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We have carried out ultrafast pumprobe measurement of four TPM dyes, malachite green (MG), brilliant
green (BG), crystal violet (CV), and ethyl violet (EV), with a time resolution of 30 fs. The pupnpbe

signal showed that solvent dependence arose first in the femtosecond time regime, e.g., the mbcagrafl

solution was clearly slower than the methanol solution just 50 fs after the initial photoexcitation. The signal
decays in a multiexponential manner and the slower components showed stronger linear dependence on the
solvent viscosity than did the faster components. We have also carried out temperature-dependent measurement
of ethanol solution and calculated the activation energies from the Arrhenius plots of each components. The
activation energies and effective volumes were larger for slower decays. The activation energy of the viscosity
of ethanol was larger than that of the decay components of TPM dyes. These observations are explained with
a combined effect of microviscosity and intramolecular relaxation. The lifetime of the transient absorption
appearing at the red edge of the ground state absorption was longer than any of the reported lifetimes of the
excited state absorption around 400 nm. Therefore, the red-edge absorption is assigned to the unrelaxed ground
state molecule with the twisted phenyl group.

1. Introduction compared to that in aqueous solutirn this paper, we report
a similar ultrafast solvent dependence in a series-afcohol
solutions.

(2) Oscillation with frequency of about 226 cf and
dephasing time less than 500 fs was observed in the PP signal
of MG.1112This was caused by impulsive stimulated resonance
Raman scattering and was assigned to the ground state breathing

mode of the bonds to the central carbon atom characteristic of
343—15

A large number of studies have been carried out to understand
the ultrafast radiationless deactivation mechanism of triphenyl-
methane (TPM) dyes.The excited state lifetime becomes
shorter in less viscous solvents, and it was interpreted that the
diffusive rotation of the amino-substituted phenyl ring is
involved in the deactivation proce38This interpretation can
be confirmed by comparing the TPM dyes with rhodamine dyes.
Rhodamine dye is an analogue of TPM dye with two phenyl 1°M dye _ _ _ _
rings connected together. For example, a nonfluorescent TPM  (3) The transient absorption of the excited state appearing
dye, brilliant green, becomes a strongly fluorescent laser dye, around 400 nm, shifted to shorter wavelength with tiive?
rhodamine B, by connecting two of the amino substituted phenyl This blue shift was solvent dependgnt, and thg rise time at the
rings with an oxygen atom and adding a 2-carboxylate sub- blue edge was 1.1 ps for crystal violet (CV) in ethaHolt
stituent to the free phenyl ring. It was also shown that a Was assigned to the relaxation process from the FraGdndon
rhodamine dye with a free rotating 4-dimethylamino substituted (FC) state to Fhe transient excited state by the diffusive rotation
phenyl ring, instead of the usual 2-carboxylate substituted one, ©f & phenyl ring around the central carbon atom.
was nearly nonfluorescent in fluid solutiéf Recently synthe- (4) Simultaneously with the blue shift of the transient
sized tris(dialkylamino)trioxatriangulenium dyes with three absorption, ground state bleach became stronger and shifted
phenyl rings fixed togethémlso exhibited strong fluorescence slightly to shorter wavelengths. This was called the “delayed
and long excited state lifetimés. TPM dyes have drawn bleach”. Martin et al. explained this phenomenon by the overlap

extensive attention because they can be the prototypes forbetween the blue shifting transient absorption and ground state
models of barrierless chemical reactions in solution, which can bleach:*e"1On the other hand, Ishikawa et al. observed similar

be initialized by photoexcitation. rise of the bleach on the blue side of the ground state absorption
The aim of our study is to understand the viscosity-dependent When the red side was excité* They ascribed this observa-
nature of the deactivation dynamics. We begin with reviewing tion to the isomerization in the ground state. This discrepancy
the time-resolved studies done in the past and try to clarify what Will be discussed in detail later.
is already known about the dynamics of TPM dyes. The listof  (5) Stimulated emission decayed faster than the transient
the observed ultrafast phenomena is as follows. absorptior?*25 It is commonly explained that twisting of the
(1) In our previous paper, ultrafast decay in the order of 100 phenyl ring results in reduction of the transition moment.
fs was observed by pumiprobe (PP) measurement at 635%Him. Therefore, the twisted transient state is often called the “dark
Similar ultrafast decay also appeared in the excited state state”. Some people proposed that this state has a charge transfer
absorption probed at 390 nm and it was slower in DMSO (CT) charactef:16.232627To the best of our knowledge, time
dependent dynamic Stokes shifts of the fluorescence of TPM
T Part of the special issue “Noboru Mataga Festschrift”. dyes have never been reported.
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(6) Together with the 400 nm excited state absorption, another When the CW laser was changed to Spectra Physics Millenia
transient absorption appeared on the red edge of the groundR, the pulse width shortened to 228 fs and only 6 W
state bleach after the stimulated emission decayed. This “red-pumping power was necessary to obtain similar output power.
edge absorption” was explained in three different manners. To our knowledge, this is the shortest pulse ever generated from
Martin et al. ascribed that this absorption is also due to the a cavity-dumped Cr:forsterite laser. A238 fs pulse was used
twisted excited statel® Sundstion et al. assigned it to a twisted  for the measurement of the;O sample. Other experiments were
ground stat€® while Robl and Seilmeier assigned it to a done by 36-35 fs pulse.
vibrationally hot ground stat®. The results shown in this paper The second harmonic pulse was divided into pump and probe
support the idea of Sundstroet al. that the red-edge absorption pulses by a 50% beam splitter. The energy of the pump pulse
is due to the twisted ground state. was 0.6-0.8 nJ and that of the probe pulse was reduced to 60

Summarizing the observations results in following dynamical 80 pJ by an ND filter. The pulses were focused into the sample
picture. After the photoexcitation, the initially formed FC state by 5 or 10 cm focusing lens. The PP measurements were carried
relaxes to a nonfluorescent transient excited state by theout at a magic angle configuration, and the signal was detected
diffusional rotation of a phenyl ring. Some people proposed that by a photodiode and a lock-in amplifier. The optical path of
this dark state is a CT state. Meanwhile, isomerization in the the sample cell was 0-40.5 mm, and the optical density of the
ground state may take place in the same time scale. The darksample was 0:81.2 at the peak. The decay of the signal of
excited state becomes a vibrationally hot or twisted ground state, TPM dyes did not show any probe pulse energy dependence
and final relaxation takes place in the ground state. Some from 0.8 nJ to 0.2 nJ. For the solvent dependent measurement
proposed that the hot or twisted ground state can be observedpf MG and BG, the sample solution was circulated in a flow
while others proposed that they cannot be observed because otell to avoid optical damage, and a high-speed silicon detector
the fast relaxation in the ground state. (DET110) from Thorlabs was used for detection. For other

There are three major theoretical models, which were experiments, a homemade high-speed rotational cell and a large-
developed specifically to describe the dynamics of TPM dyes. area photoreceiver (Model 2031) from New Focus were used,
However, one of them, proposed byrB@r and Hoffmann, is ~ which resulted in better S/N ratio.
now considered to be inappropriate, because it predicts excited Measurement of the transient absorption at 477 nm was
state decay dP(t) = exp(—at3) which has never been obsenfed. carried out using a dual OPA femtosecond laser system based
The model proposed by Bagchi, Fleming, and Oxtoby (BFO) on a Ti:sapphire laser. The details of the system will be
considers a “sink” with a certain functional form at the bottom described elsewhe® Briefly, the output of a femtosecond Ti:
of the excited state potential surfal®! The initial population sapphire laser pumped by SHG of cw N¥VO, laser was
caused by photoexcitation spreads diffusively on the excited regeneratively amplified with 1 kHz repetition rate. The
state potential surface and returns to the ground state throughamplified pulse (1 mJ/pulse energy and 85 fs fwhm) was divided
the sink. They have only obtained an analytical solution for the into two pulses with same energy. These pulses are guided into
“pinhole” sink, although they have also numerically considered two OPA systems, respectively. OPA output pulses are inde-
sink functions such as Gaussian and Lorentzian. Another pendently converted to the SHG, THG, or FHG. The 635 nm
theoretical model proposed by Oster and Nishijima assumes alight pulse is provided as SHG of the signal light with 5 mW
flat excited state potential that allows the population to freely output power and used as the pump pulse. On the other hand,
diffuse to either sidé.When the population reaches a certain 477 nm light was produced as FHG of the idler and the output
distance from the initial position, it falls off the excited state energy of 2 mW, of which intensity was reduced<d/5000
surface and returns to the ground state. Ben-Amotz et al. and used as a probe pulse. The pulse duration at the sample
generalized this theory and applied it to their experimental position was estimated to be 160 fs from the cross correlation
observationg?-34 They concluded that this theory reproduced trace at the same position. The intensity of the light monitoring
the experimental results better than did the BFO model. the sample excited with a pump pulse was detected by a

In this paper, examination of the previously reported results photodiode and sent to the microcomputer for further analysis.
and proposed models is carried out according to our new Brilliant green (BG), crystal violet (CV), ethyl violet (EV),
ultrafast PP measurements with time resolution of 30 fs. Then and malachite green (MG) were purchased from Tokyo Chemi-
we discuss the viscosity dependent aspects of the dynamicscal Industry, Aldrich, and Exciton. The counterions for CV and
Our major interest is to understand the difference between bulk EV were both chloride anion, and those for MG and BG were
viscosity and microscopic viscosity, which a molecule actually oxalate and sulfate anion, respectively. Organic solvents were
feels. Due to the complexity of our observation, simulations from Kanto and Wako Chemicals and used after distillation

based on theoretical model were not carried out. when the purity was lower than 99.5%. NMR grade0.75%)
D,0O was purchased from Wako Chemicals, and water was used
2. Experimental Section after filtering by ion-exchange resin. Absorption and fluores-

cence spectra were measured by a Hitachi U-3500 spectropho-

The details of the homemade cavity-dumped Kerr lens mode- 5 eter and 850E fluorescence spectrophotometer, respectively.
locked Cr: forsterite laser and pumprobe (PP) measurement

system were reported elsewhételhe repetition rate of the
cavity-dumping was 100 kHz, and the output was focused into
a 4 mm LBO crystal to generate the second harmonic centered (a) Absorption and Fluorescence Spectra.Molecular

at 635-640 nm. The second harmonic pulse energy was 3 to 6 structures of TPM dyes are shown in Scheme 1. Three phenyl
nJ. The autocorrelation trace of the second harmonic pulse wasrings are all amino-substituted forsBymmetric dyes, CV and
measured by a 0.3 mm BBO crystal with the same setup usedEV, while one is not substituted fd2, symmetric dyes, MG,

for the PP experiment. Gaussian function was assumed for theand BG. The absorption spectra of TPM dyes in ethanol are
calculation of the pulse width. The fwhm of the pulse was-30  shown in Figure 1 along with the laser spectrum. The absorption
35 fs when the laser was pumped by a diode-pumped Nd: peaks of TPM dyes showed a slight red shift when the alkyl
vanadate laser (Coherent Compass) with CW power of 8 W. chain ofn-alcohol elongated. The peak shifted from 619 to 624

3. Results
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1.0 appeared in the absorption spectrum of planner tris(dialkylami-
no)trioxatriangulenium dye with three phenyl rings fixed
together*® They advocated the model first suggested by McHale
et al.?® that a dipole or a counteranion interacting with
dimethylamino group reduce the symmetry and split both the
ground and the excited states of TPM dyes. If the isomer in the
ground state reduces the symmetry, it will result as a splitting
of the degenerated excited state. Therefore, these two effects
cannot be discussed separately. The reduction of the symmetry
can be caused either by ion pairing, twisting of the phenyl ring,
or by dye aggregatiohSince the lower symmetry of MG and
BG, the excited states split widely and new absorption appears
around 430 nm for these dyésThus, the weak shoulders
appearing in the absorption spectra of symmetric dyes are
most likely vibrational structure. However, Ishikawa et al.
suggested three isomers or inhomogeneity in the ground state
0.0 - . of MG and BG?® The discussion on the ground state conformer
500 550 600 650 700 or inhomogeneity will be continued later.

Wavelength / nm Figure 1 shows that the femtosecond pulse excites slightly

Figure 1. Absorption spectra of (a) MG and BG, and (b) CV and EV on _thg red .Slde of the peak absorption er_symmetrlc dye_s,
ingethanol squticE)n. LasF()er spectrl(m)1 is also shown for ((:o)mparison. The while it excites th.e re.d edge .Of the absorpthnlhzrsymmetrlc
probe beam was detected with and without a monochromator. The dyes. Thus contribution of stimulated emission to the measured
wavelength resolved spectra at 620, 630, 640, and 650 nm are alsoPP signal should be stronger D symmetric dyes. The probe
shown. pulse was detected with and without a monochromator after
transmitting through the sample cell. The wavelength resolved
spectra of the probe beam are also shown in Figure 1. The center
wavelengths were 620, 630, 640, and 650 nm with fwhm of
about 3 nm. The wavelength resolved signal at 640 and 650
nm for CV and EV should be dominated by stimulated emission.
X (b) Pump—Probe Measurement.PP signals are generally
expressed in terms of transmission differen€€, or absorption
O O difference AAbs. When it is expressed in termsAT, increase
of transmission emerges as a positive signal and increase of
+ + absorption emerges as negative signal, while it is the opposite
O O O 0 in the case ofAAbs. Our experiments are expressed in terms
XN N XN X of AT, except the measurement at 477 n. is equivalent to
X )'< ) l AAbs only if the signals are very small. This approximation is
valid because thaAbs is less than 1@ for our experimental
X=CHs: MG X=CHs :CV condition. PP signals of TPM dyes in series of hydrogen bonding
CH3CH2: BG CH3CH;: EV solvents are shown in Figure 2. FDg symmetric dyes, CV,
and EV, measurement in aqueous solution was not carried out
nm for MG when the solvent was changed from methanol to because of their strong tendency to form aggregates in Water.
n-butanol, while the peak of CV shifted from 587 to 590 nm. At time origin, the dye molecules are excited by the pump beam,
The Stokes shifts between the absorption and fluorescence peakg/hich causes a sudden increasé\df Ground state bleach and
were 670 and 310 cm for MG and CV in ethanol, respectively.  stimulated emission are both responsible for the positive signal.
These values are smaller than that of rhodamine dyes and muclRecovery of the thermally equilibrated ground state causes the
smaller than that of coumarin dyes, i.e., 880 and 4770%cm signal to return gradually to zero. The decay of the signal was
for rhodamine 6G and coumarin 153 in ethanol, respectively. slower in longer alcohols as expected from the viscosity
The reorganization energies are roughly half of the values of dependence. TMP dyes with larger amino group decayed slower
the Stokes shift. Thus, the charge shift upon photoexcitation in all solvents, which confirms the previous studi&8 Every
seems to be relatively small for TPM dyes, although these small signal showed oscillations caused by impulsive stimulated
Stokes shifts can be partially due to the short excited lifetime. resonance Raman scattering. Earsymmetric dyes, MG and
Since the excited state lifetimes of TPM dyes are extremely BG, after the initial ultrafast decay, the decay slows down and
short, the molecule may return to the ground state before theforms a plateau and then continues to decay multiexponentially.
solvation process completes on the excited state. The D3 symmetric dyes also decayed multiexponentially, but
In the absorption spectra of CV and EV, a strong shoulder no plateau was observed. The fitting of the signal decay was
appeared on the blue side, which has been a subject of debatearried out by convoluting the autocorrelation trace with a fitting
for many years:?23746 There are two prevailing theories for  function, f(t), which is a sum of exponential functions and
the appearance of the shoulder: that there are two isomers inexponentially damped cosine functions,
equilibrium3740-42 and that desymmetrization gives rise to two
excited state®39434Recently, from their transient hole-burning = _ -t/ _ —t/z. _ .
experiment, Ishikawa et al. explained that it was due to a ground 0 ZA exp(-tim) + IZA' exp UIJ)COS@'t * ¢’) @)
state conformer with a solvent induced pyrami@aksymmetric
structure?®22However, Lovell et al. argued that such pyramidal whereA is the intensityz; is the lifetime or the dephasing time,
conformer is not responsible because a similar shoulder alsoand¢; is the phase. To avoid any prejudice, we did not assume

Absorbance (norm.)

Absorbance (norm.)

SCHEME 1: Structures of C; Symmetric TPM Dyes,
e.g., Malachite Green (MG) and Brilliant Green (BG),
and D3 Symmetric Dyes, e.g., Crystal Violet (CV) and
Ethyl Violet (EV)
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Figure 2. Transient transmission signals of (a) MG and BG, (b) CV and EV in valious hydrogen bonding solvents pumped and probed at 635 nm.
TABLE 1: Fitting Parameters Obtained from the TABLE 2: Fitting Parameters Obtained from the
Convolution Fitting of CV Solutions? Convolution Fitting of EV Solutions?
methanol ethanol  n-propanol n-butanol methanol ethanol  n-propanol n-butanol
lps 0.017 0.037 0.062 0.075 T1/ps 0.021 0.033 0.039 0.064
(A1) (0.54) (0.43) (0.41) (0.42) (A1) (0.52) (0.44) (0.43) (0.31)
Tlps 0.12 0.20 0.29 0.39 Tlps 0.21 0.30 0.35 0.47
(A2) (0.23) (0.23) (0.20) (0.17) (A2) (0.20) (0.20) (0.19) (0.18)
73/ps 1.3 2.4 3.4 4.6 T3/ps 2.7 3.9 5.9 9.9
(Aq) (0.23) (0.31) (0.30) (0.30) (Ag) (0.27) (0.26) (0.26) (0.28)
Trisd/ PS 4.1 6.0 12.0 18.0 Trisd PS 5.8 11.3 20.5 24.5
(Avise) (=0.07) ¢0.11)  0.07) (-0.05) (Avise) (=0.11) 0.07)  (0.05) 0.03)
vilemt 204 204 206 207 vifemt 208 207 208 210
7,1/pS 0.39 0.36 0.37 0.37 T,1/ps 0.37 0.32 0.29 0.27
(A1) (0.05) (0.09) (0.11) (0.12) (A1) (0.06) (0.08) (0.10) (0.13)
volem™t 425 425 425 425 volemt 445 445 445 445
T,2lps 0.12 0.10 0.10 0.11 T,2lps 0.11 0.15 0.20 0.12
(Av2) (0.01) (0.03) (0.03) (0.02) (A2) (0.06) (0.09) (0.07) (0.13)
valemt 445 445 445 445 AabdnNM 590 592 593 594
7,3/PS 1.20 1.04 1.38 1.29 . . .
a A3 and 13 are amplitudes and time constants for the positive
(As3) (0.01) (0.02) (0.02) (0.02) X X
Aapdnm 587 538 589 590 components, andise and ziisc are for the negative one, respectively.
Jau/nm 597 600 597 601 V1-3, To1, v2, @NDAL1, 12 @re frequencies, dephasing times, and amplitudes
nlcP 0.6 1.2 29 29 for the oscillatory components. Frequency of 445 &mas fixed during

the fitting. Absorption maximumjaps is also shown. Amplitudes are
2 Ai-3 and 713 are amplitudes and time constants for the positive normalized in a manner to be 1 when all the components are added,
components, anflzise aNdrise are for the negative one, respectively. including the negative one.
v1-3, Tvi-3, andA,1—z are frequencies, dephasing times, and amplitudes

for the oscillatory components. Frequencies of 425 and 445 grare : - : .
fixed during the fitting. Solvent viscosityy, absorption,Aas and ltself in a very early ime scale. The decayrirbutanol and

fluorescence maximaa,, are also shown. Amplitudes are normalized Methanol can be already distinguished at 50 fs. The PP signals
in a manner to be 1 when all the components are added, including theOf MG in agueous solution and inD are compared in Figure
negative one. 4. In this case the ultrafast part of the signal completely overlaps,
despite the difference in the slower part. The rise times needed

any kinetic model to construct the fitting function. Both positive to fit the plateau were 218 and 224 fs for water angDD
and negative intensities were necessary to fit the data. The resultsespectively, which are only slightly different. The time
of the fitting for the C, symmetric dyes were listed in our constants for the second decay components were 435 and 570
previous papet*® The results for theD; symmetric dyes are  fs, for water and BO, respectively. The inset of Figure 4 shows
listed in Table 1 and Table 2. The viscosity dependence of the that not only the decay of the positive part but also the decay
decay components is shown in Figures 11 and 12 and will be of the negative part slowed. The lifetimes of the negative
discussed later. components were 4.2 and 6.0 ps for water ap@ Despectively.

The initial part of the PP signal for CV in n-alcohols is shown The decay of theDs symmetric dyes all had negative
in Figure 3. It can be seen that the solvent dependence manifesteomponents with long lifetimes, which means manifestation of
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Figure 3. Initial ultrafast part of the transient transmission signals of
CV in n-alcohol solvents pumped and probed at 635 nm.

1.0

AT (norm.)

0.5

AT {normalized)

'''''''''''

0.0 —~

1.5
Time / ps

Figure 4. Transient transmission signals of MG in water and ¥©OD

3.0

pumped and probed at 635 nm. Inset shows the magnification of the

negative part.

—— Methanol
sodl 1V Vv T Ethanol
s ftvy v n-Propanol
3 —--—- n-Butanol
s
E A
g o e e
1] -
-20x107 4

T
20
Time / ps

30 40

Figure 5. Magnification of the negative part of the transient transmis-
sion signals of CV im-alcohol solvents pumped and probed at 635
nm.

transient absorption. The negative part of the PP signals for
CV is magnified in Figure 5. It can be seen that the lifetime of
the negative component also gets longer in longatcohols.

For MG in water and methanol, negative component was also

observed although the intensity was extremely weak. When the e i
{ransition, and PP measurement was possible at 100 K. The

probe beam was wavelength resolved, negative signal appeare

Nagasawa et al.
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Figure 6. Probe wavelength resolved transient transmission signals
of (a) MG and (b) CV in methanol.

The amplitudes of the Fourier transformed spectra of the
wavelength-resolved signals are shown in Figure 7. The spectra
are dominated by the mode at 21830 cn? characteristic of
TPM dyé?2-14.45.46.4951 gnd vibrations with frequency as high

as 440-470 cnt?! can be seen. The intensity of the 44070

cm~1 bands was stronger when detected at both edges of the
laser spectrum. It is well known that the intensities of higher
frequency modes become stronger when probe beam is wave-
length resolved and the signal is detected further from the center
of the laser spectruit.

Transient absorption signals for MG and CV in methanol
probed at 477 nm are shown in Figure 8. Sindsbs is detected
in this measurement, transient absorption appears as a positive
signal. The probe wavelength was chosen to avoid the ground
state absorption of MG. Rise with a time constant of 0.56 ps
was detected in the MG signal while only decay can be seen
for CV. The lifetime of the excited state was obtained to be
0.70 and 1.67 ps for MG and CV, respectively. Anisotropy
decays of MG and CV in methanol are shown in Figure 9.

The decays of MG and CV in ethanol became slower at lower
temperatures as shown in Figure 10. Below the melting point
at 158 K, the sample became opaque and PP measurement was
not possible. However, rapid cooling resulted in plastic phase

at longer wavelengths. Figure 6 shows probe wavelength decay time c.onstar]t. of the i.nitial gltrafas§ decay was almost
resolved PP signals for MG and CV in methanol. The signals temperature insensitive and it manifested itself even at 1QO K.
of MG in methanol show that the negative signal can be seen Arrhenius plots of the decay components are shown in Figure
only at 640 and 650 nm. It can be also seen that the plateau—"

appears only in shorter wavelengths. Wavelength-resolved
signals of CV in methanol showed no plateau at shorter
wavelengths, and all signals had a negative part. The signal (a) Origin of the Ultrafast Solvent Dependent DecayThe
without wavelength resolution detects the average of thesesolvent dependence manifests itself already in the initial part
signals weighted by the laser spectrum and extinction coefficient. of the PP signal as shown in Figure 3. The decag-lutanol

4. Discussion
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solution. Dots are the experimental results and the curves are the fittingthought to be caused by small angle free rotation of a few

results of the signal.
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Figure 10. Temperature dependence of transient transmission signals
of (a) MG and (b) CV in ethanol pumped and probed at 635 nm.

a systematic difference is remarkable. Mokhtari et al. observed
similar ultrafast decay in the excited state absorption probed at
390 nm!% The time constants of 360 fs and 56-80 fs for

MG and CV, respectively, in water increased to roughly 120
and 180 fs in dimethyl sulfoxide. Although, these authors
avoided elaborate discussion, they attributed the ultrafast decay
as originating from the relaxation of solvent-perturbed intra-
molecular low frequency modes. Another possibility that they
have ignored is the inertial solvation process. Inertial solvation
is the ultrafast process that occurs within 100 fs, which is

solvent molecules within the first solvation sh&ib*
Since there is a possibility that inertial solvation in alcohols

and methanol can be already distinguished at 50 fs. The timeand water can proceed via librational motion of th®H group,
constant for the fastest decas, for CV and EV gradually
increases from 17 to 75 fs and from 21 to 64 fs, respectively, out. The results in Figure 4 show that the initial part overlapped
as then-alcohol chain elongates (Table 1 and Table 2). Although completely, while there is a difference in the slower part. Similar
these results are very close to our limit of time resolution, such results were reported for the study of the solvation process of

comparison of MG signals in water and i@ was carried
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Figure 11. (a) Viscosity dependence of the time constantandrs . . . . _
of BG (W and @, respectively) andr; of MG (O). (b) Viscosity Figure 12. (a) Viscosity dependence of the time constantandise

: ) of EV (B and @, respectively) and CVO and O, respectively). (b)
?:sppeenc(:iig?ye) grf.]dt hﬁéznzngg]s::sﬁig\?e@;ﬂ of BG (a and e, Viscosity dependence of the time constantandise; of EV (a and
' ' @, respectively) and CVA andO, respectively).

a xanthene dye, LD690, by a three-pulse photon echo experi- - . .
ment55:56 Slov)\//ing down o%/the echc? decalloy with increasiﬁg overlap between the blue shifting transient absorption and
alcohol chain length was observed, while no discernible ground state bleach. ) o
difference was observed between normal and deuterated metha- On the other hand, Ishikawa et al. observed a similar rise of
nol signals. We conclude that the ultrafast part of the decay is the bléach on the blue S|d2es of the ground state absorption when
indeed solvent dependent, although no effect of increased masdhe red side was excitédf.2* The rise time they have obtained

by the deuteration was observed. This could be due to the factWas solvent independent with a constant value of about 500 fs.
that the ultrafast decay is not affected by the libration of the They ascribed this observation to the isomerization in the ground
—OH group or that such an effect is too minor to detect. The State, because the shape of the hole depended on excitation
difference in the slower part can be the effect of viscosities, Wavelength. However, according to the BFO motéf; the

which are 1.002 cP and 1.248 cP atZDfor water and RO, ground state recovery can depend on excitation wavelength,
respectively. This effect will be discussed again later. since the position of the initial excited state population depends
(b) Origin of the Plateau Observed in the MG and BG on excitation energy. If the initial population is generated far

Signals. After the initial ultrafast decay, the decay slowed and from the “sink”, ground state recovery will be delayed while
formed a plateau fo€, symmetric dyes, MG and BG, as can O such delay will appear .whe.rn. itis close to thg s!nk. Ishlkayva
be seen in Figure 2a. A rise component was necessary to fit theet al. tried to overcome this difficulty by establishing a kinetic
plateat?#8 and the rise time matched that obtained for the rise model that considers both the delayed rise of the bleach and
of the excited state absorption. It is known that the diffusive €xcited state relaxation. However, they never considered the
twisting of the phenyl ring in the excited state causes the blue POssibility of the excited state absorption overlapping with that
shift of the excited state absorption. Thus, delayed rise can beOf the ground state. If such an overlap is present, it will affect
observed when the excited state absorption is detected on thdhe dynamics of the hole and two photon absorption could also
blue side. We have obtained a rise time of 0.21 ps at 635 nm happen with high power excitation.

while Mokhtari et al. obtained 0.27 fs at 390 nm for MG in Jonas and Fleming have tried to explain the delayed bleach
waterl® Therefore, it can be concluded that the plateau originates by considering two emitting excited stat®slf the initially

from the excited state dynamics. The plateau became an apparergxcited state has smaller transition moment than the relaxed
rise when transient dichroism was detected at 610°hm. excited state, it will eventually cause a delayed increase of
Transient absorption measurement showed that the ground statstimulated emission. However, the contribution of the stimulated
bleach of TPM dyes became stronger and shifted slightly to emission should be dominant on the red side of the ground state
shorter wavelengthfst®-1° This was called the “delayed bleach”.  absorption and not on the blue. Moreover, the relaxed excited
Such an increase of bleach can be hardly explained from thestate of TPM dyes is generally considered to have a smaller
viewpoints of transient hole-burning, because the hole must betransition moment than the initial state. Du et al. ascribed the
the deepest at time origin for a usual harmonic potential surface.rise observed in the transient dichroism to a low frequency
Therefore, Martin et al. explained this phenomenon in terms of oscillation®” However, due to the strong viscosity dependence,
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Figure 13. (a) Arrhenius plots of the time constants trises, 72, andzz of MG in ethanol solution 4, ®, B, andO, respectively). (b) Arrhenius
plots of the time constants, 72, andts of CV in ethanol solution 4, ®, andl, respectively). Fittings were carried out above 180 K.

the rise seems to be a diffusive process rather than a dampedvavelength, stimulated emission will dominate the signal and
oscillation. Thus, these models seem to be inadequate for TPMexcited state dynamics will only result in signal decay. This
dyes. effect can be seen in the probe wavelength resolved experiment

If the excited state absorption or stimulated emission overlaps of MG in methanol (Figure 6a). The plateau appeared only in
with ground state bleach, it may appear in the time-dependentshorter wavelengths, while at longer wavelengths, MG signal
anisotropy measurement. If thg-SS; absorption has different  became similar to that of CV.
direction of the transition moment compared to that pf S For TPM dyes, there are two distinct excited states, the
absorption, initial anisotropy may not start from 0.4. Moreover, fluorescent initially populated state and the twisted dark state.
if the rotation of the phenyl ring changes the direction of the For D3 symmetric dyes, there may be a third state because the
transition moment, anisotropy of stimulated emission should fluorescent state can be degenerated. Gosymmetric dyes,
decay simultaneously with the rotation. Therefore, the anisotropy the third state is well separated from thesfate and becomes
measurement was carried out for MG and CV in methanol an S state, which absorbs around 430 nm. Thist&te is known
(Figure 9). The time-dependent anisotropy of MG in methanol to be also fluoresce’®. In our experiment, mainly the lower
shown in Figure 9a, started from 0.40 and decayed to 0.38 with degenerated state was excited for the symmetric dyes,
time constant of 220 fs. This change was so small that it is in because the excitation wavelength was set at the red edge of
the limit of our experimental resolution. However, the anisotropy the absorption spectrum. The relaxation process from the initially
of CV showed a clear decay from 0.37 to 0.31 with time constant populated fluorescent state to the twisted dark state has been
of 110 fs (Figure 9b). This time constant matches with that of observed as the blue shift of the transient absorption or the decay
the second decay component, of CV in methanol, which is of the fluorescence. The twisted dark state seems to be almost
120 fs (Table 1). Since the PP signal of CV is expected to have completely nonfluorescent, because time dependent red shifts
stronger contribution from the stimulated emission, this result of the fluorescence spectrum have never been observed and the
indicates that the rotation of the phenyl ring not only results in Stokes shift between the absorption and the fluorescence spectra
decrease of the transition moment but also the rotation of theis small for TPM dyes. Since the twisted state is energetically
transition moment. Another explanation is that the anisotropy more stable than the fluorescent state, fluorescence from the
decay is caused by the thermalization between two closely twisted state should be red shifted. The rapid decline of the
neighboring excited electronic levels. HDg symmetric dyes, fluorescent state contradicts with the model of Oster and
two excited states with perpendicular transition moments can Nishijima, which assumes a flat potential surface in the excited
be degeneratetFor C, symmetric dyes, such a effect will not  state. If the dark state and the fluorescent state occupy the same
show up because the electronic levels are much widely energy level, fluorescence will not decline completely because
separated. In case of MG, the excited state absorption may nota thermal equilibrium will be reached between the two states.
be overlapped with the ground state bleach within our experi- However, for MG, the population in the fluorescent state may
mental observation window because the initial anisotropy was not vanish completely. The fluorescence lifetime of MG in water
0.40. However, we still consider the origin of the plateau to be measured by the up-conversion technique was 0.58\phkijch
the excited state relaxation. is longer then the excited state relaxation time of-2800 fs.

The reason for the plateau to be undetected in the signals ofThe origin of this long-lived fluorescence cannot be the relaxed
D3 symmetric dyes is that PP measurement was carried out ontwisted state because of the absence of the red shift. We would
the red edge of the ground state absorption. In such alike to conclude that the potential energy surface of the excited
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state may be shallow but not completely flat. The time-resolved broader. Thus, the distribution of the twisted angle itself can
fluorescence spectrum of auramin, an analogous dye with only be the measure of temperature.
two phenyl rings, was reconstructed from the up-conversion  We have carried out high accuracy measurement of the decay
measurement, and it showed only a small red $hfit.The of the red-edge transient absorption and concluded that the
relaxed excited state of auramine is also considered to belifetime was longer than any of the reported lifetimes of the
nonfluorescent. To the best of our knowledge, time-resolved excited state absorption around 400 nm. Ben-Amotz et al.
fluorescence spectrum has never been measured for TPM dyesteported excited state lifetimes of CV probed at 480 nm as 1.9,
Some researchers proposed that the dark excited state has 3.5, and 8.8 ps in methanol, ethanol, ambutanol solution,
CT character despite the weak dependence on dielectricrespectively’> Martin et al. reported lifetimes of CV measured
constant:16:23.2627\artin et al. once excluded the possibility =~ at 404-407 nm as 3.5, 7.2, and 7.0 ps in ethamspropanol,
of twisted intramolecular charge transfer (TICT) model for the andn-butanol solution, respectively.The lifetimes of the red-
dark stat&® because the decay times were similar to each other €dge absorption for CV we have measured, which were 4.1,
in ethanol and dioxane, which have similar viscosities, 1.08 cP 6.0, 12.0, and 17.9 ps in methanol, ethamepropanol, and
and 1.09 cP, respectively, while the dielectric constants are N-butanol solution, respectively, were much longer than any of
significantly different, 24.5 and 2.2, respectively. However, in these measurements. To confirm this observation, we have also
their later reportd;!® they still consider the dark state as a CT carried out measurements probed at 477 nm by ourselves (Figure
state despite the weak dependence on dielectric constant. Sinc8)- Obtained excited state lifetimes of MG and CV in methanol
our results neither support nor oppose CT models, we would Were 0.70 and 1.67 ps, respectively, which were both more than
like to avoid further evaluation. Nevertheless, twisting of the fWice as shortas the lifetime of the red-edge transient absorption,
phenyl ring can disturb the delocalizegelectron conjugation ~ 4-2 @nd 4.1ps for MG and CV, respectively. These discrepancies
and can somewhat result in redistribution of the charge. are too large to be caused by the difference in experimental
(c) Origin of the Negative Signal Observed in the CV and conditions. They strongly indicate that the transient absorption

EV Signals. When the probe beam was wavelenath resolved bands around 380 and 700 nm originate from different electronic
9 : P . 9 . states. When the probe wavelength was resolved, the signal of

. MG in methanol (Figure 6a) showed that the negative signal
detected at longer wavelengths for MG and BG. Figure 6a showsWith lifetime of 4.2 ps at 650 nm turns into a positive signal

the negative signal of MG in methanol detected at 640 and 650 with a lifetime of 5.3 ps at 620 nm. Similar phenomena were

nm. For CV and EV, negative signal appeared without resolving also observed with other TPM dyes when the probe beam was
the probe wavelength, because laser wavelength was centereql,,qjength resolved. These observations are consistent with the
on the red edge of the absorption. The expansions of the negative,jor,re of declining vibrationally hot and/or twisted ground state
parts of CV signals are shown in Figure 5. These results indicate 5 the repopulation of the equilibrium ground state near the
that the negative signal is the previously reported transient g.6,nq state absorption maximum. We conclude that the red-
absorption appearing at the red edge of the ground stategyge transient absorption is due to the twisted ground state, as
bleachr.16.25:26.29.32.34F here is some opposition about the origin - yreqicted by Sundstro et al. This ground state can also be
of this transient absorption. Sundsticet al. assigned it to a yjiprationally hot, although we think that the twisted conforma-

ground state species with a twisted conformation relative to that g, is the essence of this transient state because of the strongly
of the normal dye forn3® Robl and Seilmeier assigned it to a viscosity-dependent lifetime.

vibrationally hot ground state and estimated a transient vibra-
tional heating to an internal temperature of 608°Kartin et

al. discarded both possibilities and concluded that the dark
excited state has two absorption bands around 380 and 76® nm.

They argued that it is not the vibrationally hot ground state g 563 However, Ishikawa et al. concluded that the thermal
because vibrational cooling rate is not expected to depend Ongqjjjibration time had a solvent independent constant value of
the solvent viscosity. They also argued that a transient groundgqg fs, while we observed equilibration in longer time scale
state with a distorted geometry would not be expected to absorbyith strong solvent viscosity dependence. Some intramolecular
in the red side of the stable ground state that has a nearly flatyjprational frequencies may depend on the magnitude of the
propeller geometry, since a blue shift is expected when one yyisting. If broad distribution of conformers is present in the
reduces ther-electron delocalization length of a conjugated ground state of TPM dyes, a wavelength-dependent resonance
system. However, this is not always true because electronic Raman scattering experiment has a potential to detect such
transition energy depends on the energy difference between thejependence. As an alternative, we have carried out Fourier
two electronic levels and not only to that of the lower one. If transform of the wavelength resolved PP signal (Figure 7). The
the twisted form is not the stable configuration in the ground frequencies of CV and EV showed almost no wavelength
state while it is in the excited state, the distorted ground state dependence, while those of MG and BG showed slight
absorbs less energy than the stable ground state. Moreover, evegependence. Figure 7 shows that, when the probe wavelength
if the vibrational cooling rate does not depend on the solvent was changed from 620 to 650 nm, the breathing mode of MG
viscosity, it should depend on the thermal conductivity of the and BG shifted from 226 to 233 crh and from 223 to 228
solvent®? Thermal conductivity reduces from 0.181 to 0.131 cm 1, respectively. The difference was only-6 cm 2, which
kcal/(mh °C) when the solvent is changed from methanol to is almost at the limit of our experimental resolution, although
n-butanol. There is no reason to discard the origin of the red- it seemed to be reproducible. Fitting of the PP signal by
edge absorption to be the transient ground state. We would alsoexponentially damped cosine function resulted in similar
like to mention that there is no clear distinction between dependence, the frequency changed from 215 to 232 fon
vibrationally hot ground state and twisted ground state. The MG in methanol when the wavelength was changed from 620
distribution of the twisted angle should also depend on tem- to 650 nm, while that of CV in methanol was constant at 205
perature. At higher temperatures, the distribution will become cm™1. The reason there is no dependence for CV may be that

Since the red-edge absorption has the longest lifetime, the
ground state potential surface may be shallow and distribution
of conformers may be populated by the thermal fluctuation. This
picture is consistent with that of Ishikawa e€&123 and Cremers
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only one conformer was detected since the probe beam was 4 ”
centered near the red edge of the ground state absorption. To N I
the best of our knowledge, there is no report on profiling the 0 AE =1064 cm

excitation wavelength dependence of resonance Raman spectrum
of TPM dyes. There is only one study in the literature that
reports the comparison of the Raman spectrum at two different
wavelengthd? The frequency of MG in aqueous solution shifted
from 230 to 235 cm! when the wavelength was changed from
441.6 to 632.8 nm. These results may indicate an inhomoge- 4]
neous ground state, although we would not further elaborate 2:’.'
on this idea since the frequency difference was so small. SUUUUUSR . 3
) . . . 25 3.0 3.5 40 45 55x10
(d) Viscosity and Temperature Dependenced.o investigate K
the viscosity dependence on PP signal, we have carried out a_. ) ) )
convolution fitting analysis. FoiC, symmetric dyes, three Figure 14. Arrhenius p_Io_t of the viscosity of_ethanol: The values were
. " . taken from ref 67. A fitting below 273 K gives activation energy of
components with positive amplitudg,~z3, and two components 1564 cnrt.
with negative amplitudezise; and trse2 Were necessary at
maximum. The componemfise; Was necessary to reproduce the
plateau of the signal, while.se2 was the lifetime of the red-
edge transient absorption. The results of fitting@aisymmetric
dyes were listed in our previous papéf§.For D3 symmetric
dyes, three components;— 73, were necessary to fit the positive
signal and one component;se, Was necessary to fit the decay
of the red-edge absorption. The fitting results are listed in Table

1 and Tat)le 2. ;he V.'SCIS.S'ty dlelpendences of the decayties. We have obtained the activation energy of the viscosity of
componen Sgrif own in Figure P ) ethanol from the Arrhenius plot shown in Figure 14. The
Both lineaf?"**4%and nonlinea>>***viscosity dependences  activation energy for ethanol viscosity was 1060 énwhich

have been reported for the excited state lifetime of TPM dyes. js much higher than any of the activation energy obtained from
It is now generally accepted that in short linear alcohol solvents, e decays of TPM dyes. This can be also understood in terms
the viscosity dependence is quite lin€&r*“° For each o the time-dependent viscosity or the hierarchy structure of
component of the multiexponential decay of the PP signals e solvation shell. Since the twisting of the phenyl ring itself
(Figure 11), linear viscosity dependence can be seen. Even th&s parrierless and it collides only with a few solvent molecules
subpicosecond components showed viscosity dependence, excel the earlier times, the activation energy will be small at the
for 7, of MG. In the case of MGz, did not show viscosity  peginning. As the number of colliding solvent molecules
dependence although its amplitué, decreased with increasing  jncreases with time, the activation energy will increase and
viscosity?4® An interesting trend is that the viscosity depend- approach the value of that of the bulk ethanol viscosity.

ences are stronger for slower dynamics, i.e., the slopes are . . . ;
steeper. This can be the effect of the time-dependent viscosity .AC(.)OI‘dI!’]g to the StokesElpstelr)—Debye theory, rotational
diffusion time depends on viscosity and temperature as

or the hierarchy structure of the solvation shell. In the ultrafast
time regime, the twisting phenyl ring will first collide with a
few solvent molecules in the first solvation shell. In later times, T
the phenyl ring will collide with more solvent molecules and
the collided solvent molecules will also collide with other
solvent molecules in the outer shell. Therefore, the microscopic where V is the effective volume andg is the Boltzmann
viscosity becomes more macroscopic with increasing time.  constant. In Figure 15, time constants are plotted agaifist
We would like to mention that the aqueous solution deviates From the slope of this figure, it can be seen that the slower
slightly from the viscosity-dependent slope obtained from decays have larger effective volumes. For CV in ethanol solution
n-alcohols. The viscosity of methanol is 0.61 cP af2Qwhich shown in Figure 15b, the effective volume for thecomponent
is smaller than that of water, 1.00 cP. However, as can be seeniS more than 6 times larger than thatfcomponent. This can
in Figure 2, agqueous solution decays faster than methanol. Thebe also understood with the hierarchy structure of the solvation
viscosity of DO is 1.248 cP, which causes slower decay than shell. As the number of colliding solvent molecules increases
H,O (Figure 4). The viscosity of ethanol is 1.19 cP, which is Wwith time, the effective volume will also increase despite the
similar to that of RO. However, the decay time for the slowest constant volume of the actual phenyl ring.
component was 0.57 ps in,D, which is almost twice as short Since all of the previously proposed theoretical models
as that in ethanol, 1.0 ps. This is a good example of the effect consider only a single diffusion constant, they are expected to
of microscopic molecular nature being stronger than a bulk fail to describe such complex aspects of the experimental
solvent property. The existence of alkyl chains seems to greatly observations. Another problem of these models is that they do
reduce the rate of diffusive twisting of the phenyl ring. not consider the effect of heating and cooling of the surrounding
The Arrhenius plots for MG and CV in ethanol are shown in solvent molecules. It is assumed that the heat bath and the heat
Figure 13. The fastest component showed almost no temperatureeonduction are infinitively large and fast. Thus, the temperature
dependence. This result supports the idea of this componentof the system is always constant. However, in the real
originating from a low frequency intramolecular mode or the experimental system, heat conductivity is finite and the twisting
inertial solvation and not from the diffusive rotation. An can resultin the heating of the solvation shell. Ultrafast reaction
additional slow decay component was necessary to fit the decaywill be followed by the heating and the cooling of the solvation
of MG below 220 K. We have obtained an activation energy shell.

Viscosity / cP

for each decay component by fitting the points above 180 K
where the slope looks linear. The results are 290, 360, and 700
cm~1 for 74ee1, T2, @andzs of MG, respectively, and 240 and 460
cm! for 7, andz3 of CV, respectively. The slower decay had
larger activation energy. The deactivation process of TPM dyes
is considered to be barrierle¥s3* Thus, these activation
energies must have originated completely from solvent proper-

V
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calculated the activation energies from the Arrhenius plots of
each components. We found that the activation energy of the
viscosity of ethanol was larger than that of any components of
TPM dyes. The activation energies and effective volumes were
larger for slower decays. These observations can be the effect
of the time-dependent viscosity or the hierarchy structure of
the solvation shell. In the ultrafast time regime, the twisting
phenyl ring will first collide with a few solvent molecules in
the first solvation shell. In later times, the phenyl ring will collide
with more solvent molecules, and the collided solvent molecules
will also collide with other solvent molecules in the outer shell.
Therefore, the microscopic viscosity becomes more macroscopic
with increasing time.

The lifetime of the transient absorption appearing at the red
edge of the ground state absorption was longer than any of the
reported lifetimes of the excited state absorptions around 400
nm. Therefore, the red-edge absorption was assigned to the
unrelaxed ground state molecule with a distorted phenyl group.
For CV in methanol, anisotropy showed an ultrafast decay of
110 fs, which indicates that not only the strength of the transition
moment reduces but also the direction changes.

Finally, we would like to mention that recently a picosecond
time-resolved X-ray diffraction measurement has been carried
out on the crystal powder of the famous TICT moleciNg\-
dimethylaminobenzonitrile (DMABN§® The experiment re-
vealed a twisting motion of the amino group up to 10 degrees
within 80 ps. Application of such technique to the study of TPM
dyes will be extremely enlightening.
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