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Ultrafast relaxation dynamics of the excited sing@&) 6tate of Michler's ketone (MK) has been investigated

in different kinds of solvents using a time-resolved absorption spectroscopic technique with 120 fs time
resolution. This technique reveals that conversion of the locally excited (LE) state to the twisted intramolecular
charge transfer (TICT) state because of twisting offtiié-dimethylanilino groups with respect to the central
carbonyl group is the major relaxation process responsible for the multi-exponential and probe-wavelength-
dependent transient absorption dynamics of $hetate of MK, but solvation dynamics does not have a
significant role in this process. Theoretical optimization of the ground-state geometry of MK shows that the
dimethylanilino groups attached to the central carbonyl group are at a dihedral angle of gbwiths&spect

to each other because of steric interaction between the phenyl rings. Following photoexcitation of MK to its
S state, two kinds of twisting motions have been resolved. Immediately after photoexcitation, an ultrafast
“anti-twisting” motion of the dimethylanilino groups brings back the pretwisted molecule to a near-planar
geometry with high mesomeric interaction and intramolecular charge transfer (ICT) character. This motion is
observed in all kinds of solvents. Additionally, in solvents of large polarity, the dimethylamino groups undergo
further twisting to about Y0with respect to the phenyl ring, to which it is attached, leading to the conversion

of the ICT state to the TICT state. Similar characteristics of the absorption spectra of the TICT state and the
anion radical of MK establish the nearly pure electron transfer (ET) character of the TICT state. In aprotic
solvents, because of the steep slope of the potential energy surface near the-Eambén (FC) or LE state

region, the LE state is nearly nonemissive at room temperature and fluorescence emission is observed from
only the ICT and TICT states. Alternatively, in protic solvents, because of an intermolecular hydrogen-
bonding interaction between MK and the solvent, the LE region is more flat and stimulated emission from
this state is also observed. However, a stronger hydrogen-bonding interaction between the TICT state and the
solvent as well as the closeness between the two potential energy surfaces due to the TICT and the ground
states cause the nonradiative coupling between these states to be very effective and, hence, cause the TICT
state to be weakly emissive. The multi-exponentiality and strong wavelength-dependence of the kinetics of
the relaxation process taking place in tBestate of MK have arisen for several reasons, such as strong
overlapping of transient absorption and stimulated emission spectra of the LE, ICT, and TICT states, which
are formed consecutively following photoexcitation of the molecule, as well as the fact that different probe
wavelengths monitor different regions of the potential energy surface representing the twisting motion of the
excited molecule.

1. Introduction Glasbeek and co-workers reported their results of femtosecond
. . _ _fluorescence up-conversion experiments on MK recéntly.
_Photophysical and photochemical properties of the excited rqy showed that the fluorescence decay of MK is multiexpo-
singlet &) and triplet {Ty) states of 4,4bis-(N,N-dimethyl- nential and the lifetimes of the components are also dependent

Eggnnog'(bl\j IQ)ZOF?Q\?QEZEVX&CQJE'ggtpgl‘laer>|<)t/eknns(i)\\//\(/enir?\?e';ﬂtlicgt?cr)r?s on the monitoring wavelength. The stokes shift of the maximum
’ ) 9 of the time-resolved fluorescence spectrum is anomalously fast

; 0 : .
during the last few decadés’? Spectroscopic and photochemi and is accompanied by the concomitant decay of the intensity

cal properties of MK have been observed to be extremely . i ted the fi ved fi band. Th
sensitive to solvent characteristics. This has been attributed to'"''cJrat€d Over the time-résolved fluorescence band. €
dynamic Stokes shift of the fluorescence maximum is normally

the close proximity and solvent sensitivity of the relative | . .
positions of the energy levels of the lowest excited: and interpreted as a result of solvation of the polar excited 3fate.
If solvation is the only process responsible for the dynamic

qr* states, both in the singlet and triplet manifold, as well as ' - .
to the hydrogen-bonding ability of MK with the hydrogen-bond- Stokes shift, then a concomitant decay of the integrated
donating solvent33 Different parameters, namely, polarity, ~fluorescence intensity is not expected because the nature of the
hydrogen-bonding ability, and viscosity, which control the €missive state is not affected by the reorientation of the solvent
photophysical properties of MK, have been well characterized molecules'? Hence, the authors explain that the anomalously
by different groupg:® fast dynamic Stokes shift is the result of two processes, namely,
phenyl twisting and solvation, happening simultaneously. These
*To whom correspondence should be addressed. E-mail: @re the two major processes that determine the relaxation
dkpalit@apsara.barc.ernet.in. dynamics of theS, state of MK However, the ultrafast
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fluorescence measurements could not provide any direct evi-

dence in favor of the twisting dynamics and the time constants § o8

associated with the twisting process. Additionally, the dynamic S0.3.

Stokes shift, which was much faster than the average solvation §,

time of the solvent, could also not be assigned to solvation 2 0.0

dynamics in certainty. Moreover, the different lifetime compo-

nents, which were recovered by analyzing the wavelength- ':;"80_ B _

dependent multiexponential fluorescence decay curves, were not <

assigned to specific processes or the transient species. Hence, %'40_ 1104 \

although investigation using the ultrafast fluorescence spectro- 8 / N

scopic technique has revealed some of the important features = 0 Jocxd ] S~

of the excited-state relaxation dynamics of MK, further studies 400 500 600 700 800

are warranted to distinguish between the twisting motion and wavelength (nm)

solvation dynamics as well as to assign the individual time Figure 1. Ground-state absorption (A) and fluorescence (B) spectra
constants to specific processes. of MK in ethyl acetate (1), acetonitrile (2), DMSO (3), and 1-propanol

The time-resolved fluorescence and transient absorption (4).
spectroscopic techniqgues may be considered as two spectro-
scopic techniques that are complementary to each other. Eactspectrometer, which used a femtosecond Ti:Sapphire laser
of them is capable of revealing some aspects of the dynamicssystem supplied by CDP-Avesta, Russia. The laser system
but not all. Because the fluorescence spectroscopic techniqueconsisted of a Ti:Sapphire laser oscillator (model TISSA-50),
applied by Glasbeek and co-workers could not reveal the which produced laser pulses of 6 nJ energy at 800 nm. These
complete microscopic dynamics of tiSg state of MK, we got pulses were amplified in an optical amplifier (model MPA-50)
motivated to reinvestigate the excited-state dynamics of MK to generate 50 fs laser pulses of about 30energy at a
using femtosecond transient absorption spectroscopic techniquerepetition rate of 1 kHz using the chirped pulse amplification
Amino-substituted benzophenones, including MK, are weakly (CPA) technique. The optical amplifier consists of a pulse
fluorescent or nonfluorescent, and they have very short singletstretcher, a multipass amplifier pumped by an intracavity
state lifeteime$.7-1415Hence, the ultrafast transient absorption frequency doubled Nd:YAG laser (6 W, 1 kHz) and a pulse
spectroscopic technique may have a better edge over thecompressor. Pump pulses at 400 nm were generated for
fluorescence spectroscopic technique in investigation of the excitation of the samples by frequency-doubling of one part of
microscopic details of the relaxation dynamics of this class of the 800 nm output of the amplifier in a 0.5 mm thick BBO
molecules. The ultrafast absorption technique has been applieccrystal, and the other part of the amplifier output was used to
very successfully in the investigation of the dynamics of TICT generate the white light continuum (4#Q000 nm) probe in a
processes in a few moleculéd®25 However, it is important 2 mm thick sapphire plate. The direction of polarization of the
to concede that for many large molecules the distinct treatment pump beam was fixed at the magic angle. The sample solutions
of ultrafast solvation and conformational relaxation dynamics were kept flowing through a quartz cell of 1 mm path length.
is very complex. Because of the immense number of motional The probe beam was split into two equal parts, one of which
degrees of freedom, the characteristics of the total system ofpassed through the excited zone of the sample to fall onto an
the solute and solvent molecules, solvation, and conformationalintegrating photodiode and the other part reached directly to
relaxation often become highly competitive and a separate another photodiode. For monitoring decay dynamics, a particular
treatment of their dynamics is not meaningfit8-25 In the wavelength region with 10 nm bandwidth was selected using a
present investigation, although the time-resolved absorption pair of interference filters placed in front of the photodiodes.
technique could resolve two kinds of twisting motions in the The variation of the relative intensities of the probe beams at
S state of MK, no information regarding solvation of the state, different delay times with respect to the pump beam were

despite its large polarity, could be obtained. monitored using the photodiodes coupled with the boxcar
) ) integrators. The overall time resolution of the absorption
2. Experimental Section spectrometer was determined to be about 120 fs by measuring

MK from the Thomas-Becker triplet sensitizer kit was used the ultrafast growth of excited-state absorption (ESA) for
after repeated recrystallization from methanol. All of the solvents tetraphenylprophyrin in benzene or perylene in cyclohexane.
used were of spectroscopic grade (Spectrochem, India) and used he effects of temporal dispersion on the time-resolved spectra
as received without further purification. Steady-state absorption were also eliminated by determining the position of the zero
spectra were recorded using a Shimadzu model UV-160A delay between the pump and probe pulses by monitoring the
spectrophotometer. Fluorescence spectra were recorded usingrowth of ESA of tetraphenylprophyrin in benzene at different
a Hitachi model 4010 spectrofluorimeter. Fluorescence spectrawavelengths in the 4701000 nm region. The temporal profiles
were corrected for the wavelength-dependence of the instrumentrecorded using different probe wavelengths were fitted with up
response but not due to variation of refractive indices of the to three exponentially decaying or growing components by the
solvents. Fluorescence lifetimes were measured with 20-ps timeiterative deconvolution method using an setjpe instrument
resolution using a time-correlated single photon counting response function with a fwhm of 120 fs.

(TCSPC) spectrometer, the details of which are available in ref

26. For the present measurements, the third harmonic of ag Results

femtosecond Ti:Sapphire laser (i.e., 305 nm) has been used for

excitation. High-purity-grade nitrogen gas (Indian Oxygen,  3.1. Steady-State Absorption and Fluorescencélthough
purity >99.9%) was used to deaerate the samples whenever itthe steady-state absorption and fluorescence characteristics of
was required. amino-substituted benzophenones, including MK, have been

Relaxation processes in the sub-500 ps time-domain werediscussed by many authors earfiet® we need to discuss here
measured using a femtosecond purppobe transient absorption a few important features of the steady-state spectroscopic
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properties of MK for the convenience of the discussion of our SCHEME 1: Optimized Geometrical Structure of MK in
results on ultrafast dynamics. Figure 1 shows the steady-statethe Ground Electronic State

absorption and fluorescence spectra of MK recorded in a few
nonaqueous solvents at room temperature. In each of these
solvents, the absorption spectrum of MK in the 280 nm
region is characterized by an intense absorption band, which
has been assigned to ther* transition and a shoulder at ca.
310 nm (32 260 cmt), which has been assigned to the*
transition? Both the shape and the position of the maximum of
the rr* absorption band are sensitive to the solvent character-
istics. The absorption spectra are nearly identical in ethyl acetate
(dielectric constante = 6.7) and acetonitrile ¢( = 37.5),
although the polarities of these two aprotic solvents are very
different. However, in DMSO4 = 47.5), which is another polar
aprotic solvent but known to be a good cation solvator, the band
maximum shifts to a longer wavelength and the spectral width
(fwhm) of the band also increases significantly. The larger
bathochromic shift of the maximum of this absorption band in
DMSO compared to those in other aprotic solvents suggests
stronger association of the former solvent with the excited state
of MK. However, both the bathochromic shift of the maximum

and the width of thezz* absorption band are much larger in ¢\ are given in Table 1 of the Supporting Information. It is
ilr;grlggﬁglci)clz Z%T/gstrs(tjhtg rt:;izi l(;‘f ;pe:gitrlsu?h;gzgsr.plt?oﬁ%(:liﬁg, evident from the calculated values of the geometrical parameters
Gri that the benzophenqne moiety within the MK molecule is not
band appears to have been splited into two bands. One of themy|anar; rather, the dihedral angle between the phenyl rings is
appears as a shoulder at the higher energy side of the main bancahoyt 52. The dipole moment of the ground state is calculated
The broad maximum of the absorption band in alcoholic to pe 4.1 D. Calculations for the vertical singlet excited state
solutions may arise because of the existence of the intermo-have also been performed using the Corresponding ground_state
lecular hydrogen bonded complex and the non-hydrogen-bondedgeometry of the molecule. For this purpose, configuration
(or uncomplexed) molecules in equilibrium. interaction singles (CIS) method was usddihe calculated
The fluorescence spectrum of MK in each of the solvents value of the dipole moment of the FC state has been found to
recorded at room temperature is broad and structureless (Figurée 5.6 D. All of the calculations in this work were done using
1B). The shape and the maximum of the fluorescence band arethe GAMESS electronic structure progréfn.
sensitive to the characteristics of the solvent, that is, polarity ~ 3.3. Spectral and Temporal Characteristics of the Tran-
and proticity. Fluorescence maximum undergoes a large batho-sient SpeciesWe used the transient absorption spectroscopic
chromic shift in a more polar aprotic solvent. The Stokes shift technique with about 120 fs time resolution to investigate the
is also very large in aprotic solvents and increases with microscopic details of the relaxation dynamics of Bjestate
increasing polarity of the solvent. The Stokes shifts are 8451 0f MK in different aprotic and protic solvents of varying
cmLin ethyl acetate and 10 637 chin acetonitrile. However, polarities ano! viscosities. For this purpose,_400 nm laser pulses
the fluorescence maxima in acetonitrile and DMSO are at the Of 50 fs duration have been used for excitation and the temporal
same position and the Stokes shift in DMSO (8640 &nis gbsorpnon profiles have been monltorgd at different wavelengths
smaller than that in acetonitrile. The characteristics of the N the 476-1000 nm region at 20 nm intervals to construct the
absorption and fluorescence spectra suggest a specific interactiofime-resolved transient absorption spectra. The MK molecule
between MK and DMSO in the excited state. The fluorescence N nonpolar splvents, suqh as cyclohgxane, IS not convenient
maximum is not very sensitive to polarity in the case of alcoholic for the transient absorption study using 400 nm excitation,
solvents. The position of the fluorescence maximum (appearing becau;e, n these solvents, the ground-state abs_o_rptlon spectrum
at 482 nm or 20 747 cr) is much blue-shifted and the Stokes of MK is shlfted. too far to thg blue and the solu_blllty of MK in
shift is much smaller (ca. 4597 ¢ in propanol compared to these solvents is alsp not h'gh gnough.to .obtaln a large epough
those in aprotic solvents of even less polarity (e.g., the maximum ground-state absorption for efficient exmtgtlon at 400_nm (Flgu_re
is at 495 nm or 20 202 cm and the Stokes shifts is 8451 cin 1A)'. Hence, we could study the transient behavior only_ n
in ethyl acetate). The fluorescence yield is more than one order;i:g‘tg/§|¥oﬁﬁ re polar solvents, such as ethyl acetate, acetonitrile,
of magnitude lower in 1-propanol compared to those in The time-.resolved transient absorption spectraj)aon-
acetonitrile and DMSG®. However, the yield increases with

. . . - . o structed for a few selected time-windows in sub-5 ps time
increasing viscosity (or decrease in proticity) of the alcoRols. domain following photoexcitation of MK in acetonitrile are

Shoute determined the change in dipole moment)(due presented in Figure 2. Figure 2 also shows the spectrum
to photoexcitation of MK as 4.0 and 10.4 D in protic and aprotic (spectrum k) recorded at 50 ps after photoexcitation of MK in
solvents, respectivef/Hence, he concluded that the fluores- acetonitrile with 355 nm laser pulses of 35 ps durafion.
cence emission originated from the ICT state in protic solvents, Spectrum a, constructed for 0.15 ps delay time, consists of three
whereas the TICT kind of relaxe$l state was responsible for  major ESA bands in the 478650, 656-800, and 8061000
the fluorescence emission of MK in aprotic solvents. These nm regions with maxima at ca. 520, 690, and 930 nm,
assignments obviously explain the larger Stokes shift in aprotic respectively. In the sub-0.5 ps time-domain, absorbance within
solvents compared to that in protic solvents of similar polarity. the ESA bands in the 473650 nm and 658800 nm regions
Our ultrafast time-resolved absorption study not only confirms decreases and that in the 800000 nm region increases with

these facts but also provides the microscopic details of the
relaxation dynamics of these states (vide infra).

3.2. Theoretical Study.The ground-state structure of MK
has been optimized (considering the molecul& aoint group)
using Hartree-Fock theory with the 6-31G* basis set. The
optimized geometrical structure of MK in the ground electronic
state is shown in Scheme 1. The selected geometrical param-
eters, such as bond lengths, bond angles, and dihedral angles



Excited Singlet State of Michler's Ketone J. Phys. Chem. A, Vol. 110, No. 10, 2008435

500 600 700 800 900 1000 A IR
20 Time delays (a to e): 0.15, 0.2, - A o
0.3, 0.4 and 0.5 ps A & 490 nm

I
il -

10 ." - - 510 m

g s

E oR %

220 3

Q

@

2

-

; . 0.8, 1,. 1.5, 2,ftand SQ ps
500 600 700 800 900 1000

Wavelength (nm)

Figure 2. Time-resolved transient absorption spectra constructed for
different time delays following the photoexcitation of MK in acetonitrile
using 400 nm laser pulses of 50 fs duration. These have been
constructed using the temporal profiles monitored in the-4IA0

nm region (a few of which have been presented in Figure 3). The inset
shows the transient spectra constructed for 0.15, 0.5, and 4 ps delay
times after photoexcitation of MK. They represent the absorption spectra
of LE, ICT, and TICT states of MK (vide infra).

increasing delay time (Figure 2A). As a result, spectrum e,
constructed for the 0.5 ps delay time shows the presence of a
negative absorption band in the 47870 nm region with
maximum at 530 nm and two ESA bands in the 62000 nm
region. Because the ground-state absorption spectrum of MK
in acetonitrile (curve 2 in Figure 1A) shows negligible absorp-
tion in the 476-570 nm region, the negative absorption band
cannot be assigned to the bleaching of the ground state.
However, because the fluorescence spectrum of MK in aceto-
nitrile (curve 2 in Figure 1B) overlaps with this region, the ) i ) )
negative absorption band is assigned to the emission from theFigure 3. Temporal evolution of transient absorption monitored at

. . different wavelengths following the photoexcitation of MK in aceto-
S state of MK, stimulated by the coherent continuum probe nitrile using 400 nm laser pulses of 50 fs duration. Solid lines represent

light. . ) ) the best multiexponential fit functions. Lifetimes of two shorter
On further increase in delay time beyond 0.5 ps, the componentsz(d) and/orra(g)) are given in Table 1. The longest decay
“stimulated emission” (SE) band decays and an ESA band in component#3(d) ~ 600 ps), which has been fixed during the fitting
the 476-600 nm region with a maximum at 490 nm develops process, is not given in Table 1. Curve a shows the growth oBthe
subsequently within the 5 ps time domain. The ESA band in State of perylene in cyclohexane to show the instrument response time
the 656-800 nm region continues to decay up to about 2 ps, 0 fs).
but little further growth of that in the 8661000 nm region is processes taking place in the same state and the same is also
observed within this time. As a result, the transient absorption complete within 5 ps time. The inset of Figure 2B shows a
spectrum recorded at 4 ps (spectrum j) consists of three ESAcomparison of the features of the transient spectra recorded
bands in the entire 4701000 nm region (Figure 2B). The main  immediately after (i.e., spectrum a) and those recorded at 0.5
features of this spectrum are very similar to those of spectrum and 4 ps (spectra e and j, respectively) after photoexcitation of
k, which has been recorded at a 50 ps delay time. The transientMK to its S; state. Spectrum j is assigned to the rela$estate
absorption spectrum, k, was assigned earlier to that of the singletof MK.
state of MK? Similarities in the features of spectra j and k A few typical temporal absorption profiles, which have been
suggest that the evolutions of the time-resolved transient recorded using different probe wavelengths following photo-
absorption spectra observed here in the sub-5 ps time domairexcitation of MK in acetonitrile, are shown in Figure 3. The
following photoexcitation of MK to the5 state, which has a  lifetimes of the different decay (d) and growth (g) components,
much longer lifetime (about 650 p%)epresent the relaxation  which were obtained by multiexponential fittings of the temporal

AAbsorbance (a.u.)
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TABLE 1: Time Constants for the Relaxation Dynamics of MK Measured at Different Probe Wavelength3

monitoring
wavelength, nm acetonitrile DMSC* 1-propanol
r(d), psfa]  7(g).ps[al  m(d),ps[a]  7g).ps[a]l  w(d).ps[a]  7(9).ps[a]l  zs(d), ps|al
470 0.1[5] 0.822.5] 0.11[2.9] 5.021.9] 0.1[3.2] 7.6 2.9]
490 0.11[8] 0.8613.9] 0.15[3.5] 6.512.5] 0.19[3.2] 11 3] 93 (2]
510 0.12[7.3] 1.4+3] 0.18[4.2] 6.8 2.9] 0.3[3.3] 14.5£3]
530 0.12[7.2] 1.5+2.7] 0.5[3] 18.3 3]
550 0.13[5.2] 1.6+1.5] 0.22 [3.5] 12.1{2.1] 0.5[3.1] 37 F3.7]
570 0.16 [4.3] 1.65+0.9] 0.36 [3.1] 12.541] 0.85[3.2] 40 [3.5]
590 0.28[2.7] 1.610.6] 1.6[3.4] 38 6.5]
610 1.1[2.5] 12.2+1.2] 2.7[3.7] 38 7.1]
630 0.38[1.9] 1.5+0.1] 1.6 [2] 2.4[3.5] 36 £5] 85[2.8]
650 2.2[2.2] 2.4[3.3] 3813.8]
670 0.5[3.3] 1.5[2.6] 2.3[1.1] 3441.6]
710 0.45[2.4]
730 1.25[2] 0.9[1] 24+0.5] long
750 0.85[1.6] 1.7[0.4] 7.210.6] long
770 1.0[1.3] 12.040.1] 0.18[0.9] 6.010.4] 90 [-0.1]
810 0.23[1.6] 1.440.6] 0.13[1.2] 10{0.6] 41F1.5] 58.7 [3]
830 0.9 F1.1] 5.9 1]
850 0.6 2] 4.14[-1] 1.3[-1.6] 50.6 [3]
870 0.53F2.4] 3.2F1.5]
900 0.37 3.5] 2.1[2] 1.1[-1.6] 37 [3.1]
950 0.28 [-3.6] 1.0'[-2.4] 0.73 2] 26.7 [4.1]
1000 0.26[—2.2]

2a, &, and a represent the corresponding relative amplitudes of different components in the multiexponential fitting of the temporal profiles.
The negative amplitudes indicate the growing comporferi{d) ~ 600 ps has been fixed in the three exponential fittings of the temporal profiles.
¢ 75(d) ~ 850 ps has been fixed in the three exponential fittings of the temporal prdfilés temporal profile is fitted with one growtl(g), and
two decay components’((d) andzs(d)) (see Figure 4 and the Supporting Information).

profiles using the iterative deconvolution method, are given in 21
Table 1. However, in this table we have not shown the decay
lifetimes of those components, which have lifetimes longer than 14
200 ps, because these lifetimes could not be determined@

accurately by our spectrometer. The lifetimes of Sestate, % Oy

which are longer than 200 ps, have been determined using the§ A/
TCSPC technique. Figure 3 reveals that the transient species§
created by photoexcitation of MK follow multiexponential g
dynamics and the lifetimes (decay and/or growth) of the different 8 4
components are dependent on the monitoring wavelength. In !
Figure 3A, we present the temporal profiles recorded at a few 2
wavelengths within the ESA and/or SE bands in the-4680

nm and 656-750 nm regions and those recorded in the-800 0
1000 nm region are presented in Figure 3B. Figure 3A reveals

the instrument response-time-limited growth of ESA for each

of the temporal profiles recorded in the 47050 nm region. Time (ps)

However, the dynamics of subsequent evolution of the transient Figure 4. Temporal evolution of transient absorption monitored at
absorption signal is dependent on the monitoring wavelength. four selective wavelengths in a longer (up to 500 ps) time domain
In the 476-570 nm region, because of strong overlapping of following the photoexcitation of MK in acetonitrile using 400 nm laser
the ESA band with the SE band, which also grows very fast pulses of 50 fs duration. Solid lines represent the best multiexponential

. L fit functions. The lifetimes are also given in the figure. During the
following photoexcitation, ESA undergoes ultrafast decay to fitting of the temporal curves recorded at 510 and 550 nm, the lifetime

reach a negative absorbance value (Figure 2A). However, Weof a long decay or growth component (> 600 ps) has been fixed.
observe a further slow growth of ESA to reach a maximum This is not shown in the figure.

within the 5 ps time domain. The latter has a very long lifetime,

73(d). Because of these reasons, the values of the lifetimesto reach a residual absorbance value after 5 ps. The latter
obtained by multi-exponential analysis of the temporal profiles indicates the formation of a very long-lived transient species.
were different at different wavelengths in this region and no The temporal profiles have also been recorded at 510 and 550
meaningful assignment of the lifetimes of the different com- nm in a longer time domain (up to about 500 ps) (Figure 4). At
ponents could be made to specific transient species or processe$50 nm, in addition to a growing ESA component with a growth
The lifetime of the ultrafast decay componen{d), increases lifetime of 1.6 ps, we observe another ESA component growing
from 0.1 to 0.38 ps and that of the growing compones(qg), slower than the former beyond 20 ps.

which follows the ultrafast decay, also increases from 0.82 ps Figure 3B reveals that in each of the temporal profiles
to about 1.6 ps, as the monitoring wavelength is tuned from recorded in the 81:61000 nm region, ESA grows slower than
470 to 630 nm. However, within the 63050 nm band, the  the instrument response time and, here also, the growth lifetime,
dynamics is nearly independent of monitoring wavelength and 7,(g) (the assignment of the lifetime of this component#g)

the temporal profiles show only the presence of the ultrafast will be clear during the course of discussion), is dependent on
decay component;(d), having a lifetime of 0.45: 0.05 ps, the monitoring wavelength. The growth lifetimex(g) = 0.28

1,(9)=1.6ps
. 5 10 15
50 100 150
1000 nm

7,(9) =0.
7',(d) = 1.6 ps,
0# 7,(d) =590 ps
0 100 200 300 400 0 100 200 300 400

,(9) = 0.6 ps
7,(d) = 614 ps

(=2
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6 Figure 6. Temporal evolution of transient absorption monitored at
L four selective wavelengths in longer (up to 400 ps) time domains
% FOR . following the photoexcitation of MK in DMSO using 400 nm laser
Ilays (f -.l): 10, 1.5’ 30 al'lld 60 ps pulses of 50 fs duration. Solid lines represent the best multiexponential

560 600 700 800 900 10'00 fit functions. The lifetimes are also given in the figure. During the

fitting of the temporal curves recorded at 490, 550, and 650 nm, the
Wavelength (nm) lifetime of a long decay or growth component & 800 ps) has been

Figure 5. Time-resolved transient absorption spectra constructed for fixed. This is not shown in the figure.

different delay times following the photoexcitation of MK in DMSO

using 400 nm laser pulses of 50 fs duration. The inset shows the . .
transient spectra constructed for 0.15, 6, and 60 ps delay times after'> tuned from 470 to 630 nm, because of overlapping of the

photoexcitation of MK. They represent the absorption spectra of LE, ESA and S.E.bands. The valqe of(d) remains more or less
ICT, and TICT states of MK (vide infra). constant within the ESA band in the 63800 nm regionzy(d)

again becomes shorter as the wavelength is tuned toward the
ps) is shortest at 1000 nm and increases gradually as thenear-IR region above 700 nm and this component is not
wavelength is tuned toward the higher energy region. The value observed at wavelengths beyond 810 nm. The growth lifetime,
of 72(g) becomes 1.4 ps at 810 nm, which is nearly equal to 72(g), also increases from 5.02 to 12 ps as the wavelength is
that (r2(g) = 1.6 ps) of ESA monitored in the 55690 nm tuned from 470 to 630 nm. In the 55000 nm region, we also
region. Because of the overlapping of this near-IR absorption observe another slower growing component. Like in acetonitrile,
band with the higher energy ESA bands, the presence of anothethe temporal profiles recorded at different wavelengths within
component, which shows instrument response-time-limited the 800-1000 nm band show only the ultrafast growth
growth and an ultrafast decay, is also evident in the temporal component (presence of the component with lifetira@) is
profile recorded at 810 nm. In the 86900 nm region, after absent in this region). The value ofg) increases gradually as
attaining the maximum value, ESA decays single exponentially the wavelength is tuned from 1000 to 800 nm. In the-8880
with a long lifetime ¢3(d) ~ 600+ 20 ps) (Figure 4). However,  nm region, ESA, after attaining the maximum absorbance value,
the temporal profiles recorded at 950 and 1000 nm reveal thatdecays with a long lifetime of about 850 ps (Figure 6), but
ESA follows nonexponential decay dynamics because of the beyond 850 nm, we also observe the presence of a faster
presence of a decay component,(()), which decays much  decaying component; ,(d).

faster thants(d) (Figure 4). The value ofr',(d) is also Because of the low solubility of MK in ethyl acetate, temporal
dependent on the monitoring wavelength. profiles could not be recorded at all wavelengths because of

The time-resolved spectra of the transient species producedthe poor signal-to-noise ratio but we managed to record the
in DMSO are shown in Figure 5. The nature of evolution of temporal dynamics of the transient species in this solvent at a
the transient spectra recorded following photoexcitation of MK few selective wavelengths, which have been presented in Figure
in DMSO is similar to that observed in acetonitrile. However, 7. In the sub-10 ps time domain, like in other aprotic solvents,
in the time-resolved transient absorption spectra constructed inwe observe the instrument response-time-limited rise of ESA
DMSO, we observe two new features, which could not be in the 656-710 nm region (Figure 7A). This is followed by
resolved in the case of acetonitrile (compare Figures 2 and 5).the ultrafast decay of ESA with 18 0.2 ps lifetime to attain
In DMSO, we observe a dynamic red shift of the maximum of a residual value. However, we observe further growth of ESA
the SE band in the 476650 nm region and a change in shape in the longer time domain with a growth lifetime of about 100
of the ESA band in the 8661000 nm region. ps (Figure 7B). However, in the 85@50 nm region, initial

The characteristics of the temporal profiles recorded in DMSO growth of ESA is slower than the instrument response-time and
are very similar to those observed in acetonitrile. Figure 6 the growth lifetime increases from 0.8 ps, measured at 950 nm,
presents the temporal profiles recorded up to about 500 ps delayto 1.7 ps at 850 nm (Fugure 7A). In longer than a 10 ps time
time at a few selective wavelengths. However, the lifetimes of domain, ESA decays with about 90 ps lifetime to leave a small
two ultrafast components;(d) and 7o(g), which have been  residual absorbance. At 490 nm, we observe the ultrafast decay
obtained from the analyses of the temporal profiles at other of ESA, which initially grows with the instrument response time,
wavelengths, are given in Table 1. The decay lifetiméd), and then it further grows biexponentially with the lifetimes of
increases from 0.11 ps to about 1.6 ps, as the probe wavelengttl.7 and 90 ps. In this case, although the transient signal reached
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Figure 8. Time-resolved transient absorption spectra constructed for
different time delays following photoexcitation of MK in 1-propanol
using 400 nm laser pulses of 50 fs duration. The inset shows the
transient spectra constructed for 0.15, 6, and 150 ps delay times after
the photoexcitation of MK. They represent the absorption spectra of
LE, ICT, and TICT states of MK (vide infra).

another ESA band in the 86000 nm region. As a result, we

1:2(9) =1.7 ps
7(0) =90 ps

-

t(d)=1.5ps
7,(g) =115 ps

AAbsorbance (mOD)

950 nm
tz(g) =0.8 pg

observe a temporary isobestic point at ca. 750 nm. The SE band
also decays accompanied by a dynamic red shift of the
maximum, which appears a&470 nm at 0.2 ps but shifts to
530 nm after about 10 ps delay time. With further increase in
the delay time beyond 6 ps, the ESA band in the-80000

nm region starts decaying and the decay is nearly complete

.....

within about 150 ps. However, we observe the growth of the
ESA band in the 476670 nm region between the 6 and 50 ps
x x x x time domain, before it starts decaying with further increase in
0 100 200 300 400 delay time. However, unlike the ESA band in the 8A®00
Time (ps) nm region, the decay of the ESA bands in the 4800 nm
Figure 7. Temporal evolution of transient absorption monitored at a '€gion is not complete within 150 ps because of the longer
few selective wavelengths in 10 ps (A) and longer (up to 500 ps) (B) lifetime of the transient.
time domains following the photoexcitation of MK in ethyl acetate Figure 9 presents the temporal profiles recorded at different
using 400 nm laser pulses of 50 fs duration. Solid lines represent the wavelengths up to about 150 ps delay time. They corroborate

best multiexponential fit functions. The lifetimes are also given in the e facts described in the previous paragraph. Figure 9A reveals
figure. During the fitting of the temporal curves, the lifetime of a long

decay or growth components(> 200 ps) has been fixed. This is not that, Immeqlately a.fter. the Ias_er pulse, SE. appears in the-470
shown in the figure. 510 nm region (unlike in aprotic solvents, instrument-response-

time-limited growth of ESA is not observed here). The growth

nearly to zero value following the ultrafast decay of ESA, it lifetime of SE (which has also been represented,@ in Table
did not show negative absorption due to stimulated emission. 1 because of the positive coefficient of the term related to this

We also investigated the ultrafast dynamics of the excited component in the fitting function) is wavelength-dependent and
state of MK in normal alcohols with the linear hydrocarbon becomes longer as the wavelength is tuned from 470 to 510
chains of different lengths. The behaviors of the transient speciesnm. However, in the temporal profiles recorded at the wave-
are more or less similar in all of these alcoholic solvents. In lengths beyond 530 nm, ESA appears immediately after the laser
Figure 8, we present the time-resolved transient absorption pulse and its decay lifetime;(d), like in aprotic solvents, also
spectra of MK in 1-propanol to show the typical spectral increases as the wavelength is tuned from 530 to 610 nm. In
characteristics of the transient species produced due to photolysisaddition, the subsequent growth of ESA also becomes slower
of MK in alcohols. Spectrum a, constructed for a 0.15 ps delay as the wavelength is tuned from 470 to 610 nm and the value
time, has three ESA bands in the 511000 nm region and a  of the growth lifetime,zx(g), becomes 40 ps at 570 nm. Both
SE band in the 479510 nm region. One of the ESA bands has 71(d) (=2.5+ 0.2 ps) andr(g) (=37 + 3 ps) remain more or
a maximum at ca. 630 nm and a shoulder at ca. 550 nm, andless constant in the 66700 nm region. Figure 9B and Table
the other two have maxima at ca. 710 and 970 nm, respectively.1 reveal that, in this solvent also, the lifetimes of all three
In the sub-6 ps time-domain, the ESA band in the -6980 components, namely;(d), 72(g), andrs(d), which are associated
nm region decays accompanied by the concomitant growth of with the temporal evolution of the ESA band in the 7Z3®M00

o = M oW
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Figure 10. Temporal evolution of transient absorption monitored at
630 nm following photoexcitation of MK in four alcoholic solvents
using 400 nm laser pulses of 50 fs duration. Solid lines represent the
best quadric exponential fit functions. The lifetimes are also given in
the figure. During the fitting of the temporal curves, the lifetime of the
long decay component{d) > 500 ps) has been fixed. This is not
shown in the figure.

be measured accurately at this wavelength avoiding interference
from the stimulated emission (Figure 9). Each of these temporal
profiles has been fitted by a quadric exponential function to
obtain the values afi(d), 72(g), andrs(d). The fourth component

is a small long-lived residual absorption. The characteristics of
the temporal curves presented in this figure clearly reveal the
similarities in the dynamics in the alcoholic solvents. We could
not study the dynamics in alcoholic solvents with the alkyl chain
longer than that of 1-butanol because of the longer lifetime of
the transient species, which could not be measured using our
femtosecond spectrometer, as well as the higher yield of the
triplet state masking the true features of the relaxation dynamics
of the S state.

AAbsorbance(a. u.)

0 4. Discussion
Time (ps)

4.1. Origin of Different Lifetime Components. Our time-

Figure 9. Temporal evolution of transient absorption monitored at
different wavelengths following photoexcitation of MK in 1-propanol
using 400 nm laser pulses of 50 fs duration. Solid lines represent the
best multiexponential fit functions. The lifetimes of componen(d),

72(g), andts(d) are given in Table 1. In some cases(d) is longer
than 200 ps and could not be determined accurately and hence no
given in Table 1.

resolved absorption measurements reveal that the features of
the relaxation dynamics of th® state of MK are very similar
to those reported by Glasbeek and co-workers, who used the
ultrafast fluorescence spectroscopic technifiéne excited-

sState dynamics of MK is ultrafast, multiexponential, and the

lifetimes of the different components are dependent on the probe

wavelength as well as on the viscosity of the medium.

nm region, are strongly dependent on the monitoring wave- Apparently, the wavelength-dependent dynamics of the transient
length. In the 776-:1000 nm region, the component with lifetime  species observed in the present case seems to be very compli-
71(d) is absent but bothry(g) and 73(d) increase as the  cated. However, a careful examination of the lifetimes of the
wavelength is tuned from 1000 to 750 nm. different components associated with the multiexponential

Figure 10 presents the temporal behaviors of the transienttemporal profiles recorded at different wavelengths ranging from
species recorded at 630 nm (see the Supporting Information470 to 1000 nm in each of the solvents reveals that the dynamics
for those recorded at 490 nm) up to about 450 ps delay time in of the S; state relaxation processes of MK can be explained by
1-propanol as well as in methanol, ethanol, and 1-butanol. invoking the concept of twisting of the dimethylanilino groups
Although the temporal profiles have been recorded in methanol with respect to the central carbonyl group leading to conversion
and ethanol at other wavelengths as well (see the Supportingof the FC or LE state to the TICT state, as suggested by
Information), we present the results obtained by analyzing only Glassbeek and co-workers as well as by Shééfewisting can
those recorded at 630 nm because our analyses of the temporabe shown to be the major process controlling the relaxation
profiles recorded in 1-propanol show that information regarding dynamics of the5; state. We present below a detailed discussion
the formation and decay lifetimes of the transient species of our results obtained in different kinds of solvents in the light
involved in the relaxation dynamics of tt®& state of MK can of the twisting process, taking place in tBestate of MK.
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Figure 11. Oversimplified two-dimensional potential energy surface (PES) diagram for the relaxation dynamicSoététe of MK. The shape

of the PES for the5, state is solvent-dependent. Cun&égl), Si(2), andS,(3) represent the PES of ti& state in nonpolar aprotic, polar aprotic,

and polar protic solvents, respectively. The LE to TICT involves two kinds of diffusive twisting motions: ultrafast antitwisting motion of
dimethylanilino group to form the ICT state and twisting of the dimethylamino group with respect to the phenyl group to form the TICT state.
Different possibleS, — S transitions observed in the present study have been indicated by vertical upward arrows and the fluorescence emission
from the LE, ICT, and TICT states are shown as vertical downward arrows. The curved arrow indicates very efficient nonradiative relaxation from
the TICT state to the ground state in alcoholic solvents.

The ground-state absorption spectra of MK presented in is accompanied by further charge transfer, and, hence, the TICT
Figure 1A suggest that 400 nm light excites the molecules of state should have a larger dipole moment than that of the LE
MK near the lowest energy vibrational level of the lowest state. Fluorescence is assumed to take place predominantly when
excited singlet %) state. Hence, the possibility of the contribu- the molecule is in the reaction regiéh.The wavelength-
tion of the vibrational cooling process to the temporal dynamics dependent nonexponential dynamics of the excited state is a
of the transient species can be excluded safely. The wavelengthvery regular feature in this kind of molecular system and may
dependence of the temporal profiles recorded in the-46BD arise for several reasons. The most common reason is the motion
nm region is a result of overlapping of the ESA and the SE of the excited state along the steep slope of the barrierless PES
bands of more than one kind of transient species formed because of the conformational relaxation process. Inhomoge-
following photoexcitation of MK in solution. We have not made neous broadening due to ill-defined surroundings may also be
any attempt to reconstruct the actual shapes of the ESA and SEheld responsible for the nonexponential dynamics. Because the
bands in the 476650 nm region because of the lack of LE — TICT conversion process is accompanied by separation
knowledge of the absorption coefficient fi<— S, transitions of charge in the molecule (i.e., creation of larger dipole),
and the cross sections of SE occurring from estate at solvation is also expected to play a significant role in the
different wavelengths. Without having quantitative knowledge relaxation process of thg state38
of these two parameters, correction of the transient spectra might In acetonitrile and DMSO, the instrument-response-time-
have led to some meaningless interpretation. However, thelimited rise and ultrafast decay of the transient species, which
wavelength dependence of the temporal profiles recorded in thehave the lifetimeszi(d), of 0.45+ 0.1 ps and 1.6t 0.2 ps,
650—-1000 nm region, which is free from the overlapping effect respectively, measured in the 63050 nm region, can be
of the SE band, clearly reveals the dynamics of the relaxation assigned to that of the LE state. Decay of the LE state results
process happening along the twisting coordinate of the potentialin the growth of the TICT state, which is observed by monitoring
energy surface (PES). ESA in the 806-1000 nm region. However, the growth lifetime

The ultrafast and nonexponential dynamics of $hetate of of the TICT state,75(g), is wavelength-dependent ang(g)

a few other TICT kinds of molecules, such as bacteriorhodopsin, increases as the wavelength is tuned from 1000 to 800 nm. This
photoactive yellow protein, cyanine dyes such as LDS-821, can possibly be explained by the fact that the probe lights of
auramine, and dimethylaminobenzophenone has been explainediifferent wavelengths monitor the transient species, which have
following a three-state modet:21:252.3537 |n this model, im- different conformation with different geometries corresponding
mediately after photoexcitation, the system decays very rapidly to different regions of the PES (Figure 11). The probe light of
out of the FC region into a nearly flat region of the PES to shorter wavelength or higher energy monitors the region of the
form the reaction region, called the LE state. In this region, PES, which corresponds to the minimum potential energy of
there is an anticrossing with another excited electronic state,the TICT state (Figure 11). Hence, the growth lifetinag(g),
called the TICT state, which is separated from the LE state by measured at the extreme blue edge of the ESA band, which is
a small or no barrier. The LE> TICT conversion process, which  the characteristic of the TICT state (curve j in Figure 2 and
involves the twisting of the phenyl or substituted-phenyl groups, curve iin Figure 5), can be assigned to the lifetime of formation
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TABLE 2: Decay Lifetimes of the LE, ICT, and TICT States

solvent lifetime of the LE lifetime of the ICT lifetime of the TICT

(€; 7, mMN-s*m~2; [Fdon, PS) state ¢Lg), ps state, {ict), PS state, frict), ps
cyclohexane (0.98; 2.02;) 6.7

benzene (2.27; 0.60; 2.1) 25
ethyl acetate (6.02; 0.43; 2.6) 1.3 100
acetonitrile (37.5; 0.34; 0.26) 0.45 1.6 600
DMSO (46.6; 2.0; 1.8) 15 12 850
methanol (32.7; 0.55; 5) 0.6 7 23
ethanol (24.55; 1.08; 16) 16 19 70
propanol (19.9; 1.94; 26) 2.4 36 90
butanol (17.5; 2.57; 63) 3.0 45 110
pentanol (13.9; 3.6; 103) 13C¢
octanol (10.3; 6.13%) 21
decanol (13.8; 11; 259) 2802

a Fluorescence lifetimes.

of this state. These lifetimes are 1.4 and 12 ps in acetonitrile 2A) and in the sub-6 ps time-domain in DMSO (Figure 5A)
and DMSO, respectively, measured at 810 nm. These are muclreveal the growth of SE in the 4750 nm region concomitant
longer than the decay lifetimes of the LE state in the corre- with the decay of the LE state. This confirms the presence of
sponding solvents. This suggests that after crossing the reactioranother reaction region or local minimum on the PES, between
region of the PES corresponding to the minimum potential those corresponding to the LE and TICT states. This state will
energy of the LE state, the system continues to evolve alongbe designated hereafter as the ICT state (vide infra). This
the PES representing the twisting motion, for longer time to interpretation is further corroborated by the lack of precutsor
reach the minimum energy region for the twisi&dtate. Hence, sater relationship between the LE and TICT states. The transient
it is important to address the question whether the PES betweenspectra of the ICT state in acetonitrile are presented in the inset
the reaction region for the LE state and that for the TICT state of Figure 2B and that in DMSO in the inset of Figure 5B. The
is barrierless or is associated with another local minimum or lifetimes of the LE, ICT, and TICT states in different solvents
reaction region between these two. are given in Table 2.

We mentioned earlier that both the growth and decay lifetimes  In the case of ethyl acetate, which is an aprotic solvent but
of the LE and TICT states measured in the 48600 nm region with lower polarity than that of acetonitrile or DMSO, the
are wavelength-dependent because of overlapping of the SE andemporal profiles recorded at different wavelengths in the sub-
ESA bands. The largest value of(g) (i.e., 1.5+ 0.1 ps and 10 ps time-domain reveal the involvement of mainly two kinds
12.0+ 0.5 ps in acetonitrile and DMSO, respectively), which of transient species, which have a precursater relationship.
has been measured at wavelengths in the-%&0D nm region, The LE or FC state formed following photoexcitation of MK,
are nearly equal to those measured at 810 or 770 nm in thedecays with lifetimeri(d), of 1.3+ 0.2 ps, which has been
corresponding solvents. Hence, they obviously represent themeasured at wavelengths in the 65%0 nm region (Figure
formation lifetimes of the TICT state. The decay lifetimes of 6A). The growth lifetime of the relaxed statey(g) = 1.3 +
this state, which have been measured at different wavelengths0.5), which has been measured in the 8080 nm region, is
in the 816-850 nm region, are very long in both solvents and nearly equal to that of the decay of the LE state. The large
have been confirmed by measuring the fluorescence lifetime variation of the values of,(g) in the 806-950 nm region is
(rr =~ 600 and 850 ps in acetonitrile and DMSO, respectively, possibly justifiable considering the arguments provided earlier
Figures 4 and 6 and Table 2). However, the presence of anotheithat different probe wavelengths monitor the different regions
shorter-lived decay component,(d), in the temporal profiles  of the PES. The precursesater relationship between the LE
recorded at 950 and 1000 nm (Figure 4) indicates the involve- and the relaxed state clearly suggests that, in this solvent, only
ment of an intermediate state in the process of conversion ofthe conversion from the LE to the ICT state is observed.
the LE state to the TICT state. Possibly, further relaxation of the ICT state to the TICT state

Following the above arguments, the transient spectrum is not an energetically favorable process in the solvents of lower
recorded immediately after the exciting laser pulse, that is, polarity. At a longer time domain (beyond 10 ps), while the
recorded at 0.15 ps (curve a in Figures 2 and 5), can be assignediecay of ESA with the lifetimers(d), of about 100+ 10 ps,
to the LE state and the transient absorption spectrum recordedmonitored in the 8086950 nm region represents the disappear-
at 4 ps in acetonitrile (curve j in Figure 2) or 60 ps in DMSO ance of the ICT state, the growth of transient absorption in the
(curve i in Figure 5), (these delay times are longer than the 490-700 nm region with the growth lifetimegs(g), having
five half-lives of the growth lifetime of the TICT state in the nearly the same value, represents the formation of the triplet
corresponding solvent) can be assigned to the TICT state. Thestate.
transient spectrum of the LE state consists of three ESA bands In alcoholic solvents, the dynamics is very similar to that in
with maxima at 510 (550), 650 (670), and 950 (950) nm in polar aprotic solvents. Following the arguments presented in
acetonitrile (DMSO), and that of the TICT state has three distinct the previous paragraphs, the time-resolved spectra recorded at
absorption bands with maxima at ca. 490 (500), 730 (670), and0.15, 6, and 60 ps can be assigned to the LE, ICT, and TICT
900 (850) nm in acetonitrile (DMSO). In DMSO, there is an states, respectively, produced in 1-propanol (inset of Figure 8A).
extra band with maxima at 750 nm for both the LE and TICT In alcoholic solvents, the lifetime of the TICT statg(d), is
states. much shorter compared to those in aprotic solvents because of

Fluorescence emission takes place predominantly when thethe strong hydrogen-bonding interaction between the highly
molecule is in the reaction region, which is represented by a polar TICT state and the alcoholic solvents. The lifetime is as
local minimum on the PES. Evolution of the time-resolved short as 23 ps in methanol compared to 600 and 850 ps in
spectra in the sub-0.5 ps time-domain in acetonitrile (Figure acetonitrile and DMSO, respectively. However, the lifetime of



3442 J. Phys. Chem. A, Vol. 110, No. 10, 2006 Mondal et al.

SCHEME 2: Twisting Dynamics of MK in the S; State
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the TICT state increases from methanol to 1-decanol (Table 2 dimethylaniline, we suggest the localization of positive charge
and vide infra). Following the decay of the TICT state, a long- on the dimethylamino grouff:*” The large dipole moment
lived residual absorption survives because of formation of the (~14.5 D) of the TICT state suggests that near-complete transfer
triplet state formed via an intersystem crossing process. Theof an electron from the dimethylamino group to the carbonyl
relative amplitude of the residual absorption increases with oxygen and the TICT state may be considered as a pure ET
increasing length of the alkane chain of the alcohol. The triplet statel84647As conclusive evidence in favor of the pure ET state,
yield increases from methanol to 1-butanol. To obtain a more the transient spectrum assigned to the TICT state should be the
accurate value of the lifetime of th state by avoiding the  sym of the spectra of th&l,N-dimethylamine cation radical
interference due to triplet absorption, we also recorded the temp-p\va++) and the anion radical of #N-dimethylamino ben-
oral profiles at 490 nm (Supporting Information), at which wave- zophenone (DMABP).394749 The spectrum of DMA" is
length the absorption coefficient of triplet absorption is relatively expected to occur in the UV region, which is inaccessible by

sm4agerTan_dtp btalljn the S'm"%r] va:;l_Jes Q(.g) a_”dﬁl(d)- . our experimental setuf¥.Recently, we have characterized the
sec'.[io.n r‘g\'/se!;g d tggftraécféIathiolr?%uysnS;rmclsnofS;e?;fglggs anion radicals of differently substituted aminobenzophenones,
MK in polar solvents can be described following a kinetic including MK.‘ using an electron pulse radiolysi; techniéh_e.
model, which considers the involvement of three kinds of excited Ths tf';ttbtscgpgon spﬁctrum of .each dqf fhe r:jlmett:ylamlnq-
states. The same model was adopted to explain the relaxatiorr " oo1Uted benzophenone anion radicals Snows two major

dynamics of the excited states of the donacceptor biphenyl, absqrption bap.ds in the 45050 nm region. However, the
stilbene, and other polyene derivatives as well as the TPM Maximum position of these bands are dependent on the nature

dyes18:3%-45 The relaxation process of t& state of MK has qf substitution (see the Supporting Informat'ié?ﬁ.lThe absorp-
been presented schematically in Scheme 2. Theoretical optimi-tion spectrum of the TICT state in acetonitrile or DMSO also
zation of the ground-state geometry of MK has revealed that in Nas two absorption bands in the 47600 and 606750 nm

this state the MK molecule has a geometry that is far from planar regions with maxima at ca. 510 and 670 nm, respectively, and
because of steric interaction between the phenyl rings. Thethe spectrum of the TICT state in this region has been seen to
planes of the phenyl rings are rather at a dihedral angle of aboutbe very similar to the anion radical of MK. Considering the
51° with each other. As a result, the extent of charge transfer fact that in the TICT state the cation and anion radicals have
from the dimethylanilino groups to the carbonyl group is rather been the part of the same molecule, rather they are generated
low and, hence, the dipole moment of the molecule in the ground as separate entities, the presence of the absorption barn86@t
state is only 4.1 D. However, following photoexcitation, the and 670 nm can be taken as strong evidence for the pure ET
MK molecule relaxes very quickly to bring back the pretwisted character of the TICT state.

molecule to the planar geometry by the anti-twisting motion of  The apove scheme of the relaxation dynamics ofShetate

the dimethylanilino groups attached to the carbonyl group, t0 o MK is well supported by the steady-state fluorescence
form the ICT state. The ICT state is actually a resonance-type gpeciroscopic data reported by earlier authors as well as
state W'tg SQJ?Sh mesomeric interaction and nearly planar peqented in this paper. The fluorescence spectrum of MK in
geometry:® Studies on TPM dyes and many other systems ethanol glass recorded following photoexcitation at 400 nm was

containing dlmethylanlllno groups attached .to a cgntral cgrbon reported to have a maximum at ca. 435 hthBecause the
atom have established the fact that the anti-twisting motion of o S )
molecular motion is nearly frozen in rigid matrixes at 77 K,

the dimethylanilino groups is extraordinarily fast and the . : .

planarity of the molecule is achieved within a few picosec- the emission may be. can|dered to b.e taking place from th? FC

onds?223:42|n highly polar solvents, the MK undergoes another or LE state. This emission spectrum is much more blue-shifted
' compared to those recorded in different solvents at room

twisting motion in which the dimethylamino group is completely X .

twisted (to about 9% with respect to the phenyl ring to which temperature (Figure 1). The room-tempera?ure emission spectra
it is attached, producing the TICT state. Among the numerous &€ broad and structureless and the maxima arise at ca. 482,
donoracceptor molecules with a dimethylanilino or aliphatic 495, @hd 543 nm in 1-propanol, ethyl acetate, and acetonitrile,

amino group as the donor studied and reported in the literature,"éSpectively. Hence, they cannot be assigned to the LE state.

in the TICT states of most of these molecules, the positive We assign the emission maximum appearing at 482 nm in

charge remains localized on the amino nitrogen at®ffi#’ 1-propanol to the ICT state and at 543 nm in acetonitrile and
However, in a few of the cases, the positive charge is distributed DMSO to the TICT state This assignment is in agreement with
over the whole dimethylanilino radical catiéh?448 In the Shoute® However, we observe the long tail extending up to

present case, because we could not perform the calculation for800 nm in the fluorescence spectrum recorded in 1-propanol,
the charge distribution in the excited state, considering the resultsindicating a weak emission from the TICT state. Very efficient
reported earlier on the studies of p-carbonyl derivatives,hf nonradiative coupling of the TICT state with the ground state
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because of the very small energy gap between these two states 1

in the TICT region causes the latter to be weakly fluorescent A

or nearly nonfluorescent. However, the large width of the 1Slope: 0.87: Intercept: -0.20
fluorescence spectrum in acetonitrile or DMSO has arisen Corr. Coeff. = 0.96

because of overlapping emission from both the ICT and TICT 04

states as well as the nearly flat nature of the PES in the reaction ™ u @
regions of the ICT and TICT states. The emission maximum in “E’ ] L

ethyl acetate arises because of emission from the ICT state.
A comparison of the nature of evolution of the time-resolved -1-
spectra and the values of the decay lifetimes of the LE state,
71(d), in aprotic and protic solvents does not reveal any
significant difference in the dynamics of conversion of the LE

515 40 05 00 05 1.0

to the ICT state in these two kinds of solvents. However, it is 1B

important to note that, unlike that in aprotic solvents, in alcoholic 14 Aprotic solvents~—_
solvents, SE appears in the 47810 nm region immediately Slope:1.2; Intercept: -1.6
after the laser pulse with the instrument-response-time-limited =~ _ 1Corr, Coeff. : 0.99

rise time. This suggests that, in aprotic solvents, the slope of & -2+
=

the PES in the region for the LE state is larger compared to 1 1

that in protic solvents and the molecule passes through this — -3 Alc}nols

region quickly without emitting. However, in alcoholic solvents, ] Slope:1.03; Intercept: 2.72
because of the flatness of the PES in this region, the molecule 4. Corr.Coeff.-0.98

remains in this region for a longer time to emit from this state. —T T T T 1
Another important difference noticed in the relaxation dynamics 145 10 05 00 05 1.0
in these two kinds of solvents is that the growth lifetime of the In(1/n)

TICT state,r2(g), is about three times longer in 1-propamgpl ( Figure 12. Plots of Ingie %) and Inicr?) vs In(L) following eq 2.
= 1.94 cP) than that in DMSQy(= 2.0 cP). These differences

may be ascribed to the hydrogen-bonding effect in alcoholic represented in the form of activation energy for the conforma-

solvents. In many other cases reported earlier, the barrier heighttional relaxation process. At a particular temperature and in a

for the conversion of the LE to the TICT state is expected to particular class of solvents, in whidk; remains more or less

be higher in alcohols because of the hydrogen-bonding interac-unchanged, the exponential term may be considered as a

tion between the dimethylamino group of MK and the alcoholic constant factor and hence eq 1 may be written as

hydroxyl group!® The hydrogen bond withdraws an electron L

from the electron-donating dimethylamino part and thereby _ 1

opposes ET to the€0 part. For charge transfer to occur, the In(ksd) = In(n) +C )

hydrogen bond must be broken. This increases the barrier or

reduces the steepness of the PES in the reaction regions. A plot of In(kiso) versus In(1) should be a straight line with a
4.3. Viscosity Dependence of the Lifetime Components. ~ Positive slope having magnitude equabi@nd the intercept is

The lifetimes of all three states, namely, LE, ICT, and TICT, €qual to the constant, = In(B) — Ex/RT. Figure 12 represents

involved in the relaxation dynamics of ti8 state of MK are such plots revealing _the logarithmic relatlonsh_|p be_t\(veen the

listed in Table 2. The lifetime of the TICT state, represented rates of the conversion processes and the viscosities of the

by zricr, does not follow any trend in viscosity dependence Solvents. In Figure 12A, the In(@) versus In(1) plot shows

because of the obvious reason that the decay process does nét Similar kind of linear dependence in both kinds of solvents,

involve crossing of the barrier but only radiative and/or aprotic and protic. However, the linear dependence of i)/

nonradiative transition to the,State. Howevery ¢ as wellas N In(14) is different in aprotic and protic solvents, possibly
Ticr show a regular increase with increase in viscosity of all Pecause the nature and strength of the interaction between the

kinds of solvents. This suggests that the--HCT and ICT— solvent and the polar ICT state are different in these two classes

of intramolecular motions, which must be associated with the Nave a stronger interaction between the polar ICT state of the
crossing of a barrier of finite height on the PESS. 2+-23.27 molecule and the solvent via an intermolecular hydrogen bond.

Numerous theoretical and experimental studies of isomer- ©One of the most important findings from the studies on
ization or conformational relaxation dynamics have led to the conformational relaxation processes reported earlier is that, in

formulation of an empirical power law expression, which fits (he case of larger barrier height for photoisomerization or
all of the data for the rate constants of isomerization or conformational relaxation processes, the rate for the same has

conformational changes and can be written in the ffh a less strong dependence on viscosity of the solvents as
measured by the value of.52 Hence, the smaller value of
B E indicates a larger barrier height for the isomerization reaction.
== - he barrier gets smaller, the barrier-crossing process is
o= (B e~ 5 () A the barer gets smaller, he barercrossing
n controlled by the dynamical interactions influenced by intramo-
lecular motions via intermolecular exchange of energy and
The first term (i.e.B/»*, whereB is a constant, and & o < momentum. In this case, the bulk viscosity should govern the
1) is a universal function of viscosity and represents the friction momentum transfer and, hence, the barrier-crossing dynafhics.
or the dynamical effects exerted by the surrounding solvent or For both conversion processes, namely,£HCT and ICT—
medium opposing the motion of the parts of the molecule TICT, a is nearly equal to unity for both classes of solvents.
involved in the conformational relaxation process. The second This suggests that the conformational relaxation processes
term, expCEa/RT), represents the barrier or static effects associated with these lifetimes are nearly barrierless. The
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conformational relaxation process via diffusive rotation of the
N,N-dimethylanilino groups has been seen to be nearly barri- 0.157 4
erless (or quasi-barrierless) in many classes of mole&tAgsd325a

4.4. Twisting versus Solvation DynamicsA large difference T
in the dipole momentAu = 10.4 D) between those of the -
intramolecular charge transfer (ICT or TICT) state and the . 0.054
ground state suggests that solvation dynamics is expected to e 121
make a significant contribution to the relaxation dynamics of 0.00 - 3 e
MK in polar solvents. From the femtosecond fluorescence up-
conversion study, Glasbeek and co-workers concluded that both
the solvation and phenyl twisting processes were equally E.(N)
important for the relaxation dynamics of ti$ state of MK? Figure 13. Plot of the decay rates (inverse ©{d), which are given
They also inferred that the solvation was very fast in aprotic in Table 1) of the TICT kind of thé&, states of both the conformers as
solvents, but in aprotic solvents slow solvent limit applied. In afuncti?nhofET(N) (Vlé)llugs of the ig;restﬂo?dingts?lv(e},r;ts. Thte s_ct>|§|/en(tj)

: : are cycionexane , benzene , € acetate , acetonitrie ,
thgsg solvents, the react!on started by ;olvatlon but very soonDMSé (5), methanol (6), ethanol (7), i/-propanol 8), 1-butanol (8),
twisting took over and virtually determined the dynamics of 1-pentanol (9), 1-octanol (10), and 1-decanol (10). The lifetimes of

the reaction. However, the results of the present transientihe S state of MK in cyclohexane (6.7 ps) and benzene (25 ps) are
absorption study reveals more clearly only the role of the taken from ref 7.

twisting dynamics in the excited relaxation process of MK.

Hence, we need to discuss the role of solvation in the sameln the present work, lifetimes longer than 200 ps have been
process, considering the results of both the fluorescence studymeasured by TCSPC technique. In both aprotc and protic
reported by Glasbeek and co-workers as well as the presentsolvents, fluorescence measurements have revealed only single-
transient absorption study. A few among other important exponential decay. We observe that in aprotic solvents the
observations made by Glasbeek and co-workers are that thdifetime of theS, state of MK increases with increase in polarity
characteristic time constant of the dynamic Stokes shift deter- of the solvent. This can be explained by the fact that, in
mined from the time-resolved fluorescence spectra in each cyclohexane, thar* and zz* being energetically close to each
solvent is much faster than the average solvation time and theother, theS, state has mixed=* and nzz* character, and hence
dynamic Stokes-shifted time-resolved fluorescence spectra ardt has a very short lifetime. With increase in polarity of the
accompanied by the concomitant decay of the integrated solvents, thert* state becomes more stabilized compared to
fluorescence intensity. Both of these properties of the time- the nz* state. In solvents of high polarity, thg state gains
resolved fluorescence spectra are not expected to be observegure nz* character because tHg state is energetically well

in a case in which solvation of the polar excited state is the separated from the higher ener§ystate withnz* character.
only process responsible for the dynamic Stokes $hifto Because of the reduction of threr* character of theS; state
explain this kind of behavior of the dynamics Stokes shift with increasing polarity, the lifetime increases in more polar
observed for MK, we have predicted the interplay of both the solvents. However, the lifetime of th® state increases with

\Dm

0.0 0.3 0.6 0.9

solvation and twisting processes.
Table 2 shows that the decay lifetimes of the LE statge,

decreasing polarity of the alcoholic solvents changing from
methanol to octanol. Although Table 2 reveals thaict

measured in aprotic solvents are nearly equal to or a little shorterincreases with increasing viscosity of the solvents, no valid

than the average solvation time of the solvdmgs,[and it may
be considered that the LE- TICT conversion process is

explanation can be provided for this kind of dependence.
However,tict can be well correlated with the solvent polarity

controlled by solvation dynamics. However, the measured valuesParameterEr(N), with reasonable arguments. The decay rates

of 7 g in protic solvents are much shorter thag,,[JWe observe

(the inverse ofrrict) have been plotted as a function Bf(N)

the dynamic Stokes shift of the SE band in DMSO and Values of the solvents in Figure 13. Thg(N) values of the
1-propanol, but because of the very weak nature of the SE bangsolvents, the most popular measure of the electronic solvation,
and the strong overlapping of the SE band with the ESA band, @ré known to be as much a measure of hydrogen bonding to
the time correlation function of the dynamic Stokes shift of the the solute as a measure of interaction with the solute difoles.
maximum of the SE band could not be determined. However, N aprotic solvents, the decay rates of the TICT state decrease
the time scale €10 ps), at which the dynamic Stokes shift of S|gn|f|cantly as theET(N) values of the solventg increase.
the SE band occurs in 1-propanol is much shorter than that of However, in protic solvents, the reverse trend is observed.
solvation in this solvent fsois 26 ps for 1-propanof? Increasing the decay rate _vvnh mcrea_sEnch) values suggests
However, the lifetime of the ICT stateicr, which represents ~ Stronger a hydrogen-bonding interaction bgtween_the TICT state
the lifetime of formation of the TICT state, also shows no and the solvent. The stretching frequencies of intermolecular
correlation with (s, Jin both kinds of solvents. Hence, it hy(_jrogen bond_s act as e_ff|C|ent acceptors_of_nonradlanve energy.
becomes evident that the dynamic Stokes'shift of the maximum 1his fact possibly explains the weak emissive character of the
of the SE band reveals only the dynamics along the twisting T'CT state of MK in alcohols compared to that in aprotic
coordinate, not the solvation process. This is also supported bySelvents.

a good correlation between the lifetimes of the LE and ICT
states with the viscocity of the solvents.

4.5. Solvent Polarity and Hydrogen-Bonding Effects on Broad and structureless fluorescence spectra of MK in
the Decay of theS; State. It is important to understand the  different kinds of solvents have been assigned to the emission
reason for the very strong dependence of the lifetime o§he  from three kinds of states, namely, LE, ICT, and TICT states,
state of MK in different kinds of solvents (Table 2). Earlier, and the position of the maximum of the fluorescence band
we reported the lifetime of th&; state of MK in two nonpolar depends on the nature of the solvent, which causes one of the
solvents, cyclohexane and benzene (6.7 and 25 ps, respectively)states to be more emissive than the others. Transient absorption

5. Conclusions
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measurements in the 47@000 nm wavelength region with 120- h(14) Singh, A. K.; Bhasikuttan, A. C.; Palit, D. K.; Mittal, J. B.Phys.
: ; B} i_Chem A 200Q 104, 7002.
fs time re_solutlon have revealed wavelength dependen_t multi (15) Singh, A. K. Ramakrishna, .. Ghosh, H. N.: Palit, D.JKPhys.
exponential and probe-wavelength-dependent relaxation dy-chem'a 2004 108 2583.
namics of theS, state of MK in all kinds of solvents because (16) Bhasikuttan, A. C.; Palit, D. K. Sapre, A. V.; Mittal, J. P.Phys.
of the overlapping of the ESA and SE spectra of these three Chem. A1_99E 102, 3f470|-_ - Mukheri o o
kinds of states. Despite this, the kinetic analyses of the temporall()élz.))m3s4'r‘g » A K. Palit, D. K.; Mukherjee, TI. Phys. Chem. 2002
profiles recorded at a few selective wavelengths have provided (18) Grabowski, Z. R.; Rotkiewicz, K.; Rettig, WChem. Re. 2003
accurate information regarding the lifetimes of these states and103 3899. . _ _
revealed the microscopic details of the relaxation dynamics of _ (19) Rettig, W., Maus, M. IrConformational Analysis of Molecules in
- o Excited Stateswaluk, J., Ed.; Wiley: New York, 2000; p 1.

the S, state following photoexcitation of MK. The process of (20) Rettig, W.Top. Curr. Chem1994 169, 253.
conversion of the LE state to the TICT state has been revealed (21) Palit, D. K.; Singh, A. K.; Bhasikuttan, A. C.; Mittal, J. ®.Phys.
to be associated with two kinds of twisting motions. Following Ch(ezg)- ?AZOS}}t 10162,:94’ Lch 1 Chem. Phval087 87 3429

ot f o f okhtari, A.; Fini, L.; Chesnoy, J. Chem. Phy: " 87, .
phc.)toe.xc.ltatlon’ .the dimethylanilino groups undergo a quick (23) Nagasawa, Y.; Ando, Y.; Kataoka, D.; Matsuka, H.; Miyasaka, H.;
anti-twisting motion about the cgrbonyl carbon atom to produce okada, T.J. Phys. Chem. 2002 106, 2024.
a state, called the ICT state, which is actually a resonance-type (24) (a) Kovalenko, S. A.; Ernsting, N. P.; RuthmanChem. Phys.
state with high mesomeric interaction and near-planar geometlry.igtg'ﬁalfggl 225531445- (b) Bingeman, D.; Ernsting, N. B. Chem. Phys
The d|metr_1ylam|no groups also undergo a twisting motion to (25) (a) Changenet, P.; Zhang, H.; van der Meer, M. J.; Glasbeek, M.;
about 90 with respect to the plane of the phenyl group to which piaza, P.; Martin, MJ. Phys. Chem. A998 102, 6716. (b) Martin, M.
it is attached. These twisting processes have been found to beV.; Plaza, P.; Meyer, Y.-H.; Badoni, F.; Bourson, J.; Lefevre, J. P.; Valeur,

; : ; ; B. J. Phys. Cheml996 102 6879. (c) Martin, M. M.; Plaza, P.; Changenet,
the main relaxation processes in the excited state of MK, whereP.; Meyer. ¥.-H.J. Photochem. Photobiol., 2997, 105, 197. (d) Martin,

solvation seems to play only a minor role. The lifetime of the M. m.; Plaza, P.; Meyer, Y.-HChem. Phys1995 192, 367. (e) van der
S state of MK is sensitive to solvent polarity and the hydrogen- Meer, M. J.; Zhang, H.; Glasbeek, M. Chem. Phys200Q 112, 2878.

bonding abilitiy of the solvents. In nonpolar solvents, the lifetime
is too short because of its mixedz*and nz* character.
Although in polar aprotic solvents the lifetimes are longer
because of their purez* character, in polar protic solvents
the lifetimes become shorter in solvents with stronger hydrogen-
bonding ability.
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citation of MK in DMSO, methanol, and ethanol monitored at
a few selective wavelengths in sub-100 ps time-domain,
following photoexcitation using 400 nm laser pulses of 50 fs
duration. Figure showing the temporal profiles of MK in
different alcohols recorded up to 450 ps at 490 nm. Figure
showing the transient absorption spectra of the TICT state of
MK (1) and the anion radicals of MK (2) and DMABP (3) (from

ref 51). Table containing the calculated geometrical parameters

of the ground state of MK. This material is available free of
charge via the Internet at http://pubs.acs.org.
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