J. Phys. Chem. R004,108, 2583-2597 2583

Photophysics and Ultrafast Relaxation Dynamics of the Excited States of
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Steady-state as well as time-resolved absorption and emission studies in the femto-, pico-, and nanosecond
time-domains have been performed to investigate the relaxation dynamics and the photophysical properties
of dimethylaminobenzophenone (DMABP) by characterizing its excited singleta®l triplet (T,) state
properties in different kinds of solvents. Large bathochromic shifts of the steady-state absorption maximum
in more polar solvents suggest an intramolecular charge transfer (ICT) character efstageSDMABP is

weakly fluorescent but shows the features of “dual-fluorescence”. Dynamics of very efficient nonradiative
relaxation process in the State of DMABP has been described by invoking a “three state model”, in which
the involvement of the ground state and two adiabatically couplestees, a locally excited (LEyz* or

ICT state and a conformationally relaxed or twisted intramolecular charge transfer (TICT) state, have been
considered. In aprotic solvents, the fluorescence maximum arises due to emission from the TICT state. On
the other hand, in alcohols, the fluorescence maximum arises due to emission from the LE state, since the
TICT state is weakly fluorescent due to strong intermolecular hydrogen-bonding interaction with the solvent.
The excited-state relaxation process follows multiexponential dynamics. An ultrafast component, having lifetime
71, Which varies in the range 0:2D.5 ps in different polar solvents, may possibly originate from either the
relaxation of the solvent-perturbed low-frequency intramolecular modes or the inertial solvation of the ICT
state. The lifetime of another slower component+{ 0.2—5 ps) increases linearly with an increase in the
viscosity of the solvent. This component has been attributed to the diffusive twisting motion of the
dimethylaminophenyl group with respect to the benzoyl group. This twisting process with a rate, which is
comparable to or faster than the average solvation time of the solvent, is associated with the crossing of a
low barrier (or quasi-barrierless) and responsible for the population relaxation in, te&t8. The third
component{; ~ 5—900 ps), which is sensitive to the hydrogen bonding ability of the solvent, represents the
decay of the Sstate to the ground state. The spectroscopic nature, energy, and yield gfdtaelare very
sensitive to the characteristics of the solvent or medium.

1. Introduction dependent on solvent polari#}262” The derivatives of ben-

. zophenone, which have the &1d T, states withrzr* character,
For several decades, steady-state and time-resolved phosz e characterized with longer lifetimes, lower triplet quantum
phorescence spectroscopy as well as flash photolysis techniques;e|js a5 well as reduced photochemical reactivities as com-
have been used to study the photophysical and photochemica ared to those of thest type stategs-3L

roperties of the excited singlet and triplet states of benzophe- . S
brop g P P Recently, we reported the results of our investigations on the

none and its numerous kinds of derivatives by different . . . .
groupst-15 Most of these studies have been devoted to properties of the excited singlet and triplet states of the hydroxy-
" and amino-substituted benzophenone derivatives using time-

unraveling the intricacies of the mechanisms of photoreduction ved f dab ) ) hni
reactions undergone by the aromatic carbonyl compounds inS507ved fluorescence and a sorption spectroscopic techniques
the presence of hydrogen atom donors. The rate and efficiency” .~ Whereas benzophenone and its hydroxy-substituted

of this process have been shown to depend on the nature of thélerivatives have been seen to be nearly nonfluorescent, the

hydrogen atom donor as well as the nature of the substituents2Mino-substituted derivatives are weakly fluores¢eri? We
on the aromatic ring1011.1620 The substituents on the aromatic observed significantly large bathochromic shifts of both the

rings influence the relative positions of two kinds of electronic @bsorption and fluorescence maximzpedminobenzophenone
excited states, namelyzh and zzz* states, on the energy scale (PABP) and Michler’s ketone (MK) in more polar solvents. This

in both the singlet as well as the triplet manifofds?® Both indicated a strong intramolecular charge-transfer (ICT) character
the lowest excited singlet (B and triplet () states of of the S state331We also observed a large Stokes shift between
benzophenone haverhcharacter in all kinds of solvenf4:26 the fluorescence and absorption maxima in all aprotic solvents.

However, on introduction of the electron donating groups, such However, the laser flash photolysis equipment used for these

as OH, NH, N(CHs),, OCHg, etc, onto the aromatic rings of studies had about 0.5 ps time resolution, and we could not reveal

benzophenone, the nature of the &d T, states becomes any other kind of relaxation dynamics, which was faster than
the singlet-triplet intersystem-crossing process as well as other

*To whom correspondence should be addressed. E-mail: dkpalit@ decay processes taking place frqm thestate. _Recently, we
apsara.barc.ernet.in. Tel: 91-22-25595091. Fax: 91-22-25505151/25519613developed a femtosecond transient absorption spectrometer,

10.1021/jp037132+ CCC: $27.50 © 2004 American Chemical Society
Published on Web 03/12/2004




2584 J. Phys. Chem. A, Vol. 108, No. 14, 2004 Singh et al.

SCHEME 1: Chemical Structure of the DMABP and conformational changes are the two relaxation processes
Molecule taking place simultaneously following photoexcitation. Amino-

0 substituted fluorenones and triarylpyrylium cations constitute
this class of molecule®$4’ In both cases, the LE state is
fluorescent but the conformationally relaxed TICT state is

e O O nonfluorescent. Recently, Gustavsson and co-workers, who
SN reported the “charge-transfer induced twisting” dynamids,
éH dimethylaminobenzylidene-3-indanone, suggested that the cen-
s tral C=C bond is responsible for the twisting procé%ghis
which has a time resolution of about 120 fs. This has helped us bond is substantially weakened in the excited state as compared
to study the early-time dynamics in the State of DMABP. to that of the G-C single bond. In this case, the LE state is an
We observe the conformational relaxation process via twisting |CT state, which is fluorescent, and the conformationally relaxed
of the dimethylaminophenyl group in the State of DMABP, or twisted state is a “dark” (nonfluorescent) state. The present
prior to the intersystem-crossing process. This explains the study shows that the amino-substituted benzophenones also can
reason for the large Stokes shift of the fluorescence emissionbe classified with the molecules of the latter class, for which
maximum in amino-substituted benzophenones. Earlier, Praterthe LE state is an ICT state. However, our study on DMABP
et al. indicated the possibility of quasi-barrierless torsional suggests different kinds of dynamical behaviors in different
motion of the phenyl group in 4-phenylbenzophenéhBe- kinds of solvents and emission characteristics of the LE and
cently, Glasbeek and co-workers, who studied the relaxation TICT states depend on the characteristics of the solvent medium.
dynamics of MK using fluorescence upconversion technique . .
with about 150 fs time resolution, explained their results by 2- Experimental Section
invoking the concept of a potential energy surface (PES) DMABP (Aldrich, 98% pure) was used after recrystallization
consisting of two adiabatic states, which have twist angle from aqueous ethanol. All of the solvents used were of
dependent electronic wave functiof¥sOne of these states is  spectroscopic grade (Spectro-Chem, India) and were used as
assigned to an un-relaxed emissive type locally excited (LE) received without further purification. Steady-state absorption
state, and the other one is assigned to the geometrically relaxedspectra were recorded on a Shimadzu model UV-160A spec-
nonemissive or weakly emissive charge-transfer (CT) state (seetrophotometer. Fluorescence spectra were recorded using a
Scheme 1). Hitachi model 4010 spectrofluorimeter. The fluorescence yields,
Conformational relaxation via molecular twisting has been ¢, were determined by comparing the areas under the fluores-
one of the puzzling processes of the molecular photoreactionscence curves with that of a standagaminobenzophenone
in the condensed phase. A coupling between charge transfefPABP) in benzene ¢ = 1.2 x 1079, under the same
and conformational relaxation via twisting of the dimethylamino experimental condition®. No correction has been made for
group was first suggested by Grabowski and co-workers in order variation of refractive indices of the solvents. High-purity grade
to describe the dynamical relaxation process in thet&te of nitrogen gas (Indian Oxygen, purity 99.9%) was used to
the p-N,N-dimethylaminobenzonitrile (DMABN) moleculé. deaerate the samples.
The concept of LE and “twisted intramolecular charge transfer”  Three different time-resolved techniques were used to study
(TICT) states were evoked to describe the dual fluorescencethe dynamics of the excited state. The fluorescence lifetimes
observed for this molecule. Since then, charge transfer andwere measured using a time-correlated single photon counting
conformational relaxation processes in different classes of spectrometer with 20 ps time resolutifiThe transient absorp-
flexible donor-acceptor molecules with the dimethylaminophe- tion spectra were recorded with 35 ps time-resolution using a
nyl group as the donor have been widely discussed in the picosecond laser flash photolysis apparatus, the details of which
literature35-47 Depending on the mechanism of the deactivation have been described in refs 30 and 31. Briefly, the third
processes taking place in the Sate, either or both of these harmonic output (355 nm, 5 mJ) from an active passive mode-
two states are fluorescent or nonfluorescent. Hence, “dual- locked Nd:YAG laser (Continuum, model 501-C-10) providing
fluorescence” may not be a common feature for all of the 35 ps pulses was used for excitation, and the continuum-400
molecules showing TICT behavior. Based on the results reported950 nm) probe pulses were generated by focusing the residual
so far on such kinds of molecular systems, the molecules couldfundamental in a 10 cm cell containing a®D,O mixture.
be classified into two distinct classes. In one class of molecules, The probe pulses were delayed with respect to the pump pulses
the Franck-Condon (FC) state or the LE state has a dipole using an 1 m long linear translation stage and the transient
moment, which is very similar to that of the ground state and absorption signal at different probe delays (up to 6 ns) were
the CT process is initiated by photoexcitation and accompanied recorded with an optical multichannel analyzer (Spectroscopic
by solvation and conformational relaxation. Experiments with Instruments, Germany) interfaced to an IBM-PC. The zero delay
this class of molecules give evidence for the formation of the position was assigned to that when the probe light reached the
TICT state through a barrierless or quasi-barrierless process ofsample just after the end of the pump pulse. The species
twisting of the dimethylaminophenyl group in an ultrafast time- surviving beyond 100 ns were studied using a nanosecond flash-
domain. The TICT state could be either a fluorescent state with photolysis setup, which uses the same picosecond Nd:YAG laser
a nonfluorescent LE state (for example, in the case of the for excitation and a cw tungsten lamp, in combination with a
merocyanine DCM dye) or a nonfluorescent state with a Bausch & Lomb monochromator (35800 nm), a Hamamatsu
fluorescent LE state (for example, in the case of amino- R-928 PMT, and a 500 MHz digital oscilloscope (Tektronix,
rhodamine and di- and tri-phenyl methane dyes and aura- TDS-540A) connected to a PC, to probe the transient absorption.
mine)36-42|n the case of dimethylaminobenzonitrile, substituted Using the same set up, but without the probe light, phospho-
triphenylphosphine derivatives and doraicceptor type stilbene  rescence lifetimes in rigid matrixes at 77 K were also deter-
molecules, which show the properties of dual-fluorescence, bothmined.
the LE and the TICT states are fluorescént® In another class Relaxation processes faster than 50 ps were measured using
of molecules, the LE state is an ICT state and solvation a femtosecond pumiprobe spectrometer. The pulses of 6 nJ
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TABLE 1: Photophysical Properties of DMABP
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Jdasdmax), nm  Ag(max), nm  Stokes’ shift 7, o, kr,2 Knr,? T, Tph,
solvent (cm™) (ve, e (cm™) ps 1073 o7 dic 10'st  10°st us ms

cyclohexane 325 462 9124 100 1.1 0.92 0.08 1.1 10.0 0.07 3.8,48
(30769) (21645)

benzene 340 497 9291 900 6.7 0.42 0.57 0.74 11 7.7 1,66
(29412) (20121)

acetonitrile 345 602 12 374 160 0.32 0.06 0.94 0.20 6.2 9 63
(28986) (16612)

DMSO 350 609 12 151 100 0.34 0.05 0.95 0.38 10.0 10
(28571) (16420)

methanol 355 480 7336 52 0.05 ~100 4 200 90
(28169) (20833)

aks = ¢eltr. P knr = (L-¢F)/ze. © Value from transient absorption data. Percentage of errors involved: 5%aind¢r and 10% inge.

energy at 800 nm were obtained from a self-mode-locked Ti: 0.3 Absorption 5553 2 1 1.CH
sapphire laser, which is pumpeg B 5 WDPSS. These pulses ° RA 2.Bz
were amplified to generate 50 fs laser pulses of about/Zb0 £ 0.2

energy using chirped pulse amplification (CPA) technique. The g o1

amplifier consists of a pulse stretcher, a Nd:YAG laser pumped 2

multipass amplifier, and a compressor. One part of the amplifier 0.0 AR T . :
output was frequency doubled in a 0.5 mm BBO crystal to 25 3.0 3.5
generate pump pulses at 400 nm for excitation of the samples Fluorescence 4 2

and the other part was used to generate the white light continuum 20+
(470—1000 nm) n a 2 mmthin sapphire plate for probing the

transient absorption induced by the pump. The sample solutions 10+

were kept flowing through a quartz cell of 1. mm path length. >

The polarization of the pump beam was kept at the magic angle, % 0= ; . . : .
and the energy of this beam was maintainesi 5.J. The decay £ 990 Emission at 77K

dynamics at a particular wavelength region (10 nm width) were S 5001

monitored using two photodiodes coupled with the boxcar o

integrators and the time-resolved transient absorption spectra 3004

were constructed from the temporal profiles recorded at different

wavelengths. The overall time resolution of the absorption 0-

spectrometer was determined to be about 120 fs by measuring 125 150 1.75 200 225 250

the growth of the — S, absorption of perylene in acetonitrile Wavelength, 10 cm™

solution at 690 nm. The temporal profiles were fitted with Figure 1. A. Ground-state absorption spectra of DMABP in cyclo-
multiexponential functions by iterative de-convolution analysis hexane (1), benzene (2), acetonitrile (3), DMSO (4), and methanol (5).
using Sechtype instrument response function having 120 fs B. Fluorescence spectra of DMABP in cyclohexane (1), benzene (2),

fwhm. acetonitrile (3), DMSO (4), methanol (5), and butanol (6). C. Total
emission spectra of DMABP in MCH (1), acetonitrile (3), and methanol
3. Results (5) matrixes at 77K. Both of the spectra are very similar in each of the

solvent matrix.

3.1. Steady-State StudiesThe ground-state absorption and
emission spectra of DMABP have been recorded in several fluorescence band are very sensitive to solvent characteristics.
solvents with varying polarities and hydrogen bonding abilities. In aprotic solvents, the fluorescence maxima show large
The absorption spectra in some typical solvents, namely, bathochromic shifts in more polar solvents (Table 1). The
cyclohexane (nonpolar), benzene (nondipolar), acetonitrile and fluorescence maximum, which appears at 462 nm (21 643)xm
DMSO (polar but aprotic), and methanol (polar as well as in cycloheaxane, shifts to 602 nm (16 612 dnand 609 nm
protic), are presented in Figure 1A. The absorption spectrum (16 420 cm?) in acetonitrile and DMSO, respectively. In
in cyclohexane exhibits an intense absorption band with addition, the Stokes shift\ys) is also very large in each of the
maximum at 325 nm (30769 cm). With increase in solvent  anatic solvents. The Stokes shift values are about 9124 and

polarity, the maximum of the absorption band shows a large g29; cnr2in cyclohexane and benzene, respectively, and 12 374
bathochromic shift. For example, the absorption maximum shifts ..-1 114 12 151 cmt in acetonitrile and DMSO respectively

by abciyt |l783 and Zlgdst cthlr': .acetcinlr:nle andT Dbl\l/ISlO, W (see Table 1). However, in alcoholic solvents, e.g., in methanol
respectively, as compared to that in cyclohexane (Ta < ) €and butanol, we observe the fluorescence maximum to appear
also observe a small shoulder at ca. 310 nm (32 258'cin e .
. ! . at ca. 480 nm (20 833 cmi). The Stokes shift in alcohols is
polar solvents. In addition, the spectral width of the absorption e .
only 7336 cnt, which is even smaller than that in cyclohexane.

band also increases marginally in more polar solvents. . )
Unlike the parent BP molecule, which is nearly nonfluores- ~ Quantum yields of fluorescencepe), which have been

cent, DMABP is weakly fluorescent like other amino-substituted determined by a comparative method using PABP in benzene
benzophenone derivatives, say, PABP and ##3 Figure 1B as the standardpt = 1.2 x 1073) using excitation wavelength
shows the fluorescence spectra of DMABP in various organic at 355 nm, are given in Table®3 ¢ is low in cyclohexane (on
solvents. In each of the solvents, the fluorescence spectrumthe order of 103). It is even lower in acetonitrile and DMSO
consists of a structureless broad band. The fluorescenceand nearly nonfluorescent in methanol. Howevgrhas been
maximum, Ag(max) or vg, as well as the shape of the found to increase in normal alcoholic solvents with an increase
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w
N

used eq 3 to determine the valuei@fby using the variation of

2 A =2 fluorescence energyf) as a function of the polarity parameter,
2 Af, and we obtain the value @f, (11.5 D), which is nearly in
] agreement with that obtained from the solvent polarity effect
£ on the Stokes shift (eq 2)
é’ D-1 n*-1
®© N _D-1 -
2 le== = SN AMTp+1 n*+1 @)
15000 18000 210(1)0 24000 2, )2
Frequency, cm Avg= e—ngf + constant 2)
hca
© 48] B
g 0.8+ v = (2, — ughcd)Af + 1Y 3
e:-'- 0'4'. o Figure 1C shows the total emission spectra of DMABP (i.e.,
0.0 both the fluorescence as well as the phosphorescence spectra
] are combined together) recorded in methylcyclohexane (MCH),
= 13000+ acetonitrile, and methanol matrixes at 77 K. Although MCH
< and methanol form good glassy matrixes at 77 K, acetonitrile
12°°0j forms a snow-type matrix only. However, emission from the
110004 surface of the sample in acetonitrile frozen in a quartz tube of
21000 3 mm diameter could be collected very conveniently. The
; emission spectrum with well-resolved vibronic bands in the
119500+ MCH matrix is very similar to the phosphorescence spectrum
l of benzophenon®.Comparison of the total emission spectrum
18000'. in an acetonitrile matrix at 77 K with that recorded in solution
16500 1 i : . : i : at room temperature shows that the fluorescence emission band

with a maximum at ca. 610 nm, which is seen in the room-
temperature spectrum, is absent in that recorded in rigid matrix
Figure 2. A. Fluorescence spectra of DMABP in benzene-acetonitrile at77 K. In meth_anol, the region of the total emission spectrum
mixed solvents with volume percentages of acetonitrile: a. 0, b. 10, c. _overlap_s well with that of the fluorescence emission rt_eqorded
20, d. 40, e. 50, f. 70, g. 80, h. 90, and i. 100. B. Plot of the fluorescence iN solution at room temperature. However, the long tail in the
quantum vyield ¢¢) and Stokes shiftAv) and fluorescence maximum  600—750 nm region is not observed in the spectrum recorded
(v¢) vs Af value of the solvent mixtures of benzene and acetonitrile. in rigid matrixes at 77 K. The intensity of emission increases
by about 2 orders of magnitude more in solid matrixes than
in the chain length or the viscosity of the alcohols, egg.js that in solution at room temperature.
nearly double in butanol as compared to that in methanol. The nature of the total emission spectra, i.e., the shape and
The effect of polarity on the fluorescence spectra of DMABP the position of the band maxima, did not change significantly
has been investigated in benzene-acetonitrile as well as cyclo-while the chopper was used to chop the fluorescence emission.
hexane-ethyl acetate-acetonitrile solvent mixtures. The values This suggests that, even in rigid matrixes at 77 K, fluorescence
of the dielectric constants and the refractive indices of the emission is weak but the phosphorescence emission is quite
benzene-acetonitrile solvent mixtures of different compositions strong. Hence, the emission spectra presented in Figure 1C could
have been measured by Bak&hfor the other solvent mixtures,  be attributed to the phosphorescence emission of DMABP. It
the dielectric constants and the refractive indices were calculatedis important to note that phosphorescence emission is strong in
assuming that the contribution of the individual solvents to the the methanol matrix at 77 K despite a negligible triplet yield in
polarity parameter is proportional to the solvent composition. this solvent at room temperature (see section 3.2). The phos-
However, the dependence ¢f and the Stokes shiftAys) on phorescence spectrum in MCH is structured and has the higher
solvent polarity have been seen to be similar in both kinds of energy onset at 432 nm, which corresponds to the triplet energy
solvent mixtures. The maximum of the fluorescence spectrum of 46.1 kcal mot?. The phosphorescence spectra in acetonitrile
shifts gradually toward red due to increase in polarity of the and methanol are broad having a single band and in both the
solvent mixture. The plot oAvs vs the solvent polarity function,  cases the higher energy onset is at 450 nm, which corresponds
Af, called the reaction field parameter, defined by eq 1, is shown to the triplet energy of 44.1 kcal mdl. These observations

0.1 02

Af

0.3 0.4

in Figure 2. The difference in dipole momenk) between
the fluorescing § state and the ground {Sstate has been
calculated from the slope of the linear plotAs vs Af, using
the Lippert-Mataga equation (eq 2}.By applying the partial

suggest that the nature of the triplet state in polar solvents is
different from that in nonpolar solvents and the triplet energy
level is significantly lower in polar solvents. The phosphores-
cence emission in MCH follows biexponential decay. The

volume addition method, as suggested by Edward, the Onsagaltifetimes of the two components are 3.8 and 40 ms. However,

cavity radius,a, is estimated to be 3.56 & Substituting the
value ofa, the value ofAu has been determined to be 6.8 D.
The theoretical value of the ground-state dipole moment(

the phosphorescence emission is single exponential in methanol
having a lifetime of about 95 ms. Phosphorescence lifetimes,
Tpn, Measured in solid matrixes of different solvents are given

5.4 D) has been obtained by geometry optimization using the in Table 1.

Hartee-Fock method with the 6-31G(d, p) basis set in the

3.2. Fluorescence Lifetime Measurement and Picosecond

Gaussian 92 program. Hence, we obtain the value of the dipoleLaser Flash Photolysis Study.The fluorescence lifetimes of

moment of the excited statee, which is 12.2 D. We have also

DMABP in various solvents have been measured using the time-
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b A CH growth lifetime of the transient absorption monitored at 750
0.44 ) o 700 nm .
/T:;:ps nm is about 1000 ps.
| H 4 . .
0.2 2 L e In acetonitrile, the transient absorption spectrum (a), recorded

at zero ps, also has two major bands with maxima at ca. 470
and 880 nm. The absorbance values monitored at both of these
wavelengths decay at the same rate and the lifetime of this
transient has been determined by using 400 nm laser pulses of

§ 50 fs duration for excitation, to be 160 10 ps (inset of Figure

8 0.0 3C). After the decay of this transient, a new transient absorption

§ a - %0mm | o ACN spectrum (b), having a single band at ca. 500 nm, is evolved.

< o2 In DMSO, the spectral characteristics of the transient species
£

are very similar to those observed in acetonitrile. The decay
lifetime of the short-lived transient in this solvent is about 90
=+ 5 ps (inset of Figure 3D). We could not observe any transient
absorption in methanol in the time-domain above 35 ps.
Comparing the values of the fluorescence lifetimes of
DMABP with the decay or the growth lifetimes of the transient
absorption measured in the corresponding solvents, the time-
500 600 700 800 900 resolved spectra recorded at 0 and 6 ns after the laser pulse
Wavelength, nm excitation could be assigned to the excited singlet and triplet
Figure 3. Transient absorption spectra recorded immediately (i.e., at states, respectively. A_SS'Q”me“t of the spectra recorded fit 6ns
0 ps) (a) and at 6 ns (b) after photoexcitation of DMABP by 35 ps after the laser pulse in different solvents has been confirmed
laser pulses of 355 nm in cyclohexane (A), benzene (B), acetonitrile by the laser flash photolysis study in nanosecond time-domain.
(C), and DMSO (D). The insets show the temporal evolution of transient The characteristics of the spectrum recorded at 6 ns in
absorption monitored at 700 or 900 nm. picosecond flash photolysis experiments are found to be similar
to those in the spectrum recorded at 100 ns in the nanosecond
correlated single photon counting technique. In the time-domain flash photolysis experiment. The identity of the triplet spectrum
above 40 ps, each of them has been fitted well by a single- was also confirmed by observing energy transfer from the triplet
exponential decay function, and the fluorescence lifetimes,  of DMABP to the triplet states of other known molecules, such
thus obtained are given in Tablezt.values are shortin aprotic  as s-carotene. Quantum yields of triplet formatiogr) have
solvents {r ~ 100-160 ps), except in benzene:(~ 900 ps). been determined by using the comparative method and ben-
In methanol,z¢ is shorter than the instrument response time zophenone as the standafg & 1, Amax Of triplet absorption is
(~40 ps) and hence could not be measured using this techniqueat 525 nm?—4 The values of¢r and tr (triplet lifetime) of
Figure 3 presents the time-resolved absorption spectra of theDMABP in different solvents are given in Table 1. In cyclo-
transient species produced due to photolysis of DMABP in hexane, the intersystem crossing process is very efficignt (
various kinds of organic solvents using 355 nm pulses of 35 ps = 0.92) as compared to that in other solvents. However,
duration and recorded immediately, i.e., at 0 ps (a), and at 6 nsfollows the reverse trend:r is much shorter in cyclohexane
(b) after the laser pulse excitation. It is clearly evident from than those in other solvents.
this figure that the spectral and decay characteristics of the The lifetime of the $state of DMABP in cyclohexane could
transient species differ significantly in different solvents. In be obtained by multiplying the growth lifetime (110 ps) of the
cyclohexane, the transient spectrum (a), recorded immediatelytriplet absorption byyr, and this value (101.2 ps) agrees well
after the laser pulse, has two major bands. One is weak butwith the fluorescence lifetime (Table 1). Table 1 also shows
very broad occurring in the 66630 nm wavelength region  that the rate constant of the nonradiative procksg) (s larger
with no defined maximum. The other one occurs in the-420 by more than 2 orders of magnitude than that of the radiative
600 nm region with a maximum at 530 nm. Although the processKg) in each of the aprotic solventkyr is significantly
features of the spectrum (b) recorded at 6 ns are not muchlarger in methanol.
different from those of the spectrum recorded at 0 ps, we observe 3.3, Femtosecond Laser Flash Photolysis StudWe have
a decay of absorption in the 46800 nm region and a growth  studied the early time dynamics of the photophysical processes
of absorption in the 608900 nm region. The temporal profile  of DMABP in different aprotic and protic solvents of varying
of the transient absorption monitored at 700 nm shows the polarities and viscosities using 400 nm laser pulses of 50 fs
growth of the transient absorption with a growth lifetime of duration for excitation and monitoring the transient absorption
110+ 5 ps (inset of Figure 3A). This value is nearly equal to profile at different wavelengths in 471000 nm wavelength
but a little longer than the fluorescence lifetime of DMABP in  region at 20 nm intervals with about 120 fs time resolution. A
the same solvent (Table 1). In benzene, however, we observefew typical temporal absorption profiles recorded due to
the evolution of the spectral characteristics with time. The photoexcitation of DMABP in acetonitrile are shown in Figure
transient absorption spectrum in benzene recorded immediately4. The time-resolved transient absorption spectra have been
after the laser pulse has the features which are distinctly differentconstructed using these temporal absorption profiles and six
from those observed in the spectrum recorded at 6 ns inchosen time-windows are presented in Figure 5. The spectrum
cyclohexane. The transient spectrum in benzene has two major(curve a) constructed for 0.2 ps time window consists of only
absorption bands, one in the 66830 nm region with maximum  one major absorption band in the 66800 nm wavelength
at ca. 900 nm and the other band in the 4600 nm region region with a maximum at ca. 670 nm. The temporal absorption
with maximum at 450 nm. However, this spectrum evolves with profiles, monitored at different wavelengths in this region, show
time, and the spectrum recorded at 6 ns has features similar toan initial growth within the instrument response timelQ0
those observed in the spectrum obtained in cyclohexane. Thefs) and then decay in ultrafast time scale with lifetime of about

0.0

0.3

0.0




2588 J. Phys. Chem. A, Vol. 108, No. 14, 2004 Singh et al.

2074 another species starts growing with the growth lifetime of about
15 4700, 2= 04 ps (@) 0.55 ps. The latter decays with a longer lifetime, which has
12: ARl been determined to be 160 ps (Figure 3C). The lifetime of this
014 : : longer decay component, which has been associated with each
8 1018 & 2353% m <= %221(331),0 0:((3) pe of the temporal absorption prpfiles presgntgd in Figure 4, has
E ] ) e o :’H" ~ not been shown in any of the insets of this figure but only two
g a shorter components. The temporal absorption profile recorded
s 0= e e at 900 nm shows the presence of a single growth component.
£ 10 o a In addition to the long decay component, we also observe the
8 5] 2 830 . 21%146;:’(")'55(9) presence of an additional decay component at 950 and 1000
E ' T nm following the initial growth of the transient absorption. The
10]P LA lifetime of the growth component is wavelength dependent, and
5] e it decreases as the probe light of longer wavelength is used to
b, 1000 . <= 0.30 (g), 1.2 (&) ps. probe the transient absorption within the 8a@®00 nm absorp-
0+ T T T T tion band (Figure 4, parts C and D). As a result, we observe a

0 1 2 3 4 5 continuous blue shift of the maximum for the time-resolved

Time, ps spectrum in the 8061000 nm region recorded at later time
Figure 4. Temporal evolution of transient absorption monitored at windows. The maximum of this band is observed to appear at
different wavelengths following photoexcitation of DMABP in aceto- ca. 950 nm at 0.4 ps. However, at later time windows, as the

nitrile by 400 nm laser pulses of 50 fs duration. Solid lines represent ghsorbance in this band continues to increase up to 5 ps, the
the best triexponential fit functions. Lifetimes of two shorter components maximum wavelength shifts gradually toward the shorter
(growth (g) or decay (d)) are shown in the insets. The longest decay .

component ,(d), Table 2), which has been fixed during the fitting wavelength region, and the spectrum constructed at 5 ps shows

process, is not shown in the insets. the absorption maximum at ca. 850 nm.
To confirm the fact that whether the ultrafast decay compo-
20-_Time-windows(a - f) are: 0.2, 0.4, 0.6, 1, nent with lifetime of about 0.20 ps, which is very close to our
.2and 6. 5 ps instrument response time (0.12 ps), truly represents the dynamics
f related to the excited state of DMABP and not due to any kind
of coherent artifact because of interaction between the pump
and the probe pulses or either of these two pulses and the quartz
windows of the sample cell, we performed the transient
absorption experiment only with the solvent. This experiment
showed no transient absorption signal but only zero baseline.
We also performed the transient absorption experiments with
different concentrations of the solute in acetonitrile. The nearly
identical nature of the signal obtained with a sample solution
— - having 10 times less solute concentration to that obtained with
500 600 700 800 900 1000 a higher concentration of the solute indicated that the dynamics
Wavelength, nm within the 10 ps time-domain did not arise due to any kind of

_ , ) _ _ phenomena related to aggregation of the solute.
Figure 5. Time-resolved transient absorption spectra obtained follow- Fi 6 disol h | ab . files for th
ing photoexcitation of DMABP in acetonitrile by 400 nm laser pulses Igure ISplays the temporal a sorpt'on protiles tor the
of 50 fs duration. These have been constructed using the temporaltransient species produced due to photoexcitation of DMABP
profiles monitored in the 4761000 nm region (a few of which have  in three other aprotic solvents, namely, cyclohexane, benzene,
been presented in Figure 4). and DMSO. The DMABP molecule in nonpolar solvents is not

convenient for this study due to two reasons. DMABP is not

0.20 ps. This is followed by a further growth of absorption with  Very soluble in nonpolar solvents, and the absorption spectrum
a growth lifetime of about 0.6 ps. Two typical temporal 'S shifted too far to the blue for efﬂment excitation at 400 nm.
absorption profiles, recorded at 650 and 730 nm, have been”? cyclohexane, we could _monitor the transient absorption
shown in Figure 4B. The time-resolved transient absorption Signals only at a few selective wavelengths (e.g., at 470, 670,
spectra (curvesbf in Figure 5) constructed for the later time- and.900 nm)_ with difficulty. Both of the transient absorption
windows reveal the ultrafast decay of the band in the-68@0 profiles monitored at 470 and 900 nm show a component
nm region with concomitant development of two absorption growing up to about 5 ps with the growth lifetime of 1.1 ps.
bands in the 476600 and 806-1000 nm wavelength regions. ~However, the transient absorption at 670 nm grows to a

One typical temporal profile presented in Figure 4A shows Maximum within the instrument response time, but that does
the growth of the absorption band in the 4700 nm not show any kind of evolution and remains constant within 10
wavelength region and four of those for the wavelength region PS time-domain. The absence of decay of the transient absorption
800-1000 nm are presented in Figure 4, parts C and D. In the at 670 nm is possibly due to overlapping of the absorption band
470-600 nm wavelength region, we observe only the growth due to the $state with that due to the; Ttate.
of the transient absorption with a growth lifetime of 640.1 In benzene, the transient absorption signal monitored at 670
ps. However, the shape of the temporal profiles recorded in thenm grows initially with the instrument response time and
800-1000 nm region is sensitive to wavelength. The temporal subsequently decays with a lifetime of 0.8 ps to show a residual
profile recorded at 830 nm could be fitted by a function having absorption in the 5 ps time-domain. However, the latter increases
three exponential terms. Before the decay of the transient speciegurther with a very long rise-time~900 ps) in a few hundred
(lifetime is about 0.16 ps), which initially grows with the picosecond time-domain (not shown in the figure). While
instrument response time, is complete, the absorption due tomonitored at 900 nm, the growth lifetime of the transient

AAbsorbance, mOD
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A CH dynamics of the stimulated emission in butanol and decanol
have also been monitored at 490 nm (Figures 8B and C). We
o 0000060 observe the presence of an ultrafast component for the stimulated

L S ! emission decay (the lifetimes are 0.3 and 0.42 ps in butanol
~~470 nm, = 1.1 ps(q) 670 nm and decanol, respectively) and a longer component, which arises

due to the decay of the stimulated emission and simultaneous
growth of the positive absorption, with the lifetimes of 2.0 and

a . . .
% z-B' g 900 nm, T—é).SD5 ps (9) 6.6 ps in butanol and decanol, respectively. The positive
g "] o 0 absorption decays in a longer time-domain.
§ 41 In methanol, the transient absorption profile recorded at 670
S 2 670 nm, t= 0.8 ps (d) nm (Figure 9a) shows an ultrafast decay with the lifetime of
% 04 0.22 ps to reach a small residual absorption within 1 ps. At
12 comso T 900 nm, the transient absorption grows with the same lifetime
s to reach the maximum within 1 ps (Figure 9A) and then decays
81 300 nm, 7=0.16 (g). 1.0 (9) ps at a longer time-domain with the lifetime of 5.2 ps. (Figure
4] N 10). In other alcohols, the absorption profiles, recorded both at
: \ L 670 and 900 nm (Figure 9), could be fitted with the triexpo-
0f 670 nm, 1=0.16 nential decay functions and the lifetimes of these components
0 1 2 3 a4 are given in Table 2 in terms of three decay-time constants,
Time, ps 71%(d), 728(d), andzs¥(d), for the temporal absorption profiles

Figure 6. Temporal evolution of transient absorption monitored at recorded at 670 nm and two growth a}nd one decay-time
670 nm (a) and 900 nm (b), following photoexcitation of DMABP in ~ constantszi1°(g), 72%(g), andzs?(d), respectively, for those at
cyclohexane (A), benzene (B), and DMSO (C), by 400 nm laser pulses 900 nm. The actual value @§°(d) has been obtained by single-
of 50 fs duration. Solid lines represent the best fit-functions. Lifetime- exponential fitting of the decay of the transient absorption
(s) ththe Shotrrt]er.corflpoﬁntl(s) (gr?/(\jlth (9) or decag(lég()zrcg'{gpzc;”ems recorded at 900 nm in the longer time-domain in the corre-
are shown in the insets. The longest decay compon a , : ; -
which has been fixed during thg fitting p?locessp,’ is not shown in the qundlng solvgnt (Figure 1.0)' The.valuetdf(d) has been fIX.Ed
insets. to fit the transient absorption profile recorded at 900 nm in the
shorter time-domain using a triexponential fit function consisting

absorption has been found to be 0.85 pS. In DMSO, the transientof two growth and one decay Components (Figure 9) The same
absorption profile at 900 nm grows biexponentially, with the yajue has also been used@¥d) in fitting the decay profiles
components having the growth lifetimes of 0.16 and 1.0 ps. recorded at 670 nm. The third component(d), is longer lived
The final decay of this transient absorption takes place in a muchgnd does not show any decay in the shorter time-domain, and
longer time-domain, and the lifetime of this component has been hence, it represents a small residual absorption in these temporal
determined to be 100 ps (inset of Figure 3D). At 670 nm, we apsorption profiles. The growth lifetimes;®(g) and 72°(g),
observe biexponential decay of the transient absorption with measured at 900 nm are nearly equal to those of the decay
lifetimes of 0.16 and 0.7 ps. These lifetimes have been presentedjfetimes, 7:%d) and 7,4d), measured at 670 nm in the
in Table 2. The assignments of the components with different corresponding alcohok,3(d) or 7,%(g) represents an ultrafast
lifetimes will be evident during the course of further discussion. decay Component having a lifetime in the range of-M2A6 in

We have also investigated the ultrafast dynamics of the gifferent kinds of solvents. Both(d) andr,®(d) increase with
excited states of DMABP in linear alcohols following photo- an increase in chain length or viscosity of the alcohols. The
excitation at 400 nm. Figure 7 presents the time-resolved presence of this ultrafast component becomes more evident in
transient absorption spectra of DMABP in 1-butanol. The gaicohols having longer chain length or higher viscosity. The
spectrum recorded immediately after the excitation laser pulse, jifetime of the second componentd(d) or 72(g), also becomes
i.e., at 0.2 ps, has the main absorption band in the-G0D longer in the solvents of higher viscosities. Table 2 also presents
nm region with maximum at ca. 700 nm. This feature is similar the physical parameters related to different solvents, along with
to that observed in acetonitrile (curve a in Figure 5). However, the |ifetimes of the transient species produced due to photoex-
in addition to this feature, a stimulated emission band in the citation of DMABPS53: 54
470-550 nm region is also observed in the transient spectrum  \yie have followed the dynamics of transient absorption at
recorded immediately after photoexcitation of DMABP in  g70 nm in butanol in the time-domain above 10 ps. The inset
butanol. Both the absorption as well as the stimulated emission ¢ Figure 10 shows the temporal dynamics in butanol (curve c)
bands disappear rapidly with concomitant development of a new mqnitored at 670 nm. After the initial fast decay with the lifetime
but weak absorption band in the 800000 nm region along ot apout 1 ps (this decay in the 10 ps time-domain has been
with a shoulder band in the 65050 nm region. The new band  ghown in Figure 9c), the transient absorption after 10 ps shows

in the 806-1000 nm region also disappears after about 40 ps, 5 small growth with the growth lifetime of 28 ps followed by
but the residual absorption in the 47800 nm region survives 4 decay with the lifetime of about 60 ps.

for longer time and hence we find a new absorption band with
r7nE?)X|mum at ca. 710 nm after about 40 ps (curve | in Figure 4. Discussion

Figures 8-10 display the temporal absorption profiles 4.1. Nonradiative Process and Conformational Relaxation.
monitored at 490, 670, and 900 nm in different normal alcohols. Ground-state absorption characteristics of benzophenone and
In each of the alcoholic solvents, the stimulated emission signal its amino substituted derivatives have been well characterized
measured at 470 or 490 nm grows with the instrument rise time. by several groups earli@f-28:31.32|n nonpolar solvents, say
In methanol, we observe the decay of the stimulated emissioncyclohexane, the absorption band with a maximum at 325 nm
along with the simultaneous growth of the positive absorption has been assigned to tha* transition. In more polar solvents,
with a lifetime of about 0.29 ps (Figure 8A). The decay we observe a large bathochromic shift of this band and also the
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TABLE 2: Lifetimes of Different Components in the Relaxation Dynamics of DMABP
lifetimes, ps (measured at 670 nm) lifetimes, ps (measured at 900 nm)
solvent € n [#Eon? 7:%(d) 723(d) 733(d) 71°(g) 72°(g) 73°(d)
CH 2.02 0.98 1.1 (growth at 470 nm)
benzene 2.28 0.60 2.1 0.8 0.85 900
ACN 37.5 0.34 0.26 0.2 0.85 160
DMSO 46.6 2.0 1.79 0.17 0.7 0.16 1.0 90
MeOH 32.7 0.55 5 0.22 5.2 0.22 5.2
1-propanol 19.92 1.94 26 0.20 0.55 25 0.20 0.6 25
1-butanol 17.5 2.6 63 0.26 0.95 32 0.25 1.03 32
1-pentanol 13.9 3.56 103 0.35 1.85 60 0.34 1.93 60
1-octanol 10.34 6.13 0.42 3.11 136 0.41 3.15 136
1-decanol 13.8 11 259 0.46 4.7 196 0.45 4.5 196

a¢ andyn (cP) values are taken from the following ref 53 drtl,y, values are from ref 54. In the fitting procedure for the temporal absorption
profiles recorded at 670 nm, the lifetime of the longest component was kept fixed at the valitepfd or g inside the bracket along with

indicates that the particular component represents decay or growth comgdvieasured at 830 nm. Percentage of error involved in the measurement
of different lifetimes are less than 5%.

34
15 | ##
0- a. methanol
104 -34
-6 T T T 1
54 0.0 0.5 1.0 1.5
[a]
b ) 4
0 E :
o Time-windows (a to g): g 0 b. butanol
CE> 5 02.04,0.6,0.8,1.4,2.4 and 4.4 ps § ’cg =0.3,2.0ps
qj‘- T T M T M T T T M T g _4_
e ° T T T T T T T T T T
@ < o 2 4 6 8 10
2
O 4- 5
8
% 0 ¢. decanol
5 T, = 0.42 and 6.6 ps
2 ]
-10 T T T T
Time-windows (h to 1): 0 10 20 30
. 9,15,19,29 and 37 ps Time, ps
i ) : " " " ' i ' " y Figure 8. Temporal evolution of transient absorption monitored at
500 600 700 800 900 1000 470 nm following photoexcitation of DMABP in different normal
Wavelength, nm alcohols by 400 nm laser pulses of 50 fs duration. Solid lines represent

. . . . . the best fit functions. Lifetimes of the decay (d) or growth (g)
Figure 7. Time-resolved transient absorption spectra obtained follow- components have been shown in the insets. The shortest growth
|né:]fpréotoexcnat|r?n thDMAbBP in butanol bé’ 400 an? laser pul?es ?‘; component represents the decay of stimulated emission, which is
50 fs duration. These have been constructed using the temporal profilesy, owed by furth owth due to i in t ient absorntio
monitored in the 4761000 nm region (a few of which have been owed by further gr u increase in fransient absorption.

presented in Figures-810). Low fluorescence quantum yields and the short excited-state
appearance of a small shoulder at 310 nm. In nonpolar solventsJifetimes of DMABP in solutions are direct indications of the

due to energetic proximity of themi and zz* states, the nonradiative processes being dominant in the excited-state
absorption bands due to these transitions are overlapped, butelaxation process of DMABP (Table 1). Absence of the low
with an increasing polarity of the solvents, the energy level due energy fluorescence band in the room-temperature fluorescence
to the z* state comes down with respect to that due to the spectrum as well as very high yield of phosphorescence emission
nz* state. Thus, the presence of both of the bands becomesin polar solvents, while the triplet yield measured at room
evident in polar solvents. A large shift of the absorption temperature is negligible, suggests that there exists an efficient
maximum in polar solvents suggests a higher polarity of the nonradiative deactivation pathway, which involves a change of
excited state as compared to that of the ground state. Thismolecular conformation in the;State. Table 1 shows that the
conclusion is supported by the large value of the excited-state nonradiative internal conversion process is much more efficient
dipole momentge ~12 D) determined from the fluorescence than the radiative decay or the intersystem crossing (ISC)
spectroscopic data. The asymmetrically charge-distributed S process taking place in solutions at room temperature. In
(m*) state gains the intramolecular charge transfer (ICT) nonpolar solvents, however, the large quantum yield of the triplet
character in highly polar solvents, such as acetonitrile and indicates that the ISC process is the major deactivation pathway.
DMSO0 23032 A |arger red shift and larger bandwidth in methanol In polar aprotic solvents, boi andzr decrease as well as the
could be assigned to the strong intermolecular hydrogen bondingrate of the internal conversion procegg) increases with an
interaction between the ICT state and the solvent. increase in polarity (Figure 2B and Table 1). Surprisingly,
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Figure 9. Temporal evolution of transient absorption monitored at
670 and 900 nm following photoexcitation of DMABP in different
normal alcohols by 400 nm laser pulses of 50 fs duration. Solid lines
represent the best triexponential fit functions. The lifetimes of different
decay (d) and growth (g) components have been given in Table 2.

DMABP in Alcohols

670 nm,
1= 0.3 (d), 28 ps(g)
0 and 60 ps (d)

In(Absorbance)

b. Propanol

c. Butanol ~ . . .
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Figure 10. Decay dynamics of the;&1CT) state in alcohols monitored

at 900 nm. Lifetimes1z®(d)) obtained by single-exponential fitting of
the decay profiles are given in Table 2. Inset: Decay dynamics of the
transient absorption in 1-butanol monitored at 670 nm.

is about six times larger ang is also much longer in benzene
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solvents as compared to those in protic solvents. The Stokes
shift in methanol is 7336 cm, which is even smaller than those
in nonpolar aprotic solvents (Table 2). This possibly suggests
that in aprotic solvents the conformational geometry of the
fluorescing $ state is appreciably different from that of the
Franck-Condon (FC) state. In the rigid matrix of acetonitrile,
we do not observe the emission band with a maximum at 600
nm that is observed for the same sample in solution at room
temperature. In a rigid matrix, the molecular motions are frozen,
and the emission process is likely to occur from the FC or LE
state, which is the un-relaxed conformation of the molecule in
the S state. It is also important to note that in the rigid matrix
of acetonitrile, phosphorescence emission occurs in the wave-
length region, which is blue shifted as compared to that of the
fluorescence spectrum (Figure 1). Hence, all of these observa-
tions suggest that in aprotic solvents the fluorescence emission
takes place mainly from a conformationally relaxedsgte of
the molecule. On the other hand, in alcohols, a smaller Stokes’
shift than those in aprotic solvents is indicative of the fact that
the geometry of the $Sstate, which has fluorescence maximum
at 480 nm, is not significantly different from that of the ground
state and this fluorescence emission must be taking place from
the LE state. However, the fluorescence spectra recorded in
alcoholic solvents at room temperature show a long tail, having
very weak intensity in the red side of the maximum emission
wavelength, extending up to about 800 nm. This long tail could
possibly be assigned to the emission from the conformationally
relaxed state. We also observe a long tail in the blue side of the
maximum of the room-temperature fluorescence spectra in polar
aprotic solvents. These facts suggest that fluorescence emission
with a maximum at 480 nm in alcohols and at ca. 610 nm in
acetonitrile and DMSO may mainly be originating from the un-
relaxed and relaxed conformers in alcohols and aprotic solvents,
respectively. Long tails in the fluorescence spectra arise due to
emission from the other conformer(s), which is (are) formed
during the course of the relaxation process. In other words, the
S, state of DMABP shows the features of dual emission and
both the LE and TICT states are emissive. However, due to the
differences in the deactivation mechanism of thestte in
different kinds of solvents, the emission maximum arises from
emission due to either the LE state in alcohols or the confor-
mationally relaxed state in aprotic solvents. In alcohols, very
short lifetimes of the Sstate, strong dependence of the lifetimes
on viscosity (Table 2), as well as very large nonradiative decay
rates (in methanol th&r value is about~200 times larger
than those in aprotic solvents) are indicative of the fact that
very fast energy degradation via the intermolecular hydrogen
bond stretching vibrations also play an important role in the
deactivation process along with the intramolecular conforma-
tional relaxation processe®: 56

4.2. Mechanism of Conformational Relaxation Geometry
optimization for the ground state by the Hartee-Fock method
with the 6-31G(d,p) basis set using the Gaussian 92 program
shows that the dihedral angle between the phenyl plane of the

as compared to those in cyclohexane. It possibly suggests thatdimethylaminophenyl moiety and the carbonyl group of the

in this solvent therz* state, which is a higher energy state
lying above the §nz*) state in cyclohexane, comes down
below the latter and becomes the Sate. Benzene, despite

DMABP molecule is about 22and with the two halves of the
molecule having initial dihedral angle of about®5&cheme
2). The nitrogen atom and two carbon atoms of the dimethy-

having the dielectric constant (2.28), which is not very different lamino group are lying on the plane of the phenyl ring to which
from that of cyclohexane (2.02), acts as a microscopically polar the dimethylamino group is attached. For the majority of the
solvent due to its large quadruple moment. simple organic molecules containing the electron donating and
We observe a few distinct differences in the properties of accepting moieties, the charge separation is more favorable in
the § state in aprotic and protic (or alcoholic) solvents. The a twisted conformation, i.e., if the molecular planes of the two
Stokes shift values are very large 000 cnt?) in aprotic moieties are positioned nearly at the mutually perpendicular
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SCHEME 2: Optimized Geometry of the Ground State
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configurations with respect to each oteP’~5° The reason for
the possibility of an energetic minimum has been assigned to
the nearly-complete orbital decoupling at the perpendicular
geometry leading to bi-radicalloid character of the corresponding : : >
excited state, if the interaction with the other states (e.g., of Reaction Coordinate
mesomeric character) is not strotig® The minimum free /
energy structure is a compromise between the dipolar stabiliza- Ce

tion and the mesomeric interaction. In polar solutions, the Figure 11. Potential energy surface (PES) diagram for the relaxation
configuration with the maximum dipole moment is preferentially dynamics of the excited states of DMABP4(IF) and $(TICT)
stabilized, so that for strong dipolar stabilization and weak represents the two adiabatically coupled locally excited and relaxed or

twisted S states, respectively. In nonpolar solvents, the LE state is an

mesomeric interaction, the lowest excited state corresponds tOasymmetrically charge-distributedt* state, but in polar solvents, the

the twisted structuré’: °° ~ LE state is an ICT state. The LE to TICT conversion process via
The 400 nm excitation laser pulse creates a population in diffusive twisting of the dimethylaminophenyl group is associated with
the FC region of the Sstate potential energy surface (PES) of a barrier-crossing process. In alcoholic solvents, the height of the energy
DMABP. In the FC region, the molecule has a conformation Darrier is lower than that in aprotic solvents. In alcoholic solvents, the
similar to that of the ground state. This isza* state in nonpolar ~ €Mission maximum at 480 nm arises due to emission from #l=F

| t ICT state i | | ts. A ding to the f state but in aprotic solvents the emission maximum in the—63D
solvents oran state In polar solvents. According to the Tree region arises due to emission from théT8CT) state. This diagram

energy scheme, population motion should take place along thea|so presents the relative positions of different triplet energy levels and
reaction coordinate, to attain the more stable geometry with the possible intersystem crossing processes in rigid matrixes at 77 K.
two halves orthogonally oriented with each otReHence, the

reaction coordinate should have a predominant contribution from by a “two-state-two-mode” model, in which the LE and TICT
the twisting of the phenyl groups. Additionally, in polar solvents, states are considered to constitute a singlest&te with two

the surrounding solvent dipoles require reorganization and minima in the excited-state potential energy surface (Figure
reorientation around the newly created more polastdte of 11)61

ICT character, to attain a new arrangement of solvent dipoles
around it, which is known as solvation. Hence, we expect to
observe mainly two kinds of relaxation processes following
photoexcitation of DMABP: (i) solvation and/or population
spreading in the FC region to attain an excited state having a
pre-twisted geometry (this has been designated as the LE stateﬁ
and (i) twisting of the dimethylaminophenyl group with respect
to the carbonyl group to attain a post-twisted geometry, which
is normally designated as the TICT state. Both solvation and
twisting processes may possibly be proceeding simultaneously

after creation of the excited state. However, in nonpolar solvents, " ¥ | X .
the solvation process is expected to play a minor role in the Shift of the absorption maxima of the 860000 nm band in

relaxation dynamics of the:Sstate and the conformational ~the time-resolved absorption spectra in acetonitrile (Figure 5)
change via twisting should be the major relaxation process. May be revealing either the dynamics of solvation of the TICT
4.3. Spectroscopic Properties of the LE and TICT States. state or _thg conformational rel_axatlon process itself. Since
The characteristics of the time-resolved transient absorption 2cetonitrile is a *fast solvent” with a solvation time of about
spectra (Figures 5 and 7) and the decay dynamics recorded aP-26 ps (Table 2), the dynamic blue shift of the transient
different wavelengths (Figures 4 ane-80) clearly reveal the ~ @bsorption maximum continuing up to about 5 ps could not be
features of the relaxation dynamics of thesgate following a correlated with the solvation proce¥ddence, the blue shift of
three-state model, in which the three states are referred to thethe absorption maximum may possibly be correlated with the
electronic ground state and two adiabatically coupled electronic Progress of the twisting process. Different molecular conforma-
excited state$h °One of them, produced immediately follow- ~ tions, which are adopted by the molecule during the twisting
ing photoexcitation, is the LE state, having the conformation process, may have different absorption maxima. Although the
very similar to that of the ground state but larger dipole moment. change of conformation of the molecule proceeds along the PES
The other is the conformatoinally relaxed TICT state, which is of the S state from the region corresponding to the LE state
produced following the decay of the LE state. In the case of a toward that of the TICT state, the energy difference between
“strong-coupling” limit, the relaxation dynamics is described the S and S states possibly increases and hence the absorption

The short-lived transient species, which is characterized by
the absorption band in the 66800 nm region in acetonitrile
(curve ain Figure 5) or by the absorption band in the-6800
nm region and a stimulated emission band in the-45%0 nm
egion in butanol (curve a in Figure 7), could be assigned to
he LE state. This species undergoes a very fast twisting process
to form the conformatinally relaxed TICT state. The transient
absorption spectra with two absorption bands in the-5
and 650-1000 nm regions (curve f in Figure 5 and curve g in
Figure 7) could be assigned to the TICT states. Now the blue



Excited States of Dimethylaminobenzophenone J. Phys. Chem. A, Vol. 108, No. 14, 2002593

maxima of the §<— S, transition for the conformers formed at
the later time-windows are gradually blue-shifted.

The simple three-state model for the excited-state relaxation
dynamics predicts that the decay of the LE state should be
followed by the growth of the TICT state, without the presence
of any other intermediate. However, in acetonitrile, the decay
lifetime of the LE state®;2 = 0.20 ps) monitored at 670 nm is
apparently faster than the growth lifetimes measured at different
wavelengths in the 8681000 nm band, which has been
assigned to the TICT state. Truly, the growth lifetime has been
seen to be wavelength dependent, and it increases from 0.3 ps
measured at ca. 1000 nm to 0.55 ps measured at 830 nm (Figure
4). This difference could be rationalized by the fact that the
probe lights of different wavelengths monitor the different
regions of the PES. The probe wavelength of 1000 nm, which
is the longest wavelength accessible by our experimental set

up, corresponds to the absorption maximum of a transient _ i ) )
species, which has a conformation very similar to that of the F9U'€ 12. A. Plots ofzi(a) andrx(b) in alcohols againsy, following
LE state. We observe a fast arowth of absorption followed b the S_tokesEmstelerebye relation (4). Slopesiof the be:_st-flt linear

) g ’ p ) Y functions are 7.5< 102 and 1.3x 10 s K cP-, respectively. B.
a decay component in the temporal absorption profile recorded piots of Ing,°(g))~* vs In(7) in aprotic (a) and alcoholic (b) solvents
at 1000 nm (Figure 4D). The fast growth component representsrevealing the linear relation between the two parameters following eq
the formation of a conformer having the geometry corresponding 6. Slopes of the best-fit linear functions ar®.43 and—1 in aprotic
to a particular region on the PES of the State, and the  and alcohoic solvents, respectively.
subsequent decay represents the change of its geometry formin
another conformer corresponding to a lower energy region on
the PES. The probe frequencies corresponding to the shorte
wavelength side of the 866L000 nm band monitor the
evolution of the transient species having conformations similar
to that of the TICT state, and hence, they show a longer growth

Qf the transient absorption than those measured using the prob?he formation of the energetically stable TICT state should be
lights of 'ongef wavelengths. . . . associated with the diffusive rotational motion of either the
The absorption decay dynam_lcs _monltored_ln other solvents dimethylamino group attached to one of the phenyl rings or
also reveal_ that molecular twisting is the dominant process for ihe entire dimethylaminophenyl group attached to the benzoyl
the relaxation of the Sstate. We could not observe stimulated 445 (this aspect will be discussed in section 4.5), the viscosity
emission from either the LE or TICT state in aprotic solvents q the solvent 4) is expected to influence the rates associated
possibly due to overlapping of the transient absorption and it the decay of the LE state monitored at 670 nm as well as

stimulated emission bands. Hence emissive or nonemissivey,ase with the formation of the TICT state monitored at 900
character of both the LE and TICT states could not be inferred 1y Table 2 shows that these rates are nearly equaldieed)

from the time-resolved absorption experiments. However, in . b)) = 7, and 7,4d) ~ 72°(g) = 72). According to the

alcoholic solvents, we observe the appearance of a stimulateds;okes-Einstein-Debye theory, rotational diffusion time is

emission band immediately after photoexcitation and it follows (g|ated to the viscosity of the solvent by the relation 4

the dynamics, which is very similar to that of the LE state

monitored at 670 nm. Hence, it is quite justified to suggest that T = (VIkgT)7 (4)

the stimulated emission band with a maximum at 490 nm is

the characteristic of the LE state. However, the emissive or \ynereV is the effective volume of the rotating grou, is the

nonemissive character of the TICT state could not be confirmed gojtzmann constant, and the temperatdre=(295 K) is also a

from the results of the transient absorption experiments due to constant. In Figure 12A, both of the lifetimes, andz,, have

the same reason as in the case of the aprotic solvents. been plotted against. Although linear viscosity dependence
Hence, it is evident that the early-time dynamics observed is observed for both the components, the relative values of the

in the present work (Figures—®) represents mainly the slopes of the best-fit linear functions (76 10*2 and 1.3x

dynamics of conversion from the LE state to the TICT state in 10'“s K cP1 for the lines representing andz,, respectively)

all kinds of solvents. The lifetimes of two short decay reveal that the viscosity dependence of the ultrafast component,

componentsr;¥d) andzr,¥(d), determined at 670 nm agrees well  y, is nearly negligible (slope is nearly 20 times smaller) as

with those of the corresponding growth componeri¥g) and compared to that of the slower componert, A significant

7,°(g), obtained at 830 or 900 nm. Both the lifetimes increase viscosity dependence af suggests that this component must

with an increase in viscosity of the solvent, although the be originating from the rotational diffusion of the dimethylamino

dependence is different (see section 4.4). In methanol andgroup or the dimethylaminophenyl group. The ultrafast com-

acetonitrile, the temporal profiles at 670 and 900 nm could be ponent may not have arisen due to the twisting process but

well fitted by a dual exponential decay function, probably possibly have an origin other than that.

because of similar lifetimes of these shorter components. In The most widely used model for the description of isomer-

benzene also, the decay of the LE state and the growth of theization or conformational relaxation dynamics is that of Kram-

TICT state could be fitted by single-exponential functions. In ers® Combination of his ideas with the recent calculations and

cyclohexane, the growth of the transient absorption with the the experimentally observed facts led to the formulation of an

lifetime of 1.1 ps could be assigned to the rate of conversion of empirical power law expression, which fits all of the data for

In(n)

sEhe LE state to the TICT state. Following the above discussion,
'Ihe schematic PES diagram for the relaxation dynamics of the
S; state of the DMABP molecule, both in nonpolar and polar
solvents, has been represented in Figure 11. The origin of the
different components will be discussed in the following sections.
4.4. Viscosity Dependence of the Relaxation RateSince
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the rate constants of isomerization or conformational changesgroup. Recently, Glasbeek and co-workers investigated the

and can be written in the fogh

B) oy Eoet
7 AT RT
Two terms in this functional form represent the contributions
from two different factors controlling the isomerization or
conformational relaxation rate. The first term (i.B/y?, where

B is a constant, and & a < 1) is a universal function of
viscosity and represents the “friction” or the “dynamical” effects

®)

ultrafast fluorescence dynamics of MK and 3,6-bis(dimethyl-
amino)-10,10-dimethylanthrone (also called “blocked Michler’s
ketone”, BMK), in which the two benzene rings have been fused
to resist the twisting of the phenyl groufisin this molecule,
only the twisting of the dimethylamino group is possible but
not that of the entire dimethylaminophenyl group. However,
twisting of either the dimethylamino group or the entire
dimethylaminophenyl group is feasible in MK. Distinct differ-
ences were observed in the excited state dynamics of MK and
BMK. Twisting motion was completely absent in BMK,

exerted by the surrounding solvent or medium opposing the although the dimethylamino group of BMK was free to twist.

motion of the parts of the molecule involved in the conforma-
tional relaxation process. The second term, e@g/RT),

Hence it was concluded that that the twisting of the dimethy-
laminophenyl group, rather than the twisting of only the

represents the “barrier” or “static” effects represented in the form dimethylamino group, was responsible for the conformational

of activation energy for the conformational relaxation process.

relaxation process in MK. Spectroscopic consequences of the

At a particular temperature and in a particular class of solvents, excited-state relaxation dynamics of the DMABP molecule are
in which Eact remains more or less unchanged, the exponential very similar to that of MK and also to those of the nonradiative
term may be considered as a constant factor and hence eq Selaxation dynamics of TPM dyé84°In the case of TPM dyes,

may be written as
In(kso) = —aln(y) + C (6)

A plot of In(kiso) Vs In() should be a straight line with a negative
slope with a magnitude equal gand the intercept is equal to
the constantC = In(B) — Ea/RT. Figure 12B represents two
such plots, which show the linear dependence of,irfj vs
In(n) in two different classes of solvents: aprotic and protic.

internal twisting through the torsional motion of the benzenic
rings containing the dimethylaminophenyl groups has been
found to be the dominant mechanism of thesgte relaxation
dynamics. The torsional relaxation times of the benzenic rings
of malachite green (MG) and crystal violet (CV) in DMSO have
been reported to be 0.77 and 0.85 ps, respectively, by Mokhtari
et al?® A comparison of these values with those presented by
74(d) or 72°(g), in Table 2, led us to correlate these lifetimes
with the twisting dynamics of DMABP. Hence, we conclude

_The existence of the bar_rier b_etween the LE a_nd the TIC'I_' StateSiat the twisting of the dimethylaminophenyl group with respect
in the present system is evident from the linear logarithmic 4, ¢ benzoyl group is responsible for the observed transient

relation between the growth ratks}, = 1/15) of the transient

species monitored at 900 nm, which represents the rate of

formation of the conformationally relaxed($ICT) state. In
the case of the alcoholic solventsis nearly equal to unity,

whereas in aprotic solvents, this value is 0.43. Fleming and
Waldeck have made attempts to find out a correlation between

Eact and the parametex through a careful investigation of the

results reported from the numerous studies performed on the
isomerization reactions and conformational relaxation pro-

cesse$§3%4 A few important points have emerged from these

investigations. The most important one, which is relevant to
our results, is that in the case of larger barrier height for
photoisomerization or conformational relaxation process the rate
for the same has a less strong dependence on viscosity of thé!

solvents as measured by the valuadflence, the smaller value

of aindicates a larger barrier for isomerization reaction. As the

behavior and is likely to be the major process in the excited-
state relaxation dynamics of DMABP.

4.6. Origin of the Ultrafast Component. We have already
indicated that the ultrafast componentg{d) or 7,°(g), which
have been observed in the excited-state relaxation dynamics of
DMABP, may have an origin different from that due to the
twisting process. Various origins may be proposed for this
component. Mokhtari et al. observed a similar ultrafast decay
component in the excited-state relaxation dynamics of CV and
MG.%° It has been shown that the relaxation dynamics follow
multiexponential decay, and diffusive rotation of the dimethy-
laminophenyl rings has been found to be involved in the
onradiative deactivation proce¥ddowever, the ultrafast time
constants of about 120 and 180 fs for MG and CV, repectively,
in DMSO could not be attributed to the diffusive rotation of

barrier gets smaller, the barrier crossing process is controlledthe dimethylaminophenyl groups but to the relaxation of the

by the “dynamical” interactions influenced by intramolecular

solvent perturbed intramolecular low-frequency vibrational

motions via intermolecular exchange of energy and momentum. Modes:*#° The ultrafast process that we observe here in the
In this case, the bulk viscosity should govern the momentum €ase of DMABP is also solvent dependent. The lifetime of this

transfer and hence the barrier crossing dynaffide the
absence of any information regarding the valudeg§ for the

ultrafast component increases from 0.22 ps in methanol to 0.46
ps in decanol. Although one can indeed expect that the high

process of conformational change or the twisting process in frequency or hard internal vibrational modes excited with small

DMABP, we could only make a comment that the height of
the energy barrier for the twisting process in DMABP in aprotic
solvents (for which the value @fis ~0.43) is higher than that
in the case of the alcoholic solvents (for which the value of

is near unity and the barrier is very low (or quasi-barrierless).

amplitude relax without solvent hindrance, the low-frequency
modes may be perturbed by the solvent. Like the TPM dyes,
the nonrigid DMABP molecule is also expected to have
numerous active low-frequency modes and hence the relaxation
of these modes may be attributed as a possible reason for the

The lower barrier height for the twisting process in the alcoholic occurrence of the ultrafast componeng(d) or 72°(9).

solvents is possibly due to solvation of the transition state via

intermolecular hydrogen bonding with the solvetfts.

4.5. Twisting Dynamics. Two possibilities for the excited
state twisting of the DMABP molecule can be suggested: (i)
twisting of only the dimethylamino group or (ii) twisting of
the dimethylaminophenyl group with respect to the benzoyl

The inertial solvation process can be another possible origin
of the ultrafast decay or growth component observed in the
excited relaxation dynamics of DMABP. As we mentioned
earlier that the FC state produced following photoexcitation of
DMABP is an ICT state, we expect the solvation process to
follow photoexcitation. Table 2 presents the average solvation
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times, 2oy, in different solvents used in this work. These
solvation times have been determined by Maroncelli and co-
workers using a suitable fluorescent prébe-dowever, the
ultrafast decay or growth time constantg®d) or 7:°(g),
measured in different solvents in the present work are much
shorter than the average solvation times in the corresponding
solvents. Several recent studies on solvation dynamics have ' ' ' ' '
found a universal ultrafast component in the-3MO fs range 00 02 04 06 08

in many solvent§’-7* The ultrafast component in solvation E.(N)

dynamics was first observed by using time-resolved dynamic gigyre 13. Plot of the decay rates (inverse of which is given in
fluorescence Stokes’ shift method by Fleming and co-workers Table 2) of the §TICT) state as a function of #N) values of the

in acetonitrile, methanol, and wat&r.® Such an ultrafast  corresponding solvents.

component in higher normal alcohols (ethanbutanol) has ) ) ) o )
been reported by Joo et al. in their studies of the solvation first and ;olva_\tlon follows the Iarge-amplltude_tmstmg motion.
dynamics of a large dye molecule in these alcohols using three SO the diffusive component of solvation possibly accompanies
measurement techniques, namely, the three pulse photon ech@nd follows the conformational relaxatlon process, which is
shift measurement (3PEPS), the transient grating (TG), as We”muc_h faster than the solvent relaxa'qon_ process (Table 2). In
as the transient absorption techniqé&Shey have also found ~ addition, Table 2 shows that the lifetime of the LE-TICT
that the presence of such a component in alcohols is ratherCONVersion process) in all kinds of solvents, except aceto-
generic in nature and also the echo decay slows down with nitrile, is shqrter tha_n the sol_vatlon time. We have not been
increasing chain length. Joo et al. have also shown both able to |dent|fy_ and isolate _thls component of soIvann from
theoretically as well as experimentally that the transient absorp-the confor.matlonal_rglaxangn proc?ss Inour experiments.
tion technique can reveal the features of ultrafast solvation HOWeVer, in acetonitrile, which is a “fast-solvent? is very

dynamics, although the other two techniques, namely, TG and close _to the average solvation time._ Hence, in this solvent,
3PEPS, are more reliable for this purpéde solvation and twisting processes are simultaneous and the latter

. . . . is possibly controlled by solvation of the ICT state.
4.7. Solvation.A large difference in the Q|pole momemig 2.8. Soxllvent Polarityyand Hydrogen Bonding Effects on
= 6.8 D) between those of the fluprescmg Qgte and the the Decay of the $ State. The property of the §TICT) state
ground stat_e .SL.JQQEStS that solvat|.on dynamlcs should aISOof DMABP produced after completion of the conformational
contribute significantly to the relaxation dynamics of DMABP )5y ation and solvation processes can be discussed in terms of

in polar sol_vents. Using the femtosecond fluorescence dynamic . solvent polarity and hydrogen-bonding effect on the lifetime
Stokes shift method, Glasbeek and co-workers showed that¢ o S state. The lifetimezs(d), of the S(TICT) state in
solvation of the ICT state plays an important role in the excited- g\ er4| solvents of varying polarity (dielectric constants varying
state relaxation dynamics of MK. To describe the interplay iy the range of 248) and hydrogen-bonding ability have been
between the intramolecular motions and the solvent relaxationsgiyen in Table 2. The lifetime increases with decrease in polarity
processes observed in the case of dimethylaminobenzonitrile,qt the solvent. The decay rates (the inverse(d)) have been
several different two-dimensional kinetic models have been plotted as a function oEr(N) values of the solvents in Figure
introduced’®”’> Among them, models suggested by Nordio and 13 Theg(N) values of the solvents, the most popular measure
co-workers (Nordio model) and by Hynes and co-workers (KH  of the electronic solvation, are known to be as much a measure
model) have been the most successful g€/ The kinetic of hydrogen bonding to the solute as a measure of interaction
experimental results can be satisfactorily fitted with different \ith the solute dipole$®7° In aprotic solvents, the lifetime of
kinds of 2D models, e.g., those necessitating an activation barrierine §(TICT) state is nearly independent Bf(N). The steeper
(KH model) and those not requiring it (Nordio model). It turns  sjope of the line representing the linear fit function in protic
out that the major parameter determining the behavior of such splvents indicates a strong hydrogen-bonding interaction be-
kinds of systems is the time-scale of the solvent relaxation as tween the TICT) state and the alcoholic solvents. The lifetime
compared to the intramolecular twisting motion of the molecule. of the S(TICT) state becomes shorter in alcohols with stronger
It can be measured as the diffusive coefficient along the solventhydrogen bonding abilities or higher proticities. This fact
coordinate Ps) to that along the internal (or twisting motion)  possibly explains the weak emissive character of #{€IST)
coordinate Dg). A fast-solvent casels < Dg) and a slow-  state of DMABP in alcohols as compared to that in aprotic
solvent casels=> Dg) can be distinguished. For the latter case, splvents.

nonexponential kinetics has been predicted. Additionally, sol-  4.9. Intersystem Crossing.In rigid matrixes at 77 K, in
vation dynamics in the case of most of the solvents is which the molecular motions are nearly frozen and both the
nonexponential in itself and usually occurs on a time scale conformational relaxation and solvation processes are consider-
ranging from~50 fs to several hundreds of picosecohtf% 71 ably retarded, the main deactivation process of thet&te has
We mentioned earlier that we possibly observed the inertial or been found to be the ISC process from thé_E) state to the
nondiffusive component of solvation of the ICT state, which is triplet state. The relative positions of the different triplet states
ultrafast and complete within a few hundred femtosecond. on the PES diagram and the probable transitions for the ISC
However, the aspects of nonexponential solvation dynamics haveprocesses in different kinds of matrixes have been shown in
not yet been introduced into the model of Nordio and co- Figure 11. Both in nonpolar and polar matrixes at 77 K, the
workers, andDs can therefore be viewed as an averaged ISC process takes place via the nonradiative transition from the
solvation parameter{#{don) (Table 2) and mainly be represented S,(LE) state, which is either az* state (in nonpolar solvents)

by the diffusive component of solvation. For the case of slow or an ICT state (in polar solvents), to the*triplet state. This
solvents, e.g., alcohols with longer chain length, like octanol is an allowed transition, and hence, we observe very strong
and decanol, and for a not-too-large barrier as in the case ofphosphorescence in all kinds of matrixes. However, since the
DMABP, the Nordio model predicts that the molecule twists nsz* and zzz* triplet states are energetically very close to each
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