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Three pulse photon echo peak shift (SPEPS) measurement has recently become a popular method to study
solvation and protein dynamics. In this paper, dependence of the 3PEPS signal on probe solute molecules
was studied using several xanthene dyes and styryl dye molecules in methanol and compared with pump
probe measurements. For xanthene dyes, the decay was faster when the blue side of the absorption spectrum
was excited. This effect is considered to be the result of a limited observation window and vibrational relaxation

of the excess energy through higher density of states in the excited state. Nonlinear coupling may be also
need to be considered. It seemed that the 3PEPS signal was more sensitive to excited state dynamics rather
than to the ground state ones. For styryl dyes, a gradual increase of the peak shift was observed in the picosecond
region, which may be the result of photoinduced isomerization.

1. Introduction wherev(t) is the peak frequency of the fluorescence spectrum

] ] . . at timet. For hole-burning measurement, it is represented by a
Solvation dynamics has been studied extensively because ofyandwidth correlation functid 9

its importance in condensed phase chemical reacticdhi.is

usually studied using a nonreactive sotuselvent system, of a(t)2 _ 0_(00)2

which the solute molecule changes its value of electric dipole W(t) = /2—2 (2)
moment on photoexcitation. When the solute molecule is excited 0(0)" — ()

by a short laser pulse, the dipole moment instantaneously ) ] ]

changes its value and/or direction. Intramolecular nuclear Whereo(t) is the bandwidth of the spectrum at tieWhen
configuration and solvent orientation will change subsequently Inear response and high temperature limit are assumed, these

after the photoexcitation, because nuclear and molecular motionsfunCtion_s are approximately equivalgnt to th_e_ solvent fluctuation
are slower than those of electrons. Solvation dynamics usually correlation function of the electronic transition energy

takes place in the picosecond time scale, and it can be measured Dw, (0) dw g(t)D
by spectroscopic methods such as time-resolved fluorescence M(t) = €9 e (3)
dynamic Stokes shift (FDSSY,” hole burning®12 or three Dﬁwegzlj

pulse photon echo peak shift (SPEPS) measuremeérnits.

Solvation dynamics on the excited state causes the energy gapvheredwedt) is the fluctuation of the transition frequency. For
between the ground and the excited state to reduce with time,the 3PEPS measurement, the relation betweeMttleand the
and the energy relaxation process exhibits itself as a time- photon echo peak shift(t), is approximated to 15821
dependent red shift of the emission. On the other hand, when

the exciting laser bandwidth is narrower than the inhomogeneous (1) = M(t) )
bandwidth of the ground state absorption spectrum, a hole H[mzu+ /'sz(t)]

can be burnt in the spectrum and the ground state solvation
dynamics can show up as a time-dependent broadening of thayhere[A2(is the coupling strength anidis the reorganization
hole. The 3PEPS measurement monitors the peak shift betweerznergy withf(t) = [1 — M(t)]2 WhenM(t) exhibits bimodal
two echo signals appearing in the phase-matched direction ofgynamics with a dominant fast initial part and a slower tail,
—ki1+ k2 +ksandk; — k2 + ks as a function of the population  M(t) = (1 — a)Mras(t) + aMsiou(t) with a < 1, and the relation
period, i.e., the delay between the second and the third opticalbetween the peak shift and the slow part of the correlation
pulses. The peak shift decreases as the solvation processunction becomeg:2

proceeds.
When the FDSS is measured, solvation dynamics is repre- (1) ~ aMgo,(1) )
sented by a spectral shift correlation funcfioh - > >
N (INTH A9)
St = v(t) — v() @ Many efforts have been made to extrattt) and to obtain
v(0) — v() time scales of solvation dynamics from these experimental
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methods. The solvation process can be roughly separated into Recently, 3PEPS measurement has become a popular
two components, i.e., the inertial component, which appears in method to study dynamics of solvation, protein matrix, and
the time scale shorter than 100 fs, and the diffusive component,others!315-17.20.21.2950 However, solute dependence of this
which appears in the picosecond time regiéi:6The inertial method has never been examined carefully. Large flexible
component is caused by the small angle free rotation of a few molecules with large degrees of rotational freedom, such as
solvent molecules within the first solvation shell, while the IR144 and DTTCI, are often used in this meti8d? In the
diffusive component is caused by the diffusive rotation and present study, we have carried out 3PEPS measurements of six
translation of the bulk solvent. The inertial component is often xanthene dyes and two styryl (hemicyanine) dyes in methanol
approximated by a Gaussian function because the time dif- solution at room temperature. The 3PEPS signal exhibited a
ferential at time origin has to be zetdThe diffusive component  rather complicated solute dependence. The signals of xanthene
is usually expressed by a multiexponential or stretched expo- dyes showed a correlation with the absorption peak wavelength,
nential function, which may be ascribed to the time-dependent i.e., the peak shifts were smaller and 3PEPS decays were faster
dielectric friction or to the hierarchy structure of the solvation for dyes with longer absorption wavelengths. This effect is

shell. considered to be the result of a limited observation window and
However, the common problem among these methods is thatwbra’_uonal relaxation (VR) of the excess energy through higher
because they always utilize some probe solute moled4(s), density of state8! For styryl dyes, a gradual increase of the

not only contains solvation dynamics but also contains intramo- P&ak shift was observed in the picosecond region, which may
lecular contributions. The ultrafast inertial contribution to the P€ the result of photoinduced isomerization.

solvation dynamics ‘was firsf[ pbserved by a dye_, styryl 7 o Experiment

(LDS750), dissolved in acetonitrif@ However, styryl 7 is rather

a floppy molecule with multidimensional rotational freedom,
which may lead to photoinduced isomerization. It was pointed
out that the stationary emission band has a width (full width at
half-maximum, fwhm) of 1490 cri while the absorption band

is 4600 cnt! wide. This deviation from mirror symmetry has
led to concern about the use of styryl dyes as solvatochromic
probes®2® Transient absorption and gain measurement was
carried out for styryl 7, and it was concluded that an intramo-
lecular process dominates the observed StokesXHifie first
excited electronic state isomerizes in an ultrafast process
followed by a slower process, the dynamics of which is
controlled by the solvent. Coumarin dyes, which are rigid
molecules with much less freedom to rotate, have been used
extensively as probe molecules by Barbara, Fleming, Maroncelli
and othersd:° However, even for coumarin dyes, there are some
criticisms that they are not a perfect probe for solvation

dynamics. Transient absorption and gain spectra of CoUMAIIN oo 1516, 29\When the energy was reduced0.3 nJ, the signal

1_53 were _comparec_i to the results fr_om semiempirical calcula- became significantly noisy, although the echo peak shift or the
tions for higher excited states, and it was concluded that they overall feature of the degenerate four wave mixing signal did

are not fully consistent with relaxation due to pure solvation o change. Concentration dependence was also checked from
and may indicate an intramolacular proc&s€It should also 2.6 x 10410 6.6 x 1075 M, and the echo peak shift or the

be pointed out that coumarins 153 and 337 were found {0 eXist o era) feature of the degenerate four wave mixing signal did
in two conformations under supersonic jet conditigfemiem- ot change. The pulses were focused into the sample by a 10
pirical calculations suggested structure assignments correspondz,,, focusing achromatic lens. The signals were detected by
ing.to syn and anti conformations of the saturated ring on the photodiodes (New Focus, model 2031) and lock-in amplifiers
amino group. (EG&G Instruments, model 5210).

Chapman et al. have carried out time-resolved Stokes shift  |n 3PEPS measurement, both echo signals at phase-matching
measurements to measure the solvaiton times of 16 differentconditionsk; — k, + ks and—k; + ko + k3 are simultaneously
probe solutes, including coumarins, in a single solvent, 1-pro- recorded. Because there are three pulses, there are three time
panol (253 K)?® Rather than exhibiting a continuous range of periods to consider, of which only the first two are under
solvation times, the dynamics indicated a division of these probe experimental control. The first time period,during which the
molecules into two distinct classes. The majority (11) of the system is in an electronic superposition state, is scanned. During
solutes was observed to fall into a “normal” category. The the second time period, the system is in a diagonal population
solvation times of these solutes span a relatively narrow range,state. This is the key feature of the experiment, which gives its
0.14-0.22 ns, times consistent with expectations based on large dynamic range. The third pulse creates the final superposi-
nonspecific theories of solvation dynamics. The remaining five tion, which leads to rephasing and echo formation. This last
solutes, all simple aromatic amines, formed a distinct group period is integrated to record the echo intensity as a function
whose solvation dynamics was at least 2-fold faster than thoseof 7. The observation of interest is the location of the echo
of the normal solutes. The difference between these two classesnaximum with respect to zero delay,= 0 fs, for different
of solutes appeared to reflect differences in the nature of their fixed values ofT. The shift from zero delay;*(T), is what we
hydrogen-bonding interactions with the solvent. This result refer to as the peak shift, and by measuring both phase-matched
indicated that even in the presence of intramolecular relaxation, echoes simultaneously, this can be recorded with extremely high
careful selection of solute molecule enables one to measureprecision. When the signal intensity was strong, the accuracy
substantial solvation time. of 7*(T) was as high as-0.3 fs; however, when the population

The details of the homemade cavity-dumped Kerr lens mode-
locked Cr:forsterite laser were reported elsewliéfighe cavity-
dumping efficiency was about 30%, and the repetition rate was
fixed to 100 kHz. The cavity-dumped beam was focused into a
4 mm LBO crystal to convert the fundamental frequency of
1270 nm into the second harmonic at 635 nm. The conversion
efficiency was 26-30%, and the second harmonic pulse energy
was~5 nJ. The autocorrelation trace of the second harmonic
pulse was measured by a 0.1 mm BBO crystal with the same
setup used for the 3PEPS experiment. The measured fwhm of
each of the three pulses was33 fs. The 3PEPS experimental
setup was almost identical to the one reported previotist/53
The optical path of the sample cell was 0.5 mm, and the optical
density of the sample was'1.2 at the absorption peak. A
" homemade rotating cell was used to avoid optical damage of
the sample. The averaged energy of three pulsesvies nJ,
which was low enough to avoid unwanted higher order nonlinear
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SCHEME 1: Molecular Structures of the Dyes
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Figure 1. Normalized absorption (solid curve) and fluorescence spectra

oy Clo4 (dotted curve) of xanthene dyes in methanol solution. Spectrum of the
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Figure 2. Normalized absorption (solid curve) and fluorescence spectra
(dotted curve) of styryl dyes in methanol solution. Spectrum of the

oy, excitation pulse (dash-and-dotted curve) is also shown for comparison.
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period was elongated and the signal intensity became weak, thes
accuracy was as low as1.0 fs for some cases. The peaks of
the echo signals are estimated by fitting with a Gaussian
function. A plot of 7*(T) vs T constitutes a 3PEPS data set. '

The details of the pumpprobe (PP) experimental setup were
described elsewheré! The measured fwhm of the pulse was
~33 fs. The energy of the pump pulse wa$.0 nJ and that of
the probe pulse was0.1 nJ. The pulses were focused into the
sample ly a 5 cmfocusing lens. A homemade rotating cell was
used to avoid optical damage of the sample. The optical path B0 0 B0 e Rl L. L
of the sample cell was 0.5 mm, and the optical density of the Figure 3 TWOC;:':Z:‘;Z’:I’;"SM of the degec:;]:;r: rf:‘:rl:ord\/fv:ve mixing
32235 dwvfllﬁf: ]z-ir? da\fvimgu?gsxgggZh?:ril;tothgy 293?50\323396 signal of (a) Ox4 and (b) St6 in methanol. Signal intensity is the highest

. o at blue parts and lowest at red parts.
(New Focus, model 2031) and a lock-in amplifier (EG&G
Instruments, model 5210). The optical delay between the pumpspectrum of the excitation laser pulse centered at 635 nm is
and the probe pulses was scanned up to 120 ps, which was th&lso shown for comparison. The excitation pulse has the largest
same range as the 3PEPS scan. overlap with the fluorescence spectrum of Ox4 and Ox170 while

Oxazine 1 (oxazine 725), oxazine 4 (LD690), oxazine 170 the smallest is with that of Ox750 and Rh700. Absorption and
(oxazine 720), oxazine 750, Nile blue, rhodamine 700 (LD700), fluorescence spectra of styryl dyes, styryl 6 (St6) and styryl 7
styryl 6 (LDS730), and styryl 7 (LDS750) were purchased from (St7), are shown in Figure 2. It can be seen that these dyes
Exciton Chemicals and used without further purification. have a wider spectral width and larger Stokes shift between the
Methanol was infinity pure grade from Wako Pure Chemical absorption and the fluorescence peaks as compared to those of
Industries. Absorption and fluorescence spectra were measuredanthene dyes.
by Hitachi U-3500 spectrophotometer and 850E spectrofluo- When a degenerate four wave mixing signal is measured as

ion Period

Populat

rometer, respectively. a function ofr andT, the signal intensity can be plotted two-
dimensionally as shown in Figure 3. Figure 3a,b represents a
3. Results two-dimensional plot of the four wave mixing signals of Ox4

Scheme 1 and Figure 1 show the molecular structure andand St6, respectively, measured at the phase-matched direction
absorption and fluorescence spectra of xanthene dyes, oxazin®f —k; + k, + ks. The horizontal cross-section of these signals
1 (Ox1), oxazine 4 (Ox4), oxazine 170 (Ox170), oxazine 750 is the three pulse photon echo signal, while the vertical cross-
(Ox750), Nile blue (NB), and rhodamine 700 (Rh700). The section along = 0 fs is the transient grating signal. The shape
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Figure 6. 3PEPS signals of (a) St6 and (b) St7 in methanol solution.
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Figure 5. 3PEPS signals of xanthene dyes in methanol solution.
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of the echo signal itself does not give much information, because

optical dephasing is extremely fast and echo signal is practically

symmetric in room temperature liquids. The quantity we are

interested is the shift of the echo intensity peak from O fs.

In Figure 4, echo signals of NB in methanol detected at both

phase-matching directions kf — k, + kg and—k; + ko + k3

are plotted as a function afat T = 0 and 400 fs. It can be 0

seen that the distance between the two peaks decreased’when

was increased from O to 400 fs. The half of the separation

between the two echo peaks plotted agaihstonstructs the

3PEPS signal. The 3PEPS signals constructed for xanthene dye§igure 7. PP signals of the dyes in methanol.

in methanol are plotted in Figure 5 with the fitting result. The

3PEPS signals for styryl dyes are shown in Figure 6. the values of reorganization energy or coupling strength, because
The fitting of the 3PEPS signals was carried out first with if the 3PEPS signal strongly depends on excitation wave-

eq 5 and then with eq 4. Both fittings gave similar time length29:30the analysis will not result in quantitative determi-

constants. TheM(t) contains both vibrational and diffusive ~ nation of such parameters. We will only attempt to determine
contributions the time scales of the solvation process.

PP signals of the dyes are plotted in Figure 7. The difference
M(t) = z A cos;t + ¢) exp(—t/t) + Z A exp(-t/t;) (6) transmittance of the probe pulse was measured as a function of
T ] delay between the pump and the probe pulses. Intramolecular
] ] ) ) coherent vibtrations can be clearly observed. The real parts of
Frequencies of the vibrations;, were taken from the Fourier- e Fourier-transformed spectra of these signals, which cor-
transformed spectra of the PP signals of the dyes shown inrespong to the resonance Raman spectra, are shown in Figures
Figures 8 and 9. For the inertial component of the solvation, g and 9. The frequencies of the modes observed in these spectra
the Gaussian function is often used for approximation. However, were used for the fitting of the 3PEPS signals. A wavelength-
in our case, exponential function is also used for this component ;asqjved PP signal was also measured by setting a monochro-
for simplicity. The fitting results are listed in Table 1. All of  5i0r in front of the photodiode. The wavelength-resolved PP

the signals needed more than two decay components. The faSte%tignals for Ox4 and Rh700 are plotted in Figure 10.
decay, which occurs within 100 fs, includes the inertial

component of the solvation and destructive interference of the 4. Discussion

intramolecular wave packets. The time constant of this decay 4.1. Molecular Structures and Fourier-Transformed Spec-
does not directly reflect the actual relaxation process becausetra of the Dyes.Molecular structures of the dyes are shown in
the pulse duration effect is present and eq 4 does not hold atScheme 1. Ox4, Ox1, and Rh700 hav€asymmetry. All of
short time scales, i.e., 100 fs. The slower decay componentsthe xanthene dyes except Rh700 have free rotating amino
are free of such problems, and they are caused by diffusive groups. One of the amino groups of Ox750 is fixed with a
solvation dynamics. In our analysis, we did not attempt to obtain saturated hexagonal alkyl ring, while both amino groups are

Time/ ps



636 J. Phys. Chem. A, Vol. 107, No. 5, 2003 Nagasawa et al.

TABLE 1: Time Constants (r;) and Amplitudes (A;) of the Decay Components Obtained from the Nonlinear Least-Squares
Fitting of the 3PEPS Signals of the Dyes in Methanol Solutioh

Ox4 ox170 NB oxl1 Rh700 Ox750 St7 Sté
Aaps(nm) 611 620 626 644 644 662 567 606

Ay (M) 634 643 664 664 671 697 705 689
Astokes(CM™Y) 594 577 914 468 625 378 3450 1990

11 (fs) (A)  41+13(0.33) 38:5(0.45) 35+8(0.74) 13+6(0.46) 12+4(0.47) 33+10(0.71) 14:4(0.46) 13+ 6 (0.56)
2 (fs) (A2) 490+ 90 (0.16) 400k 60 (0.14) 90+ 20 (0.20) 110+ 10 (0.23) 90+ 30 (0.19) 150+ 20 (0.22)

13(ps) A) 8.4+ 1.6(0.20) 3.0:0.3(0.15) 1.1+0.1(0.26) 1.8t 0.2(0.14) 1.5t 0.2(0.07) 1.1+ 0.6(0.04) 16+ 13 (—0.16)
w(ps) A)  >100(0.31) 100 (0.26) 100 (0.23) >100(0.20) >100(0.23) 100 (0.25) 50 (0.35) 10 (0.22)

a Absorption {@apy, fluorescence,) maxima, and Stokes shifta\§ioked between the absorption and the fluorescence peaks are also listed.
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Figure 8. Real part of the Fourier-transformed spectra of the PP signals

of xanthene dyes in methanol solution. three conformational isomers. However, the absorption band-
width of Rh700 was the narrowest among the xanthene dyes,
i.e., 950 cntt (fwhm), indicating the narrowest inhomogeneous
broadening. The broadest absorption bandwidth was that of NB,
which was~1800 cnt?! (fwhm). NB also had the largest Stokes
shift among the xanthene dyes, i.€1820 cnr! indicating the
largest charge redistribution upon photoexcitation. Molecular
structures of styryl dyes are more flexible than xanthene dyes,
which can lead to cistrans isomerization. It can be clearly seen
from Figure 2 that bandwidths of the spectra and the Stokes
shifts of styryl dyes are much larger than those of xanthene
dyes, indicating stronger polar interaction with the solvent. Note
that the fluorescence bandwidth of St6 is considerably narrower

I I ! than that of the absorption, indicating a large conformational

0 200 400 600 800 change upon photoexcitation.
Wavenumber / cm The real parts of the Fourier-transformed spectra of the PP

Figure 9. Real_part of the Fourie_r-transformed spectra of the PP signals signals of the dyes, which correspond to the resonant Raman
of styryl dyes in methanol solution. scattering spectra, are shown in Figures 8 and 9. For NB, 12
fixed for Rh700. Note that Ox750 and Rh700 have the smallest low-frequency Raman active modes below 700 énare
initial peak shift and the fastest decay in the 3PEPS signal known5® five of which were clearly observed in our Fourier-
(Figure 5 and Table 1). It is possible that rotation of the free transformed spectrum. The strongest mode at 592! cnas
amino groups contributes to the picosecond decay of the 3PEPSassigned to the ring breathing modeand similar modes are
signal. However, as it will be mentioned later, the small initial also observed around 56800 cn1? for other xanthene dyes
peak shift and the fast 3PEPS decay of Ox750 and Rh700 seemg&xcept Rh700. For Ox750, Raman intensity was somehow
to be caused by fast relaxation of the vibrational excess energyextremely weak and the peaks are hardly detectable. For Rh700,
on the excited state and also by the observation window effect. there were two strong modes at lower frequencies of 231 and
The saturated hexagonal alkyl ring may result in syn and anti 525 cntl. Two low-frequency Raman active modes were
conformational isomers as in the case of coumarin Z53. reported for Ox1 inN,N-dimethylaniline, one strong and one
Because Rh700 has two saturated rings, it could have more tharweak at 567 and 608 cr, respectively’ We observed similar

Intensity (arb. unit)
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modes, although the frequency of the stronger mode was shiftedMA).51.60 An increase of the peak shift from 0 to 30 fs was
down to 562 cm'. The frequency of this mode may be sensitive observed for cresyl violet when the temperature was decreased
to solvent polarity or hydrophobicity. The mode of Ox4 (LD690) from 290 to 15 K. However, for NB and Ox170, no peak shift

at 306 cnt! was previously assigned to the vibration in the was detected over the entire temperature range. The result was
excited state, because it did not appear in the steady stateexplained in terms of a multilevel vibrational structure. For NB
resonant Raman spectridhHowever, it was observed in the  and Ox170, the laser photons had in each case an excess energy
resonance Raman spectrum obtained by another research groupf several hundred reciprocal centimeters relative to the absorp-
with a better S/N rati& Our result also supports that this mode tion onset; for cresyl violet, however, the laser frequency was
originates from the ground state because the initial phase of coincident with the absorption edge. Therefore, NB and Ox170
this mode was equivalent to that of the ground state vibration should have considerably higher densities of states than did
at 587 cnt! within experimental error. The low-frequency part cresyl violet. Because of higher densities of states, the dephasing
of the resonance Raman spectrum of St7 (LDS750) was featuredappeared instantaneous.

by broad bands around 36800 cnt* and a mode at 550 Wavelength-dependent 3PEPS measurement of NB in aceto-
cm 158 We have observed modes at similar frequencies and pitrile carried out by Fleming and co-workers has also shown
an additional low-frequency mode at 162 TmA similar that the echo peak shift depends on excitation waveleigth.

frequency of 173 cm' was observed as an oscillation in the  The entire echo peak shift decreased when the laser wavelength
transient PP signal of St7 in acetonitrile detected at 667hm. was tuned to the blue side of absorption. It was concluded that
It was assigned to the ground state vibration because thea detailed vibronic model for the chromophore is required for
oscillation persisted on a picosecond time scale, which was 5 detailed quantitative analysis of the solvation dynamics of
longer than the initial excited state lifetime. The frequencies of chromophores immersed in nonreacting solvent. Their simula-
the modes observed in Figures 8 and 9 were utilized for the tjon showed that intramolecular high-frequency modes and their
fitting of the 3PEPS signals. combination bands greatly contribute to the wavelength depen-
4.2. 3PEPS Signals of Xanthene DyeS8PEPS signals of  dence of the 3PEPS decay, although the intuitive physical
xanthene dyes are shown in Figure 5, which exhibit striking mechanism was not very explicit. It was concluded that
solute molecule dependence. The initial peak shift was larger experimental conditions that favor the extraction of solvation
in the order of Ox4> Ox170> NB > Ox1 > Rh700> Ox750. dynamics from photon echo peak shift measurements include
The value of the asymptotic peak shift also decreased in similar excitation on the red edge of the absorption band and the use
order. The 3PEPS signal of Rh700 and Ox750 decayed of short, transform-limited pulses.
immediately while those of Ox4 and Ox170 had longer decay  However, these mechanisms may not fully explain the
components. The results of the fitting are shown in Table 1. ghserved phenomena. Previous 3PEPS experiments have shown
The values of the third time constant, were 8.4+ 1.6 and  that the picosecond decay can be assigned to the diffusive
3.0+ 0.3 ps for Ox4 and Ox170, respectively, while those of sojyation process because it depends strongly on solvent and it
the rest of the molecules were 0.0 ps. The values of the  pecomes infinitely long in polymer glasses. The time constants
second time constant,, were also long for Ox4 and Ox170 as  of the picosecond decay components were8 46 and 3.0t
compared to other dyes, which were 48090 and 400+ 60 0.3 ps for OX4 and Ox170, respectively, and they were clearly
fs, respectively. When Figure 1 and Figure 5 are compared, asjower than those of other xanthene dyes. To explain such a
correlation can be found between the wavelengths of the maximay,ge difference in picosecond decay, two new mechanisms have
of electronic transition spectra and the 3PEPS signals. The peakg, he considered, which are nonlinear coupling and observation
wavelengths of the absorption and fluorescence spectra becam@indow effect. Experimentally observed correlation functions
longer in the order of Ox4 Ox170< NB < Ox1 < Rh700< such as(t) and W(t) are equivalent to solvent fluctuation
Ox750. Because the laser wavelength is fixed at 635 nm, the correjation function of the transition frequendy(t), only when
excited part of the absorption band will change from the blue jinear coupling and high-temperature limit approximations are
side to the red side of the peak when the solute is changed inyjig. Moreover, experimentally observable phenomena can only
this order. When the blue side of the absorption spectrum is pe |imjted in the observation window determined by the laser
excited, the initial echo peak shift and the 3PEPS decay werepangwidth. Phenomena occurring at wavelengths outside of the
smaller and faster, respectively. From another point of view, it |55er spectrum cannot be observed. Scheme 2 depicts such a

can be said that solute molecules with larger overlap betweeng; ation. The curves represent the free energy surfaces in the
fluorescence and laser spectrum had larger initial peak shift andgycited and ground states of the solute molecule along the

slower 3PEPS decay. Note that there was no correlation betweenyq)yation coordinate. Initially, only the ground state is populated
the 3PEPS decay and the bandwidth of the spectra or Stokesyg the excitation pulse creates a hole and an antihole in the

shift. ground and in the excited states, respectively. After the
When the blue side of the absorption band is excited, it can excitation, relaxation toward thermal equilibrium will take place
be easily understood that the electronic transition will take place on both energy surfaces. When the blue side of the absorption
to higher vibrational levels of the excited state. Intramolecular band is excited (Scheme 2a), the population will be generated
vibrational redistribution (|VR) and VR in the excited state are away from the energy minimum on the excited state surface.
considered to be extremely fasind can affect the earlier part  |n this case, both population shift and broadening have to take
of the 3PEPS signal. This type of effect was already known for place for thermal relaxation in the excited state. On the other
photon echo signals in low-temperature glasses. The excitationhand, when the red side of the absorption is excited, the
of higher lying vibrations can add a very fast component to the population will be generated closer to the minimum and mainly
echo decay? This can be minimized by exciting well to the  the broadening will take place. In the case of Scheme 2a, the
red of the inhomogeneous absorption maximum. population generated on the excited state can shift away from
Ippen and co-workers have carried out temperature depen-the experimental observation window with time, while in the
dence of the photon echo peak shift for dye molecules, cresyl case of Scheme 2b, the population always stays close to the
violet, NB, and Ox170 in poly(methyl methacrylate) (PM- observation window. Moreover, in the case of Scheme 2a, the
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SCHEME 2: Free Energy Diagrams along the Solvation 0.7 .
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aWhen the blue side of the absorption spectrum is excited (a), initial
population is generated away from the minimum of the free energy
surface of the excited state. Thermal relaxation involves both the shift
and the broadening of the population. When the red side of the
absorption spectrum is excited (b), initial population is generated close
to the minimum of the free energy surface of the excited state. Thermal
relaxation in the excited state involves mainly the broadening of the Figure 11. (a) Experimental solvent correlation functidn(t), obtained
population. by the 3PEPS measurements of xanthene dyes. (b) The normalized

. . . . L . dynamics of the PP signals of xanthene dyes faster than the excited
experiment will monitor mainly theS(t) contribution in the state lifetime depicted al'().

excited state, while in the case of Scheme 2b, it will monitor
mainly theW(t) contribution. If the linear coupling approxima- more rigid molecules than DTTCI. If we could expand the
tion does not hold, these two cases may result in different experimental time range, we might be able to observe the
experimentally observed correlation functions. In these discus- difference in the relaxation time for this slow component due
sions, ground state dynamics was assumed to be similar for bothto structural difference. A similar slow component was also
cases. observed by 3PEPS measurements utilizing IR144 and DTTCI
The difference between spectral shift and broadening func- in other simple fluid solvents such as acetonittfié?-3435In
tions had been observed by Nishiyama and Okada for time- our analysis, this slow component was not included in the
resolved hole burning and FDS5%! Their data showed that  experimentally obtained correlation functioki(t), shown in
the spectral shift occurred faster than the broadening. Theoreti-Figure 1la, because its origin may be intramolecular and
cally, Yoshimori showed that spectral broadening and shift can compared with other correlation functions obtained by different
exhibit different dynamics in the presence of nonlinear coupling, methods.
when the dynamics of the solvent number density and the 4.3. Comparison of Xanthene 3PEPS Data with Other
orientational relaxation are considel@d? It should also be Experimental Results.The longest picosecond decay compo-
mentioned that unharmonicity of the free energy surface can nent obtained for methanol was 841.6 ps with Ox4 in our
also contribute to such an effect. Unharmonicity is known to experimental results. This value is quite similar to the ones
be caused along the solvation coordinate by dielectric saturationobtained by other 3PEPS measurements using different probe
in the case of charge separation reacfof?. molecules such as IR144 and DTTCI. The longest picosecond
All of the measured 3PEPS signals had a decay componentcomponents obtained with IR144 and DTTCI are-913 and
with extremely long time constant, i.e»100 ps. Such a slow  5-9.5 ps, respectivel}{f17343566However, the longest pico-
solvation process has never been observed for methanol withsecond component obtained by FDSS measurement using
other experimental methods, although similar slow dynamics coumarin 153 was slightly longer, i.e., 15.3 30 check
have been observed by 3PEPS measurements for methanol anaithether this discrepancy is of any significance, we will take a
other simple fluid solvents. Lee et al. have measured the 3PEPSo0k at the results of other solvents. For acetonitrile, picosecond
signal of a dye, DTTCI, in methanol up to 500 ps and concluded time constants of 23 and 0.6-1 ps were obtained from 3PEPS
that the asymptotic peak shift decayed with a time constant of and FDSS measurements, respectivéi2>6%For benzonitrile,
1.5 nsb® The longest time constant measured for methanol was ethanol, and 1-butanol, values of 15,287, 33 ps were
15 ps by time-resolved FDSS using coumarin 153 as a probeobtained from 3PEPS measurement, while values of 25, 30, and
molecule? Because measurable time range is limited by the 133 ps were obtained from FDSS measurements, respec-
excited state lifetime for this method, such a slow process might tively.3:17:343568 There seems to be a tendency of the time
have been missed. However, even with dielectric dispersion constants obtained by 3PEPS measurements to be slightly shorter
measurement, the longest time constant of methanohvil#g) than those obtained by FDSS measurements with an exception
ps3%7 Lee et al. concluded that because DTTCI is a large and of acetonitrile.
flexible molecule, it is possible that the nanosecond component It should be pointed out that the accuracy of these values
may be originated from the solute’s equilibrium conformational depends on the experimentally measured time range. If the time
inhomogeneity, i.e., the origin is intramolecular. In this scenario, range is too short, the measurement can miss some slow decay.
the nanosecond component accounts for the time scale of thelt also may be that because the observation window of 3PEPS
solute’s equilibrium geometry fluctuation, and the time-resolved measurement is limited by the laser bandwidth, while FDSS
fluorescence Stokes shift measurement should not be sensitivaneasurement monitors the entire fluorescence spectrum, 3PEPS
to this process. Similar intramolecular inhomogeneity may be measurement might have missed some portion of the relaxation
present for xanthene dyes, although xanthene dyes are muclprocess. Another possibility that should be considered is the

0.01 0.1 1 10 100
Time / ps
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TABLE 2: Time Constants (r;) and Amplitudes (A;) of the Decay Components Obtained from the Nonlinear Least-Squares
Fitting of the PP Signals

Ox4 0x170 NB ox1 Rh700 Ox750 St7 Sté
11 (fs) (A) 67+0(0.19) 130£0(0.14) 44+£2(0.30)  66+21(0.35) 150+ 10(0.25) 50+ 0(0.27) 61+1(0.59)  40+5 (0.17)
72 (fs) (A2) 860 30 (0.08) 310+ 10 (0.10) 630k 20 (0.13) 65k 80 (0.06) 360+ 10 (0.17) 130k 0 (0.44)
73 (pS) (B 2.14£0.1(0.09) 1.9+0.1(0.10) 4.4:0(0.12) 1.2£0(0.05) 1.7+0.1(0.10) 1.1+ 0(0.12)
74(ps) A) 8.6+0.2(0.11) 13:1(0.08) 12+ 0(0.06) 8.9+ 0.8(0.04) 161 (0.03) 7.7+0.4(0.08) 7.9:0.2(0.10)

5(ps) () >100(0.62)  >100(0.69) 100 (0.44)  >100(0.40) >100(0.65) 100 (0.65) 120+ 17 (0.06) 40k 0 (0.17)

difference that FDSS measurement requires probe moleculesoverlapped with the blue side of the fluorescence spectrum. For
with large Stokes shift (polar systems), while 3PEPS measure-0Ox4, the blue side of the fluorescence spectrum was positioned
ment requires ones with small Stokes shifts (nonpolar or weakly at the blue side of the laser spectrum, while for Rh700, it was
polar systems). The value of Stokes shift depends on the strengttpositioned at the red side of the laser spectrum. It is known
of coupling between solvent fluctuation and electronic transition. from the up-conversion measurement of fluorescence spectrum
In the presence of nonlinear coupling, solute molecules with that dynamic Stokes shift causes fast decay on the blue side of
different coupling strengths can exhibit different time constants. the fluorescence spectrum, while it causes a rise of the
Also, a 3PEPS trace at ultrashort time scale does not reflectfluorescence intensity on the red sid®e’-68It can be assumed
the time scales of actual dynamics, i.e., eq 4 is not accurate atthat the fast decay components observed in our PP measurements
ultrashort time scales<(100 fs). ThusM(t) obtained by simply originated from the FDSS. This result supports our conclusion
fitting the 3PEPS trace cannot be directly comparedSt) that fast decay of the 3PEPS signal is caused by the dynamics
obtained by FDSS measurements. Detailed numerical modelingin the excited state. It should be considered why 3PEPS
is required to extract the short time behavio\bft). Another measurement is so sensitive to the excited state dynamics while
discrepancy between 3PEPS and FDSS measurement is causeatlis not to the ground state ones. Because the ultrashort laser
by the difference in the pulse duration. 3PEPS measurementbandwidth is so wide+30 nm at fwhm) and so many numbers
can utilize optical pulses as short as 20 fs or shorter, while FDSSof vibrational modes exist for a dye molecule, the hole burned
measurement is usually carried out with pulses with duration in the ground state absorption band may be so wide that
of ~100 fs or longer. When the shorter pulse is used, greater broadening is not effectively detectable. The only detectable
numbers of vibrational modes can be coherently excited. Thesetime-dependent change may be the dynamic Stokes shift on the
coherent oscillations will interfere constructively at time origin, excited state, although this assumption needs further investiga-
while slight deviation from the time origin will cause them to  tion.
interfere destructively, resulting in an ultrafast decay. Therefore, Recently, Yu et al. have carried out static solvatochromic
the ultrafast part oM(t) obtained from 3PEPS measurement is studies and PP measurements of three structurally related
usually more enhanced th&t) obtained from dynamic Stokes cynanine dyes, HDITCP, IR125, and IR1%4From the static
shift measurement. measurements, it was concluded that HDITCP and IR125 show
To consider the effect of observation window, we have carried classical nonpolar solvatochromism, while IR144 shows polar
out a comparison between 3PEPS and PP measurements. Fittingolvatochromism, which can be attributed to a dipole decrease
was carried out using multiexponential decay and multiple upon photoexcitation. PP signals of HDITCP and IR144 were
oscillations for PP signals of xanthene dyes, of which the compared, and it was observed that amplitudes and decay time
obtained time constants are listed in Table 2. Frequenciesconstants of the solvation dynamics were larger and longer for
obtained from the Fourier transform spectra of the PP signals IR144. Because nonpolar solvation originates from weak short-
were used again in the fitting procedure. Dynamics faster than range viscoelastic interaction while polar solvation originates
the excited state lifetime obtained by PP measurements arefrom strong long-range dielectric interaction, polar solvation is
normalized and depicted &4'(t) in Figure 11b. There seems expected to have a larger amplitude and slower relaxation. The
to be a correlation betwedvi(t) obtained from 3PEPS measure- PP signal of IR144 also exhibited a strong coherent spike near
ment and\VI'(t) obtained from PP measurement, i.e., the decay the time origin, which was attributed to the inertial polar
was the slowest for Ox4 and Ox170, while it was the fastest solvation response. Because Stokes shifts of styryl dyes are
for Ox750 and Rh700. This result strongly suggests that much larger than those of xanthene dyes (Figures 1 and 2 and
observable phenomena with 3PEPS measurement are limitedlable 1), it can be said that polar solvation is dominant for
in the observation window defined by the laser bandwidth.  styryl dyes. A stronger coherent spike appearing in the PP
To elucidate the origin of the fast decay components in the signals of styryl dyes as compared to xanthene dyes (Figure 7)
PP signal, wavelength-dependent detection of the PP signal wassupports this conclusion. Among the xanthene dyes, NB has
carried out, and the results are shown in Figure 10 for Ox4 and the largest Stokes shift (914 c#) and Ox750 has the smallest
Rh700. When the detection wavelength was tuned to the edgeone (378 cm?). Therefore, larger amplitudes and slower decays
of the laser spectrum, a sharp dip appeared in the signal rightobserved in the 3PEPS signal of NB can be partially due to the
before the time origin. This dip seems to be the effect of the stronger contribution from polar solavtion mechanism (the same
coherent interference of the signal, which occurs when pump trend can be also observed in ti(t) obtained from PP
and probe pulses are overlapped. The oscillations also gotmeasurement). However, it should be noted that Ox4, which
stronger when the detection wavelength was tuned to the edgehas a smaller value of Stokes shift than NB (594 &pexhibits
of the laser spectrum. These features are commonly observedarger amplitude and slower decay in the 3PEPS signal (Figure
for wavelength-resolved PP signéfdt is interesting to see that ~ 5). Therefore, the ratio between polar and nonpolar solvation
the fast decay components appeared at shorter wavelengths fois not the only factor that determines the decay of the 3PEPS
Ox4, while they appeared at longer wavelengths for Rh700. signal.
Comparing this result with the electronic transition spectra  Although the solute dependence of 3PEPS and PP signals
shown in Figure 1, it can be noticed that the fast decay had similar tendencies, the solvation time constants obtained
component appeared when the detection wavelength wasfrom PP measurement were noticeably longer than the ones
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obtained from 3PEPS measurement. A similar trend can also The ultrafast inertial contribution to the solvation dynamics
be seen in the measurements of Yu et al., i.e., decay times ofwas first observed by St7 (LDS750) dissolved in acetonitfile.
IR144 obtained from PP measurements were always longer tharHowever, it was pointed out that such a floppy molecule may
those obtained from 3PEPS measuremé&hEor low-temper- not be appropriate as a solvatochromic probe. The transient
ature optical-dephasing measurements of glassy solids, it isabsorption measurement was carried out for St7, and it was
known that photon echo is only sensitive to a fast optical- concluded that an intramolecular process dominates the observed
dephasing process caused by phonon-assisted tunneling, whiléStokes shif€* The first excited electronic state isomerizes in
hole burning is sensitive to a slower spectral diffusion progss. an ultrafast process followed by a slower process, the dynamics
According to Zhang and Berg, PP measurement can also beof which is controlled by the solvent. Bardeen et al. have also
termed as single wavelength transient hole buréfigcan be measured temperature dependence of the photon echo signal
that PP measurement is more sensitive to slower dynamics tharpf St7 in PMMA."2 Its optical-dephasing rate was close to pulse
3PEPS measurement by analogy to the low-temperature optical-width-limited and was almost completely insensitive to tem-
dephasing measurements. Zhang and Berg have recently claimegerature from 240 to 28 K. Furthermore, St7’s dephasing rate
the advantage of PP measurement over 3PEPS measur@ment.depended strongly on the population period, becoming pulse
They have shown that PP signal can be approximated by a rathetvidth-limited by 100 fs. In other words, St7 was subject to a
lengthy algebraic formula containing a slower part(t) and very large perturbation very quickly upon excitation, which led
simple fitting of the PP decay can recover time scales similar to rapid loss of phase memory. It was considered that this
to M(t) in the weak coupling case (nonpolar solvation). perturbation may be the result of some fast intramolecular
However, in the case of strong coupling (polar solvation), time relaxation or isomerization. The vibrational spectrum of St7 was
scales obtained from the simple fitting resulted in significantly considerably complex, indicating that the optical transition is
shorter time scales thavi(t) because the population moves out  strongly coupled to many vibrational modes. It was also
of resonance with the laser frequency (observation window) due considered that large charge redistribution upon photoexcitation
to larger dynamic Stokes shift. Their conclusion is consistent in St7 could result in a strong coupling to the environmental
with ours and indicates that a larger coherent spike observed influctuations that the temperature dependence is difficult to
the PP signal for styryl dyes as compared to xanthene dyes (ancPbserve even with time resolution of 10 fs.

also for IR144 as compared to HDIT@is due to the limited The increase of the echo peak shift observed in the 3PEPS
observation window. signal had a time constant ef16 ps, which was much slower

4.4. 3PEPS Signals of Styryl DyesSPEPS measurement of than that of the isomerization of St7 previously observed by
St6 was only possible up to 10 ps because of its short excited{ransient absorption and photon echo measurements. The
state lifetime (Figure 6a). The 3PEPS signal decayed very isomerization was fassumed't(') occur with an average time
rapidly similar to those of Ox750 and Rh700. This rapid decay constant of~200 fs in acetonitrile and causes the red shlft of
can also be explained by the observation window effect. As the fluorescence spectrur®! The fluorescence of the final
can be seen from Figure 2, the Stokes shift between the €Xcited state, which is the isomeric form of the molecule, peaks
absorption and the fluorescence peak is very large for St6 and@t ~720 nm. Thus, the initial isomerization process can be

the laser spectrum is located at the blue edge of the fluorescenc@@'tially involved in the ultrafast decay of the 3PEPS signal. If
spectrum. Thus, the initial population generated on the excited € iSomer formed in the excited state transforms into a ground
state on photoexcitation will rapidly move out of the observation state isomer, which absorbs around 635 nm, with a time constant

window, causing the 3PEPS signal to decay rapidly. of ~16 ps, the formation of the ground state isomer may

The 3PEPS signal of St7 was more confusing because aﬂercontrlbute as a rise in the 3PEPS signal. The formation of the

th id d it started to i in in the bi OIisomer in the ground state can be regarded as an increase of
€ rapid decay, It started 1o increase again in th€ pIcOSECoNUgy g inhomogeneity of the solute molecule and thus results

range. The time constant of this rise is not so accurate, probably s an increase of the peak shift. It should be mentioned that if

more than 16 ps, becau;e 3PEPS measurement was on]y ppss'b EPS measurement was possible up to 50 ps, a similar increase
up to 50 ps. Such a rise has never been observed in simple

. . . _"~of the echo peak shift might have also appeared for St6.
solvent-solute systems but in a bacterial photosynthetic reaction
center?? 3PEPS measurement was carried out on the accessory5 Conclusions
bacteriochlorophyls (Bchl) in the reaction centeRtfodobacter '
sphaeroides|In this complex system, photoexcitation of the The dependence of the 3PEPS signal on probe solute
accessory Bchls leads to energy transfer to the primary electronmolecules was studied using several xanthene dyes and styryl
donor, which is a pair of closely interacting Bchls, with atime dye molecules in methanol and compared with PP measure-
constant of 86-130 fs. Subsequently, charge separation takes ments. For xanthene dyes, the decay was faster when the blue
place from the primary electron donor to the bacteriopheophytin side of the absorption spectrum was excited. This effect was
in ~3 ps. Increase of the peak shift with a time constant of 2.8 considered to be the result of a limited observation window and
ps was observed in the 3PEPS signal, and it was explained byVR of the excess energy on the excited state through higher
the decay of the excited state of the primary electron donor asdensity of states. The effects of nonlinear coupling between
the charge-separated state is formed and the subsequent recoveslectronic transition and solvent fluctuation or the unharmonicity
of the echo signal from the ground state of the accessory Bchls.of the free energy surface are also considered, although further
The increase may also be due to the electrochromic shift of theinvestigation is necessary. For styryl dyes, a gradual increase
absorption band of the accessory Bchl due to formation of the of the peak shift was observed in the picosecond region, which
charge-separated state. Theoretically, it was shown that rapidmay be the result of photoinduced isomerization. It seemed that
decay of the excited state and rapid recovery of the ground statethe 3PEPS signal was more sensitive to the excited state
in two or three level systems can lead to an increase of the dynamics rather than to the ground state ones because the
peak shift in 3PEPS sign&l.Because St7 is known to undergo  bandwidth of the femtosecond laser was so wid8@ nm) that
ultrafast photoisomerization, formation of the isomer can lead the hole created in the ground state was too large for effective
to the increase of the echo peak shift. observation of the hole broadening.
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Finally, we would like to compare advantages and disadvan-
tages of 3PEPS, PP, and FDSS measurements. For systems wi
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