the
excited-state potential surface out of the FC region.

The spectral component, ΔA2(λ), is negative reflecting the
spectral profile of the stationary absorption spectrum for probe
wavelengths shorter than 580 nm. This implies that the wave
packet generated by the photoexcitation is spread over the
potential energy surface of the electronic excited state and finds
the conical intersection to the ground state via photoisomeriza-
tion around the NN double bond; this process is responsible for
the time constant of τ2.

The longest spectral component,ΔA3(λ), has a flat profile and
is positive due to induced absorption. Its time constant, τ3, is
much longer than τ2, reflecting the vibrational cooling time in the
ground electronic state of DR19.

In the present study, we clarified the ultrafast dynamics of a
push�pull substituted azobenzene dye, DR19, which is known to
have a large dipole moment and is promising for various
applications. Ultrafast time-resolved absorbance difference spec-
troscopy is expected to provide essential information for photo-
nic applications and is a promising alternative method for
evaluating switching performance.
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