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The time-resolved stimulated emission of a 7-diethylamino-4-methyl-coumarin dye, Coumarin 102 (C102),

was investigated in polar and hydroxylic solvents. Analysis of these spectroscopic measurements using
semiempirical solvent polarity scaleBr(30), Kamlet and Taft) showed that the stabilization of the excited
singlet state is mainly governed by dipolar and hydrogen bonding interactions. This particuliar behavior was
reflected by a good adequacy between the present measured solvation times and the microscopic (or molecular)
relaxation times related to both the Debye relaxation tim&dielectric continuum model) and the Kirkwood

factor gk, which expresse the degree of short range order in the liquid. These data were compared with the

ones obtained for thioxanthone via pumpmrobe experiments and other data available in the literature.

Introduction for probing solvation. More recent results reported by Kovalenko
et al?* and obtained with a higher time resolution show that

In the liquid phase, the change in solute dipole moment ) . . .
. - RN .~ they are not fully consistent with a relaxation process resulting
induced by electronic excitation initiates a complex solvation h oo
from pure solvation and may indicate the occurrence of an

process in which the energy of the dipole is reduced by solvent intramolecular process. More preciselv. the semiempirical
reorientation, thus resulting in a shift of the electronic transition ionds pr ’ P Y P
frequencied The theoretical study was pioneered by Bakshiev calculations® predict the presence of two closely spaced singlet

and Mazurenk® © and recently by Bagchi et alyan der Zwan tsktgtif( aesrivr:llilrllt{:lls dsaet\;l eg?'é[ﬂg;;:gtizgat are consistent with
et al.8 and Maroncelli et af. P '

The electronic state solvation, i.e., the response of the solvent N{.OSt O(; the e(:jxpeirlfrlnental stud|esh|.rf1t IlgrL[l;iS[)ha?ihare bafeg
to the electronic structure of a solute, can be classified into threeotn i |mef epenb en uqrezcgn(i_e shift ( ved ) of the excite f
categories: polar solvation, as a result of the interaction betweenS'ares Of @ probe examined by ime-resolved up-conversion o

the solvent dipoles and the solute charge distribution; non polarfluore_scence n ultre}fast studies or “conventional time photon .
solvation, produced by repulsive and dispersion forces; and counting technique in fast processes. These techniques make it

“specific” interactions, which most often result from hydrogen pOISSI:ﬂZ to Obt?m ktlrr:etlc/:a\gaces or_the tfluct)rr]esc?nc(;e |nie;13|tty at
bonding!® The dynamics of polar solvation was extensively selected wavelengins. Alter scaiing 1o he steady-state time

studied-® in recent years by using fluorescent probes such as integral, the traces provide a means for recqnstructing the
coumarin dyes, mainly Coumarin 153 (C153), Coumarin 102 fluorescence spectra as a function of tifAdt the first glance,

(C102), and other molecular probes. Recently, information on this mgthod should be characterlz_ed b_y an excellent time
nonpolar solvation dynamics also was gaif&d? However, resolution. However, the up-conversion signal is a convolution

few results were reported on the dynamics of solvation by of the time- and frequency-dependent.fluorescence intensity with
hydrogen bonding and about the lifetime of hydrogsnlvent the specirotemporal apparatus function. .
bonds. Hydrogen bonding with the solvents was recognized as A complementary approa}ch to thesg quores_cenpe experiments
an important interaction with a large variety of solutes in protic P°ased on tranzlint absorption ag@dcﬂljsm% af\lxvhlte light cogtmgum
solventst? Several research groups observed changes in solva-VaS suggested by Bingemann etai: In the fluorescence ban
tion dynamics of DMABN* an oxazine derivativé> 18 9,9- Whe_re st|mulated_ emission '.ea‘?'s to the ampllﬂcatlon of the_
bianthryl1® and resorufirf® which were attributed to solvent continuum, the §t|mulated emission spectrum is measured.. This
hydrogen bonding. Apart from these few examples, the problem €chnique may improve results compared to other techniques
is a lack of systems in which hydrogen bond solvation can be mentioned above fo_r the foIIowmg reaso%“i@?(l)_ the tem_poral
clearly distinguished from other solvation processes. and spectral evolutions are _also mdepen_éé_(ri) there is no

For example, in C153, it is assumed that no intramolecular need to reconstruct the stimulated emission spectrum as a
processes take place apart from vibrational relaxation: thus,funCt'On of time&*2 and the spectral resolution is only limited by

when this is completed the remaining transient Stokes shift the spectrograph of the detection system. However, the technique

accounts for solvation. However, there were several discussions@S SOme limits as stressed by Bingeman &t &irst of all,

on possible intramolecular contributions to the time-resolved the transient spectra are a sum of dlffere'nt contributions,
dynamic Stokes shift of C153. The state-of-the-art can be especially excited state absorption and saturation of ground state

summed up as follows. Agmahsuggested that “inhomoge- absorption, which spectrally overlay the stimulated emission.

neous” spectral relaxation may explain earlier picosecond Also, there must be astrong Qverlap between.the probe.sp.ectrum

experiments carried out by Maroncelli et2alin addition, and the fluorescenqe emission band. Dgsplte these “m't.s' the

Blanchard et al?? reported an “anomalous” behavior of this technique was applied to revisit the exm_ted state _dynam|cs _of

dye in “slow” solvents and expressed doubts about its suitability _several fluorescent probes u_sed for studying solvation dynamics
in polar solvents and especially that of C1%33

*To whom correspondence should be addressed. E-mail: f.morlet- 1N the present study, the solvation dynamics, especially the
savary@uha.fr. H-bonding contribution, of a particular 7-diethylamino-4-methyl-
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coumarin dye (C102) were investigated in several solvents via hydrogen bonding in the solvation process of the excited triplet
time-resolved stimulated emission. This dye is similar in state T occurring in hydroxylic solvents through the dynamic
structure to the well-known C153, which is extensively used shift of this electronic transition. The aim of the present study
as a probe in solvation dynamics stuch@@but characterized  was to use C102 in its first excited singlet stateaS a probe
by a smaller dipolar moment variation due to a substantially to investigate the hydrogen bond solvation in hydroxylic solvents
weaker intramolecular charge transfer (ICT) and the presenceon the picosecond time scale. The objectives were to compare
of a methyl group in place of a strongly electron-withdrawing the measured specific relaxation times of C102 to those collected
trifluoromethyl group for C153. C102 was also used as a probe for TX and other probes mentioned in the literature and to see
in studies of solvation dynamits33 but to a lesser extent if the complex electronic structure and intramolecular energy
compared to its well-known analogue. dissipation characteristics of coumarins, as reported by Blan-
chard et aP325for C153, still play a role in a similar rigid
coumarin dye such as C102.

Experimental Section

N o o Chemicals. The structural formula of coumarin derivative
C102 is 2,3,6,7-tetrahydro-9-methyl-1H,5H,11H-[1]benzopyr-
and’8-%quinolizin-11-one; (CAS number, C102:41267-76-9).

G Coumarin dye C102 was purchased from Exciton (laser grade)
and used without further purification. The experiments were
carried out in spectrophotometric and HPLC grade solvents. The
experiments were carried out in argon-saturated solutions unless
otherwise stated.

In homogeneous solvents, C102 exhibits a marked red shift Time-Resolved Absorption Setup.The transients were

of both emission and absorption spectra on going from analyzed by using a typical device of time-resolved absorption

hydrocarbon solvents to an aqueous medium, from 361 nm in spectroscopy with a picosecond light source excitation. The latter

hydrocarbons to 396 nm in water for absorption, while emission was based on the spectroscopic pump probe. The basic principle
shifts from 407 to 489 nr&* The other reason to use C102 as consisted in preparing a transient species with a short laser pulse

a probe was that the bridging of the nitrogen atom will hinder (pump pulse) and passing a white light pulse (probe pulse)

the rotations and conformation stages: large structural rear-through the sample so that a transient absorption spectrum could

rangement will be prevented and the solvent cage will be be recorded. The picosecond pulses were delivered by a

perturbed mainly by the dipole moment change, thus allowing passively actively mode locked Nd:YAG laser. The fundamental

the observation of a pure cage relaxation process. From this(1064 nm) and the third harmonic (355 nm) emissions were
point of view, C102 will be a nearly ideal probe. used respectively to generate a white light continuum probe from
Itis known from solvent effect experimeftshat C102 seems  a DO/H,O mixture and to excite the sample in solution,
to be more sensitive to specific interactions, such as hydrogenrespectively. The white light was collected, collimated by a set
bonding, than is its homologue C153 if a solvatochromic of achromatic lenses, and sent onto a large band beam splitter
parameter approach is us¥d3® Moog et al’® suggested an  to illuminate both sample and reference cells. The transmitted
additional interaction between coumarins and alcohols. The light was focused by suitable lenses and injected into fiber optics
extent of these specific interactions viewed as an influence in directly connected to the dispersive element of the double diode
electronic transition is more conspicuous for C102 than for C153 array multichannel analyzer. The solution was caused to flow
because of its greater hydrogen bonding ability. This additional through two cells (2 mm-optical pathway): the reference cell

interaction is left out in the reaction field approach, such (non-excited) and the sample cell (excited). A delay of up to 6

deviations being attributed to the presence of hydrogen bondingns could be achieved between the pump and probe pulses by

interactions®® using a computer-controlled micrometer translation stage. To
Hydrogen bonds are affected when proton transfer frequently obtain a transient absorption spectrum, signals were averaged

takes place or when hydrogen bonds may be broke. Theseover 400 laser shots with the excitation beam and another 400

phenomena occur on ultrafast time scales and thus are a clastaser shots without the excitation beam. The laser excitation

of chemical reaction dynamics within the expanding field of energy was ca. 250J while the excitation beam diameter was
femtochemistry in gas pha¥eor in condensed medium. This 2 mm in diameter, the probe one was 1 mm. The transient
latter aspect was brought to light by very recent works concerned absorbance was calculated according to

with the dynamics of hydrogen bonded complexes of C102

induced by electronic excitation through ultrafast vibrational Samme oy

or optical pump-probe or grating experiments.44 The evolu- Abs=log{—— 1)

tion of H-bonded complexes resulting from the interaction of ref “sampl

C102 with hydrogen donors exhibits two stages: (a) a hydrogen 0 0

bond cleavage within 200 fs, which means that the complex wherelye; and lgmpie ) =

evolves with a finite lifetime toward a non H-bonded state, (b) "eference and sample cells with excitation 6ff; and!

a reorganization of the molecular fragments and the surrounding

solvent shell, which may lead to the reformation of the hydrogen

bond at the carbonyl group on the tens of picoseconds time
scale in hydrogen bond donating solvettts. "
Experimental data were previously gathered in our laboratory Abs(t, Agp) = [1 I(R)F(t — )dz 2)

by using the thioxanthone (TX) molecule as a probe to study

the hydrogen bonding effect on the solvation dynamics of an where F(t) is the molecular kineticsl(z) is the instrument

excited staté® In that paper, the T— T, transition depicted response function produced by the convolution of the pump and

CH
c102 3

refer to the intensities measured through
gampleto
the ones measured with excitation on. The transient absorbance
Abs(t, Aop9 Obtained from the transient spectra at an observed

wavelengthlgps is fitted according to
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(t— to)2 Figure 1. Transient spectra of C102 in 1-propanol taken at different
1(t) = (Liv Z”O)exr{_ 202 ®) pump-probe delays: from 36 to 168 ps.

Herety is the position of the peak of the Gaussian. This ttme  characte?* The most important fact to note is that the magnitude
corresponds to the maximum overlap between the pump andof the change in dipole momenAf) on electronic excitation
probe pulses and may be slightly wavelength dependent. Foris the most decisive parameter that determines the nature of
this reason, the transient spectra or kinetics are time referencedhe emitting state (locally excited or ICT). A calculated value
toward the mechanical origin of the setup, insteadqoffo of 3.66 D forAu is reported in the AM1 study of the electronic
obtain the parameterts and o, the build-up of the §— S, structure of coumarin®. Other experimental works, such as
transition of pyrene (or anthracene), which can be consideredtjme-resolved microwave dielectric absorption measurenfénts,
as instantaneous phenomena under picosecond excitation, i§/ield 3.0 D in benzene and 3.8 D in 1,4-dioxane, respectively.
measured. The values ofandto are ca. 28 ps and ca. 100 ps,  From these measurements, Samanta &t @dnclude that the
respectively. Such value ferleads to a rise time of 50 ps for  g;5rescence of C102 originates from a more polar state than

the present setup. : . o
. the ground state and not from a high dipolar zwitterionic or
The calculated absorbance At)s(relation 3) was then ICT%tate gh dip

compared to the experimental one through the sum of the square

of the residual resy Itis known from quantum mechanical calculations based upon
empirical method¥—30that coumarin dyes have a strong charge

rest) = Z[Absexp(t) — Abs,, C(t)]2 4) density on the carbonyl oxygen. However, the nitrogen atom

in the julolidine group also has a negative charge according to

] ) o ] these semiempirical calculations: this group may also function
The best fit was obtained for a minimum value of tgsghich as a hydrogen acceptor site (Scheme 2, A®)p@he electron
yields the optimum parameter values for thét) molecular pair of the nitrogen atom will, however, be conjugated with
km;tlc?l fur;]ctlo_n. lution is d ined b itoring th thez-electron orbitals: one may expect that a possible attach-
T E?I' yll;[) € t'rpe risqlgtlonfls betermlr;]e y monltortlnglttlle ment of a hydrogen donor on the nitrogen atom will lead to
1~ Inabsorption build up for benzophénone in acetonitriie strong changes in the electronic energies ofstharbitals. On
solution. In relation 2, thé=(t) molecular kinetics function is o
the other hand, the carbonyl oxygen electron density is also

t present in the molecular plane, and these lone pairs are strong
F(t) = ’1 - exy(— ')] ®) candidates for the formation of hydrogen bonds (Scheme 2,
B-typeP)). After photoexcitation, A-type hydrogen bonds are
The fit with the experimental data yielded a value of-£® ps loosened while B-type hydrogen bonds are strengthened as

for r under the typical experimental conditions. Thus, the shown in Scheme 2.
resulting time resolution of the experimental setup was estimated

The transient spectra of C102 in 1-propanol solvent, as an
to be better than 10 ps. P prop

example of typical results, measured at different puipmbe
Results and Discussion delays, are shown in Figure 1. These spectra exhibit the

As shown in Scheme 1, the mesomeric form of C102 leads following features: (i) a strong negative band centered at ca.
to a negative character of the carbonyl oxygen, so that one may#°0 nm and (i) a small broad band absorption in the-5500
expect hydrogen bonding between solute and solvent moleculeg)™ region. The negative optical density corresponds to a
in both ground and excited states on this moiety. This negative Stimulated emission while a positive optical density indicates
character of the carbonyl bond is enhanced in the excited state@n excited-state absorption. This figure shows the transient
since intramolecular charge transfer (ICT) seems to occur in absorption and emission for a pumprobe delay up to 168 ps
coumarin dyes after photoexcitation. (spectrum (i), Figure 1); at longer delays, no further changes

Effectively, results suggest that the low-lying emissive excited are observed in the spectral shape and in the optical density.
state of the aminocoumarins is postulated to be ICT in Also, the experimental data (Figure 1) indicate that the dominant



Photophysics of Bridged Coumarin 102 J. Phys. Chem. A, Vol. 105, No. 49, 20011029

0.04 0.04
T O
2003 -
0.03 |- 2
348 ps 5
H 13250 M g 0.02 |-
s =]
g 0.02 120 ps 8' o
£ 108 e 0.01
0.01 0.00 o 1 1 | 1 1 1

84ps
0 50 100 150 200 250 300 350 400

Taps e Time (ps)
0 . . L L Figure 3. Transient absorption of C102 monitored at 690 nm and fitted
400 450 500 550 600 650 700 750 800 . . . .
Wavelength (nm) according to a monoexponential rise. Experimerig] €alculated (full

line). The following parameters were uséd= 0.034;0 = 28 ps;t <

Figure 2. Transient absorption spectra of C102 in 1-propanol solution 1 ps: res= 2.203x 10°°.

corrected from the stimulated emission.

. . .. . . 0.16
response is a stimulated emission. The kinetic aspects of the — Experimental

transient absorption and the stimulated emission will be —o—  Simulated Spectrum

considered in the following section. 0.12 7 ;
The Transient Absorption Band. Only a few papers are

concerned with the transient absorption of coumarin dyes

(C15352C102%% and C$459 submitted to pulse radiolysis and <008
nanosecond laser excitation, or more recently picosecond g
pump—probe spectroscopy studies (C102 and8C1 3

o
=3
E

The two major contributions, i.e., the stimulated emission and
the transient absorption as well as other contributions from the
transient spectra, should be separately considered. The stimu- 0.00
lated emission was subtracted from the time-resolved spectra
by using a log-normal shape functiefv) as defined by

400 430 460 490 520 550 580
Wavelength (nm)

_ 1 2B(v — Vo) z Figure 4. Stimulated emission spectrum of C102 in 1-propanol taken
€(v) = {GO ex;{— Ln Z(ELn 1+ A (6a) at At = 350 ps and fitted with a log-normal distribution. Fitting

parameters arep = 0.16,A = 3.22 x 10° cm?, vo = 21230 cm?,
= —0.33.

if o> —1or L . .
the molecular kinetic functiof(t) stands for a monoexponential

) =0 (6b) rise (relgtion 5) an_dr is thg lifetime of the process. After_
convolution of relation 5 with the apparatus function, the fit
if oo = — 1 with with the experimental data gives a lifetime shorter than 5 ps
(time accuracy of the apparatus), which means that the process
2B(v —vy) is faster than the time resolution of the setup. Yip ef®al.
N observed a broad band absorption for C102 in water, centered
however at ca. 630 nm, which they ascribed to a triptaplet
where parameterso, vo, 5, and A are peak height, peak absorption, in agreement with data from pulse radiolysis
frequency, asymmetry and spectral bandwith parameters, re-experiments where Priyadasini ePaP3found the triplet-triplet
spectively. This log-normal function describes an asymmetric absorption maximum at ca. 600 nm for the C153 and C102
line shape which reduces to a Gaussian shape function at thecompounds in benzene solution. Another fact derived from
limit # = 0. The optimum values for the parametegsvy, 3, Figure 2 is that the maximum of the transient absorption exhibits
andA are obtained through least-squares analysis restricted toa blue shift as the pumiprobe delay increases. Conversely, a
the spectral region of the stimulated emission band since (i) no red shift was observed for the stimulated emission band (Figure
substructure is observed and (i) stimulated emission is the 1). This last remark as well as the instantaneous absorption
predominant process. process (less than 5 ps) confirm that both absorption and
The final result (transient absorption spectra) for C102 in stimulated emission originate from the same excited state S
1-propanol solution is shown in Figure 2. As mentioned above, and that the present transient absorption centered at ca. 690 nm
the transient absorption is weak and broad, with a maximum at may be ascribed to the; S> S, transition. Unfortunately, it is
ca. 690 nm. After a similar treatment, the same transient not possible to ascertain whether both emission and absorption
absorption spectra were observed in the other hydroxylic shifts are correlated in time, due to the poor quality of the
solvents considered (nos-31), e.g., 1-butanol or ethanol, with  transient absorption spectra, and not to a signal-to-noise ratio
an absorption maximum at ca. 690 nm. For the rest of the point of view, but from a spectral one. In other words, one
discussion, emphasis will be laid on the results obtained in cannot determine the wavelength of absorption maximum with
1-propanol. a sufficient accuracy to build a shift correlation function, since
Figure 3 shows the transient absorption monitored at 690 nm the absorption band covers a large spectral range. However, the
for C102 in 1l-propanol. The build up of the absorption is analysis of the transient absorption of C102 needs further
achieved in roughly 100 ps. Over this delay, which corresponds experiments and will be the subject of a forthcoming p&per.
to the overlap between pump and probe pulses, the transienfThe major result is that the transient absorption is flat and
absorption remains the same in the time range considered instructureless in the 426650 nm spectral range. Accordingly,
Figure 3. This kinetic trace is fitted according to relation 2 where the stimulated emission band is not distorted (or modulated)
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Figure 5. Time-resolved stimulated emission of C102 in 1-propanol ghift of the emission band. The same conclusion can be drawn
solutign from the log-normal treatment. Reported times are iriﬁp for the apparent rise (Figure 6b) of the stimulated emission.
and A, corresponq to stimulated emission ma>§ima at the earliest £rom these observations, the best fit of data is a sum of two
stage of the solvation process and after, respectively. independent contributions: one corresponding to the build-up
0.06 of the stimulated emission and the decay/rise of the stimulated
@ emission caused by the shift of the emission band. According
° > to the precedent result and observations, the kinetics in Figure
° 6 are analyzed by using a sum of two exponential functions: a
short component with a lifetime equal to 5 ps (or less)
corresponding to the stimulated emission build-up and a long
component that is apparently correlated with the shift of the
0.00 L L L ! L ! L emission maximum. In the example of C102 in 2-propanol, a
b characteristic time of 83 5 ps is found for the long component.
The analysis of the stimulated emission in the other polar and
hydroxylic solvents leads to the same conclusion: the stimulated
emission and the dynamic shift are two independent processes.
The nature of this dynamic shift will be discussed in the next
section.
0.00 ! . . . . . Apart from this dynamical aspect, there is no substructure in
0 50 100 150 200 250 300 350 400 the stimulated emission band, as observed for C153 by Jiang et
Time (ps) al 2 with a similar time resolution. However, the time resolution
Figure 6. Kinetic treatment of the stimulated emission accordingto a of oy device did not allow us to draw any conclusion regarding

biexponential fit. (a) Probed at 430 ni&k = 0.031;B = 0.042;0 = . . . -
28 psit1 < 5 psiz> = 83 + 5 ps; res) = 3.96 x 10°5. (b) Probed at the role in the stimulated process of the excited electronic states

570 nm: A = 0.0157;B = 0.059;0 = 28 ps;7; < 5 ps;7, = 83+ 5 in close energetic proximit§ _ _
ps; res() = 3.23 x 1076, The Dynamic Solvatochromism of the Stimulated Emis-
sion Band.As reflected by Figure 5, the maximum of this band
by transient absorption and can be fitted by a log-normal shifts to higher wavelengths as the puagobe delay increases.
function even without any transient correction, as depicted in This red shift is only observed for hydroxylic solvents Bl,
Figure 4. not for the others. For solvents-4, the solvation dynamics is
The Stimulated Emission Band.An example of a typical ~ faster than the time resolution of the apparatus. The dynamic
stimulated emission series corrected from transient absorptionstudies will be limited to hydroxylic solvents-5.1 where the
and after log-normal analysis is shown in Figure 5 (C102 in solvation is slow enough to be studied with the present time
1-propanol), where the spectra have been inverted compared tgesolution. From the time-resolved stimulated emission spectra,
Figure 1. After these corrections, one can analyze the time one may try to extract the Stokes shift correlation function. At
behavior of the stimulated emission; two examples are shown this point, one may define two quantities: @ (or Ven?)
in Figure 6 where the emission is monitored at 430 nm (Figure corresponds to the maximum of the stimulated emission when
6a) and 570 nm (Figure 6b). However, these kinetics dependthe overlap between the pump and probe pulses begingyj,
on two contributions: the build-up of the stimulated emission and (i) Aem® (O Ver™) corresponds to the maximum of the
and the red shift of the emission maximum as a function of stimulated emission from;Svhen most of the solvation process
time. The contribution of the dynamic shift can be easily is achieved (i.e., when an appreciable shift is no longer
separated from the above kinetics by simply following the observed), typically for a delay between the pump and probe
emission maximum as a function of time. The result is reported pulses greater than 400 ps.
in Figure 7. This transient kinetic is fitted the same way as for ~ The maximum of the stimulated emission evolves fran
the transient absorption (see relation 5). Then, the calculationto Aen® @s a function of time (Figure 5). These two wavelengths
yields a lifetime equal to 5 ps or less (time accuracy of the set characterize the bathochromic shift.
up) that corresponds to the build-up of the stimulated process The experimental values for the stimulated emission are
(S1 — S transition). However, if we look to the stimulated reported in Table 1. As suggested by steady state solvent effect
emission spectra at pumiprobe delays longer than 200 ps (not experiments, C102 is more sensitive to hydrogen bon#ifigis
shown in Figure 5) the gain remains unchanged till 420 ps. Then, specific interaction will certainly be reflected by the linear
the apparent decay of emission (Figure 6a) is mainly due to the dependence ob.* toward the Dimroth polarity scale based
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TABLE 1: Characteristics of C102 Stimulated Emission (see
text)

solvent xgm (nm) Az, (nm) e, (nm) vy, (nm)
1 acetone 460 460 21739 21739
2 DMF 463 463 21600 21600
3 DMSO 465 465 21505 21505
4 acetonitrile 463 463 21598 21598
5 2-propanol 448 468 22321 21368
6 1-butanol 460 474 21739 21097
7 1-propanol 452 473 22124 21142
8 ethanol 456 476 21930 21008
9 NMF 455 475 21978 21053
10 methanol 453 480 22075 20833
11  ethyleneglycol 455 485 21978 20619

TABLE 2: Various Solvent Parameters Used in
Solvatochromic Studies
solvent Er(30p * o B

1 acetone 42.2 0.71 0.08 0.43
2 DMF 43.8 0.88 0.00 0.69
3 DMSO 45.1 1.00 0.00 0.76
4 acetonitrile 45.6 0.75 0.19 0.40
5 2-propanol 49.2 0.48 0.76 0.84
6 1-butanol 50.2 0.47 0.84 0.84
7 1-propanol 50.7 0.52 0.84 0.90
8 ethanol 51.9 0.54 0.86 0.75
9 NMF 54.1 0.90 0.62 0.80
10 Methanol 55.4 0.60 0.98 0.66
11 ethyleneglycol 56.3 0.92 0.90 0.52

2 E1(30) in kcal mot?, 7*, o, andp from ref 60.

on the Er(30) solvent paramet&r or the solvatochromic
parameter approaghr3e.50 (Table 2).

From the results collected in Table 1, it is apparent that the
maximum of the gain band evolves toward higher wavelengths
as the polarity of the medium increases. A linear relationship
is obtained between. and Er(30)

Vor” = (24.8+ 0.3)10 — (72 + 6) E-(30)
r=0.970,n=11 (7)

which denotes that hydrogen bonding is effective in the
solvatochromism of the stimulated emission of C102. This result
is also confirmed by a solvatochromic comparison method where
a linear multiregression is found between thg”, 7*, and a
parameters.

Vo = (22.6+ 0.1)10 — (10.3+ 1.4)1G n* —
(11.0+£0.7) 1G a (8)

where r 0.984,n = 11, andx* and a stand for the
conventional electrostatic interaction (i.e., polarity/polarizability
parameter), the hydrogen bond donation (HBD) ability to form
a coordinative bond between the solvent and the solute,
respectively. From this relationship, it is evident that the specific
interactions play the same role as the dipolar ones since the
numerical coefficientst* and a. are nearly equal (the ratio is
close to unity). In other words, stabilization of the electronic
state levels of C102 occurs with the same ratio through dipolar
interactions and hydrogen bonding. Compared to the widely used
C153 probe, which appears to be sensitive only to classical
electrostatic interaction (see ref 29), coumarin dye C102, as a
molecular probe, is more sensitive to hydrogen bond interaction.

The frequencyen(t) corresponding to the gain band maxi-
mum at timet was determined from the displayed time-resolved
spectra of the stimulated emission of C102 in 1-propanol (Figure
5). This last parameter must be defined as a characteristic
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Figure 8. C(t) function calculated for C102 in 1-propanol solution.
This function is fitted by using a monoexponential decay with a

characteristic lifetime of 83 ps.

TABLE 3: Dielectric Parameters and Kirkwood Factor of
the Considered Solvents

solvent €o €w ™ (pS) rf n? o'
5 1940 242 359 1.3752 1.891 2.27
6 18.38 2.72 528.4 1.3974 1.953 2.48
7 20.4% 244 329 1.3837 1.915 2.28
8 2432 269 162 1.3594 1.848 215
9 183.3 3.2 128 14300 2.050 4.40
10 32.% 279 51.8 1.3265 1.760 2.20
11 4165 3.9% 1225  1.4306 2.047 2.89

aReference 65 Reference 66¢Reference 67¢ Reference 68.
¢ Reference 69.Reference 72 except for solvents 9 and 11 calculated
from formula in the same paper.

1_/em(t) - 1_}emo0

ct) = —"—

em

©)

[
em

Generally, this function, which may be fitted with a monoex-
ponential decay curve, yields a characteristic time for the
dynamic shift. To measure this characteristic time more ac-
curately,ven(t) was determined by fitting the transient spectrum,
especially in the very first stage of the experiment (o), with

a log-normal shape functioa(v) as defined by ref 57. This
procedure was applied for all the solvents and shown as an
example in Figure 8 for C102 in 1-propanol solution. It is
apparent that, in this particular case, the shift concerned with
the solvation process occurs in a few tens of picoseconds.

Discussion

All the data obtained with C102 are collected in Table 4
together with the experimental results derived from research
work dealing with probe molecules such as C?58)PQB,6
and thioxanthone (TXj® The two last molecules are hydrogen
bond sensitive probes. Some characteristic solvation times of
the solvent were added. The Debye relaxation timéor the
bulk dielectric relaxation time of the solvent), which involves
the response of all solvent molecules, correlated to each together.
The longitudinal relaxation timey , is expressed from the Debye
continuum theor$"-8.62.633g

2¢,+1
L= mTD (10)
and often used in the well-known reduced form
€
A E_OTD 11)

frequency of the spectrum in order to measure the time-resolvedwheree,, andeg are the dielectric constants of the solvent in an

solvatochromic shift described by the Stokes shift correlation
function C(t) given by the following expression:

electric field of infinite frequency and in a static field,
respectively.
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TABLE 4: Molecular Relaxation Times

Morlet-Savary et al.

measured relaxation time(ps)

solvent relaxation time (ps)

solvent c102 C153 MPQB* TXd o T T

5 79 95 359 42 110.3
6 123 63.00 (133) 120 528.4 68.6 149.5
7 83 26.00 (47.8) 90 329 38 100.7
8 61 16.00 (29.6) 41 72 163 15.4 52.4
9 37 5.70 (53.4) 55 128 1.8 19.5

10 12 5.00 (15.3) <40 20 515 35 16

11 51 15.30 (32) 52 80 122.5 7.4 29

aQur results® Average time (in parentheses the longest time) of the multiexponential fit as defined in ReferehBefz9ence 16¢ Reference

45,

The microscopic or molecular relaxation timey, corre-

solvent molecule. In the case of TX, the results lead to the

sponds to a theoretical approach (which applies to cage conclusion that the major solvation process around this probe

relaxation dynamics) and was developed by Kivelson &t&.

is produced by hydrogen bondifgin addition Yu et af° report

These authors studied the polarization of a dipolar solvent by a a hydrogen bonding time of 65 ps in ethanol by using Resorufin

dipole (or an ion) suddenly created in the bulk. Two distinct
regions are considered: “the lokvlimit” far away from the
dipole where the solvent relaxes with the longitudinal titpe
as in other continuum models, and the “highimit” near the

as a probe, which is in good agreement with the 61 ps measured
in the present work.

It was reported that C102 forms weak but distinct complexes
with hydroxylic solvents, such as methanol and 1-butanol, in

dipole where the interactions between the solvent molecules andboth the ground and excited singlet states. In that stéitlye
the dipoles are so strong that the correlation between the solvenijata were analyzed in terms of decay associated fluorescence

molecules is lost. Thus, the solvent molecules individually relax,
without correlation, with a characteristic tinng*>-17:6465given

by

Ty = (12)

3€00«

2¢,t €,
Y )

whereg is the Kirkwood factor of the solvent ,which reflects

spectra (DAS), which can reveal a kinetic correlation between
the initial excited state and the final solvent equilibrated state.
Among these results, the data obtained in methanol and
1-butanol are of particular interest, especially the observed short
component with lifetimes equal to 22 and 109 ps, respectively.
These measured values are in good agreement with the one
concerning the dynamic red shift of the stimulated emission
and obtained through pumyprobe spectroscopy (see Table 4).

the degree of short range order in the liquid (the degree of This supports the idea of hydrogen bonding between solute C102

association). This characteristic timg is a molecular property
where a single solvent molecule relaxes individually around the
solute one. A different formalism used by Maroncelli efal.
leads to an equivalent expressionfQr stressing the importance
of the Kivelson formalism.

Therefore, 7y and 7. can be calculated from a set of
macroscopic datag, €o, 7o, gk). The dielectric parametets,
€0, andrp are obtained from dielectric relaxation measurements
(see references in Table 3) and can be used to calculate the
relaxation times (Table 4). However, it was pointed out that
the best value foe., is 2, wheren is the refractive index of
the medium as established by several authofs72The last
parameter, the Kirkwood factay, was obtained from ref 73
except for solvents 9 and 11, in which cagevas calculated
from the formula reported by Jay-Gerin et’aland by using
the dielectric data in Table 3. Finally, the microscopic (single-
particle) relaxation timey was estimated by using the set of
values &. = n?, €, 7o, gk) shown in Table 3.

A glance at Table 4, collecting all the characteristic relaxation

and one molecule of solvent, as already mentioned in the
solvatochromism of TX? C153 in methanol? and in papers

by Nibbering et atl~#4 regarding hydrogen bonding between
C102 and hydrogen donor. This bonding leads to the formation
of a complex between the probe in the excited singlet state and
the hydroxylic solvent. As the measured relaxation times
generally fall in the limited range. < 7 < 7y and from earlier
results for a well characterized polar probe MP&®Bne may
suggests two main relaxation mechanisms of polar solvents
expressing the low-frequency part of the solvation dynam-
ics172271These mechanisms are (i) the collective reorientation
of solvent molecules in weak interactions with the probe, scaled
by the (macroscopic) longitudinal relaxation time of the solvent,
7., as defined by relation 10, and (ii) the individual reorientation
of the solvent molecules in strong interaction with the probe
(including, tentatively, complex formation such as H-bonding),
scaled by microscopic (single-particle) reorientation timg,

as defined by relationship (12). It is possible to conclude that
the solvation times observed in the present study result from

times and the experimental values obtained by using C153 as ahydrogen bonding between C102 and one solvent molecule.
probez® shows that the relaxation times measured by using the Thus, the solvation around C102 is mainly microscopic in nature
C102 as a probe are generally longer than the longitudinal with a characteristic time equivalent to the microscopic relax-

relaxation timer. and closer to the calculated single-particle
relaxation time,zy. As reported in ref 29, the experimental
relaxation times for C153 are very close to the longitudinal

ation timery. At a shorter time scale, the solvation process is
mainly dipolar in nature. This shows that specific interactions
lead to longer relaxation times than classical dipolar interactions,

relaxation ones, which reflect the fact that the related solvation as already observed for other molecular prol¥es

process is mainly due to dipolar interactions. The other
significant fact is that the present relaxation times obtained with

C102 as a probe are in good agreement with the molecular

relaxation timesr (Table 4) recorded for two hydrogen-bond
sensitive probes, MPGBand more recently TX2 For MPQB,
Rulliere et al*® show that the relaxation times reported in Table

Conclusion

The solvatochromism of the stimulated emission of a cou-
marin derivative C102 was investigated in several solvents. This
solvatochromism cannot only be described through classical

4 correspond to the appearance of a specific interaction with adipolar interactions (dielectric continuum model) since this kind
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of interaction occurs at shorter time scale but also in terms of
molecular relaxation or, in other words, by hydrogen bonding

interaction. This is consistent with the above resuig30),

the Kamlett and Taft linear correlations (SCM method) for the
stimulated emission, where it was demonstrated that the hydro-
gen bonding interaction plays a major role in the dynamic solv-

J. Phys. Chem. A, Vol. 105, No. 49, 20011033

(28) Pollard, W. T.; Mathies, R. AAnnu. Re. Phys. Chem1992 43,
497.

(29) Horng, M. L.; Gardecki, J. A.; Papazyan, A.; Maroncelli, 8.
Phys. Chem1995 99, 17311.

(30) Gustavsson, T.; Cassara, L.; Gulbinas, V.; Gurzadyan, G.; Mialocq,
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(31) Maroncelli, M.; Fee, R. S.; Chapman, C. F.; Fleming, GJ.RPhys.

atochromism of dye C102. This study leads us to the conclusion Chem.1991, 95, 1012.

that the first excited-state level,;,Sis equally stabilized by
dipolar and specific interactions, especially the H-bonding.

The pump-probe technique was used to characterize the

(32) Kahlow, M. A.; Kang, T. J.; Barbara, P. B. Chem. Phys1988
88, 2372.

(33) Chapman, C. F.; Fee, R. S.; Maroncelli, 84.Phys. Chem199Q
94, 4929.

(34) Jones, G., II; Jackson, W. R.; Choi Chol-yoo; Bergmark, WJ.R.

transient absorption and the stimulated emission with a higher phys.'chem1985 89, 294.

resolution compared to other techniques, such as photon
counting. From this dynamical study, the emission arises from

a unique singlet excited state and there is no substructure in
the emission band. This last result is different from what was

reported by Jiang et &k.for C153. However, the time resolution

of the present technique did not allow any conclusion regarding

the intramolecular energy dissipation characteristics.
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solvents was taken into account. The measured relaxation times)- Phys. Chem. 2000 104, 4236.

7 derived from spectral analysis are centered aromydand
are significantly different from andzp. The relaxation times

(43) Chudoba, C.; Nibbering, E. T. J.; Elsaesser]).TPhys. Chem. A
1999 103 5625.
(44) Nibbering, E. T. J.; Chudoba, C.; Elsaessellsi..J. Chem1999

7 measured for C102 in its excited singlet state are almost the 39, 333.

same as those measured for TX in its first excited triplet state.
It means that the nature of the excited state did not play any
role in the solventsolute relaxation. It is possible to conclude
that the solvation times observed in the present study result
from hydrogen bonding between C102 and one solvent mol-

(45) Morlet-Savary, F.; Ley, C.; Jacques, P.; Wieder, F.; Fouassier, J.
P.J. Photochem. PhotobiglA: Chem.1999 126, 7.

(46) Samanta, A.; Fessenden, R. WPhys. Chem. 2000 104, 8577.
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ecule. Thus, the solvation around C102 is mainly microscopic Grimme, S.Phys. Chem. Chem. Phyk999 1, 3209.

in nature with a characteristic time equivalent to the microscopic

relaxation timery.
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