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Relaxation dynamics in the excited electronic statg ¢6L.DS-821 have been studied in aprotic and alcoholic
solvents with pico- and subpicosecond time resolution using ptsupercontinuum probe transient absorption
technique. Steady-state absorption and fluorescence as well as the time-resolved transient absorption/stimulated
emission spectra and the temporal dynamics monitored at different wavelengths mainly reveal the features of
a two-mode kinetic process in the State-conversion of the locally excited (LE) state to the twisted
intramolecular charge-transfer (TICT) state. A shotril(ps) rise time of stimulated emission monitored at

the shorter wavelength band, is the signature of the barrierless skeletal stretching motion along the “valley-
like” region of the potential energy surface (PES) of thestate in the FranckCondon (FC) region to attain

a metastable untwisted configuration, called the LE state. The decay time of the LE state is equal to the rise
time measured at the longer wavelength band, assigned to the TICT state. The linear dependence of the rate
of the LE— TICT conversion process on the inverse of viscosity of the solvent indicates that this low-energy
barrier crossing process is accompanied by a torsional motion about the free double bond of the molecule.
The solvation time of the TICT state in different solvents has been seen to be nearly equal to the growth
lifetime of the TICT state but much shorter than the longitudinal relaxation time of the solvent. These facts
indicate that the rate of the L& TICT process is mainly controlled by the contribution from the intramolecular
modes rather than the solvation.

1. Introduction solvation, is revealed by optical dephasing and dynamic Stokes’
. shift of the fluorescence maximum. Hence, optical spectroscopy
Recently, large size glgctron dpﬁqicceptor (.EDA) mol- provides a window onto microscopic solvation dynanfick.
ecu_les ha\_/e shown promising qppllcaupns_m optical sensors andUItrafast solvation dynamics in polar liquids has been an
optical switches. Following optical excitation, such a molecule a5 tive and fascinating challenge for the theoreticians and the
n condensed phase undergoes anumerous nun_nber of intra- an xperimentalists as well, since the solvation process may control
mtermolecqlar process%s taking place in the pico- and SUbIo"the dynamics of charge-transfer and other condensed phase
cosec_ond time domalﬁs_. However, among them three are the chemical reactions. A popular method of studying the solvation
most Important ones, in Wh.'Ch. _the dy”a”?'cs of thg §e+ute dynamics is to measure the shift of the emission spectrum of
solvent Interaction play a significant role in determining the the solute molecule as a function of time. If the charge-transfer
fate of the excited state of the solute and hence the rates Ofprocess in the excited state of the molecule is ultrafast, then

e solvation phenomena is the characteristic of the solvent and

photophysical and photochemical processes undergone by it.t
These processes are energy exchange between the solute aqg

the solvent molecules via vibrational relaxation or, more
specifically, vibrational cooling, the solvation of the excited state
via reorganization of the solvent molecules following the
formation of the excited state, and conformational relaxation
or isomerization. All these processes take place in ultrafast time
scale and can be followed by probing the relaxation dynamics
of the electronically excited molecules in solution.

is completed within a few tens of a picosecond. However, if
the solute molecule is not quite rigid and two or more
chromophore groups are connected via single or double bond-
(s), the molecule undergoes conformational changes, in case
the barriers associated with the same processes in the excited
state are less than a few kcal mblThese processes also take
place in the same time domain as the solvatfom. vibrational
relaxation process, the vibrationally hot Sate is cooled by

The EDA molecules undergo a large change in dipole moment i collisional energy-transfer process to the solvent molecules,
upon electronic excitation and this change in charge distribution o1, 5 time scale ranging from a picosecond to a few tens of a

in the excited state puts it out of equilibrium with its solvent  hicosecond depending on the nature of the solute, solvent and
environment. The subsequent solvent relaxation, called thehe amount of excess enertly 14 For example, in the case of

IR-12515 HITC,'® andtrans-stilbené’ molecules in the Sstate,
*To whom correspondence should be addressed. E-mail: dkpalit@ this process occurs in the-10 ps range.
apsara.barc.ernet.in. Fax: 091-22-550 5151.
T Also affiliated as honorary professor with the Jawaharlal Nehru Centre
for Advanced Research, Bangalore, India.

Hence, it is obvious that in many of the molecular systems,
as complex as the EDA molecules, the processes, like confor-
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mational relaxation, solvation dynamics, and vibrational relax- SCHEME 1
ation, may occur simultaneously, and it should be challenging S
to study one of these processes and avoid the interference from @[ >—HC6 s 4 éH: éH _@N u
+ 3 (CH3)
the other two processes. Although a great deal of effort has ITI tj/
been put in measuring solvation dynamics without complication CH,
of vibrational relaxation, in many cases confusion remains CH; CH;
whether the relaxation process measured in a particular molecule ClO4-
is entirely due to the solvation process and the probe molecule
used is an ideal one for studying solvation dynamics. However, ~ LDS 821 dye
studies of pure vibrational relaxation in excited electronic states
by eliminating the effects of solvation dynamics have been few. technique that will enable us to have information about spectral
Martin and Hartland recently investigated the vibrational as well as temporal dynamics directly. We have chosen LDS-
relaxation dynamics in the excited electronic state of HITC by 821 dye, also known as styryl 9M (molecular structure is

transient bleach/stimulated emission experiméhislso, El- presented in Scheme 1), for studying its excited-state dynamics
sasser and co-workers recently reported the study on vibrationalby the transient absorption spectroscopic technigue using white
relaxation dynamics on IR-125. light continuum as the probe. The transient absorption spectra

Recently, studies on styryl dyes have received widespread measured after dispersing the continuum probe in a polychro-
interest because of their applications as optical sensitizers ofmator provide spectral information regarding excited-state
silver halide colloids in photographic proces$egser dyes? absorption, ground-state bleaching due to light absorption and
fluorescent probes in biochemical procedi#femnd biosensord. ~ Stimulated emission as well as the temporal dynamics of these
However, these molecules are characterized by a short excitedProcesse$?3°In the fluorescence band, the continuum light is
state lifetime (5 ps to nanoseconds) and therefore by a low @mplified by stimulated emission and it has been shown earlier
fluorescence quantum yield<Q.1)22 This low yield is a by many groups of scientists th_at this stimulated emission may
consequence of an ultrafast nonradiative process that has beeRrovide the complete information about the dynamics of the
attributed to photoinduced transis isomerization about one ~ fluorescing state since its intensity is proportional to the
of the G=C bonds of polymethine chaf Also, it is established populatlon of the_fluorescmg state as wgll as the spectral shape
that the emissive state of the ionic styryl dyes is characterized IS related to the vibrational state distributicfis®***However,
by a charge shift from the styryl group to the benzothiazolinium N many cases, for stimulated emission, if spect(ally overlapped
acceptor group. This charge shift is accompanied by a changeby excited-state and/or ground-state absorption bands, one
in dipole moment of the ionic dye system and this consequently Should be careful to extract correct spectral and dynamical
provides the driving force for solvatich:27 information about the excited state.

Excited-state relaxation dynamics of the LDS series of styryl
dyes have been the subject of many investigations by different
groups. Fleming and co-workers used the excited relaxation | DS-821 (2-(6p-(dimethylamino)phenyl)-2,4-neopentylene-
dynamics of LDS-750 to probe the solvation dynanifc¥. 1,3,5-hexatrienyl)-3-methylbenzothiazolium perchlorate) (Scheme
Ernsting and co-workers have reported, on the basis of femto- 1) was used as received from Exciton. Solvents were of UV-
second transient absorption measurements, that the U|trafaS§pectroscopy or guaranteed reagent grade from Spectrochem,
excited-state dynamics of LDS-750 can be analyzed in terms (Mumbai, India) and were used without further purification.
of an isomerization reaction and so may not reflect solvation Steady-state absorption spectra were recorded with a Shi-
dynamics®® However, recently Yoshihara and co-workers madzu model UV-160A spectrometer. To record the fluores-
reported their study on the dynamics of fluorescence Stokes’ cence spectra at room temperature (298 K), 532 nm laser pulses
shift of LDS-750 in liquid aniliné® They concluded that  of 35 ps duration and 0.5 mJ energy per pulse from an active-
although the spectral correlation function is reasonably well passive mode-locked Nd:YAG laser (continuum, model YG-
described by solvation dynamics, the time dependence of the501C-10) were used for excitation of the samples (optical density
shape of the time-resolved spectra could be explained if the ~0.3) taken in a quartz cuvette of 1 cm path length. The
solvent dynamics is the rate controlling process in both solvation flyorescence was collected at a direction perpendicular to that
of the increased dipole moment of the excited state of LDS- of excitation through an optical fiber, dispersed through a
750 and the stabilization of a distribution of solute conformers spectrograph, and detected by a dual diode array based optica|
in the excited state. Relaxation processes in LDS-821 dye andmultichannel analyzer (Spectroscopic Instruments). The fluo-

a few more dyes of this class have been studied by Zhong et al.rescence spectra have not been corrected for the spectrometer
by a time-resolved stimulated emission metfddwo kinds response. However, the error incurred by not app|y|ng correc-
of relaxation processes in this type of dye molecule have beentions was assessed by comparing the reported corrected spectra
observed in different solvents: the intramolecular redistribution of |R-140 in ethylene glycol (EG% and it has been seen that

of energy with a short time constant less than 500 fs and anotherfor the wavelength range of interest here, the resulting correction
process taking place on the picosecond time scale, which haveis negligible and has little effect on the data being reported here.
been assigned to the cooling of vibrationally hot molecules in The fluorescence quantum yields were determined by comparing
the § state3® However, they observed that the rates of these to that of quinizarin in ethanol solutionp{ = 0.11)3% For

two processes strongly depend on the solvents and suggestegheasuring the fluorescence spectra in solid matrices at liquid
that this may result from solvent-induced structural modification nitrogen temperature (77 K), the samples were taken in a quartz
of the dye molecules. tube of 4 mm diameter and put into liquid nitrogen in a dewar

In view of these conflicting ideas regarding ultrafast relaxation and the spectra were recorded in the same manner as mentioned
processes in the excited state of LDS dyes, it becomes importan@above.
to reinvestigate the different kinds of relaxation processes these Three different time-resolved techniques have been used to
molecules undergo in the excited state using an ultrafast study the dynamics of the excited state. The fluorescence

2. Experimental Section
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lifetimes have been measured by a time-correlated single photon T T R 110
counting spectrometer having 20 ps time resolution and has been 03 Chloroform_g ~ N g
described elsewhefé The transient absorption spectra with 35 0.2 16
ps time resolution have been recorded by a picosecond laser 014 14
flash photolysis apparatus the details of which are available in ’ J2
ref 35. The information on the dynamics of interest occurring o ST PR . =
on a time scale faster than 50 ps have been obtained using a Q- Butanol b & 18 >
home-built subpicosecond transient absorption spectrometer, T 0124 14 %
which can be described here in brief as follows: the 100 pJ 5 ~ — \— -
pulses of 70 fs duration at 620 nm generated in an argon ion 2 0087 12 *%‘
pumped colliding pulse mode-locked (CPM) dye laser have been < .00 +——— ; : ™~0 &
amplified to about 10Q:J pulses of 100 fs duration in a five {pmso 2 b ¢ 13 E
stage dye amplifier pumped by a Nd:YAG laser (280 mJ at 0.084 1,
532 nm, 30 Hz). About 10% of the energy output from the 0.04

amplifier (~10uJ) was used to excite the sample (optical density ' 11
~0.5) taken in a flow through cell of 2 mm path length. The 0.00 +— e + 0
residual fundamental has been used to generate the white light 500 600 700 800 900
continuum (406-950 nm) in a flowing water medium of 1 cm Wavelength, nm

path length and the polarization direction of the probe was fixed Figure 1. Steady-state absorption spectra (a), emission spectra in solid

at th? m_agic angle, i.e., 54,7with respect to that of pump  matrices at 77 K (b), and fluoresecnce spectra at room temperature (c)
polarization. The angle between the pump and probe pulsesin chloroform,n-butanol and DMSO.

falling on the sample is about 2@nd the spot sizes of the two

beams at the sample were about 1 mm. The transient absorptiorinay arise due to contribution from more than one electronic
spectra were recorded using the optical multichannel analyzerstate to the absorption spectrum. The other reason is that it
and the decay dynamics at a particular wavelength region (10 probably reflects a broad distribution of conformers (solvent
nm width) were monitored using two photodiodes coupled with solute or intramolecular) in the ground state.

the boxcar integrators. The overall time resolution of the  The emission spectra in each solvent recorded at room and
absorption spectrometer was measured to be about 300 fs byliquid nitrogen temperatures are significantly different, the
measuring the growth of the negative absorption signal at 650 former ones being very much red shifted with respect to the
nm due to bleaching in the ground state for malachite green in latter ones. In both the cases, the emission spectra show
ethylene glycol and the same was used to determine the zergshoulders at both sides of the peak and the relative heights of
delay position between the pump and the probe pulses. Thethe shoulders and the peak are solvent dependent. However,
spectra were not corrected for the deformation due to the effectthe emission spectra recorded at both the temperatures are
of the group velocity dispersion of the probe pulse due to the considerably narrower (fwhmy 1300 cn1?) than the absorption
optical materials used in the spectrometer. However, we madespectra. With increasing solvent polarity, as measured by the
the measurements of the delays, at which the different colors reaction field factorAF(eo,n),%3” the maxima of the absorption

of the probe pulse reach the sample, at a few wavelengths andspectra shift to the blue. Such behavior is indicative of decreased
they confirmed that the transient spectra recorded later than 0.5stabilization of the FranckCondon (FC) § state relative to

ps after the pump pulse in 65@00 nm region, while the zero  the ground &) state by the more polar solvent and hence lower
delay position has been set at 650 nm, should reveal theu value of the former state as compared to the latter is evident.
information regarding the evolution of the transient species. ~The solvent dependent shape of the emission spectra also
However, the temporal dynamics monitored at a particular indicates the possibility of the presence of more than one
wavelength with ca. 10 nm width, reveal the quantitative conformer, either or both in the ground and excited electronic
evolution of a particular transient species with a time resolution states. The maximum of the emission spectrum recorded in each
of about 300 fs. The temporal dynamics have been analyzedof the solvents at room temperature shows a large red shift,
by fitting the temporal profile by iterative deconvolution with ~ more than ca. 180 nm with respect to the absorption maximum

the instrument response function of Setype having fwhm in the corresponding solvent. This large Stokes’ shift between

of 300 fs. the maxima of the absorption and emission spectra recorded at
room temperature indicates that certainly the FC state is not

3. Results the emitting state. The steady-state fluorescence maximum shifts

to red due to an increase in solvent polarity, which is evident

3.1. Steady-State Absorption and Fluorescence Studies. from Table 1. However, no reasonable correlation has been
Figure 1 displays a few typical sets of steady-state absorptionfound between the fluorescence peak maxima and the solvent
and fluorescence spectra of LDS-821 in a few of the solvents polarity parameterAF(eo,n). The same is true for the depen-
studied here at room temperature and also the emission spectraence of the Stokes' shift paramet&n(= vaps — vem, cM 1)
in solid matrices at 77 K. The absorption spectra are structurelesson AF(eo,n). The possible reason behind the lack of correlation
and broad, having half-widths of about 4000 @mThe large between the fluorescence maximay) or Av and the solvent
bandwidth and the large extinction coefficient value$0 x polarity parameterAF(eo,n) (or any other parameter, e.ge*
10* mol dnm3 cm~* at 585 nm in ethanol§ for the absorption ~ or EtN)38 (Table 1), is the emission from more than one
probably indicate involvement of charge transfer, most likely conformer formed following optical excitation. Since the solvent
involving partial donation of the amino lone pair to the charged effect on the fluorescence maxima of the undecomposed spectra
methylbenzothiazolium moiety through the conjugatelsonded is not a simple reflection of the solvent dependence of a
alkene chair#* The steady-state absorption spectra of LDS-821 particular excited-state conformation, the spectral shape as well
in different solvents show systematic variations as a function as the solvent shift also depend on the relative quantum yields
of polarity (Table 1). The broadness of the absorption spectrum of the conformers. The total fluorescence quantum yiedgs (
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TABLE 1: Photophysical Properties of LDS-821

solvents & polarity absorption fluorescence stim. emission Awv,®

parameters(AF, o*, ErN)2 Amax, NP Amax, NITF Amax, NMA cm?t o 7 fps  10%g,9s! 10 %wRr"st
CF (0.29, 0.69, 0.259) 619 785 804 3416 0.10 1030 0.98 0.87
DCM (0.47, 0.73, 0.309) 632 797 810 3276 0.105 1340 0.78 0.67
acetone (0.65, 0.62, 0.355) 570 797 806 5136 0.044 450 0.98 2.12
ACN (0.71, 0.66, 0.46) 563 792 819 4796  0.035 570 0.61 1.69
DMF (0.67, 0.88, 0.386) 571 830 835 5465  0.037 580 0.64 1.66
DMSO (0.66, 1.0, 0.444) 574 834 842 5432  0.045 558 0.81 171
methanol (0.71, 0.60, 0.762) 574 792 820 4987  0.038 350 0.99 2.53
ethanol (0.67, 0.54, 0.654) 588 811 817 4997 0.04 400 1.00 2.40
1-propanol (0.63, 0.52, 0.617 596 798 814 4493  0.041 500 0.82 1.92
2-propanol (0.63, 0.48, 0.546) 593 797 813 4677  0.036 490 0.74 197
n-butanol (0.63, 0.47, 0.586) 601 788 812 4316  0.03 585 51 1.66
1-pentanol (0.57+, 0.586) 606 787 812 3795 0.051 675 0.76 141
1-decanol (0.415-,0.525) 600 780 810 3860 0.031 714 0.43 1.36
ethylene glycol (0.67, 0.92, 0.79) 580 792 825 4627  0.021 296 1.3 3.2

aValues are from refs 37 and 38Ground-state absorptioARoom-temperature fluorescenéevlaximum of the stimulated emission band
observed at 35 ps after photoexcitati®hv; = vma{@bs)— vmax (stim em). lifetime of fluorescence monitored at 830 nfrkg = ¢x/t; "knr =

(l — ¢f)/‘[f.

have been given in Table 1. Excluding the chloroalkane solvents,
the ¢¢ values show very little variation with respect to polarity.
3.2. Time-Resolved Studies3.2.a. Fluorescence Lifetime
Measurements.The fluorescence lifetimestd) have been
determined by single photon counting by monitoring the
fluorescence decay at two wavelengths, 770 and 830 nm on
the fluorescence spectra of LDS-821. The fluorescence decay
function is seen to be monoexponential in all the solvents when
monitored at 830 nm but double exponential at 770 nm. Among
the two components associated with the fluorescence decay at
770 nm, the one with the larger lifetime is seen to be similar to 0 4 8
the one obtained from the measurement at 830 nm in the 044 tmeps —
corresponding solvent. But the shorter component being very 500 600 700 800 900
short (<20 _ps), shorter than or comparable to t_he time resolution Wavelength, nm
of the equipment, is not reproducible from different measure-
ments and hence not given in Table 1; only the lifetime of the Figure 2. Time-resolved transient (absorption/stimulated emission)
|Onger component is given’ which may be considered as the spectra of LDS-821 in chloroform due to excitation at 620 nm. The

lifetime of the § state of the most stable conformer of LDS- SPectra are recorded at 0.5 (1), 1 (2), 2 (3), 5 (4), 10 (5), 15 (6), and
821 molecule 30 (7) ps time delays after the pump pulse. The inset shows the temporal

o ) evolution of the transient absorption/stimulated emission at 730 and
Lifetimes () are longer (about 1 ns) in chloroalkane solvents  gop nm. At 730 nm the stimulated emission grows with a lifetime of
but in polar solvents the lifetimes are short and vary in the range 1 ps followed by a decay with lifetime of 4.5 ps. At 800 nm the
300-600 ps (Table 1). Radiativékd) and nonradiativekyr) stimulated emission grows with a lifetime of 4.2 ps.
rate constants have been calculated by assuming that the yield
of the intersystem crossing to the triplet is negligible (see later), chloroform solution by 620 nm laser pulses of subpicosecond
and the values are given in Table 1. In the alcoholic solvents, duration. The transient spectrum recorded at 0.5 ps (curve 1 in
knr has reasonably good linear correlation with the inverse of Figure 2) shows several features: a positive absorption band at
viscosity of the solventy~%, and it increases with a decrease ca. 550 nm, which grows with an increase in time delay, a
in solvent viscosity. However, in nonalcoholic solverkg,is negative absorption band at 620 nm, probably due to ground-
not so well correlated witly~*. These facts indicate that in the  state bleaching but masked by the growing positive absorption
deactivation process of the State, in addition to the nonra-  band at 550 nm at later time, and a weak emission band having
diative relaxation process involving intramolecular rearrange- a peak at ca. 750 nm. This emission grows up initially (upto 2
ments, e.g., isomerization, which is expected to be hindered by ps) and then decays with a concomitant development of a new
the solvent viscosity, solvation phenomena as well as other emission band having a peak at 800 nm. The latter continues
specific kinds of solutesolvent interactions might also play to grow up to about 15 ps with no shift of the wavelength
significant roles. In addition, the lack of good correlation maxima of the stimulated emission band with time. The temporal
betweerknr andy~is probably due to the fact that the quantum evolution of the transient absorbance has been followed at 730
yield of the total emission determined experimentally is not due and 800 nm and is shown in the inset of Figure 2. The growth
to emission from a single isomer, for which the lifetime of a and decay lifetimes of the stimulated emission measured at 730
few hundred picoseconds has been determined. The fluorescencam are 1+ 0.2 and 4.5+ 0.4 ps, respectively. The growth
yield reported in the Table 1 is the total emission yield from lifetime of the stimulated emission intensity monitored at 800
more than one isomers formed following optical excitation (see nm is 4.2+ 0.2 ps. Because of the absorption bands, which are
later). growing with increases in time delay at ca. 550 and 700 nm,
3.2.b. Transient Absorption Studiésgure 2 shows the time-  overlapping with the band due to bleaching at ca. 620 nm, no
resolved transient absorption spectra recorded in the subpico-attempt has been made to study the dynamics at these
second time domain following photoexcitation of LDS-821 in wavelengths. The good agreement between the decay lifetime
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Figure 3. Time-resolved transient spectra of LDS-821 in DMSO due
to excitation at 620 nm. The spectra are recorded at 0.5 (1), 0.7 (2), 1
(3),1.5(4),2(5),3(6),5(7),8(8), 10 (9), and 12 (10) ps time delays T T T T
after the pump pulse. The inset shows the evolution of the stimulated 0 5 10
emission spectra in 65830 nm region, recorded at 0.5 (a), 0.7 (b), 1 time ps
(c), and 12 (d) ps time delays, as they have been normalized to ’
approximately the same intensity at the wavelength maxima.

-0.04

Figure 4. Temporal evolution of the transient absorption/stimulated
emission due to photoexcitation of LDS-821 in DMSO monitored at
of the stimulated emission measured at 730 nm and the growth590 (A), 730 (B), and 850 (C) nm. At 590 nm, the bleaching due to
lifetime measured at 800 nm indicates that the state or the ground-state depletion shows a rise with instrument response time limit

species having the stimulated emission band centered at 800 Zsrown = 0.32 ps) and does not show any recovery up to 20 ps. At 730

nm is formed due to decav of the state or the species having an™ the temporal evolution of the stimulated emission shows a fast rise
. Y P 9 ayjith instrument response time and subsequently a growth of transient

emission band centered at 750 nm. _ _ absorption with lifetime of 4 ps. At 850 nm the stimulated emission
Flgure 3 shows the tlmg-resolved tranglent absorptlon spe(_:tragrows with a lifetime of 3.9 ps.

obtained due to photolysis of LDS-821 in DMSO in a subpi- _ _

cosecond time domain. In addition to the negative absorption TABLE 2: Solvent Properties and Time Constants of

band appearing in the 5650 nm region due to ground-state LDS-821

bleaching, the transient spectrum (curve 1) recorded at 0.5 ps 7, [ {drobe 75, T1(PpS), [@ldom
after the pump laser pulse shows a weak emission band in the _Solvents ps  ps(probej®  ps  72(ps)  ps
650—800 nm region with a maximum at ca. 700 nm. With an CF 2.8 40 —
increase in time delay, this emission band disappears with a DCM 0.5 18— 21
concomitant development of a positive absorption band in the ACN 0.2 8-3668‘;”%%“”) 15- 15
same region as well as another emission band in the red side of 4 ) _

. . . . . DMSO 2.1 1.79 (coumarin) 4.0 25
the former (i.e., in the region 8600 nm). With an increase 3.1 (LDS 750)
in time delay, the wavelength maximum of this new emission MeOH 9.2 5.0(coumariny 2.0 0.4,35 1.8
band shifts gradually from ca. 800 nm, as it starts developing 2.7 (DCM)
during ca. 1 ps delay, to 842 nm at 15 ps, when it is fully grown. 3.3 (LDS 750)
The temporal dynamics of the transients monitored at 590, 730, thanol 60  16(coumarin) 65 1.0,6.5 3.6

h h . . h "' propanol 75 26 (coumarin) 16 1.1,12.3 10.6

and 850 nm have been shown in Figure 4. T e negative piano| 120 63 (coumarin) 14 12123 11.1
absorbance at 590 nm due to ground-state bleaching increases 66 (LDS-750)
following the instrument response limited rise time and does pentanol 103 (coumarin)  22.0— 20

not show any recovery within the time of our measurements, ethyleneglycol 86  15.0 (coumarin) 17 15,52  17.1
i.e., up to about 20 ps. This indicates that the molecules excited 8.0 (DCM)

do not come down to the ground state within this time interval. 2 Reference 7° Reference 51¢ Reference 249 Reference 43.

The temporal profile of the differential transient absorption

monitored at 730 nm also shows the instrument response timeground-state depletion at 600 nm has not shown any recovery
limited rise of the stimulated emission, which subsequently within the time up to 15 ps, the relaxation process we observe
disappears and is followed by the growth of a positive absorption here must be taking place in the fluorescing state or any other
with a lifetime of about 4.0t 0.4 ps. However, the temporal  excited state preceding the fluorescing state.

profile recorded at 850 nm shows a clean growth with a lifetime ~ The excited-state dynamics of LDS-821 have been monitored
of 3.9+ 0.2 ps. The inset of Figure 3 also shows a comparison in a few other solvents, as mentioned in Table 2. The gross
of the spectra of the transients monitored at four different times features of the time-resolved transient absorption characteristics
as normalized to the same peak heights. The inset shows onlyare more or less similar in other solvents as those described in
the changes in the shapes of the stimulated emission spectra othe case of DMSO. In each of the solvents, the temporal
the transients at different time delays. At 0.5 ps the transient dynamics of the transient species monitored at 730 nm shows
emission spectrum is very broad, the peak intensity extendinga very fast rise dgown < 1 ps) of the stimulated emission
from 670 to 750 nm. Because of overlapping of this emission intensity and then decay, the lifetime of which nearly matches
band with that due to bleaching, its actual shape could not bewith that determined by monitoring the growth in the 800
ascertained. At later times the width of the spectrum becomes850 nm region. In chloroform and ethylene glycol, the growth
narrower and the peak wavelength shifts to ca. 790 nm within of the stimulated emission at 730 nm is relatively longer (ca. 1
1 ps and later to 840 nm after about 15 ps. Within this time ps) as compared to that in other solvents, e.g., in acetonitrile,
period, the growth of the emission intensity at 840 nm is also methanol, and DMSO, in which this process is instrument
complete. However, since the bleaching band arising due toresponse time limited (i.es300 fs). The growth lifetime)
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steady-state absorpt_lon _and stimulated emission) (_C), are plotted as astigr]nul ated emics]si On/s)tlim on (B) and StokeSYShiftsAvl (C)pa?éﬂi)k()tt)e d
function of the reaction field factorsF(eo,n). Alcoholic solvents are s ction of the solvent polarity parametes. Alcoholic solvents
shown as open circlej}, the aprotic or simple dipolar solvents as

> . - are shown as open circle®), the aprotic or simple dipolar solvents
ines represont the leastsquares fis of e data. wit the sovents S l1ed crcles @) and the chioro solverts as open triangle (The
excluding chloroform in (A) and (C) and DME and DMSO in (B) lines represent the least-squares fits of the data with the solvents

excluding the four aprotic dipolar solvents, namely, acetone, acetonitrile,

. L . . R DMF and DMSO.
of the stimulated emission, obtained by single-exponential fitting

to the growth of the emission intensity monitored at 8850
nm in different solvents, are given in Table 2. AF(eo,n) is very poor R= 0.82 withN = 12). The decrease in

The stimulated emission at 830 nm has been seen to decaystimulated emission frequency and increase in the value pf
in the picosecond time domain following photoexcitation by with an increase in solvent polarity indicate that the fluorescing
532 nm laser pulses of 35 ps duration, and this decay lifetime state is a CT state and the difference in dipole moments between
has been observed to be nearly the same (within experimentalthat of the excited and ground statég:f has been calculated
error of about 5%) as that of the decay of the transient absorptionto be 9.8 D by using the LippetrtMataga equatio@?
monitored at 540 nm as well as the rate of bleaching recovery Thus, although both simple dipolar and alcoholic solvents
monitored at 600 nm. The lifetimes of the transient species could be adequately modeled in terms of continuum dielectric
obtained from these measurements have also been seen to agrekescriptions of solvation, there is considerable scatter in the data.
well within experimental error with those determined by the This fact probably indicates that in addition to the more obvious
single photon counting technique (Table 1). The isosbestic pointssource of Stokes' shift, modulation of the interaction between
in the time-resolved spectra between the positive and negativethe permanent charge distributions of the solute and solvent,
absorption bands indicate that at any time after about 35 ps ofany other special kind of solvent interaction, e.g., interaction
photoexcitation, only two states, namely the ground and the via hydrogen bonding or donation of electron pair, may also
fluorescing states, are responsible for the entire spectrum andcontribute in the stabilization of the fluorescing state. Hence to
the ground state recovers nearly quantitatively after relaxation gain information about this kind of solutesolvent interaction,
from the fluorescing state. Hence, this fact excludes the these three photophysical parameters (namgly vstimemand
possibility of formation of any other intermediates between these Av;) have been correlated with the two most popular empirical
two states, e.g., the triplet state or any other isomers in the scales of solvent polarityz* and EtN.°38 We could not find
excited state. The shapes of the stimulated emission spectraany reasonable correlation between any of these three parameters
recorded after 35 ps are perfectly Gaussian without the presenceand thes* polarity parameter of the solvents. Figure 6 shows
of any shoulders seen in the steady-state emission spectra. Thishe correlation between these three parameters andhe
fact indicates that this emission band is due to thet&te of a values of the solvents used here. The solvents (Table 1) can be
single conformer species and the region of this stimulated roughly divided into three main categories according to their
emission band is not overlapped with that of the excited-state EtN values depending on the specific soluslvent interac-
absorption of the same conformer species. The maxima of thetions: (i) protic hydrogen-bond donating (HBD) solvents with
stimulated emission bands and the Stokes' shift paraméters,  E;N values in the range (0.5 to 1), i.e., the alcohols; (i) diploar
= vaps— Vstimem N different solvents have been given in Table aprotic non-HBD solvents witlerN values 0.3-0.5, i.e., ace-

1. They show significant solvent dependence; e.g., the maximatone, acetonitrile, DMF, and DMSO; (iii) apolar aprotic non-
are at 800 and 842 nm in chloroform and DMSO, respectively. HBD solvents withErN values in the range (0 to 0.3), i.e.,

In Figure 5, maxima of steady-state absorptien,d and chloroform and DCM® The plots in Figure 6 show that all the
stimulated emissionv{imen) and the Stokes' shift parameter, three photophysical parameters are differently correlated in
Avy, (Table 1) have been plotted as a function of the reaction dipolar aprotic solvents than in other solvents. In these sol-
field factor, AF(eo,n), of the solvents. It is evident that although  vents the values of the Stokes' shift parameter is unusually larger
vapsand Av; are reasonably well correlated (correlation coef- than those in other solvents. The dipolar aprotic solvents used
ficient, R > 0.9 in 13 solvents, i.e\ = 13, in both the cases) here are usually good electron pair donating solvents and hence
with AF(ep,n) values of the solvents in both the alcoholic as much larger shifts in these solvents can be attributed to the
well as nonalcoholic or simple dipolar solvents, excluding higher solvation energies due to solvation of the cation. This
chloroform from the fit, the correlation betweefim em and fact indicates the relative importance of electronic contribu-
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Figure 7. Stimulated emission peak maximg(t), plotted as a function

of time delay, between the pump and the probe pulses in four solvents.
The single or double-exponential fit function with the lifetimes given
illustrates the solvation dynamics of the TICT state formed in the S
state of LDS-821. In methanol and ethylene glycol, the solvation
dynamics show bimodal behavior. The average solvation {iiigy,,

has been calculated by using eq 2.

tions to the stabilization of the ;Sstate, from which the

Palit et al.

function. The lifetimes of the two components, and 7,
obtained in different solvents are given in Table 2. Such bimodal
behavior ofC(t) or vy(t) in alcoholic solvents has been observed
by many of the groups studying solvation dynamics using
various kinds of probe&242> However, here we are not
concerned about the significance of the multicomponent be-
havior of the solvation phenomena but only the average
solvation times[zdo\, determined either by single-exponential
fitting of the vp(t) curves or by calculating the same from the
decay times obtained by double-exponential fit using éf| 2,

a;t, +a,r

=T a, @
1 2

where t and a represent the lifetime and the corresponding
amplitude due to a particular solvation component. Tig,,
values determined are given in Table 2 along with the
longitudinal relaxation timeg, of the solvents and the solvation
times,#(3obe as determined earlier by other groups using other
kinds of probed 9244345

4. Discussion

Scheme 1 shows that in the LDS-821 molecule, a hexa-
methine hemicyanine dye, the (dimethylamino)phenyl (donor)

stimulated emission originates, rather than the hydrogen bondinggroup is connected to the methylbenzothiazolium (acceptor)

interaction.

Now the question is whether the growth of the emission band,
which is accompanied by a dynamic Stokes’ shift, is due to
formation of an intramolecular charge-transfer state and its
solvation, or due to vibrational relaxation in a newly created
excited state, as predicted by Zhong et’abince we observe
this shift only in polar solvents, but not in relatively less polar

group by az-conguated spacer group consisting of a polyme-
thine chain having three ethylenic units. However, among these
three ethylenic units, two are parts of a rigid cyclohexenyl ring
and the other is flexible and only the latter is able to undergo
torsional motion to take part in the transis isomerization
process. It is known that the length of the polymethine chain
controls the photophysical properties of this kind of donor

chloroform, the growth of the emission band and the dynamics gcceptor type of molecufé:3046 The influence of a longer

Stokes’ shift in the 8086850 nm regime could possibly be

polymethine chain (here it is a chain of sixconjugated carbon

assigned to the formation of an intramolecular charge-transfer atoms) enhance the stability of thesystem by electronic
(ICT) state and its simultaneous solvation. The dynamic Stokes’ ge|ocalization. The results of the reaction path computations
shift in polar media is represented by the normalized spectral t5; gych a long conjugated polymethine cyanine system (e.g.,

response functioiC(t), as defined bif—42

() — v()

0= 0 =)

@)

where v(0), v(t), and »(0) are the peak frequencies of the

penta- and heptacyanines) suggests that the ultrafast evolution
of the excited state of these chromophores can be described
using the two-state two-mode model, which has been proposed
to explain the primary events corresponding to the light-induced
trans—cis isomerization of a retinal protonated Schiff base (PSB)
chromophore embedded in proteftig8in this model, only the

stimulated emission band due to the TICT state at zero time ground state (§ and the first excited singlet—s* state (Q)
(i.e., in this case it is the time when the barrier crossing processare involved in the reaction. Upon excitation to thestate,

just started), at timeafter this zero time, and at very long time
when no more shift is observed, respectively. The dynamic

the molecule follows a path in which different vibrational modes
are populated sequentially. The first mode is totally symmetric

Stokes’ shift also can be represented by either the time and drives the initially planar system out of the FC region

dependence of the peak frequenept), or the first moment
v(t) of the log-normal fit to the stimulated emission spectfim.

through a skeletal stretching. The second vibrational mode is
totally nonsymmetric and is dominated by torsional motion about

It has also been discussed that in the case of C-153, there ione of the central double bonds of the system. This two-mode

very little difference in the time behavior due to solvation of
the two parameters,(t) andv(t),%*and the time dependence
of vy(t) is the same as that f&@(t).*3

In Figure 7, we depickp(t) as a function of time for a few of

motion, in turn, leads the system towardca. 90°-twisted
configuration, where theoSand S potential energy surfaces
cross at a conical intersection, thus triggering an extremely
efficient § — S decay. A detailed analysis of the computed

the solvents. The reason that we have shown the time depenpath of the cyanines indicates that the structure of the S

dence ofvy(t) rather tharC(t) is that we want to avoid the error
that may arise irc(t) due to uncertainty in the frequency of the
charge-transfer emission at= 0. Also we verified in a few of
the cases that the time dependencet) is equal to that for
C(t) within experimental error (10%). In nonalcoholic solvents
the time behavior of(t) could be fitted to a single exponential
decay function reasonably well, but in alcoholic solvents the
same could be fitted well only with a double-exponential

potential energy surface in the vicinity of the FC point is “valley-
like” and the initial relaxation occurring in the FC region is
fully dominated by the barrierless symmetric skeletal deforma-
tion mode?” The extended valley-like shape of the Sirface
along the stretching coordinate prevents a fast stretching-
torsional coupling. In the case of the long chain polymethine
cyanines (with the number of CH units> 5), the stretching
modes and the torsoinal modes are completely uncoupled and
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Figure 8. Potential energy surface for the two-state two-mode model
for the relaxation of LDS-821 molecule in the State.

hence the initial relaxation will be fully dominated by the
stretching mode, and the torsional mode will be populated only
after partial equilibration at a metastable untwisted intermediate.
This intermediate then undergoes trawss isomerization via
the torsional motion about the=€C bond and the dihedral angle
changes from Oto about 100. This process corresponds to an
activated barrier crossing process.

The PES for the two-state two-mode model for the relaxation
process in the Sstate of LDS-821 molecule has been shown
in Figure 8.The time-resolved spectra as well as the temporal
dynamics of the stimulated emission monitored at different
wavelengths, as shown in the Figures2mainly reveal the
features of two-mode kinetic processonversion of the LE state
to the TICT state. For short wavelength detection, e.g., at 730
nm, we observe the;State relaxation in the region close to
the FC point. A short or nonexistent (i.es,1 ps) rise time and
very fast spectral evolution in this higher energy spectral regime
(700-800 nm) are the signatures of the transient species
evolving along the skeletal deformation coordinate in the valley-
like region to attain the metastable untwisted intermediate

conformation, called the LE state. This assignment is supported

by the difference in the steady-state emission spectra recorde
in solid matrices at 77 K and in solutions at room temperature
(Figure 1). For example, in the DMSO glass matrix at 77 K, in
which the molecule is not able to undergo any kind of

conformational relaxation, the steady-state emission spectrum

has a peak at ca. 705 nm. But, in time-resolved experiments,
we observed a broad emission band with a peak at ca. 700 nm!/
which could probably be assigned to the emission originating
from the FC excited state, having the same conformation as in
the ground state. However, after about 1 ps the spectral shap

of the stimulated emission band changes to one having a width

J. Phys. Chem. A, Vol. 105, No. 26, 2004301

The fast relaxation process, which is observed in the-700
800 nm wavelength region in the present system, cannot be
assigned to the intramolecular vibrational (energy) relaxation
(IVR) process, since the dyes of this class have been shown to
undergo the IVR process in a time scale faster than 100
fs.11.16.25.28.49This process has also been reported in the case of
other cyanine or hemicyanine dyes. For eaxmple, recently,
Ernsting and co-workers reported that the intramolecular
relaxation process in the 8lectronic state of LDS-750 proceeds
in two steps, $— S/ — $".28 To explain the higher energy
gain band at early time<200 fs), an intermediate isomeric state,
Si', which is formed within about 100 fs after excitation, has
been predicted. Solvation of the excited state is followed by
the crossover processy' S> S,"', the latter being the isomerized
charge-transfer (CT) state. Bingeman and Ernsting, in their
report on the study of solvation dynamics of DASPI, a short
chain hemicyanine, observed an ultrafast component in the
higher wavelength regime of the time-resolved stimulated
emission spectra at early time<200 fs) before the actual
solvation process starté8in the case of both DASPI and LDS-
750, being short chain (di- and trimethine) hemicyanines, the
PES in the $state near the FC region possibly is “ridge-like”,
rather than “valley-like” as in the case of long chain cyanines
and also the LE~ TICT process is barrierledg.Hence, both
the formation and disappearance of the LE state are expected
to be very fast in these chromophores. Martini and Harfiand
reported the Sstate relaxation process of HITC, a heptacyanine
dye. The decay witx100 fs lifetime observed at higher energy
regime has been assigned to IVR. At a longer wavelength
regime, in addition to the slower process1(.7 ps) due to
solvent-induced vibrational cooling, a component with 300 fs
rise has been observed and the latter too has been assigned to
a slower IVR, which has been predicted to be due to smaller
coupling matrix elements or because of the coupled levels further
away in energy. However, the latter process is certainly due to
intramolecular relaxation, since the rise time is independent of
the solvent. Probably this 300 fs growth could be assigned to
he relaxation process occurring along the valley-like PES near
he FC region forming the LE state, which subsequently cross
over a barrier to form the twisted isomer in thes$ate. In the
present case, LDS-821 being an hexamethine hemicyanine and,
in addition, two central &C double bonds being part of a rigid
structure, the formation of LE state via the early relaxation
process is comparatively slower than those reported for other
tyanines. The subsequent EE TICT process too is expected
to be slower because of a higher energy barrier due to the

proximity of the only flexible G=C, bond to the (dimethyl-

amino)phenyl (donor) grouf.

narrower than that of the spectrum recorded at 0.5 ps and an We have looked for possible correlation betwegand [z dow

emission peak at ca. 800 nm. This process is followed by
torsional motion about the free double bond,€C;) ac-
companied by the intramolecular charge transfer. The longer
rise time measured at a longer wavelength regime (83D
nm) is the signature of the motion that corresponds to torsion,
leading to the TICT minimum. Hence, the growth of the
stimulated emission observed in the 8@50 nm wavelength
regime in different solvents could be assigned primarily to the
population kinetics due to LE> TICT interconversion process,
and the parametey (Table 2), to the rate of this process. The
continuous shift of the peak of the stimulated emission band
with an increase in time delay observed at this wavelength
regime in polar solvents indicates the solvation of the TICT
state produced. This;&ICT) state decays to the ground state
at a much longer time scale-800 ps).

and various measures of energetics and dynamics of solvation,
some of which are listed in Table 2. It is important to note that
in different solvents, the values af, the LE— TICT conversion
times, are uniformly greater than or very nearly equal to the
average solvation time§jldoy and these two parameters have
good linear correlation in all kinds of solvents used here (Figure
9A, R=0.92,N = 10). In addition, Figure 9B shows that the
rate constants for the LE- TICT process, i.e.74"?, are well
correlated with the inverse of the viscositigs¥) of the solvents
(R=0.93 withN = 10). The solid line in Figure 9B represents
the linear fit function: 7,71 = 0.009 + 0.21y! or 741 ~
0.21y7L. The intercept (0.009 p3 or 9 x 10° s7) indicates
that in a solvent of infinite viscositysg* is reduced signifi-
cantly. The linear dependence of ! on 5! supports the
general conclusion that the KrametSmoluchowski description
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»n 0o Also, as the solvation time of the solvent increases, the
Q: 204 A difference between and [#[4,, decreases, resulting in an
2 M apparent power lawg ~ 8.4240,%-5 similar to the kind we
INECE observe in the case of LDS-821, e.gq ~ 2.457don>*".
v T r . T According to the theory of Nadler and Marcus this kind of power
0 1 ps B 20 law dependence of the charge-transfer rate on the solvent
= polarization relaxation time may indicate that the fluctuations
Ta 06+ ) in the intramolecular modes of the molecule make the dominant
- 034 contribution to the reaction process as compared to the solvation
e of the excited state?® In case the solvation is controlling the
0.04 ; . . observed dynamics, the experimental data should fall on the
" T, P_12 ' 3 line of unit slope in the plot ofg as a function ot or Fldoum
Q. 100 n.¢ — as shown by the dashed line in Figure 9C. As the contributions
% 10] e from the intramolecular modes toward the control of the charge-
A e = transfer process increase, i.6;, > 1o (i and 1o are the
Vo 13 i reorganization energies due to intramolecular modes and sol-
\p"” o1t vation, respectively), the slope is predicted to decrease. In the

T T
0.1 1 10 100
<t>
T coum’ pS

Figure 9. Correlation betweernry, @y, and Eldum in different
solvents. (A) Linear correlation betweénld,, and z4. (B) Rate of
formation of the TICT stater(?) is linearly correlated with the inverse
of the solvent viscosityy 1. The straight line is the linear fit function:
74t = 0.009+ 0.21 7% (C) Linear correlation betweery (O) or conclusion is also supported by the linear dependenagéf
[Zldow (@) and [#ldoum The solid line represents the fit functiag = on =1 in all kinds of solvents (Figure 9B). Su and Simon
2.49314,**" and the dashed line represents the unit slope of the plot yeported similar kinds of results for intramolecular CT reactions

T OF ({5 VS (ldoun OF the caserg or [l = [ldoum of DMABN and DEABN in alcohol solutions at low temper-

. , . .. atures*

holds in the present case with a frequency-independent friction . . .
characterized by the bulk viscosity of the solvent. This simple Howgver, n the present case, the average solvation times
n~t dependence of the barrier crossing process would Corresponodete”’mm':'d in the fast relaxing solvents, e.g., ACN, DMSO,
to a process with a much flatter and lower energy baffer. ~ and DCM, are longer than both and ldoum (Table 2). In
The exponential evolution of the transient species also supportsSIOW relaxing solvents the solvation times are shorter than
the presence of the low-energy barrier for the interconversion O [ldumand the difference between the two parameters (i.e.,
process. The barrier acts as a bottleneck of the reaction and the¢[ov @nd 7. or [#ldour) increases as the value of the latter
barrier crossing process is largely controlled by the viscosity increases (Figure 9C). Till today various kinds of probes have
of the medium. been employed by many groups of workers and in a few cases

Figure 9C shows thaty is also reasonably well correlated comparisons have also been made between _different probes in
with [#ldoum the average (integral) solvation times of the dipolar the same solvent. For example, Su and Sith@ompared
solvation probe, C-15351 The solvation times of C-153 have (dimethylamino)benzonitrile (DMABN) and (diethylamino)-
been employed here because they have been considered tgenzonitrile (DEABN) in propanol at several temperatures and

represent the best measures of the time scales of polar solvatiofiound a small but consistent difference in theitg,y values.
currently available, since these times are in generally good They observed that solvation of the methyl analogue, DMABN,

agreement with predictions of dielectric continuum models of is about 15% faster than that of the DEABN probe. Barbara
solvation® The solid line in Figure 9C represents the linear fit and co-worker® have examined several coumarin dyes in a
function: logtg) = 0.39+ 0.47 log(#douny)- range of solvents at room temperature. They noted [,

It is now important and interesting to compare the intramo- Values obtained with C-153 were consistently-20% higher
lecular charge-transfer timeg, and the solvation timezdo, than those observed with C-152 in the same solvent. In these
observed here to the previously reported values in similar kinds two cases the probes compared are very similar, differing mainly
of systems and also the relation between these parametersi.n the overall size due to different alkyl substituents peripheral
Intramolecular electron-transfer reaction in bianthryl, which has to an aromatic system. Also, Maroncelli and co-workers
been studied by Barbara and co-workers, provides the mostéxamined a wide range of probes in two different solvents,
convincing evidence for dynamical solvent-controlled intramo- n-propanol (253 K) and propylene carbonate (220 K), and found
lecular electron-transfer procés®The average electron-transfer much larger differences in dynamig®.For example, thé&do
time (re) in the S state of this molecule and the average determined using different kinds of probesrispropanol (253
solvation time,[#[doy are close to an equality in each solvent. K) have been seen to vary by about 3 times and, further, there
The modeling performed by these workers indicates that the appears to have some correlation betwéei,, and the
intramolecular electron-transfer process in bianthryl is more or magnitude of the time dependent Stokes' shift, = v(0) —
less barrierless in the polar solvents studied by them. Recently,v(). The former was observed to increase with an increase in
Maroncelli and co-workers reported their study on the solvent the latter. This observation led the authors to suggest that the
dependence of excited-state intramolecular electron transfer insmaller the perturbation involved, the faster the response, i.e.,
a donor-substituted acridinium dye, which has been presumedthat the solvation response is inherently nonlinear. Since in the
to have a slightly larger activation barrier in the reactiom case of the LDS-821 molecule, the change in dipole moment
this molecule, the lifetimes of the LE CT conversion process  due to photoexcitation (9.8 D) is not very large and association
(rey) are uniformly greater than the average solvation times, with the solvent molecules is also not very strong, as indicated

limit Ai/lg — o, solvation does not contribute to the reaction
process at all and the reaction rate becomes independent of a
change inr_. A deviation of the slope of the linear fit function

in the plotry as a function ofizldoum from unity (Figure 9C)
indicates that solvation plays a very minor role in the charge-
transfer reaction process associated with a small barrier. This
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