J. Phys. Chem. 2001,105,1018710195 10187

Isomerization Dynamics of 1,1'-Diethyl-4,4'-Cyanine (1144C) Studied by Different
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The isomerization of 1,1'-diethyl-4,4'-cyanine (1144C) in two solvents, ethanol and hexanol, was studied by
three different third-order four-wave mixing techniques: three-pulse photon echo peak shift (3PEPS), transient
grating (TG), and pumpprobe (PP) to provide complimentary information on different aspects of the reaction
dynamics. A double-sided Feynman diagram analysis was used to assist in the formulation of the kinetic
behavior in the TG and PP signals. The ground-state recovery process can be described as a single exponential
process which is dominated by the bond-twisting motion on the excited-state surface. The rate is strongly
viscosity and temperature dependent. A larger yield of the isomer is obtained in less viscous solvents or with
greater excess excitation energy. Apparently, contradictory wavelength-dependent decay behavior was found
in the TG and PP signals. This can be understood by considering the different real and imaginary contributions
to the signals from hot ground-state absorption and its subsequent recovery to the equilibrated state and from
the product state.

I. Introduction

The development of short laser pulses has made it possible
to explore molecular motions on the time scale of femtoseconds
via the nonlinear optical response Many different nonlinear
spectroscopic techniques have been developed to probe different
aspects of the molecular dynam#%.The third-order non-
linearity is the lowest order nonzero term in isotropic media
and has been exploited to study the reaction dynamics in various
types of four-wave mixing spectroscopieg,including photon
echo, transient grating, and pumprobe measurements.

The three-pulse photon echo peak shift (3PEPS) is a novel
technique that has been applied by our group and others to study Reaction coordinate
solvation dynamics and energy-transfer processes for severakigyre 1. Schematic one-dimensional potential-energy surface for the
years>812 The insensitivity of 3PEPS to the excited-state excited-state isomerization of 1,diethyl-4,4-cyanine (1144C). A one-
lifetime makes it a suitable technique to study solvation dimensional representation of the reaction surface is not likely to be
dynamics and solvent effects in reactive systém®©ne distinct realistic, anq the sketch is intended to define the symbo_ls in Section 3
feature of 3PEPS is its capability of differentiating the rephasing rather than indicate the energetics of the process. The inset shows the
contribution and the free induction decay (FID) contribution, molecular structure of 1144C.
which contribute in a similar way to conventional population-
based techniques, such as fluorescence up-conversion,pump
probe (PP), and transient grating (TG) spectroscopiéghis
is the basis of the application of 3PEPS in the study of energy
transferl® Recently, we extended the 3PEPS technique to the
study of reactive systems, such as electron transfer in electron- . b - o :
donating solvenfsand torsional dynamics of the triphenyl- N the reactiorf>-2 A model for the isomerization of 1144C is
methane (TPM) dye moleculééSince 3PEPS is not sensitive  SNOWn in Figure 1. Upon initial excitation by a short pulse, a
to the excited-state lifetime, it can provide information on Population is created on the potential-energy surface (PES) of
processes such as solvation and vibrational relaxation duringthe first singlet excited state {5 Propagation of the population
reactions. Similar information is difficult to obtain from toward the energy minimum of;,Ssurface (process 1, bond
population-based techniques. Therefore, a combination of 3PEPSWisting) leads to a surface jump (process 2) to bring the
with population-based techniques such as TG or PP is attractivePopulation down to the PES of the ground statg) (ghere the
for the study of solution-phase reactive systems. energy gap between &nd $ is at a minimum. From this point,

Photoinduced isomerization reactions have been W|de|y the molecule can either relax back to the Original ground state
studied because of their importance in nat&re and as a useful ~ or form product by moving to the PES of the ground state of

Energy

particular, the isomerization of 1,1'-diethyl-4,4'-cyanine (1144C)
has been studied from the perspective of the solvent influence
on the reaction rat&2° The isomerization rates were found
to be strongly dependent on the solvent viscosity, and a large
amplitude bond-twisting motion was proposed to be involved

model to test theories of reaction dynamics in soluffon? In the photoisomer conformation (process 3). The initial bond-
twisting process was assumed to be barrierless and to occur on
* To whom correspondence should be addressed. a subpicosecond time scale at low viscod#§72°In addition,
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Figure 2. Experimental arrangement for 3PEPS and TG experiments and two phase matching dikectikns- ks (B) and —k; + k; + ks (B")
in which the signals are detected. BS: beam splitter; W: compensation window; M: mirror; Ch: chopper; L: lens; PD: photodiode.

the bond-twisting process 3 on &as considered to be faster
than process 1 because of the steeper potential surface in
S,,24:26.30

In this paper, we apply the 3PEPS, TG, and PP techniques
to study the isomerization of 1144C with the aim of using the
different capabilities of the three techniques to provide new
insights into the underlying dynamics. TG and PP are two
closely related third-order four-wave mixing techniqdé€d.he
transient grating method is a homodyne technique, and the signal
is the integrated square of the modulus of the third-order
polarization of ), while the pump-probe signal is heterodyne 0P v ey
detected and is proportional to the imaginary paft¥6 TG 500 550 600 650 700
and PP measure the same dynamical information in nonreactive Wavelength
systems, provided the effect of acoustic gratings is negligible.
Myers and Hochstrassedemonstrated that the interference of
the accompanying acoustic grating can be ignored when the
probe wavelength falls within a very strong absorption band in
a simple liquid solution. In this work, in contrast to the results coherence periodwas scanned from negative to positive time
for nonreactive systents we will show that different decay  delay while measuring the time-integrated echo in the two signal
behavior is observed in the TG and puaprobe measurements  directions. In the TG experiment,was set equal to zero affd
in the photoinduced isomerization system studied. The photonwas scanned (signals from the two channels were averaged). In
echo data provide complementary information, and the resultsthe PP measurement, only two beams were used, and the
from all three measurements can be combined to give aintensity of the probe beam was attenuated by neutral density

1.0 1

~—o— gthanol
-+ hexanol

0.5 4

Normalized intensity

Figure 3. Absorption spectra of 1'diethyl-4,4-cyanine in ethanol
and hexanol. The three wavelengths used in the experiments are
indicated with the arrows.

consistent picture of the isomerization process. filters to a ratio 0of~10:1 between the pump and probe beams.
The signal is detected at the direction of the probe beam. The
Il. Experimental Section 3PEPS, TG, and PP signals were detected using Silicon

gphotodiodes connected to lock-in amplifiers. The experiments

The experimental apparatus and methods of 3PEPS and T X !
were carried out at room temperature (290 K) unless otherwise

spectroscopy have been described in detail previcégyiefly,
a mode-locked Ti:sapphire oscillator (Coherent Mira) was used N°t€d-

to seed a regenerative amplifier (Coherent RegA), the resulting 1€ dye 1144C and the solvents ethanol and hexanol were
50 fs fwhm, 800 nm output was then used to pump an OPA purchased _from Aldrich and used as recelved.. Absorptlon spectra
(Coherent 9450). Nearly transform limited pulses of 40 fs fwhm ©f 1144C in ethanol and hexanol shown in Figure 3 were
at 500-700 nm with a repetition rate of 250 kHz were produced. Mmeasured using a Shimadzu BVisible spectrophotometer. The
The laser output was split into three rectilinear beams with S@mple was circulated through a 0.2 mm quartz flow cell, and
parallel polarizations and approximately equal power. These the whole flow system was sgaled to prevent evaporation of
were aligned in an equilateral triangle with each side ca. 10 the solvent. The optical density of the sample solution was
mm to enable simultaneous detection of two equally phase- @PProximately 0.1 (in the 0.2 mm path length) at the aﬁsorpt"’”
matched-integrated three-pulse photon echo signals. All threeMaXimum, corresponding to a concentrationd x 107> M,
beams were focused by a 20 cm focal length fused silica singlet!© @void any interchromophore interaction effects.

lens into the sample. A pulse energy of 5 nJ per beam before .

the sample was usped. Thlz experime?%s were algo performed with”" Theoretical Background
energies from 3 nJ to 15 nJ, and no differences in the form of  All of the nonlinear spectroscopic signals can be conveniently

the echo signal or the peak shift were observed. calculated using the response function formalfsfine response
The photon echo and TG signals were detected in the phase<function for the third-order signal was typically calculated with
matching directions-k; + k, + ks andk; — k; + ks (Figure 2). the multimode Brownian oscillator model, which has been

For each population tim& of the 3PEPS experiment, the first discussed extensively by Mukantel.
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not shown in Figure 1). The first two terms correspond to the
contribution from the hole on the ground stai)(and the
population on the excited stat&d. Rye corresponds to the
contribution from the recovery of the excited-state population
to the original ground stat®y., corresponding to the contribu-
tion from the isomerized product state, also needs to be included
when the absorption of the reactant and isomerized product
ground state overlap spectrallgyge corresponds to the contri-
Figure 4. Double-sided Feynman diagrams for model in Figure 1. pution from the recovery of the isomerized product state back

The first two terms represent the contribution from the ground- and g the original ground state. The negative sign of the last three
excited-state pathwayRye represents the recovery 1o the relaxed ground terms arises from the odd number of interactions with the ket

state after photoexcitatiorRye represents the contribution from the . . -
isomerized product after internal conversioRy. represents the ~ and bra sides of the double-sided Feynman diagfams.

contribution of the decay from the isomerized product state to the ~ Since reaction does not occur in the ground st&gs not
original ground state. :: iR, andRy. represent an evolution process  affected by the reaction and contains only the contribution from
from the initially excited state to the original ground state or to the solvation dynamicsRy = R%. Hereafter, the superscript 0
isomerized ground state. denotes that a separation between solvation dynamics and
population kinetics has been made. Howery needs to be
properly scaled according to the corresponding population
kinetics on the excited state. For simplicity, we will assume
o @ ) Markovian population kinetics. In this case, we can wRte=
3PEPS, TG:YT,r) = ﬁ, dt|P(t,T,7)|" O RO~ 7%, wherer, is the time scale on which the molecules in
® 2 ) the excited state move out the probe laser window.
ﬁ) diR(t.T.7)I% for TG: 7=0 (1a) The ground-state recovery process is describefghyf only
" 3 one process with ratg, dominates the whole process, theg
PP: ST) = Im [ dtEo(t)P(t,T,0) O = R0 (1 — e %), The effect of solvation dynamics in the
w excited state is to bring the molecules back to the ground state
Rej; dtEo(OR(LT.0) (1b) at a different position of the solvation coordinate. We refer to
_ _ i this in ref 13 as the history effect. If this effect is ignonﬁlje
where 7 is the time delay between the first and second — Rg ThusRy — Rye = R0 %13
interactions (coherence timé€l),is the time delay between the When all the excited-state population recovers back to the
second and third interactions (population time), tistthe time original ground state or the branching ratio is law+ 0), only

delay between the third interaction and signal field. In PP, the e first three terms need to be considered. In this case, the
first and second interactions come from the same pulse (Pump).ynole response function can be simplified to

E[o(t) is the electric field of the probe beam, which acts as the
local oscillator. In the impulsive limit, the third-order polariza- R=R g a4 Rge_mb (3)
tion P® [0 R23 where the total response functidh= YR, ¢
contains the molecular information about the system under |n case of a large branching ratio, if the photoisomer
study. absorption is also resonant with the laser wavelength, an
The most physically appealing method of modeling the additional term—Rye, is required Rye = Roge (€% — & %),
nonlinear response of a system such as the one depicted inyvherer. is the rate-determining step from the excited state to
Figure 1 would be connecting a general model for the propaga-the isomerized ground state, amglis the rate of the back-
tion of the population on the various potential surfaces and an reaction from the isomerized product to the original ground state.
algorithm or ansatz for the surface hopping with a calculation The conditionr. < 74 is assumed here.
of the nonlinear response function. We recently described the  Similarly, the contribution from the return of the isomerized
implementation of a similar scheme for energy transfer in product state to the original ground staRyye can be ap-
weakly coupled disordered molecular aggregates in which a proximated aRyge = Rogedl — € %) whent, < 7q.
Monte Carlo/Master equation description of the population  The total response function is given by
dynamics was interfaced with the response function calcula-
tion.333% However, for the continually evolving population R=R;+ R — (1 = 0)Rje = 0Rye — 0Ryge
dynamics appropriate to an isomerizing molecule, such a
formalism remains to be constructed and for the present analysis= Rog + R, e - (1— a)Roge(l —e ) —
we use a considerably simpler approach based on assigning Ty T =
response functions to different regions of the potential-energy a@'e(e € -a gg‘e(l —e )
surface which are then connected via a simple kinetic scheme. T T T
In the isomerization reaction shown in Figure 1, if the product = Roee +(1- a)RSee *+ aRSvee °+
yield (branching ratio) ist, our strategy is to break up the total R e T _(1— _ '
response function into five terms corresponding to the different a(Rgge Rge)e * [Rogg @ a)Rge aRSEJ
regions of the potential surfaces which give rise to signals at _ Rge—T/ra +@- a)RO e 4 RS & T 4
various times in the overall process. Double-sided Feynman g ge
diagrams for each term are shown in Figure 4. (X(Rgg-e— Rg-e)e_md 4)

In the impulsive limit, the integrated signal in 3PEPS, TG,
and PP is given by

R=R,+R.— (1 - )R~ aRye— 0Ryye  (2) In the above formulaR,, = R}, = R is assumed by
ignoring the history effect3 When the back-reaction from the

Here we also include the back-reaction process from the product to the original ground state is very slow {s very
isomerized product to the original ground state (this process is large), the last terrRyge Will not contribute. The above formula
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is then simplified to

1.0 - 10
(a) —— 620 nm
—— 593 nm

R=Re "+ (1 - )Rye "™+ aR’e "+
R~ Ryd (5)

—— 580 nm

When the absorption coefficients at the measuring wavelength
and the recovery time scales are similag ¢ ) for both
ground-state isomers, as in the current system 1144C, which is
discussed in detail in section V. A., the TG and PP techniques
cannot distinguish between the two contributions. But the two
contributions can appear differently in 3PEPS, which has the
capability of differentiating the rephasing and FID contributions.
Even whenr, andz. differ, in some systems with very different
decay paths for the two different ground-state recovery proc- Population time (ps)
esses, nonexponential decay behavior will be obtained in the
pump-probe and transient grating techniques. However, similar Lo
nonexponential decay profiles can also arise from the decay to 1.0
one ground state if the time scales of the different steps during (b) —o— 620 nm
the recovery processes are comparable. This subtle difference oo
can be revealed in a 3PEPS measurement.

For simplicity, a contribution from the hot ground state was
not included in the above formulas. This contribution can be
treated as a transient product state during the recovery process
and can be easily included in a similar w&y.

In the context of the above formulas, the signal is defined in
terms of transmission intensity rather than the conventional
transient absorption in the pumjprobe experiment, thus the 0.0 % .
stimulated emission R)) and ground-state bleachingRg 0 10 20 30
contribute as positive terms, while excited-state absorption, hot Population time (ps)
ground-state absorption, and product state absorptidRy4) ) ) ) .

Figure 5. Transient grating measurements for 1144C in ethanol (a)

contribute as negatwe termsi This conven'.[lon aIIOW§ the p“”.‘p nd hexanol (b) at three different excitation wavelengths: 580, 593,
probe and transient grating signals to be discussed in a consisten] | 50 m.

Normalized intensity

05t

Intensity (a.u.)

manner.
TABLE 1: Transient Grating Data for 1144C in Ethanol
IV. Results and Hexanol at Different Wavelength$
IV. A. Wavelength-Dependent Transient Grating (TG) solvent ~ wavelength A1 nu(fs) A 7(ps)

Measurements. TG measurements for 1144C in ethanol and ethanol 620 nm 0.64 56 0.36 5.2
hexanol were performed at three different wavelengths: 580, 593 nm 0.58 86 0.42 4.4
593, and 620 nm (Figure 5), which are located on the blue side, 580 nm 0.46 100 0.54 3.9
the peak position, and the red edge of the absorption band, hexanol 620 nm 0.64 80 0.36 11.7
r tively (Figure 3). Since these three wavelengths are 593 nm 0.58 104 0.42 118
espectively (Fig 3). Since avelengins 580 nm 0.46 125 0.54 9.1

strongly resonant with theySS; electronic transition, the TG
signal will be dominated by the electronic contribution, and the @ The data are fit with two exponentials after taking the square root
contribution of the acoustic grating can be ignored (even in the of the signal. The small negative component for 620 nm data is not
existence of acoustic grating, its oscillation period is several listed in the table.
nanoseconds and its rise time is much longer than the time scale _ . ) ) o
here)® Since the homodyne TG signal is the integrated square initially prepared exuteq-sta"[e conformanon back. to the original
of the modulus of the third-order polarization, the square root grognd-state conformation, including the relaxation on both_ the
of the signals was fit using a sum of exponential components. excited- and ground-state surfaces. In general,_the GS_R will be
At 580 and 593 nm, the square root of the TG signal can be nonexponeptlal unless one of the rates as§OC|ated with depay
well fit with a biexponential decay consisting of a fast ©ON the excited-state surface (process 1), |ntern_al conversion
component 0f~100 fs and a slow component with a lifetime (process 2), and ground-state surface (process 3) is much slower
of several picoseconds. At 620 nm, an additional component than the others.
with a small negative amplitude is needed to give a better fit. ~From Table 1 and Figure 5, we can see that both the SE and
The results of the biexponential fitting are summarized in Table GSR lifetimes in ethanol are smaller than those in hexanol at
1. all three wavelengths. The strong viscosity dependence of the
Since TG probes the dynamics both on the excited-state andGSR lifetimes has been attributed to a large amplitude bond-
ground-state pathways?# the biexponential decay can be twisting motion involved in the reactiorf§ However, different
directly related to the relaxation processes in these states (egvavelength dependencies of the SE and GSR lifetimes were
3). We ascribe the shorter decay time to the stimulated emissionobserved. The SE rate decreases with a blue shift of the
(SE) lifetime, corresponding to the initial prepared wave packet €Xcitation wavelength, while the corresponding GSR rates
moving out of the FranckCondon region on S The longer  increases slightly.
decay time is ascribed to the time scale of ground-state recovery TG measurements for 1144C in ethanol and hexanol were
(GSR). GSR monitors the total relaxation process from the also carried out at three different temperatures: 10, 40, and 70
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TABLE 2: Temperature-Dependent TG Results for 1144C
in Ethanol and Hexanol (580 nm}

J. Phys. Chem. A, Vol. 105, No. 45, 20010191

—— ethanol
—— hexanol

(@

solvent T viscosity (cP) A1 71(fs) Az 12(ps) 104 620 nm
ethanol 10°C 1.466 0.51 105 0.49 4.0
40°C 0.834 0.47 102 0.53 3.6 s
70°C 0.504 0.51 98 0.49 3.0 0 . :
hexanol  10°C 7.468 049 144 051 101 2 15 PR
40°C 2.996 050 132 0.50 8.0 < —— hexanol
70°C 1.410 048 120 052 5.7 £ 10 { %93nm
-
a Data were fitted to a sum of two exponentials after taking the square é‘i 5

root of the signal.

0 1 Il 1 P
10 (c)
20 T —— ethanol
—— hexanol
—— 620 nm 580 nm
15 4 —+— 593 nm 5
—— 580 nm

e

£ ethanol 0 . . .

& 10 . t .

@ 0.01 0.1 1 10
§ Population time (ps)

5 Figure 7. 3PEPS data for 1144C in ethanol and hexanol at the same
excitation wavelength are shown on the same plot: (a) 620 nm; (b)

04 ' . . . 593 nm; (c) 580 nm.

00 02 Popi“:ﬁon ﬁ:l':(ps) 08 1.0 observed, arising from _the_ different solvation time _scales of the
two solvents The similarity of the 3PEPS data in the two
solvents, which have different viscosities and very different

e 620 7m reaction rates, on the other hand, confirms that 3PEPS is not
—— 593 nm sensitive to the excited-state lifetirhén contrast, remarkably
—— 580 nm different peak shifts were observed in the two solvents at 580
hexanol

nm. The peak shift in ethanol is larger than that in hexanol from
50 fs to 2 ps. Such a solvent dependence in the 3PEPS signal
at 580 nm cannot be simply explained by the standard two- or
three-level system model&38

Of course, the isomerization of 1144C is not a simple two-
or three-level system. In 1144C, two forms of the ground-state
exist, and the excited-state population decays to both féfra%.
The absorption spectrum of the isomerization product has been
found to be only slightly red shifted with respect to the original
Figure 6. 3PEPS measurements for 1144C in ethanol (a) and hexanol ground stat@829This leads us to suggest that the abnormal peak
(b) at three different excitation wavelengths: 580, 593, and 620 nm. ¢hift pehavior in ethanol at 580 nm could be due to a

o ) ) ) contribution from the product-state contribution. If the absorp-

°C. The excitation wavelength was fixed at 580 nm since simple o coefficients at this wavelength of the reactant ground state
blexponentlal qlecgy was obtained at this Wavelength..The resultSgng the product ground-state absorption are different, a finite
of biexponential fits to the square root of the TG signals are ¢qnstant value in the response function will result after isomer-
listed in Table 2. The short SE lifetime is only weakly sensitive ;,ation due to the different values B8P, andR%s (eq 5). Such
to the temperature, with a slight shortening at higher temper- o offset is not observed in our TG data in Figure 5. This is
atures. In contrast, as would be expected from the decrease of,rohably due to the homodyne detection of the TG signal, that
viscosity with temperature, the GSR lifetime is strongly de- s the signal is the modulus square of the response function
pendent on the temperature, becoming significantly shorter at ooy oluted with the electric fields. For example, a 15% constant
higher temperatures. contribution in the response function will only lead to a residual

IV. B. Wavelength-Dependent 3PEPS Measurements.  signal of 2%, which would be difficult to detect in a conven-
3PEPS measurements for 1144C in ethanol and hexanol wer&jonal TG measurement. To address this issue, PP measurements
carried out at the same wavelengths as in the TG experimentswyere carried out in ethanol at the same three wavelengths in

(Figure 6). When the excitation wavelength is shifted to a shorter the hope that the heterodyne nature of the signal would help to
wavelength, the peak shift decays faster at short times and therresolve this inconsistency.

becomes flatter at later times. A similar wavelength-dependent |, C. Wavelength-Dependent PP MeasurementsAs
peak shift decay was also observed in many nonreactive andshown in Figure 8, the PP signals of 1144C in ethanol at all
reactive systems*¢-3"However, the peak shift in ethanol at  three wavelengths do not decay to zero within the population
580 nm shows a strikingly different effect. In the time range time range used, indicating a considerable contribution from
from 100 to 500 fs, the peak shift is significantly larger than the isomerized product state in the same spectral region.
what is observed at 593 and 620 nm. Furthermore, the offset at 580 nm is larger than that at 593 nm,
To facilitate comparison, the 3PEPS data for the two solvents indicating a larger product-state contribution at 580 nm. This
at each wavelength are plotted on the same graph in Figure 7.supports the speculation in the above section that the abnormal
At 593 and 620 nm, the 3PEPS curves of 1144C in ethanol and peak shift in ethanol at 580 nm originates from a larger product-
hexanol are very similar and only subtle differences were state contribution. The PP signal measured at 620 nm decays

Peak Shift (fs)

0.01 0.1 1 10

04 0.6 0.8

Population time (ps)

0.2

1.0
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periments® The fluorescence and GSR lifetimes were found
to be strongly solvent viscosity dependent, as predicted by the
model proposed by Bagchi, Fleming, and Oxtoby (BEFO)his
model describes a barrierless reaction associated with a large
\ ------ 593 nm amplitude nuclear motion and has been useful in explaining
0.5 {p" — 620nm many experimental observations. Its one-dimensional nature,
\\ however, precludes its quantitative application to wavelength-
\'\ dependent data. The large amplitude bond-twisting motion
N — makes the reaction rate inversely proportional to the viscosity
0.0 A IS LTS SRR ) of the solvent® Sundstim et al. concluded that the initial bond
' N e T N A NN NP0 twisting (process 1) occurs on a subpicosecond time Sealé®
. . . . They suggest that the slowest step is the S transition
0 10 20 30 40 50 (process 2§/2° followed by relaxation on the ground state
(process 3) that is even faster than that on the excited state
because of the steeper potential-energy sufbe&°

This conclusion differs from the current view of the isomer-
ization ofcis-stilbené?43and the triphenylmethane molecufés,

1.0 1

Intensity (a.u.)

Population time (ps)

Figure 8. One-color pump-probe measurements for 1144C in ethanol
at three wavelengths: 580, 593, and 620 nm.

TABLE 3: Pump —Probe Data for 1144C in Ethanol at also believed to be a barrierless large amplitude process. Here
Three Different Excitation Wavelengths® the rate-limiting step is believed to be the motion on the excited
wavelengths A n(ps) Ax  7(ps) As 73(ps) state to the region where a rapid nonadiabatic (or perhaps conical
620 nm 160% 3.0 —55% 56 —5% 160 mte_rsectlon_) transition to groqnd-state surfac_es octufawe
593 nm 89% 3.9 11% 170 believe a similar picture applies to 1144C with process 1 (the
580 nm 91% 4.7 9% 76 large amplitude torsional motion) being rate-limiting, rather than

the internal conversion (process 2) for the following reasons.
First, if the surface-transfer process is nonadiabatic, we expect
to a negative value prior to relaxing back toward zero. An it to obey the energy gap laff.In general, internal conversion
increased transient absorption when the detection wavelengthgates in large molecules from, & S, are on the time scale of
is tuned to the red edge of the absorption band can arise fromseveral hundred femtoseconds or €548 Even the rate of
hot ground-state absorpti#n4! during the recovery process or ~ S1—So internal conversion in azulene isl ps with a large
excited-state absorpticf. energy gap of~16000 cn11.4950 The internal conversion in
The PP data was fit using a sum of exponentials, and the 1144C (process 2) occurs where the energy gap betweandS
fitting parameters are listed in Table 3. To avoid complications So is at a minimum. We expect the internal conversion rate to
from the induction period in the recovery procé%she data be at least similar to that betweepahd S states or even faster.
was fitted after 800 fs. At all three wavelengths, we obtained a Second, the internal conversion from & S occurs without
dominant component with a lifetime of4 ps with a relative large geometry change and should not be very sensitive to the
amplitude of~90%. A second component with lifetime100 solvent viscosity. If process 2 is the rate-determining step, we
ps and a small amplitude was also resolved (the amplitude of expect the overall GSR time scale to be insensitive to the solvent
this component is negative at 620 nm). We assign the first viscosity, which is in contrast to the experimental observations.
component to the ground-state recovery and the second to theThe strong dependence of GSR lifetime on solvent viscosity
back-reaction from the product state to the original ground state.indicates that the rate-determining step is accompanied by a
Such an assignment is apparent from eq 4, where the sign oflarge amplitude motion, i.e. bond twisting. Furthermore, the
the last component could be either positive or negative depend-strong temperature dependence of GSR lifetimes also argues
ing on the relative amplitudes &y andR%g. at the specific against the possibility that internal conversion S is the rate-
wavelength. The product-state lifetime is not accurately deter- determining step, since the internal conversion rate is not
mined, since the time window here is only 50 ps. In view of expected to be very sensitive to temperature. Third, since as
the likely high activation barrier from g' to g, the product-state depicted in Figure 1, the slope of the Sirface with respect to
lifetime may be much longer than 100 ps and could be torsional angle is steeper than that of thesGrface, we expect
significantly underestimated. An additional 5.6 ps component the relaxation on the ground-state surface to be faster than that
with negative amplitude was also required to fit the data at 620 on the excited-state surfaé€?%-30This is further supported by
nm. This component is attributed to the vibrational cooling the observation that similar lifetimes were obtained from up-
process of the hot ground stéfe! conversion, excited-state absorption, and ground-state recovery
The GSR rates obtained from the PP data match quite well measuremen®&.Furthermore, given the fact that a considerable
with the results obtained from the TG measurements. However, amount of product state also contributes to the signal, two
the PP signals seem to decay faster when the probe wavelengthiifferent rates (process 3) will be associated with the recovery
is located in the red part of the absorption spectrum, which asto the original ground state and the product state because of
we discuss below is also due to contamination from the negativethe different PES of the two ground states. The fact that only

@ Data were fitted to two or three exponential components.

hot ground-state contribution. monoexponential decay associated with GSR is obtained in this
_ _ work suggests that the dynamical processes occurring on the

V. Discussion ground state are not likely to be the rate-determining step. Thus,
V. A. Rate-Determining Step of the GSR ProcessThe we conclude that the slow decay on the excited-state surface

isomerization of 1144C in alcohol solvents has been extensively (Process 1) dominates the entire GSR process.

studied by Sundstro et al. using different spectroscopic The two time constants resolved in TG measurements,
techniques, including fluorescence up-convergfstjmulated ascribed to the time scales of SE and GSR, are strikingly
emissior?’ pump—probe?428 and excited-state absorption ex- different from each other~100 fs vs several picoseconds
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depending on the solvent viscosity), although they both reflect as an FID signal. A pronounced negative FID contribution
dynamical processes occurring on the excited-state surface. Theesults in a higher peak shift, and the larger peak shifts obtained
striking difference in the two time scales implies that the initially in ethanol compared to hexanol indicates more negative FID
prepared population on the excited-state surface sweeps out otontribution fromRye, that is, a higher product yield in ethanol.
the laser spectral window quick®;thus, only a small region ~ However, the striking difference in the 3PEPS data starting from
on S can be probed by SE in a one-color experiment. ~50 fs (Figure 7) strongly suggests the excited-state absorption
Furthermore, the SE lifetime is found to increase as the also contributes significantly at short times. The characteristic
excitation wavelength is shifted to the blue, which is opposite rise behaviot is probably masked by the subsequent photo-
to what is generally observed in nonreactive syst&h%in isomer absorption. The different excited-state absorption con-
nonreactive systems, a faster initial decay in the TG signal was tribution in two solvents suggests that the potential-energy
usually observed for shorter excitation wavelengths. The initial surface is significantly solvent-dependéht.
decay in such systems was recently found to be influenced by These arguments imply that the branching ratio between the
the interference between the nonresonant solvent contributionisomer and normal ground states of 1144C in ethanol and
and the wavelength-dependent resonant solute contribtition. hexanol is quite similar when the excitation wavelength is 593
Such different wavelength dependence of the time scales of SEor 620 nm, while a higher branching ratio was obtained in
and GSR suggests that the system is prepared on a differentthanol at 580 nm. The fact that the 3PEPS result obtained in
portion of the potential surface when the molecule is excited hexanol does not look unusual at 580 nm suggests that only a
on the blue side of the absorption band. For example, high- small change in the branching ratio occurs in this solvent which
frequency nonreactive modes may give access to a flatter regionis not enough to change the decay behavior of the peak shift.
of the SE lifetime to temperature changes also suggests thatgifferent absorption coefficients of the isomer product state in
this initial dynamics corresponds to the intramolecular vibra- the two solvents at 580 nm. This possibility does not seem very
tional relaxation or to a combination of vibrational relaxation ||ke|y Considering the similar structures of the reactant and
with torsional motion, aspects of the system which are not jsomerized product. Instead, it seems reasonable to assume that
included in the one-dimensional BFO modgl. the absorption spectrum of the product is slightly shifted from
V. B. Product-State Contribution. We now return to the that of the reactant. Most importantly, a larger absorption
unusual 3PEPS response at 580 nm. Recall that the peak shiftgoefficient for the isomer product state implies a lar§ye
in ethanol are higher than those in hexanol at 580 nm at mostcontribution and gives a smaller residual sigri@y(— Rg,e, see
population times, while the peak shift data at 593 and 620 nm eq 5) in the pump-probe data at 580 nm compared to those at
are very similar for the two solvents. The higher peak shifts in 593 and 620 nm, which is opposite to the experimental results
ethanol could be caused by a higher rephasing capability or a(Figure 8). The combination of the 3PEPS and PP data supports
larger negative free induction decay (FID) contribution. It is the proposal that the abnormal 3PEPS data at 580 nm arises
unlikely that the rephasing capabilities are similar at 593 and from a larger branching ratio at this wavelength.
620 nm and suddenly become different at 580 nm for the two  Both wavelength and solvent (viscosity) dependent results
solvents. We propose instead that the higher peak shift arisessyggest a multidimensional nature to the potential-energy
from a larger negative FID contribution. surfac&? in this system. For example, in low viscosity solvents,
The rephasing and FID terms will interfere in the total excitation at 580 nm may cause the molecule to approach the
response function. The maximum signal for the rephasing term surface-crossing region with a different trajectory from that for
is located at a finite positive coherence time and gives a finite the longer wavelength excitation. Higher product yield with
value for the peak shift, while the FID term decays monotoni- shorter excitation wavelength was also observed in the isomer-
cally and peaks at zero coherence tinfde sum of a rephasing  ization of benzene, which has been used as the evidence of
term and a positive FID term makes the total signal peak at a existence of a conical intersection participating in the radia-
shorter coherence time and thus gives a smaller value of thetionless deactivation proce®s2Our knowledge of the potential-
peak shift. In contrast, the sum of a rephasing term and a energy surfaces of 1144C is far too rudimentary to discuss this
negative FID term will result in a larger value of the peak shift. point further.

The question remaining is the origin of this negative FID V. C. Transient Grating (TG) and Pump—Probe (PP)
contribution. In a previous papéwe demonstrated that excited- Signals. The TG and PP results show apparently different
state absorption could contribute a negative FID term. Excited- wavelength dependence for 1144C. The decay of the PP signal
state absorption of 1144C has been observed on the blue siddecomes faster as the excitation wavelength is shifted to the
of the absorption spectrit2® and is very likely to contribute red, and the signals become negative at longer population times
to the signal measured at 580 nm. However, the absence of theat 620 nm. In contrast, the TG signal is less sensitive to the
characteristic rise behavior of excited-state absorption in the excitation wavelength, and the decay in the picosecond time
TG signal at 580 nm suggests excited-state absorption is not region becomes slightly slower at longer wavelengths. The
the only contribution responsible for such a difference. The PP homodyne TG signal cannot be simply understood as the square
results in ethanol suggest a larger product-state absorption a®of the PP signal, especially when excited at the red edge of the
580 nm than at 593 nm. Photoisomer absorption can contributespectrum. For example, at 620 nm, the negative contribution in
to the response function in a similar way as the excited-state the PP signal does not cause the TG to decay to zero and then
absorption does. As discussed in the theoretical section, therise again in the corresponding population time region.
decay of the excited state to the isomer ground state leads to a By separately tuning the excitation and detection wavelengths,
negative contribution—Rye because of the odd number of the GSR rate has been observed to be insensitive to the
interactions on the ket and bra sides of the double-sided excitation wavelengtR?5* while it becomes apparently faster
Feynman diagram. Since-@ and ¢—¢€ absorption are associ- as the detection wavelength is tuned to the%e&d.This was
ated with different electronic transitions, they are not expected explained as being due to GSR mixing with stimulated emission
to be fully correlated with each other, aRgle should contribute on the red side of the absorption spectrfi#f:Our data cannot
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exclude the possibility that the SE contains a dominant fast total signal in a similar way to that from molecules relaxing to
component and a small slow component; however, SE con-the original ground state. In addition, the absorption spectrum
tamination itself cannot explain the observation that the PP of the relaxed isomer was observed to be slightly red-shifted
signal at longer wavelengths decays to a negative value andwith respect to that of the original ground sta&t@? and the
recovers back toward zero. It is more reasonable to ascribe theproduct state will also contribute to the faster decay in the PP
contamination as arising from the negative hot ground-state data at 620 nm and to the difference between the PP and TG
contribution as the wavelength shifts to the red, since the signals, in a similar way to the hot ground state.

relaxation on the ground state will unavoidably pass a region Therefore, we conclude that the apparently contradictory
where the transition is resonant with the red part of the wavelength-dependent GSR rate obtained from the TG and PP
absorption spectrum. The cooling process should also exist whendata results from the contributions of the hot ground state and
excitation is on the blue side of the spectrum but will contribute the product state. The faster decay observed in the PP data at
as a small positive component, as reported earlier in measure-620 nm for the first 5 ps is mainly due to the decay into the hot
ments on malachite greéhThis component is not well resolved  ground state and the product state. Equilibration of the hot
for excitation at 580 and 593 nm in the current system probably ground state is expected to be complete within 10 ps, while the
because the cooling rate-.6 ps) is just slightly slower than  recovery of the product state to the original ground state takes
the GSR rate+{4 ps). The GSR process in the PP signal appears place on a much longer time scale. This gives rise to the
faster at longer wavelengths mainly because of the contamina-wavelength-dependent residual signal at longer times (50 ps)
tion from the hot ground-state absorption and its relaxation to in the PP data (negative at 620 nm and positive at 580 and 593
the equilibrium spectrum. In addition, the possibility of a small nm). The real GSR rate is probably relatively insensitive to both
contamination from SE cannot be excluded. the pump and probe wavelength, as suggested by earlier

The observed faster decay with blue excitation wavelength WOrk->*° _ _
in the TG signal does not necessarily indicate an increase of A final feature of our data is the oscillatory behavior in the
the recovery rate. Instead, it is probably due to a change in the TG and 3PEPS signals which has a frequency of 220'and
contribution of the real component of3F®5 which does not ~ Persists up to-1 ps. The oscillations are seen in both solvents
contribute to the PP signal. When the excitation wavelength is @t all three excitation wavelengths. The modulation is more
detuned from the absorption maximum, the population grating Pronounced when the excitation wavelength is on the red side
will contribute to both the real and imaginary parts of the third- ©f the absorption band.
order polarization ¥). The real and imaginary components are ]
related to each other by the Krameiéronig relation356 The VI. Conclusions

sign of the real part is excitation wavelength-dependent, being |t has been demonstrated by Joo €tthlat three-pulse photon
negative on the red side of the absorption band and positive ongcho peak shift, transient grating, and purmpobe techniques
the blue edge, as observed in the frequency-resolved heterodyngneasure the same solvation dynamics information in a simple
TG by Vauthey et at’ and in our recent wavelength-dependent tyo-level system. In this work, we carried out a 3PEPS, TG,
heterodyne TG measuremefitsThis wavelength dependence  and PP study on the isomerization reaction of 1144C. A double-
of the real component produces different decay behavior in the gjged Feynman diagram analysis was used to formulate the
real and imaginary components of the total third-order polariza- yesponse functions for the contributions from various regions
tion P¥ in a multilevel system. In a system where a rapid of the potential surfaces to the third-order signal. A simple
radiationless transition brings the molecules from the excited kinetic model was used to connect the different regions of the
state to the original ground state, the transient hot ground-statepotential surfaces. Very different and apparently contradictory
absorption will also contribute to the signal, with a spectrum \yavelength dependencies were obtained in the decay profiles
red-shifted with respect to the relaxed spectrum. In the current from the different techniques. We found that the dynamics on
system, 1144C, 620 nm is located on the red side of the relaxedihis simple system are quite complicated and that it is easy to
ground-state absorption spectrum, but lies on the blue side ofarrive at misleading conclusions based on the results from any
the transient hot ground-state spectrum. The Kramisrenig single technique. The combination of the three different
relation implies that the real part associated with the relaxed techniques provides complimentary information and allows a
transition is negative at 620 nm but positive at this wavelength consistent picture to be developed.
for the hot ground-state contribution. This pOSitiVe transient Specifica"y, the ambiguous contributions of the recovery to
dispersion contribution will give a rise in the negative signal the original ground state or to the spectrally overlapped product
of the real component, analogous to the way a transient excited-state in TG measurements can be distinguished in our 3PEPS
state absorption gives a rise in the decay of the PP signal. Thisexperiments because of the different rephasing capability
rise behavior in the real component of the heterodyne TG signal associated with these two contributions. The combination of
for excitation at the red edge of the absorption spectrum hasthese types of measurements leads to the conclusion that a larger
been observed in our study of the relaxation of the triphenyl- product yield is obtained when the excitation wavelength is
methane (TPM) molecule$.The hot ground-state absorption  shifted to the blue or when the solvent viscosity is decreased.
contributes in opposite ways to the real and imaginary compo-  The analysis of the solvent and temperature dependence of
nent of TG signal, that is, a rise in the real part and negative the GSR rates showed that a monoexponential decay is adequate
going signal in the imaginary part, thus producing an opposite to describe the recovery process. The ground-state recovery is
wavelength dependence in the TG and PP signals. solvent viscosity and temperature dependent. The bond-twisting
In 1144C, a portion of the excited molecules will also relax process on the excited-state surface is the rate-limiting step of
to the ground state of the photoisomer first, before eventually the entire recovery process, rather than the internal conversion
relaxing back to the original ground state on a slower time scale. process as previously propos€d?®
The relaxation along this pathway will also pass through a region  The wavelength dependence of the decay shows opposite
that will give a hot ground-state absorption. The hot ground- trends in TG and PP for the current system. When the excitation
state absorption on the photoisomer side will contribute to the wavelength is shifted to the blue, the PP signal decays more
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slowly and the TG signal decays more rapidly. The hot ground-
state absorption and its cooling process, as well as the product
state contribution, are found to contribute in opposite ways to

the real and imaginary components of third-order polarization
P®), with respect to the contributions from the stimulated
emission and ground-state bleaching, when excited at the re
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